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Abstract

Boreal forest landscapes have undergone severe anthropogenic fragmentation and their
enormous values concerning, e.g., ecosystem service, biodiversity and culture are hazarded.
Maintenance of the remaining intact boreal forest landscapes and restoring the structural and
functional connectivity among these remnants are essential for boreal forest conservation. In
Sweden, such conservation tasks are highlighted in planning and implementing green
infrastructure (GI). At the national level, the Gl is established upon a network of high
conservation value forests (HCVF). However, HCVF are insufficient to guarantee a
functional GI and thereby cannot effectively halt boreal forest degradation. Forest restoration
is urgently needed.

This study explored a restoration approach based on connectivity forest (CF), i.e., forest areas
with intermediate to high conservation likelihood prescribed by a new GI1S-empowered
artificial intelligence model. By step-wisely inserting the CF into the current Gl, represented
by the HCVF, this study assessed how the GI was reconfigured and strengthened over 1.3
million hectares of boreal landscapes in northern Sweden.

First, this study demonstrated good restoration potential in all three subregions of the study
area (Mountainous, Inland, Coastal), since the total area of CF within a subregion accounted
for at least 11% of the corresponding subregional forest area. Second, by evaluating the GI-
area increase and the Gl-density variation, this study showed the inland and coastal
subregions, much underrepresented in the current GI configuration, might have a higher
sensitivity to the CF-insertions than the mountainous subregion. By adding the CF, the GI-
area was increased by over 400% in both the inland and coastal subregions versus 60% in the
mountainous subregions. The Gl-density increase, achieved per unit CF area input, was
higher in the inland and coastal than in the mountainous subregion. However, with the
proposed insertion of CF, the Gl-patches in these two subregions were still scarce,
disconnected and poorly functioned as habitats to support biodiversity, compared with those
in the mountainous subregion. Third, by assessing the Gl of different forest types, this study
found that the GI maintained by pine forests, much lacking in current GI, was improved but
still incomparable with those maintained by broadleaved or spruce forests. Finally, this study
pinpointed restoration hotspots from the CF-areas, which could be incorporated into the
conservation practices and Gl-planning.

This study suggested that a restoration regime centred on passive area-preserves has limited
effectiveness for constructing a functional Gl, especially in the heavily transformed
landscapes over the inland and coastal areas. An urgent task in Gl-planning is to rebalance
the representativeness of different forest types and different landscapes with contrasting
biogeological properties and human impact gradients.

Keywords: boreal forest, conservation, restoration, connectivity, green infrastructure, GIS,
Sweden



Sammanfattning

Det boreala skogslandskapet har allvarligt fragmenterats pa grund av mansklig exploatering,
vilket har lett till en nedséattning av deras omfattande vérde i, bland annat, ekosystemtjénster,
biologisk mangfald, och kultur. For att bevara det boreala skogslandskapet &r det avgorande
att skydda de kvarvarande fragmenten av landskapet samtidigt som att aterstélla den
strukturella och funktionella anslutningen mellan dessa fragment.

| Sverige har bevarandet av det boreala skogslandskapet betonats och genomférts genom
planering och etablering av gron infrastruktur (GI). | nuvarande laget pa nationell niva byggs
Gl upp som ett natverk av skogliga vardekénnor, dvs skogar med bekréftade héga
bevarandevarden. Dock ar dessa skogliga vardekannor otillrackliga for att etablera en vél
fungerande GI dar det boreala skogslandskapet effektivt bevaras. FoOr att utveckla en battre
fungerande GI behover bevarandevérdena i manga skogsomraden hojas genom
skogsrestaurering.

| denna studie utforskades en restaureringsmetod som ar baserade pa anslutningsskogar
(“connectivity forest” pa engelska), vilket ar skogsomraden med mellan-h6ga till hdga
restaureringsvarden som beddéms av en ny GIS-baserad artificiell intelligensmodell. Genom
att gradvis restaurera dessa anslutningsskogar och inkludera dem i den befintliga gréna
infrastrukturen, undersdker denna studie hur den nuvarande grona infrastrukturen kan
omformas och forbattras Gver ett borealt skogslandskap pa 1,3 miljoner hektar i norra
Sverige.

Resultaten visar att alla tre subregioner i studieomradet (bergiga, inland och kust) har en
betydande potential for restaurering, forutsatt att minst 11% av den totala skogsarealen inom
en subregion utgors av anslutningsskogar.

Denna studie indikerar att inland- och kustsubregionerna, som ar underrepresenterade i den
nuvarande grona infrastrukturen, har hdgre restaureringseffektivitet an bergiga subregionen.
Genom att restaurera anslutningsskogar kunde Gl-arealen 6kas med 6ver 400% i bade inland-
och kustsubregionerna, jamfért med 60% i bergiga subregionen. Dessutom har det visat sig
att restaurering av anslutningsskogar per hektar kan leda till en stérre 6kning av Gl-tatheten i
bade inland- och kustsubregionerna an i bergiga subregionen. Trots detta var den totala
mangden och storleken av Gl-ytor inom dessa tva subregioner fortfarande farre och mindre
an i bergiga subregionen, och anslutningen mellan Gl-ytorna var svagare. Aven efter att alla
anslutningsskogar hade restaurerats fungerade Gl i dessa subregioner sdmre som habitat for
att bevara biologisk mangfald jamfort med bergiga subregionen.

