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Montane willow scrub restoration in Scotland:
reviewing 30 years of progress to reestablish
the altitudinal treeline
Sarah H. Watts1,2

Many mountain woodlands across the globe have undergone anthropogenic degradation with negative implications for the
ecological and socioeconomic systems dependent on them. Montane willows are arctic-alpine species of high nature conser-
vation concern within the altitudinal treeline. Scotland has been pioneering the restoration of montane willow scrub for three
decades following widespread loss linked particularly to overgrazing by sheep and deer since the eighteenth century. In the
1990s, the total area of montane willows throughout the country was less than 10 ha, with most remaining populations highly
fragmented, in rapid decline, and restricted to inaccessible cliffs. Subsequently, montane willow scrub restoration has been
part of an overall 2659 ha area managed for the recovery of mountain woodlands in Scotland. By May 2023, 396,868 mon-
tane willows were planted in projects encompassing large-scale habitat creation, relict population reinforcement by genetic
rescue, fencing, and landscape-scale management for low-density deer populations. This review summarizes restoration
methods and outcomes with case study examples to promote conservation evidence and research on plant growth and sur-
vival, planting sites, associated biodiversity, molecular ecology, genomics, and long-term population sustainability. With
the potential for montane scrub restoration to be widely expanded, improved connectivity to revive a treeline mosaic shaped
by regeneration will tackle biodiversity loss and help mitigate climate change impacts on a national scale. However, caution
must be applied to creating definitions of distinct habitats for restoration that are based on non-natural or ecologically
degraded systems. These experiences are particularly relevant to montane and circumpolar regions with strongly modified
landscape histories.

Key words: arctic-alpine, conservation evidence, conservation management, habitat restoration, montane scrub, mountain
woodland, restoration methods, Salix

Implications for Practice

• Scotland has demonstrated significant capacity for
severely degraded and critically endangered high-
altitude vegetation to flourish under conservation
management.

• Treeline reestablishment must be underpinned by long-
term management for low-density large herbivore popu-
lations to reduce the risk of overgrazing.

• Restoration should aim to facilitate self-sustaining mon-
tane willow populations by natural regeneration, and opti-
mize their genetic diversity.

• Further action will require reliable, repeatable long-term
monitoring, opportunity mapping on a national scale to
identify priority locations for restoration, landscape-scale
collaboration, investment in rural jobs, and increasing the
propagation of rare species.

• Restoration should move beyond simply magnifying the
extent of remaining impoverished fragments, with mon-
tane willows becoming a common element integrated into
a wider, biodiverse mountain woodland mosaic featuring
other tree and shrub species.

Introduction

High-altitude areas can contain significant habitat heterogene-
ity and be disproportionately important for biodiversity
(Greenwood & Jump 2014). The natural altitudinal treeline eco-
tone is a biological transition zone between closed-canopy for-
ests and open vegetation, with a highly variable structure and
overlapping distribution of many species (Dandan et al. 2022).
However, mountain woodlands globally are vulnerable to pertur-
bation (Holtmeier & Broll 2005; Wielgolaski et al. 2017) and
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often subject to considerable anthropogenic degradation and con-
traction, particularly during the last few hundred years. Driving
factors include overgrazing by large herbivores, agricultural
expansion, fire, outbreaks of pests and pathogens, infrastructure
development, and nutrient loading via atmospheric deposition
(Holtmeier 2009; Verheyen et al. 2009). Mountain woodlands
are now fragmented and depleted in many areas, with negative
repercussions for the ecosystem functions they once performed
and thus the ecological and socioeconomic systems that depend
on them.

Habitat restoration involving woody species is critical for
tackling the dual biodiversity and climate crises (Chazdon &
Brancalion 2019; Löf et al. 2019). The altitudinal treeline sup-
ports specialized communities of upland invertebrates, birds,
mammals, fungi, and plants (Liston et al. 2012; Klaus
et al. 2020; Warner et al. 2021). Mountain woodlands also pro-
vide a broad suite of benefits to people and wildlife, encompass-
ing natural hazard protection, sheltering, slope stabilization, and
reducing downstream flooding (Holtmeier & Broll 2017; Gu
et al. 2019; Monger et al. 2022). These nature-based solutions
are urgently needed to mitigate threats from escalating climate
change, including soil erosion, warming temperatures, and
extreme weather (Watts & Jump 2022).

Reporting management actions for ecological restoration is
essential to meet targets and advance progress. Developing an
accessible knowledge base of project outputs allows practitioners
and policymakers to prioritize efforts that will deliver long-term
gains. Yet, national syntheses on the restoration of mountain
woodlands are lacking, even for those featuring species of high
nature conservation concern. A notable example is montane
scrub, which contains arctic-alpine willows (Salix spp.) listed on
global World Conservation Union Red Lists (Schnittler & Gün-
ther 1999; Cheffings et al. 2005; Orsenigo et al. 2021).

In Europe, endangered sub-arctic willows are being reintro-
duced in Poland (Pogorzelec et al. 2020, 2022), informed by
studies of their ecology and population structure across Eastern
countries (Pogorzelec 2010; Serafin et al. 2015; Hroneš
et al. 2018). Scotland has been pioneering montane willow resto-
ration for over three decades, following extensive treeline eradi-
cation principally due to overgrazing by large herbivores since
the eighteenth century. Ongoing interventions across this country
demonstrate significant capacity for severely degraded vegeta-
tion to reestablish and flourish under conservation management.

The status of “montane willow scrub” as a habitat in Scotland
was first reviewed by Mardon (1990) and Hester (1995), fol-
lowed by initial restoration outlined by Gilbert and Di Cosmo
(2003). Thereafter, the scale and breadth of activity expanded
substantially, with a concurrent improvement in practitioner
expertise and evidence-based knowledge. This review provides
the first national assessment of montane scrub restoration toward
returning highly restricted vegetation to more widespread distri-
bution. Summaries of past and current threats, tree planting data,
restoration techniques, and project outcomes enable discussion
of the management and research required to reinstate a more
contiguous altitudinal treeline mosaic. This material should pro-
mote further action to tackle the nature and climate emergency at
scale, not only across Scotland but also in other geographical

regions with potential for scrub communities to be regenerated
in formerly degraded mountain systems.

Definition of Montane Scrub: Global Context

Montane scrub occurs at the upper altitudinal boundary of tree
growth within the treeline; the transition zone (ecotone) between
the timberline (below which trees can grow upright) and the tree
species line (the highest elevational limit of individual
tree establishment) (Dandan et al. 2022). The vegetation pro-
duces a mosaic of increasing stand fragmentation and stunted-
ness between continuous cover woodland and higher altitude
alpine plant communities such as grasslands and heaths
(Holtmeier 2009). Here, trees and shrubs are characteristically
low-growing (<2 m tall), twisted, decurrent and multi-branched;
a form often described using the German word “Krummholz.”
Woody growth is limited by low temperatures, strong winds,
prolonged snow cover, and desiccation.

Temperate and northern montane scrub is commonly com-
posed of various Alnus, Betula, Juniperus, Pinus, Salix, and
Sorbus species, while analogous vegetation in the southern hemi-
sphere and tropics features Eucalyptus,Nothofagus, Pinus, Podo-
carpus, Polylepis, and Rhododendron species (Holtmeier 2009;
Hroneš et al. 2018; Ruiz et al. 2023). “Montane willow scrub”
is listed as sub-arctic Salix spp. scrub in Annex 1 of the
European Habitats Directive (H4080) and restricted in the
European Atlantic Biogeographical Region to sub-arctic and
boreo-alpine formations in the Alps, Pyrenees, CantabrianMoun-
tains, Carpathians, Iceland, and Scandinavia (European Commis-
sion 2013). In 2017, this habitat was present in only
881 10 � 10 km grid squares across the European Union, partic-
ularly in Sweden (300 10 � 10 km grid squares), and considered
in favorable condition only in the Boreal region (Evans 2017).

Montane Willow Scrub in Scotland

Montane willows form the highest altitude zone of shrubby veg-
etation on Scottish mountains (Pakeman & Torvell 2008), typi-
cally at altitudes of 600–900 m, but down to 150 m in country’s
far North-West. Their precise altitudinal range varies in relation
to latitude, topography, slope aspect, and oceanicity; generally
occurring higher uphill in the more continental, drier climate
of the Cairngorms (a mountain range in East Scotland).

There are seven key species (Table 1), including five specialist
arctic-alpine willows: Salix lanata, S. myrsinites, S. lapponum,
S. arbuscula, and S. reticulata, and two sub-montane willows
more common at lower altitudes (S. myrsinifolia and
S. phylicifolia). Other nationally frequent willows (S. aurita,
S. cinerea, S. caprea, and S. repens) can also feature at high alti-
tudes (Watts 2023a).

Montane willows produce a low canopy on a variety of
upland soil types arising from acidic to highly base-rich
geology, particularly over Moine or Dalradian schist. Salix
lapponum is the most widely distributed of the arctic-alpine spe-
cies, whereas the more calcareous-demanding S. lanata is far
rarer and localized. Associated plants in Scotland presently
include the dwarf shrubs Calluna vulgaris and Vaccinium spp.,
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and indicators of the hydrophilous tall herb fringe community,
such as Alchemilla glabra, Luzula sylvatica, Geranium sylvati-
cum, Geum rivale, and Trollius europaeus. Montane willows
found at the highest altitudes on base-rich outcrops can also
co-occur with arctic-alpine and calcicolous forbs of calcareous
grasslands, including Dryas octopetala, Silene acualis, Saxi-
fraga aizoides, and Thymus drucei.

Supplement S1 summarizes the fauna recorded in association
with montane willows in Scotland since the 1930s, as well as
species of conservation interest, including examples of likely
associates if restoration is upscaled in the future. The willows
are ambophilous; pollen is transported between plants both by
wind and by insects, primarily bumblebees (e.g. Bombus monti-
cola; and Diptera), and they also support upland Lepidoptera,
leaf-beetles, and host-specific willow-galling Euura sawflies,
including a species endemic to Scotland. Montane willows can
accommodate a biodiverse community of birds, small mam-
mals, and their predators higher up the food chain, and facilitate
the breeding of threatened birds that are declining elsewhere in
Britain, e.g. Ring Ouzel (Turdus torquatus).

Past and Current Threats

The current population of montane trees in Scotland
(e.g. Salix, Betula, Juniperus, Populus, and Sorbus spp.)
may date back to colonization during a brief interglacial
period (14,500–12,000 years ago) within the last ice age
(Tipping 2003). Rising temperatures at the beginning of the cur-
rent interglacial period (11–10,000 years ago) also facilitated the
migration of larger tree species from southern refugia
(e.g. Betula, Pinus, Corylus, andQuercus species), corresponding
with an uphill movement of shrubs to create a discontinuous
mosaic of treeline transition and montane scrub (Gilbert & Di
Cosmo 2003; Smout et al. 2007). Animals, including humans, col-
onized Britain in parallel, and thus the extent and openness of
woodland thereafter oscillated in response to climatic, biotic, and
anthropogenic drivers (Oosthoek 2013; Gilbert 2016).