Ytterligare visar denna studie att andelen tallskogar, som &r underrepresenterade i den
nuvarande gréna infrastrukturen, 6kade genom restaurering av anslutningsskogar, men &r
fortfarande betydligt lagre &n andelen 16v- eller granskogar. Slutligen lokaliserade studien
ocksa potentiala heta punkter for restaurering av anslutningsskogar, vilka kan anvandas i
praktiskt naturvardsarbete och Gl-planering.

Vi



Studien foreslar att enbart att satsa pa att 6ka arealen av restaurerade skogsomraden inte
racker for att skapa en fungerande GlI, sarskilt i kraftigt fragmenterade landskap sdsom
inland- och kustsubregionerna i denna studie. En bradskande uppgift inom Gl-planering ar att
ater balansera foretradet for olika skogstyper och skogsomraden med hansyn till deras
biogeologiska egenskaper och manskliga paverkansintensitet.

Nyckelord: boreal skog, naturvard, restaurering, anslutning, gron infrastruktur, GIS, Sverige
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Terminologies and abbreviations

The major terminologies used in this study are briefly defined in this sheet, sequenced by
order of appearance in the main text and further explained in the main text.

Intact Forest Landscape, IFL

Potapov et al. (2008, 2017) defines IFL as ‘““a seamless mosaic of forests and associated
natural treeless ecosystems that exhibit no remotely detected (by satellite imagery) signs of
human activity or habitat fragmentation and are large enough to represent all native
biological diversity”.

Structural connectivity

Structural connectivity and functional connectivity are two metrics of ecological
connectivity. Ecological connectivity measures “the degree to which the landscape facilitates
or impedes movements among resource patches” (Taylor et al., 1993). Functional
connectivity concerns how a featured species or species group responses to the physical
environment of a featured landscape (Auffret et al., 2015; Heino et al., 2019). Structural
connectivity measures the physical properties of the landscape (Auffret et al., 2015;
Mikusinski et al., 2021), such as the amount, size and configuration of habitat patches
maintained within this featured landscape (Auffret et al., 2015; Mikusinski et al., 2021). This
study features the structural connectivity among a Gl, proxied by, mainly, the density of GI-
patches (in %).

Green Infrastructure, Gl

Gl is “a strategically planned network of natural and semi-natural areas with other
environmental features” aiming to “maintain biodiversity, species viability and ecosystem
services” (EC, n.d.-C)

High Conservation Value Forest, HCVF

HCVF refers to all the forest areas with field-confirmed high conservation value in Sweden;
the HCVF is documented in the HCVF-dataset (Skogliga vardekarnor) (Naturvardsverket &
Skogsstyrelsen, 2017), a publicly available geospatial dataset produced by the Swedish
County Administration (download:
https://geodata.naturvardsverket.se/nedladdning/tathetsanalys.zip).

Correspondingly, the non-HCVF refers to the forest areas not included in the HCVF-dataset.
Connectivity Forest, CF

CF is not a formally defined term. Here, the term is applied as the non-HCVF forest areas
that have intermediate to high model-predicted conservation likelihood values. With respect
to connectivity, it is assumed that CF, with active or passive restoration applied, will increase
its conservation value and improve the spatial connectivity among a concerned GlI. In this
study, the likelihood value range specifying CF was set to 0.4-1, through comparing the value
distribution over the HCVF versus non-HCVF areas across the study area.
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High Conservation Value Forest Tracts, HCVF-tracts:

HCVF-tracts are the forest landscape subsections with higher concentration of HCVF-patches
and larger areal size, and therefore considered as prioritized areas in practical conservation
works (Bovin et al., 2017; Friesen & Uppséll, 2016). The HCVF-tracts are delineated by
different sets of criteria, adapting to specific forest and nature-geographical conditions at
different spatial extents (e.g., national or regional).
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1. Introduction

1.1 Background
Anthropogenic fragmentation of boreal forest landscapes

Covering vast landscapes over the northern latitudes (~45-70°N), boreal forest compromises
~29% of the global forest area (UNECE, 2021). As the second largest terrestrial biome
(Kayes & Mallik, 2020), boreal forest is one of the most significant ecosystem services
providers on Earth (Frelich, 2020). It is a crucial carbon sink, storing vast amounts of carbon
in both the soil and vegetation. According to estimates, it contains approximately 272 billion
tons of carbon, which accounts for 32% of global forest carbon stocks (Pan et al., 2011). As
such, it has a substantial impact on local, regional, and global climate. It provides habitats for
a large number of plant and animal populations and conserves a distinctive biodiversity (
Venier et al., 2018); it is also the largest living biomass pool on land (DeAngelis, 2008).
Boreal forest is also the cradle of many indigenous cultures and communities (UNECE,
2021). As an example, the Sami people, native to the rural regions in Fennoscandia (i.e.,
Norway, Sweden, Finland, and Russian Federation), have lived in the boreal forests for
millennia and used them as their main sources for livelihood, such as reindeer husbandry
(Moen & Keskitalo, 2010).

During the past 70 years, boreal forests have been severely disturbed by human activities
(Svensson et al., 2019b). Industrial forestry, characterised by intensive timber extraction and
systematically clear-cut, is the most predominant impact factor (e.g., Mikusinski et al., 2021;
Svensson et al., 2019a). In Sweden, a country with forestry playing a fundamental
socioeconomic role (Schlyter et al., 2006), the boreal forest landscapes have been
continuously and substantially reconfigured by large-scale clear-cut that can be traced back to
the 1950s, or even earlier (Lundmark et al., 2021; Svensson et al., 2019b), and still dominates
the present forest management (Sterner, 2022). Loss of the landscape intactness and
connectivity are some most direct consequences caused by the anthropocentric
reconfiguration of the boreal forest landscapes. Given the profound significance of boreal
forests in ecological processes, services and forest biodiversity, such reconfiguration is
increasingly concerned over the boreal, as well as in other forest regions globally (Svensson
et al., 2020).