Widespread forest clearance began with the Neolithic period
at least 3000 years ago, increasing substantially in the Iron
Age (2500–2000 years ago) primarily due to agricultural activ-
ity (Ramsay & Dickson 1997; Smout et al. 2007; Woodbridge
et al. 2014). Reductions in the populations of tall shrubs have
occurred since the early Bronze Age (Tipping 1997), with wood
originally collected for building materials, firewood, and
charcoal. Further pressures in modern times have come from
air pollution, wildfires, and muirburn (MacKenzie 2002;
Gilbert 2016); a primary tool in grouse moor management for
maintaining open hill habitats.

However, major loss of mountain woodland in Scotland has
been linked particularly to the introduction of domestic hill
sheep (Ovis aries) in the eighteenth century and increased red
deer (Cervus elaphus) populations since the nineteenth century
for recreational sport shooting (Hester 1995; Smout
et al. 2007; Oosthoek 2013). European sheep populations rose
sharply in the twentieth century (Baldock et al. 1994), and more
than doubled in Britain between 1960 and 1990 (Fuller &
Gough 1999), reaching a peak of 31 million in 1998 (Bunce

et al. 2018). Scotland has some of the highest red deer densities
in Europe (Burbaitė & Cs�anyi 2010), causing rapid upland veg-
etation change since at least the 1940s (Thompson &
Horsfield 1997).

Overgrazing by large herbivores seriously impedes the devel-
opment of slow-growing montane shrubs and significantly
reduces their reproductive output through loss of flowering
shoots and reserves available for catkin growth (Shaw
et al. 2010a; Speed et al. 2013). Deer may preferentially choose
to eat woody plants, especially in winter or early spring when
food sources are scarce in the uplands and willow shoots offer
high nutrition and palatability (Gilbert & Di Cosmo 2003;
Gilbert 2016). Herbivory also indirectly influences pollen limi-
tation when heavily grazed landscapes support fewer floral
resources and pollinating insects (Shaw et al. 2021), while seed-
ling establishment can be prevented by high levels of trampling,
causing soil erosion and uprooting of plants (Miller et al. 1982).

There is now an almost complete absence of contiguous alti-
tudinal treeline in Scotland (Armstrong et al. 2014). By
the 1990s, the total area of relict montane willows throughout
the country was unlikely to exceed 10 ha (Horsfield &
Thompson 1997; Patterson et al. 2014). Only a few viable popu-
lations were left, with the majority in rapid decline. The largest
remnant patch, located at Corrie Sharroch in the eastern
Cairngorms, covered 0.5 ha on a steep, rocky slope.

Scotland’s mountain woodlands are often contrasted to that of
South-West Norway, owing to similar climates and land use his-
tories until the late nineteenth century when socioeconomic pres-
sures diverged (Armstrong et al. 2014; Halley 2017). Widespread
reductions in grazing pressures have facilitated natural regenera-
tion and recovery of Scandinavian montane scrub (Bryn 2008),
demonstrating the potential for upland Scotland if there is a signif-
icant change in land management. In Norway, this opportunity is
illustrated by the extensive mosaic habitat known colloquially as
the “willow region,” in which montane willows are common
toward the upper altitudinal reaches of the wider shrub zone.
Here,Betula pubescens is generally themost frequent woody spe-
cies, and B. nana, Vaccinium spp., Empetrum nigrum, and Arc-
tostaphylos spp. also feature often.

However, most surviving montane willow stands in Scotland
are confined to inaccessible cliff ledges, ravines, and steep
stream sides out of reach of large herbivores (Fig. 1). Such
groups are defined as relict populations because they are
restricted geographically by isolation into small islands of suit-
able habitat (Habel et al. 2010). These exposed, rocky locations
inflict additional risks from rockfall and freeze–thaw, with little
space or stability provided for regeneration and expansion.
Although montane willows can spread vegetatively, asexual
clonal reproduction is very limited within the Scottish context
(Stamati et al. 2007). Fragmented populations are liable to polli-
nation failure, low sexual recruitment, and hybridization
between rare and more common species; exacerbated by the
dioecious nature of willows (Shaw et al. 2010a).

In 2005, DNA-fingerprinting of 19 montane willow sites
across Scotland showed little correlation between population size
and their genetic diversity, which was relatively high (Scottish
Montane Willow Research Group 2005). Given the longevity of
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individual willows, those results suggested that the genetic struc-
ture of relict Scottish stands may currently reflect a time when the
species were more abundant without major genetic bottlenecks
and population differentiation. However, more recent research
focusing on Salix lapponum and S. myrsinites in the Cairngorms
found significant inbreeding, female biased sex-ratios, low seed
set, and few surviving juveniles, indicating that reproductive lim-
itation will be exacerbated in subsequent generations (Finger
et al. 2022). Reduced genetic diversity through inbreeding
depression might dilute the resilience and adaptive potential of
Scottish montane willows during abiotic or biotic perturbations
in the future, including extreme weather and epidemics of patho-
gens such as rust fungi (MacKenzie 2002; Milne et al. 2012;
Kołos et al. 2015). Climate change is already causing a reduction
in the extent and duration of snow cover in Scotland since the
1980s (Trivedi et al. 2007; Cameron et al. 2022), with negative
implications for arctic-alpine plants in particular (Watts
et al. 2022). Earlier spring snowmelt leavesmontanewillows sus-
ceptible to browsing, reduced fruit set, and damage by erosion
(Gilbert 2011). For example, the largest Scottish patch of
S. lanata grows on relatively accessible ground on Geal Charn
in the central Highlands (Fig. 1). This unique population persists
alongside high deer densities but is becoming increasingly more
trampled and disturbed as the duration of late winter snow-lie
is curtailed; highlighting additional pressures imposed by the
interaction between climate and land management
(Marriott 2010; Marriott et al. 2015).

Restoration Beginnings in Scotland

Following early reviews of the status of montane scrub in Scotland
(Mardon 1990; Hester 1995), interest in habitat restoration was
stimulated by a major seminar “A future for montane shrub
communities,” held in 1996 as part of a Millennium Forest for
Scotland project (Gilbert et al. 1997). Consequently, the Montane
Scrub Action Group (now called the Mountain Woodland Action
Group [MWAG]) was formed to share experience, identify con-
servation priorities, and improve national-level support for imple-
mentation. MacKenzie (2000) thereafter collated all the existing
records for tall shrub species and high-altitude woodland

remnants, justifying the inclusion of the treeline ecotone in
landscape management strategic planning and financial incentive
programs. A further conference in 2001 “The challenge above
the treeline” reviewed progress and brought awareness to a range
of stakeholders, policymakers, and practitioners (Gilbert 2002a).
The first set of management guidance was produced by
Gilbert (2002b) and updated into a handbook on mountain wood-
lands byMorris (2010). Most recently, a suite of five Best Practice
Guidance Notes has disseminated information on methods for
safeguarding and expanding woodland and scrub at higher alti-
tudes (Montane Scrub Action Group 2016).

Restoration Extent and Tree Planting Data

Watts (2023b) mapped a gross area of 9377 ha covering restora-
tion projects of all mountain woodland habitats in Scotland
actioned by May 2023 (e.g. upland Caledonian pinewoods,
mountain birchwoods, and montane scrub of Salix sp., Betula
nana, and Juniperus communis), as well as 1466 ha approved
for restoration management in the next few years. Of the current
sites, montane willows featured within a gross project area of
2659 ha, of which 2238 ha were within fences excluding large
herbivores, and 421 ha were unfenced. The actual delimited area
where montane willows have been planted may be in the region
of approximately 200–1000 ha. However, the true size of
restored patches is difficult to estimate due to their discontinu-
ous nature, which occurs within a larger mosaic of other upland
vegetation communities including open ground. Not all planted
seedlings will have established, and those that do survive also
require at least 7–10 years before they grow to maturity.

As of May 2023, a total of 396,868 montane willows have
been planted in Scotland (Table 2), distributed primarily in the
Breadalbane region of the Central Highlands, the Cairngorms
National Park, West Affric, and the Southern Uplands
(Fig. 2A). Planting of Salix lanata and S. myrsinites has focused
on the Cairngorms and West Affric (Fig. 2B & 2C), while
S. lapponum is the most numerous species to be planted across
the country (Fig. 2D). Salix arbuscula has been planted in only
two projects so far within Breadalbane and Lochaber (Fig. 2E).
The pioneering site for montane willow restoration in Scotland

Figure 1. Left photo—Salix lapponum plants clinging to an inaccessible cliff-ledge in Lochaber, Western Scottish Highlands. Right photo—sub-arctic S. lanata
scrub growing at over 1000 m on Geal Charn in the central Highlands. With more than 1000 plants, it is the largest relict population of this species in Scotland.
This population is becoming increasingly vulnerable to reduced snow-lie and disturbance by large herbivores. Photos by S.H.W.
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is Ben Lawers National Nature Reserve (Fig. 3), owned and
managed by the National Trust for Scotland. No other restora-
tion project in the country is comparable in scale and longevity;
this work is described in more detail along with two other case
study examples in Supplement S2.

Restoration Methods

Table S1 summaries the key “montane willow scrub” restoration
projects undertaken in Scotland byMay 2023, involving conser-
vation charities, a government agency, and privately owned
estates. There have been two main approaches:

• Large-scale planting/translocations where populations of
arctic-alpine willows are not currently present but may have
been historically, or are functionally extinct.

• Reinforcing/augmenting relict populations by supplementary
planting for “genetic rescue.”

Propagation sources of shrubs for these projects are generally
provided by relict montane willows close to planting areas, pref-
erably within a 10 km radius. Ideally, as many individuals as
possible would be sampled from donor sites with greater than
50 plants, but relict populations in Scotland are often too small
to meet this threshold. Nationwide biological recording by the
Botanical Society of Britain and Ireland has been fundamental
to identifying which locations to collect from (Botanical Society
of Britain and Ireland 2022; Watts 2023c). Scattered and remote
willows can be difficult to access within the limited window of
opportunity to collect the short-lived seed of these species, and
the proportion of viable seed is unreliable. A few catkins may
still produce hundreds of progeny, but seed gathered from a
low number of parents risks introducing and perpetuating poor
genetic diversity into planting sites. Hybridization is also a
threat if sources of rare species are from relict populations inter-
mixed with other commoner willow taxa.

Seedlings grown in a tree nursery are usually ready for out-
planting 1 or 2 years after seed collection. An alternative option
is vegetative propagation from stem cuttings, for which willows
have a particularly high success rate; maximized by collection in

late spring before their leaf buds burst. As well as being grown
for direct planting at a restoration site, cuttings can also be used
to create a seed stand comprising individuals of known prove-
nance and genetic identity, with at least 30–50 distinct clones
and a mixed sex ratio. This approach is gaining popularity in
Scotland, with the advantage of enhancing genetic diversity
and producing large quantities of seedlings in a tree nursery
without the need for any subsequent visits to relict populations.
A minimum of 3–5 years is required between cutting collection
and the production of their seedlings ready for out-planting.
Wild seed is therefore often employed as a complementary
source in the interim to allow restoration work to begin before
a seed stand is fully operational.