Maintenance of intact forest landscape (IFL)

As a key metric of forest conservation (Venier et al., 2018), IFL is commonly used in forest
management, certification and spatial planning; it is also a key theme in boreal forest
conservation and studies.

The concept of IFL is rooted in the concept of primary forest (Venier et al., 2018). While
primary forest includes only the “natural-regenerated forests of native species” without
“clearly visible indications of human activities” (FAO, 2015; Venier et al., 2018), IFL
acknowledges the heterogeneity of landscapes and features simultaneously the non-forest
elements (Potapov et al., 2017; Venier et al., 2018). Conceptually, IFL refers to “a seamless
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mosaic of forests and associated natural treeless ecosystems that exhibit no remotely detected
(by satellite imagery) signs of human activity or habitat fragmentation and are large enough
to represent all native biological diversity” (Potapov et al., 2008; 2017). However, in

practical operations such as forest certification, the more operational concept of IFL is the so-
called "frontier forest™ proposed by Bryant et al. (1997) (Venier et al., 2018). According to
this concept, IFL is "on the whole, relatively undisturbed and big enough to maintain all of
their biodiversity, including viable populations of the wide-ranging species associated with
each forest type" (Bryant et al., 1997). This concept suggests that IFL should be “relatively
unmanaged” (Venier et al., 2018) and large enough to provide sufficient habitat and resources
to naturally occurring species.

Indeed, sufficient spatial size is critical in IFL. This is because ecological processes are
spatial-scale dependent (Felton et al., 2020) and certain processes can only fully operate at
large spatial scales (Laestadius, 2001; Laestadius et al., 2003; Venier et al., 2018). A typical
example of such ecological processes is natural wildfire, a major driving force of boreal
landscape dynamics and succession (Axelsson & Ostlund, 2001; Jonsson et al., 2009;
Kuuluvainen et al., 2017), which may require IFLs of 200 000 to 1 million ha in natural
conditions (Laestadius et al., 2003). A large enough” IFL ensures, intrinsically, sufficient
habitat sizes and resources to support the viability of all the species native to the concerned
landscape (Venier et al., 2018). This is especially important for maintaining populations of
wide-ranging animals, such as the boreal forest caribou (Rangifer tarandus caribou) (Venier
et al., 2014). As a conventional operating standard, the minimum size of an IFL is set to 50
000 ha (Venier et al., 2018). However, flexible size criteria should be explored and applied
adapting to e.g., specific ecoregion, climatic zone, forest type, featured species and
conservation goals (Angelstam et al., 2004; Laestadius et al., 2003; Mackey et al., 2014;
Potapov et al., 2008; Venier et al., 2018). Indeed, some regional studies have used much
smaller threshold of IFL, e.g., > 500 ha in Cheng et al. (2010). Recently, forest areas < 3 500
ha are proposed as the global biodiversity conservation frontiers (Brennan et al., 2022; Riva
et al., 2022), based on the findings that in heavily human-impacted landscapes, smaller, rather
than bigger, forest patches display higher potentials in maintaining biodiversity and
ecosystem services (Riva et al., 2022; Valdés et al., 2020).

High degree of ecological connectivity is another inherent property of IFLs. Ecological
connectivity measures “the degree to which the landscape facilitates or impedes movements
among resource patches” (Taylor et al., 1993), where the “movements” represent natural
flows of a complex composite of organism, gene, energy, matter, and nutrients, etc., as well
as various other natural processes (Heino et al., 2019). In a fragmented forest landscape, the
remaining IFL fragments are isolated in the matrix of heavily managed or disturbed areas
(Heino et al., 2019; Svensson et al., 2020), and thus their connectivity is hazarded. These
remaining patches can be e.g., old-growth forest patches (Ohman & Eriksson, 1998),or larger
protected areas (Heino et al., 2019).

Ecological connectivity can be described from structural and functional perspectives.
Structural connectivity concerns the physical properties of a landscape (Auffret et al., 2015;
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Mikusinski et al., 2021), such as the amount, size and configuration of habitat patches
maintained within a featured landscape (Auffret et al., 2015; Mikusinski et al., 2021).
Functional connectivity, on the other hand, measures how a featured species or species group
moves between these existed habitat patches or responses to the physical environment of this
particular landscape (Auffret et al., 2015; Heino et al., 2019).

Globally, the distribution of the boreal IFLs is extremely uneven. The boreal regions over
northern Eurasia and North America still maintain a relatively high level of intactness, due to
large areas of unlogged primeval forests; whereas the intact boreal forests have nearly
disappeared from the European map (Frelich, 2020; Lundmark et al., 2021; Potapov et al.,
2008). The forest belt, stretching north to south in the mountainous region in north-western
Sweden, preserves the last IFLs in the European continent (Jonsson et al., 2019; Svensson et
al., 2020). Within this forest belt (“Scandinavian Mountains Green Belt”; Svensson et al.
2020), approx. 60% of the forestland remains intact with overall high connectivity, and the
contiguous areas dominated by primary forests can sometimes reach 10 000 ha or larger
(Angelstam et al., 2020; Svensson et al., 2020).