Late spring planting allows young shrubs to establish before
that year’s winter dormancy. Mechanized ground preparation
is impractical on steep and complex high-altitude terrain. Hand
screefing instead removes the vegetation layer to form a shallow
scrape for direct planting without the application of fertilizer,
herbicides, or pesticides. Traditional tree spacing methods for
woodland creation are also not suitable in the treeline context
where scrub forms a discontinuous mosaic with other habitats.
The density and pattern of planting can thus vary significantly
depending on soil depth, slope angle, accessibility, sheltering,
and topography. Maintaining large areas of unplanted open
ground allows a naturalistic landscape to develop in the future.

Despite significant progress in propagation and planting,
addressing the original causes of habitat degradation is critical to
achieving montane scrub restoration. In Scotland, the primary
focus is therefore eliminating the pressure of overgrazing by large
herbivores, with most work to date involving fenced exclosures.
This approach is required where livestock and deer reductions
are not currently viable due to heritable grazing rights or wider land
management practices. However, fences have a visual impact,
restrict public access, cause bird collisions, promote dense ground
flora growth, and are challenging tomaintain in themountain envi-
ronment (Summers 1998; Tanentzap et al. 2013). Montane wil-
lows will never grow completely above browse height and are
thus perpetually dependent on the upkeep of an exclosure if it is sit-
uated within a region of high herbivore densities.

Small-scale planting on cliffs and crags without fencing has
occurred at several sites to augment relict populations, particu-
larly for Salix lanata, e.g. Coire Garbhlach. However, the avail-
ability of suitable locations for population expansion by this
method is limited, and working on such steep ground carries a
significant health and safety risk. Instead, montane willow con-
servation alongside landscape-scale management for very low
deer densities (<1/km2 in targeted areas) is increasingly a prefer-
ential alternative to fencing for larger landholdings or neighbor-
ing estates working in collaboration, e.g. Cairngorms Connect,
Mar Lodge, and Corrour (Supplement S2; Table S1).

Knowledge Gaps and Research Needs

Outcomes of Restoration Projects

Montane tree planting is a significant commitment due to the
slow growth rate of component species, access difficulties, and

Table 2. The total number of montane willows planted in Scotland for res-
toration projects as of May 2023, and the number of 10 � 10 km grid
squares (defined by British National Grid Ordnance Survey) in which plant-
ing has occurred somewhere within the square. *These secondary montane
willow species are counted if they were planted as part of a project featuring
any of the montane/arctic-alpine specialist species listed above.

Species No. planted

10 � 10 km grid
squares featuring

planting

Salix lanata 35,107 14
S. myrsinites 2657 8
S. lapponum 267,749 33
S. arbuscula 967 3
S. myrsinifolia* 58,525 22
S. phylicifolia* 31,863 14

Total 396,868 37
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Figure 2. (A) The total number of montane willows planted in Scotland byMay 2023 in 10 � 10 km British National Grid Ordnance Survey squares; combined
for all species listed in Table 2. (B–E) The number of Salix lanata, S. myrsinites, S. lapponum, and S. arbuscula planted in Scotland by May 2023, also showing
the distribution of remnant (unplanted) populations sourced from Botanical Society of Britain and Ireland (2022) and Watts (2023c). Planting data adapted from
Watts (2023b). Photos by S.H.W.
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the long-term need to reduce overgrazing (Mardon 2003). Land
managers must ensure that enough individuals survive to justify
the expense and effort. However, resource-constrained environ-
mental organizations must often focused on project delivery
rather than rigorous scientific investigation during and post-
restoration. The availability, breadth, precision, and longevity
of monitoring data detailed in Table S1 is therefore inconsistent
between projects. At various locations, montane willows have
been planted in large numbers but with very limited follow-up
reporting on their progress (Marriott et al. 2015). Some monitor-
ing has comprised of a simple count of established plants in
comparison to the numbers that were originally planted, even
though this approach is likely to lead to a gross underestimate
(Warwick 2016).

Restoration should avoid large-scale rapid planting in
unsuitable or marginal sites, which could create unhealthy,
structurally homogenous stands with negative implications for

important open-ground habitats and soil carbon-nutrient dynam-
ics. Such action may provide a reservoir for the spread of pests
and pathogens, with the potential to damage nearby naturally
occurring relict sites, particularly during the era of escalating cli-
mate change. Evaluations of the factors affecting plant establish-
ment and fecundity are therefore required to identify the most
productive restoration sites and encourage greater efficiency
and resilience. This information is essential during high-risk
planting (e.g. without fencing), or when trialing innovative man-
agement techniques.

Investigations must encompass a range of spatial–temporal
scales, comprehensively studying the survival, growth, and
browsing of repeatedly measured individual plants, and continu-
ing for decades to follow wider development toward a cohesive
and functional treeline. A standardized protocol for tracking res-
toration outcomes and providing conservation evidence could
capitalize on highly accurate Global Positioning System (GPS)

Figure 2 (Continued)
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technologies and the successful implementation of annual mon-
tane willow monitoring in recent years (e.g. at Mar Lodge and
Corrour). Integrated biodiversity assessments will also reveal
the response of associated species, colonization over time, and
the unique assemblage that forms as a mature scrub matrix
expands across Scotland’s mountains.

Choice of Planting Sites, Species, and Habitat Definitions

While international studies can provide a helpful comparison for
restoration potential, they do not account for the historical land
use legacies distinct to Scotland. Consequently, there is still rel-
atively little research characterizing the most appropriate loca-
tions for expanding montane willows beyond the refugia
where they have been restricted to by past and present land man-
agement. Choosing suitable sites for reintroduction or supple-
mentary planting can become difficult when the range of
requirements for rare species are not precisely understood
(Pogorzelec et al. 2020).

Salix lapponum is typically associated with calcareous out-
crops in Scotland alongside grazing-sensitive tall herb commu-
nities, but across Europe it is generally considered an indicator
of neutral to acidic conditions, including peat bogs, mires,
stream banks, and swampy boreal forests (Pogorzelec 2008;
Hroneš et al. 2018). Relict stands in Scotland do not represent
the optimum naturally occurring habitats of montane willows
and are distinct from the vegetation assemblages they would
be ensconced within as a feature of a wider, more authentic mon-
tane scrub zone. Therefore, S. lapponummay thrive over a larger
variety of planting situations and topographies (e.g. accessible
ground, acidic soils, and flushed slopes), offering broader
opportunities for restoration action among other shrub species.
Betula pubescens forms adapted to the climate of the treeline
ecotone in Scotland are nearly extinct, for the same reasons as
the willows, and have been almost completely overlooked.
Similarly, B. nana, a component of the “willow region” in

Scandinavian, is wide-ranging in Northern Europe but primarily
found in areas of blanket bog in Scotland (Dickson 1984;
Rodwell 1998; Borrell et al. 2018). Populations may persist here
as an escape from burning or overgrazing, and the Scottish range
of B. nana is currently far more constrained than the area the
species is adapted to (de Groot et al. 1997; Wang et al. 2014).

Mycorrhizal Fungi

Mycorrhizal fungi play a major role in vegetation dynamics by
colonizing roots and providing nutrients derived from the soil
in exchange for carbohydrates. The addition of compatible fungi
during the nursery or planting stages can enhance the survival
and growth of tree seedlings (Corkidi et al. 2008; Sebastiana
et al. 2013). Therefore, coupling mountain woodland restoration
with associated fungal communities may improve outputs, par-
ticularly where soils are low in inoculum and nutrients due to
habitat loss and fragmentation (Milne et al. 2006). There are still
very few studies of the fungi accompanying montane Salix in
Scotland other than Salix herbacea or S. repens (Hesling 2013;
Izumi 2020), and for arctic-alpine specialists, research is lacking
globally. Using advances in environmental DNA (eDNA) meta-
barcoding techniques on soil samples collected at relict popula-
tions would provide new data on co-occurring fungi and is likely
to uncover highly diverse ectomycorrhizas (ECMs), including
species that are rare, endemic, or new to science. This informa-
tion may help identify suitable fungi for culturing and develop-
ing montane willow inoculation trials.

Natural Regeneration

The creation of viable, self-sustaining populations must be a
fundamental goal of montane willow conservation. Although
this review has focused on planting projects, all woodland resto-
ration should aim to facilitate natural regeneration as an essential
foundation from the outset (Chazdon & Laestadius 2016). This
goal will promote project efficiency, wider habitat connectivity,
greater spatial heterogeneity, genetic adaptation, improved bio-
diversity, resilience, and long-term ecosystem stability
(Chazdon & Guariguata 2016).

However, montane willow seeds have a very short viability
period and require bare ground for germination (Shaw
et al. 2010b).When large herbivores are excluded, as is common
practice at Scottish restoration sites, soil disturbance is reduced
and the ground flora can shift toward a community of taller spe-
cies (Watts et al. 2019). Without enough exposed soil, willow
recruitment might not occur even under a very large seed rain.
There are still very few observations of new seedlings at mon-
tane willow planting sites in Scotland, despite adult plants hav-
ing been established for years. Recruitment has only recently
been identified 30 years after conservation work began at Ben
Lawers (Supplement S2); restricted to very small areas of land-
slip. Identifying the factors limiting natural regeneration of mon-
tane willows will allow mitigation measures to be developed to
overcome this barrier to long-term habitat recovery, potentially
including ground disturbance, seed sowing, or changes in graz-
ing practices. Additional information on seed dispersal and

Figure 3. Montane willow scrub restoration featuring planted Salix
lapponum at Creag an Lochain, Ben Lawers National Nature Reserve owned
and managed by the National Trust for Scotland. Photo by S.H.W.
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germination rates will also assist conservation and tree nursery
managers with seed collection, genetic rescue, and rare plant
propagation.

Genetic Diversity

The adaptive potential of populations is underpinned by their
provenances and genetic diversity, which should be measured,
monitored, and reported to aid the planning of conservation
actions (O’Brien et al. 2022). With translocations and supple-
mentary tree planting on the increase, land managers may wish
to source propagation material that optimizes genetic diversity
and thus resilience and long-term project viability. Relict mon-
tane willows represent an opportunity for ex situ collections
and expansion by regeneration, but inbreeding due to fragmen-
tation and limited cross pollination may be perpetuated in the
future without appropriate interventions (Finger et al. 2022).
Molecular analysis is required to support restoration actions that
aim to protect and utilize the local genetic diversity of relict
populations and explore the potential advantages and implica-
tions of harnessing resources from a wider geographical area.