However, outside this narrow forest belt, the forest landscapes across the boreal regions in
Sweden are severely fragmented with barely remained spatial connectivity, especially over
the inland and coastal ecoregions (Angelstam et al., 2020; Jonsson et al., 2019). This is not
surprising since these regions have a long history of heavily industrialised forest use
(Mikusinski et al., 2021; Potapov et al., 2017; Svensson et al., 2020); in addition, manmade
suppression of wildfire, a critical natural disturbance driving power, also hinders the natural
processes over these forest landscapes (Mikusinski et al., 2021). According to a recent
assessment, the old, previously non-clearcut forests in the Swedish boreal biome have been
logged at an annual rate of about 1.4% since 2003 (Ahlstrom et al., 2022). If such
anthropogenic pressure continues and even intensifies, the old-growth boreal forest of this
region will disappear within four decades. Therefore, the maintenance and protection of the
remaining intact forests are of great importance to the sustainable management of the boreal
forest landscapes (Eriksson et al., 2018; Svensson et al., 2022).

Strategic green infrastructure (Gl) planning

The conservation of ecological integrity and connectivity in the boreal forest landscapes is
addressed in strategic spatial planning on various spatial scales, where the maintenance and
establishment of functional Gl play an essential role (Mikusinski et al., 2021; Svensson et al.,
2020). Gl is “a strategically planned network of natural and semi-natural areas with other
environmental features” aiming to “maintain biodiversity, species viability and ecosystem
services” (EC, n.d.-c), which has been endorsed and highlighted in various domestic and EU-
level policies and legislations (Mikusinski et al., 2021). For example, the Swedish
Environmental Quality Objectives (EQOs) (Miljokvalitetsmal), established by the Swedish
Parliament in 1999 (bet. 1998/99:MJUG6), features environmental concerns in the society
development and thus set the framework and foundation for promoting GI.



A functional Gl is based on protecting areas with identified high conservation values and
ensuring their connectivity across spatial scales (Hermoso et al., 2020). The quantitative
goals concerning the areas that should be put under protection are specified: Sweden
conforms to the criteria set in the Aichi target #11 established by the United Nation
Conservation on Biological Diversity (CBD), i.e., at least 17% of terrestrial areas with well-
functioned connectivity shall be protected (Angelstam et al., 2020; CBD, 2020); meanwhile,
the Swedish national forest and environment policies set up a target of 20% protected areas
across the country’s forestlands (Angelstam et al., 2020).

The forest areas with confirmed high conservation value at the Swedish national level, under
or outside formal protection, are referred to as High Conservation Value Forests (HCVF)
(Naturvardsverket & Skogsstyrelsen, 2017). All the known HCVF, up to 2016, were
documented in the HCVF-dataset, produced by the Swedish County Administration, and
updated in 2019 and 2020. The HCVF-dataset has become a core source of information in the
Gl-planning. In compiling this dataset, the conservation values were field-identified by
standard protocol (mainly woodland key habitat protocols) procedures, e.g., “deadwood in
different stages of decay, multi-layered old-growth forest and presence of indicator species”
(Angelstam et al., 2020). The HVCF-dataset includes areas 1) under legal protection during
long- or short-terms, typically as national parks, nature reserves, biotopes, nature
conservation agreements on forest land (“naturvirdsavtal”) and forest habitats within the
Natura 2000 areas, etc.; 2) voluntarily set-aside, if a continuous productive forest area above
0.5 ha and containing high natural, cultural or recreational values (Biodiversity Information
system for Europe, n.d.) and 3) unprotected, such as woodland key habitats (WKH,
“nyckelbiotoper”’) (Angelstam et al., 2020; Mattsson, 2022). Up to 2020, the total area
documented in the HCVF-dataset, i.e., all the formally protected, voluntarily set-aside and
unprotected areas accumulated, has exceeded 26% of all the forest lands in Sweden, and 20%
in its northern boreal region.

Compared with the target of 17-20% protected areas, these numbers seem to depict a
satisfying current image and a promising future of the GI in Sweden. However, as Angelstam
et al. (2020) pointed out, one “pitfall” with these numbers is that they focused solely on size
but ignored the spatial connectivity that must be simultaneously ensured to establish a long-
term functional GI. Revealed by the same study (Angelstam et al., 2020), only approx. 12%
of the HCVF areas are functionally connected.

Indeed, escalating the protection of the isolated remnants of IFL alone cannot effectively and
sustainably support a functional GI (Angelstam et al., 2020; Estreguil et al., 2013; Heino et
al., 2019); restoring the forested areas potentially significant for re-establishing the spatial
connectivity across multiple spatial scales should be equally addressed in the strategic Gl-
planning. Featuring the boreal Sweden, the effect of the latter work has been theoretically
evaluated, which confirmed that adding the “proxy Continuity Forests”, i.e., forests have not
been clearcut since the mid-1900s, into the current Gl represented by the HCVF areas, can
substantially increase the connectivity among the GI holistically (Mikusinski et al., 2021).
However, though critical for setting the conceptual framework of the future Gl-planning,

4



such evaluation based on restoring all the proxy Continuity Forests, is not only likely to
overestimate the actual restorable forest resources (Mikusinski et al., 2021), but also less
indicative in supporting the decision makings in the daily forest conservation and
managements aiming for GI promotion. Therefore, to further identify and assess the forest
areas that should be emphasized or prioritized in restoration has become a critical task.
Typically, major knowledge gaps are found in “how much” and “where”, addressing the
spatial size and allocation of the areas with high restoration value, and how the Gl can be
strengthened by restoring the targeted areas. The answers to these questions can more directly
assist decision making in the operational practices and strengthen the fundamental support for
Sweden to achieve its GI commitment.

Conservation likelihood prediction by a new artificial intelligence (Al) model

The Al model, recently developed by Bubnicki et al. (2022)(in rev.), enables a spatially
explicit identification of forest areas with potentially high conservation values. Assessing the
size and distribution of these areas, as well as their effect on the Gl-construction, could
provide new information that can potentially facilitate the Gl-planning. This new Al model is
unofficially named “KubAl ” by its authors (“Kub” tributes to its main developer, Jakub
“Kuba” Bubnicki) and referred to as KubAl in this study.

KubAl predicts the conservation values through modelling the forest naturalness. The extent
of naturalness measures how much a forest has been degraded relative to its natural status
(Winter, 2012). Taking the currently known HCVF as the main information source for
“nature status”, KubAlI catches the inherent properties of the HCVF in terms of a
comprehensive collection of spatial variables and uses these variables to jointly quantify the
naturalness or the conservation value of a forest landscape (Bubnicki et al., 2022)(in rev.).
The prediction by KubAl has been validated against two independent datasets and both
validations showed that, overall, the forest areas with documented high naturalness (e.g.,
areas displaying Natura 2000 habitat qualities) and/or under various forms of conservation
considerations (e.g., voluntarily set-aside areas in forest management) are associated with
significantly higher predicted conservation values than the rest forest areas.

However, the prediction given by KubAl is interpreted as a “relative likelihood of HCVF
occurrence”, rather than an “actual probability of occurrence” (Bubnicki et al., 2022)(in rev.).
Because the HCVF-dataset, fundamental to the model prediction, is “presence-only” (Barbet-
Massin et al., 2012; Guillera-Arroita et al., 2015), meaning it contains no information about
the non-HCVF areas, and thus could introduce unknown extent of bias to the spatial sampling
of forest with HCVF-properties. Nevertheless, due to the following two features, the
prediction by KubAl has the potential to effectively support the identification of forest areas
critical to the GI development.

- The prediction by KubAl covers all the areas dominated by forest in Sweden with a pixel
size of 1 ha (forest dominance identified as forest area > 0.5 ha per pixel). This feature
ensures the prediction could be tailored to various spatial scales according to the
specific goal of a Gl-planning, at a spatial resolution of 1 ha. Similar level of spatial
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coverage and resolution are, however, rarely achieved simultaneously by previous
mappings targeting forest conservation (Bubnicki et al., 2022)(in rev.). As an
example, the map of European primary forests (Sabatini et al., 2018), features the
whole Europe at a much coarser spatial resolution (1km).

- The predicted relative likelihood of HCVF occurrence varies continuously along a gradient
from 0 to 1, where 1 indicates the highest likelihood and 0 the lowest. In contrast, the
mainstream datasets featuring forest conservation in the boreal Sweden, i.e., the
HCVF and the proxy Continuity Forest dataset, represent the forest landscapes in a
binary form (i.e., 1 or 0, where 1 represents the HCVF and 0 the non-HCVF). In this
sense, the prediction by KubAl, to certain extent, transparentises the variability
among the vast non-HCVF forest areas in terms of their conservation/restoration
values, and thus could effectively assist the identification of the forest areas that
should be prioritized in the future restoration or conservation works.

A brief summary of KubAl's constitution of variables and data sources is provided in
Appendix 1. However, as the model and its associated work are not yet publicly available,
more detailed information can be obtained by contacting the author team, as specified in
Appendix 1. It should be noted that the quality of the model prediction was not explicitly
assessed for forested areas with different forest compositions, nor on finer spatial scales (e.qg.,
subregional or local).

Connectivity forest, CF

The non-HCVF areas (i.e., forest areas outside the HCVF-dataset) with KubAl-predicted
intermediate to high relative likelihood of HCVF occurrence (e.g., 0.5-1) could imply the
potential restoration frontiers. These areas are loosely defined as CF by this study. With
respect to connectivity, it is assumed that the CF, with active or passive restoration applied,
could increase its conservation value and improve the spatial connectivity among a concerned
GI. The value range specifying “intermediate to high” relative likelihood is identified through
comparing the value distribution over the HCVF and non-HCVF areas.

1.2. Study Objective

The overall objective of this study is to explore the new opportunities, provided by the
model-prediction, for further identification and assessment of forest areas potentially
significant to the strategic Gl-planning over a boreal forest landscape of 1.3 million ha in
northern Sweden. More specifically, this study targets the CF and aims to 1) understand how
a stepwise restoration of these CF areas will reconfigure and impact the GI over the featured
landscape, and 2) identify restoration hotspots, i.e., a subset of the CF-areas that could be
prioritized in the restoration practices in the short and/or long run.

1.3 Research questions
This study focuses on the following three questions:



1. Based on the model prediction, how much CF-areas could be identified and how are these
areas spatially distributed?

2. What effect could be achieved on the GI over the studied landscapes, through stepwise
insertion of CF?

3. How and where the restoration hotspots could be detected? Compared with CF-areas, these
hotspots are supposed more effectively incorporated into the operational practices since they
are a subsection of CF.