Compiling a comprehensive genetic inventory across the
whole Scottish range of relict montane willows, and investigat-
ing contemporary gene flow using their seeds and seedlings
would build upon valuable work undertaken in the Cairngorms
and other selected locations (ScottishMontaneWillow Research
Group 2005; Stamati et al. 2007; Finger et al. 2022). This
research will determine pathways for improved connectivity
between relict populations and identify the most suitable sites
from which to gather seed and cuttings, particularly in areas
where conservation work is yet to commence. Concurrently
studying genetic diversity within seed stands and planted popu-
lations will also provide a blueprint for assessing and mitigating
inbreeding risks and reproductive failures in the restoration pro-
jects ahead.

Action for the Future

The distribution of relict sites and tree planting numbers in
Figure 3 highlights gaps within the geographical range of
Scotland’s montane willows where conservation work is yet to
be initiated, including in Lochaber, the Angus Glens, and the
North-West Highlands. Opportunity mapping using national
data on geology, soil type, topography, altitude, climate, and
land use, in conjunction with the Scottish mountain woodland
databases by Watts (2023b, 2023c), should be undertaken to
identify priority locations for restoration. As well as focusing
on sites of high nature conservation concern, future action
should harness the capacity for nature recovery on land previ-
ously managed intensively for sport shooting (e.g. deer stalking
and grouse moors), which often host relict populations of mon-
tane willows in need of rescue and enhancement.

The ecological prospects for much more of upland Scotland
are evidenced by the extensive montane scrub reestablished over
decades at Ben Lawers, and recent planting success in large-
scale restoration projects in the Cairngorms and on private
estates (e.g. Mar Lodge and Corrour; Supplement S2). Mountain

woodland is rapidly gaining recognition for its importance to
biodiversity and climate change mitigation (Watts &
Jump 2022). To ensure these benefits are delivered, there must
be sufficient support through national policy and funding to
meet the needs of practitioners and investment in research span-
ning from the molecular to the landscape scales, as summarized
in Table 3. A network of native tree nurseries and seed stands is
also urgently needed across the country to be ready to meet ris-
ing demand for montane planting stock for the full range of local
provenances.

Through the progression of wider collaboration fostering habi-
tat connectivity, montane scrub restoration should help deliver a
sustainable future by reducing impacts of the nature and climate
emergencies on a national scale. Treeline reestablishment must
be underpinned by management for low-density large herbivore
populations to remove the pressure of overgrazing and enable a
balance between sustainable numbers of animals and plant growth.
This vision would require moving beyond relatively small-scale
projects held behind fences toward action at landscape scales.
Enhancing rural employment and retaining invaluable skills in
deer management will be fundamental for meeting this goal.

Montane willow scrub restoration in Scotland should ulti-
mately enable the revival of an altitudinal sequence and mosaic
of vegetation shaped by natural regeneration, with arctic-alpine
and sub-montane willows extending from within a flourishing
herb-rich mountain woodland up toward their climatic limit,
incorporated among other tree and shrub species. Therefore,
the conservation care of threatened montane willows and their
relict populations does not on its own equate to full restoration
of the upper montane shrub zone in Scotland. Willows should
become a common element of a larger, integrated mountain
woodland matrix including open ground, rather than just a stan-
dalone habitat. It is not possible to succinctly divide up the nat-
ural altitudinal treeline into discrete components and vegetation
types. But rather than being viewed as a problem for land man-
agers and policymakers, this complexity is an attribute to be cel-
ebrated and embraced as a vibrant and enriching feature of
upland biodiversity.

Broader Implications for Restoration Ecology

Montane willow scrub in Scotland is an informative and rare
example of how restoration of vegetation on the brink of extinc-
tion has been tackled across an entire country. The work has
applications for tree propagation, planting, and regeneration in
other montane scrub zones in Europe, and demonstrates the role
of large herbivores, conservation charities, government agen-
cies, and private organizations in project delivery. However, this
review also highlights wider research needs in restoration ecol-
ogy (e.g. monitoring, site selection, biodiversity, and genetic
diversity), and the challenges of transforming conservation
actions specific to threatened species into a more holistic
approach aiming to reestablish naturalistic transitional vegeta-
tion in mountains. Restoration simply magnifying the extent of
the remaining species-impoverished fragments shaped by
anthropogenic degradation would not reflect the character or
biodiversity of more extensive altitudinal shrub zones in the past
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Table 3. Key research and practice needs for montane willow restoration in Scotland, considering relict and restored populations, as well as action on the land-
scape and national scales.

Relict populations Restored populations Landscape and national scale

Research needs Site requirements and outcomes of restoration projects

Comprehensive descriptions of the
complete range of site
requirements of each montane
willow scrub species in
Scotland to enrich Best Practice
Guidance for their conservation

Long-term monitoring to assess
temporal population dynamics
in relation to climatic variables,
herbivory, pathogen attack, and
management actions

Evaluations of the abiotic and biotic
factors affecting establishment,
growth, and fecundity at planting
sites

Trial novel planting sites beyond the
conditions of current cliff-ledge
refugia, e.g. more acidic
substrates, flushed soils, flatter
ground, and mosaics of grasslands
and heaths

Long-term monitoring to assess
temporal population dynamics and
project outputs

Trial short-term alternatives to
fencing, e.g. browsing deterrents
such as emulsified animal fat,
brash, or sheep’s wool

Synthesis of long-term outcomes of
restoration projects across Scotland

The effects of treeline advance (either
via regeneration or artificially
through planting) on soil carbon
and nutrient cycling

Opportunity mapping using national
data on geology, soil type,
topography, altitude, climate, land
use, and montane willow
distribution to identify locations
where further restoration should be
prioritized

Potential for high-altitude birch forms
of Betula pubescens to be
integrated into a restored montane
shrub zone mosaic featuring
montane willows