2. Materials and Methods

2.1 Study Area

This study is performed over the Vindelalven-Juhttatahkka (\V-J), one of the UNESCO World
Network of Biosphere Reserves in Sweden (Fig. 1). The following study area description
refers to the report by Gardestrom et al. (2016) that formed the formal document for inclusion
into this network. V-J has a total area of over 1.3 million ha, stretching 450km from west to
east through two biogeographical regions: the alpine region originated from the Scandinavian
Mountain range and the boreal region extending to the Gulf of Bothnia coastlines. V-J
encloses the whole drainage basin for the Vindeldven-Umealven river system which are
amongst the “last few free-flowing major rivers” in Europe. The mountain and forest
landscapes mosaiced with waters and wetlands, characteristic to V-J, supports a rich diversity
of ecosystem services of local, regional, and global significance, and fostered unique and
magnificent natural and cultural values. The Sami, Sweden’s indigenous community, have
been migrating seasonally through or within the boreal landscapes of this region for reindeer
herding for thousand years.

More than 1/3 of the total area of V-J is legally protected or voluntarily set-aside, constituted
by bundle of nature reserves, Natura 2000 sites, biotope protections and more, including the
largest nature reserve in northern Europe, the Vindelfjallen nature reserve (565 000 ha). A
distinctive array of biodiversity is preserved here, and nearly five hundred of red-listed
species may find their last chance to survive or thrive here.

Forest- and shrublands cover more than half of the total area of the V-J, and most of them are
productive forests (530 683 ha) with on-going forestry practices aiming for timber
production. The productive forest areas are dominated by pine (346 810 ha, ca. 65.5%),
followed by spruce (97 889 ha, 18.5%), coniferous mixed (80 475 ha, 15%), mixed (37 690
ha, 7%) and deciduous forests (27 103 ha, 5%). 12% (64 042 ha) of the productive forestland
is old-growth forest (>140 years), abundant of deciduous trees. Two forest companies,
Holmen and SCA, are the major forest landowners in the V-J.

The forest landscapes over the V-J have evidenced a long history of intensive forest use. The
industrialised forestry has already begun by the 1750s in this region and has been
continuously intensified through the following centuries. The landscapes are inevitably
impacted and altered by, amongst others, forestry harvesting and reforestation. While the
mountain forests, formed mainly by birch and conifers, remain largely undisturbed,
remaining forest landscapes of the V-J, especially over the coastal boreal region, are heavily
affected, which has caused severe forest landscape fragmentation. The remaining intact
landscapes or landscape patches are likely to be further threatened, considering the forest
production over this region continues running intensively, with a yearly felling rate estimated
to about 1%.

V-J places a strong emphasis on protecting its natural and cultural environments, particularly
through regional and national investment in establishing long-term and sustainable GI. The



maintenance of IFL is a fundamental component of this approach. Increasing priority has
been given to those areas outside the already conserved areas and their buffer zones, since
they are critical in promoting the landscape connectivity. V-J is also a demo site of the
Horizon 2020 project SUPERB which aims to “create transformative change toward large-
scale restoration” (SUPERB: Upscaling Forest Restoration, n.d.) https://forest-
restoration.eu/). The findings of this study will be incorporated into forest and landscape
restoration efforts in the V-J and the wider study area. These efforts are also aligned with
ongoing regional green infrastructure approaches led by the County Administrative Board of
Vaésterbotten.

To address the contrasting biogeographical properties and the gradient of human disturbance
from the western alpines to the eastern seashores, the V-J is further divided into three
subregions, namely the mountainous, inland, and costal subregions (Fig. 1). The subregion-
specific analyses also enable an inter-subregion comparison. The border between the inland
and coastal subregions is merged from the border pieces of two municipalities in adjacency of
the Gulf of Bothnia (i.e., Umeé and Vannas), and the border between the mountainous and
inland subregions is a subsection of the border of the municipality Sorsele.

[] Subregion boundary
I Forested area

Elevation (m a.s.)

M >=100

I 100 - 250
250 - 400
400 - 550
550 - 700
700 - 850
850 - 1,000

I 1,000 - 1,200

I 1,200 - 1,400

M >= 1,400

Figure 1. Left: location of the study region, the Vindelélven-Juhttatahkka Biosphere, in Sweden. Mid: division
of the three subregions (mountainous, inland, and coastal, in red line) and elevation (m a.s.l) over the whole
study region. Right: total forested areas over the study region.
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2.2 Data

This study used three sets of spatial data. First, the Swedish national HCVF dataset (Skogliga
vardekarnor, download: https://geodata.naturvardsverket.se/nedladdning/tathetsanalys.zip)
(Naturvardsverket & Skogsstyrelsen, 2017) was used for extracting the currently known
HCVF areas. The HCVF-dataset is a shapefile storing all the forests with field-survey
confirmed high conservation values up to 2016 (updated in 2019 and 2020), including
formally protected, voluntarily set aside and unprotected areas. More information about the
HCVF-dataset can be found in the Introduction section.

The HCVF area found within the mountainous subregion accounted for 16.8% of the total
area of the forestlands in V-J, whereas the total HCVF area, accumulated over the inland and
coastal subregions, was only 1.5% of the total forestland area in V-J (“forestland” is specified
in the description of the Swedish national landcover dataset in below) (Fig. 2). The HCVF
over the study area can be found in Fig. 4.

Second, to identify the CF, the relative likelihood of HCVF occurrence map (RL-map),
generated by KubAl as a raster of 1 ha resolution (Bubnicki et al., 2022)(in rev.), was used
(Supplementary Fig. Al).

Third, the forest type information was extracted from the Swedish national landcover data
(Nationella Marktackedata, NMD, download: https://www.naturvardsverket.se/verktyg-och-
tjanster/kartor-och-karttjanster/nationella-marktackedata) (Naturvardsverket, 2019), which is
a raster with a pixel size of 10m. In NMD, forestland is defined following FAO’s standard,

i.e., “land spanning more than 0.5 ha with trees higher than 5 meters and a canopy cover of
more than 10 percent, or trees able to reach these thresholds in situ. It does not include land
that is predominantly under agricultural or urban land use” (FAO, 2015; Sterner, 2022).

In NMD, forestlands are classified into seven major types, based on dominant tree species in
combination with the site productivity. A tree species is dominant when its canopy cover is >
70% of the total canopy cover of a 0.01 ha forestland (i.e., per pixel of NMD, 10m x 10 m)
(Naturvardsverket, 2020). Site productivity is divided based on whether a given site supports
tree growth of > 1m®ha™ year! over a rotation cycle (Svensson, 2022). The major forest types
are further divided by whether they are situated on wet organic soil or mineral soil (Sterner,
2022). The full list of the forest types involved in NMD can be found in Olsson & Ledwith
(2020).

To facilitate the analyses in this study, the forestlands in the study area were reclassified into
six categories (Table 1). Certain forest types (e.g., Deciduous hardwood forest on wetland,
Code 126) do not exist over V-J and thus were excluded from the reclassification. Over the
study area, the forest composition contrasts across the subregions: the mountainous subregion
is dominated by broadleaved and spruce forest, whereas the inland and coastal subregions are
dominated by pine (Fig. 2 (right)).
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Table 1. Forest type reclassification, based on the forest type categories given in Swedish
national landcover data (NMD).

Forest types used in this study | Corresponding forest types in NMD
Code Forest type
Pine forest 111 Pine forest not on wetland
121 Pine forest on wetland
Spruce forest 112 Spruce forest not on wetland
122 Spruce forest on wetland
Mixed coniferous 113 Mixed coniferous not on wetland
123 Mixed coniferous on wetland
Broadleaved-coniferous mixed | 114 Mixed forest not on wetland
124 Mixed forest on wetland
Broadleaved forest 115 Deciduous not on wetland
125 Deciduous on wetland
Temporarily not forested 118 Temporarily non-forest not on wetland
128 Temporarily non-forest on wetland
0.8 mmm HCVF 0.8 mmm Spruce
non-HCVF B Mixed coniferous
0.7 0.7 Pine
B Broadleaved-coniferous
0.6 0.6 Broadleaved
.g 054 g 054 H Temporarily not forested
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Figure 2. Area distribution of the HCVF versus non-HCVF in each subregion, calculated as ratios relative
to the total area of the forestlands in the whole study area (left) and forest composition (right) over the
forestlands in the three subregions. The three columns together sum up to 100%, i.e., all forest area in the

study region.
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2.3 Analyses
The overall workflow of this study is shown in Fig. 3.

Implications for Gl-planning
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Figure 3. Overall workflow of the analysing processes.

First, the connectivity forest (CF) was identified. The high conservation value forest (HCVF) map and the
model-predicted relative likelihood (RL) of HCVF occurrence map were overlaid to compare the RL
distribution over the HCVF and non-HCVF areas, and a threshold RL was specified through the comparison.
The CF was then extracted as the forests with an RL no less than this threshold from the non-HCVF areas.
Second, the CF was step-wisely inserted into the current HCVF areas, at an RL interval of 0.1, generating a
series of updated green infrastructures (Gls). Third, the effect of the CF-insertions on the Gl development over
the study area was assessed from three main aspects. Assessment 1 featured the reconfiguration of the forest
composition and the changes of the spatial size of the Gls. Assessment 2 featured the variations of the structural
connectivity, proxied by density and size variations of Gl-patches. Assessment 3 featured the projection of the
HCVF-tracts (i.e., the forest landscape subsections with high concentration of the known HCVF and/or model-
predicted CF), using two sets of criteria applied in the previous national and regional Gl-plannings,
respectively. Detailed descriptions of the above analysing processes found in Section 2.3.1t0 2.3.4.

2.3.1. Specification of the threshold RL and the CF areas

A threshold RL, indicating the minimum RL required for being CF, was specified by
comparing the distribution of the KubAl-predicted relative likelihood (RL) values among the
HCVF- and non-HCVF areas. First, the HCVF-map over the study area was converted into a
raster layer using the “Feature to Raster” tool in ArcGIS pro 2.7 (ESRI, 2020). The Category
attribute of the shapefile, which indicates whether a land surface area is under formal
protection or not, was used to assign pixel values to the output raster. The resulting raster was
aligned with the RL-map and re-sampled to a spatial resolution of 1 ha, consistent with that
of the RL-map. Then, the RL values were extracted for the HCVF and non-HCVF areas
through the following four steps:
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1) By reclassifying all the pixels representing non-HCVF into no data pixels, all the pixels
representing HCVF were separated and retained from this raster layer.

2) These pixels of HCVF were reassigned a common pixel value of 1, since this study did not
differentiate the specific forms of HCVF (e.g., whether or not under official protection).

3) The value of each pixel representing HCVF (i.e., 1) was multiplied with the value of its
corresponding pixel on the RL-map, and thus the RL values over the HCVF areas were
extracted.

4) The resulted RL-submap over the HCVF areas was clipped to each subregion so that three
subregional outputs were generated.