Associated biodiversity

Systematic surveys of
understudied invertebrate taxon
groups associated with montane
Salix, including Coleoptera,
Diptera, Hymenoptera, and
Microlepidoptera

Enhanced knowledge of host-
specific gall-forming and leaf-
mining taxa on montane
willows; their distribution and
life-history

Co-occurring fungi and the
microbiome of relict
populations

Biodiversity assessments as restored
habitat is colonized over time,
including generalists and specialist
invertebrates, true obligate
species, and the microbiome

Colonization of mycorrhizal fungi on
planted willow

Testing whether mycorrhizal fungi
inoculation improves the outputs
of out-planting programs

Characterize the unique bird
assemblage colonizing montane
willows in Scotland as they
establish at large scale; both within
core scrub and along its edges

The effects of climate change and
distributional range shifts on
associated biodiversity and future
colonization of the habitat

Genetic diversity

Genetic diversity and gene flow in
understudied areas of Scotland,
e.g. North and West

An analysis of contemporary gene
flow (genetic study of seedlings
and seeds)

Implications of inbreeding and
hybridization on population
health, susceptibility to
pathogen infection, and long-
term viability

Genetic diversity, introgression, and
frequency of hybridization in
propagation material

Genetic diversity of seed stands and
planted populations for mitigating
inbreeding risks and reproductive
failures in the restoration projects
of the future

A comprehensive genetic inventory
across the whole Scottish range of
montane willows

Long-term management challenges

The impact of climate change (e.g.
snow cover changes), and its
interaction with large herbivore
management

Information on pollen flow, seed
dispersal, and germination rates

Implications of large herbivore
management on small mammal
dynamics and their browsing

Factors limiting natural regeneration
Information on seed dispersal and

germination rates

The impact of climate change on long-
term restoration outcomes, habitat
distribution, and the interaction
with large herbivore management

The socioeconomic factors limiting
uptake and successful
implementation of restoration
projects at scale
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Table 3. Continued

Relict populations Restored populations Landscape and national scale

Practice needs Site requirements and monitoring

Continue biological recording of
all willow taxa (including
hybrids) to identify previously
unmapped populations,
particularly in remote locations

Regularly update distribution
databases, e.g. Watts (2023c)
and Botanical Society of Britain
and Ireland (2022)

Refine and streamline methods for
monitoring restoration outcomes,
e.g. growth, survival and browsing
using repeated measures of
individual plants over time

Regularly update mapping data of
restoration projects across Scotland
(Watts 2023b)

Move away from habitat definitions
based on species-poor non-natural
fragments, toward restoring
willows as a common feature of a
natural biodiverse treeline mosaic
integrated with other tree and shrub
species, such as Betula spp.

Plant propagation

Identify suitable relict populations
to provide new sources of
propagation material from
across Scotland

Ensure seed and cutting collection
encompasses sufficient genetic
diversity rather than relying on
few localized sources

Optimize genetic diversity and the
number of distinct clones required
in seed stands

Mitigate the spread of pest and
pathogens between tree nursery
environment, planted and relict
stands

Screening for hybrids to avoid their
unintentional transplantation to
new sites

Map seed stands and tree nursery
networks to identify sources of
propagation material and potential
gaps in supply

Population health and resilience
Genetic rescue of small,
fragmented populations

Encourage expansion from relict
stands via natural regeneration

Avoid large-scale rapid planting in
unsuitable or marginal sites, which
could create unhealthy,
structurally homogenous stands

Management to facilitate natural
regeneration

Facilitate wider landscape
connectivity and structural
diversity of treeline mosaic habitats

Build resilience and climate change
adaptation into the restored habitat
of the future

People and policy

Promote citizen science for
recording high-altitude trees
and generating wider public
interest in the restoration of
mountain woodland habitats,
e.g. Watts (2023a)

Training in arctic-alpine and sub-
montane Salix identification for
entomologists, ecologists, and
others engaged in upland
biological recording

Recognize relict populations as
“priority woodland”; to increase
their protection and potential for
targeted conservation efforts

Foster community and volunteer
engagement with montane scrub to
generate personal connections that
put people at the heart of habitat
restoration

Fully integrate montane scrub
restoration into local management
plans

Enhance rural employment and retain
invaluable skills in deer stalking
and the wider environmental sector

Training and knowledge exchange to
facilitate more specialist
contractors capable of surveying
and monitoring montane willows

Landscape-scale regional nature
restoration partnerships

Sufficient support in national policy
and funding frameworks

Establishment at scale

Build and maintain a sufficient and
genetically diverse supply of
nursery stock from the full
range of provenances to meet
rising demand across Scotland

Move beyond small-scale projects
held behind fences toward habitat
restoration on the landscape-scale

Balance large-scale planting with the
conservation of other associated
upland habitats, promoting a
flourishing mosaic including open
ground

Develop the cross-over between
montane scrub restoration along
watercourses, and riparian
woodland restoration in the upper
catchments

Conservation action across the full
geographical range of montane
willows in Scotland, including in
Lochaber, the Angus Glens, and the
North-West Highlands

Eliminate the pressure of overgrazing
by large herbivores

Utilize the potential for montane scrub
restoration on deer sporting estates
and grouse moors to support
biodiversity and climate change
mitigation in conjunction with land
management diversification
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or their possible natural states in the future. Caution must be
applied to creating definitions of distinct habitats for restoration
that are based on non-natural or ecologically degraded systems.
These lessons are particularly relevant to montane and circum-
polar regions with strongly modified landscape histories
(e.g. Iceland) and other countries where arctic-alpine willows
currently comprise a relict distribution, such as Central and
Southern Europe.
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