Similar processes were applied to extract the RL values over the non-HCVF areas, after
reclassifying all the pixels representing non-HCVF into 1 and the rest into no data. The above
spatial analyses were managed using ArcGIS Pro 2.7 (ESRI, 2020). The RL distribution over
the HCVF versus non-HCVF areas was visualised (Supplementary Fig. A2) and the RL
quantiles were calculated for each subregion, using the Python library Rasterio (MapBox,
2016). Revealed by the quantiles (Table 2), in all three subregions, more than 50% of the
HCVF areas were associated with an RL above 0.4. Based on this observation, the non-
HCVF areas with an RL > 0.4 were assumed to have the properties more similar to the HCVF
areas, compared with those with an RL < 0.4. Therefore, the threshold RL was set to 0.4.

Correspondingly, the CF was identified as all the non-HCVF areas with an RL-value > 0.4
(Fig. 4). To enable the stepwise insertion of CF, the CF was separated into six RL-classes by
an RL interval of 0.1 (i.e., 0.9-1, 0.8-0.9, ..., 0.4-0.5) (Fig. 4). The CF of each discrete RL-
class was, then, inserted into the baseline Gl (i.e., the current HCVF) one by one, started from
the CF of RL-class 0.9-1 and ended with the one of 0.4-0.5, resulting a series of updated Gls.

Table 2. Quantiles of the relative likelihood for the high conservation value forests (HCVF)
and non-HCVF in the three subregions (Mountain, Inland, Coastal) and the whole study area.

Quantile Mountain Inland Coastal Whole region
HCVF 1st (25%) 0.77 0.33 0.32 0.74

2nd (50%) 0.88 0.49 0.42 0.86

3rd (75%) 0.96 0.65 0.53 0.95
.................... 4h(00%) 1 097 088 1
non-HCVF  1st(25%) 0.22 0.12 0.17 0.15

2nd (50%) 0.44 0.22 0.25 0.27

3rd (75%) 0.67 0.35 0.35 0.46

4th (100%) 1 0.97 0.83 1
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Figure 4. The high conservation value forest (HCVF) over the study region and the connectivity forest (CF), as
all the non-HCVF areas with a model-predicted relative likelihood (RL) > 0.4. A closer demonstration of the
conceptual CF is shown, respectively, for three sample squares randomly placed in the three subregions
(Mountain, Inland and Coastal); each sample square represents an area of 22 500 ha (15 x 15 km?). For
visualisation’s purpose, the CF with an RL > 0.7 is rendered in the same colour. A buffer zone of 5km-width,
created to counterwork the spatial extent shrinkage due to the moving window analysis (specified in Subsection
2.3.3.2), is also visualized.
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2.3.2. Area distribution of the CF

The CF area of nested RL-classes, i.e., the collectively involved RL-classes as the insertion
step-wisely continued, was assessed.

Featuring all forest (i.e., without separation of forest types), the CF areas of nested RL-
classes, found within each subregion, were calculated into ratios of the total forest area within
1) the whole study area and 2) the corresponding subregion.

Then, these area ratios were calculated for different forest types. Specifically, the CF areas
per forest type per subregion, accumulated across nested RL-classes, were calculated into
ratios of the total area of the corresponding forest type within 1) the whole study area and 2)
the corresponding subregion. The forest type information was extracted by overlapping the
reclassified NMD map (Table 1, Fig. 2 (right)) with the CF- or HCVF-maps of the discrete or
nested RL-classes.

By intersecting with the original NMD map (i.e., NMD without reclassification), a minor
proportion of the HCVF (31 072 ha) was found left over the non-forest land-use categories
(represented by code 0 to 62 in the original NMD map, e.g., open wetland), and these areas
were excluded from the area statistics where the HCVF was involved.

2.3.3. Effect-assessment of the stepwise insertion of CF

The effect was assessed through 1) how the baseline Gl (i.e., the current HCVF) was re-
configured, in terms of spatial size and forest composition and 2) how the structural
connectivity varied across the baseline Gl and each updated Gl (i.e., the Gl appeared after
each CF-insertion).

2.3.3.1. Gl reconfiguration

The effect of the stepwise CF-insertions was, first, assessed by the area increase across the
baseline and each updated GI. The total area of each concerned Gl (baseline or updated) was
separated into the three subregions, and the area increase of an updated GI was calculated for
each subregion, as a percentage relative to the subregional area of the baseline GI. In
addition, the reconfiguration of the forest composition, from the baseline Gl to each updated
GlI, was also compared.

2.3.3.2. Structural connectivity

The structural connectivity was proxied by Gl-density, i.e., the concentration of Gl-patches
over a neighbourhood specified by the moving window method. The Gl-density was chosen,
over other more complex metrics of structural connectivity (e.g., the cumulative current
density (CCD), see Koen et al. (2014); Mikusinski et al. (2021); Svensson et al. (2020)),
because:

- A simple density analysis of Gl-patches could provide a much less time- and computer-
capacity-consuming, yet very relevant and indicative assessment of the structural
connectivity (Auffret et al., 2015; Heino et al., 2019), which is important considering
the rather restricted time frame for this thesis work.
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- This study aims also for delineating the so-called high conservation value forest tracts
(HCVF-tracts), i.e., the prioritized areas in practical Gl-planning (see subsection
2.3.4, Bovin et al. (2017) and von Friesen & Uppsall (2016) for more information);
and Gl-density, as computed in this study, is the major quantitative value supporting
the delineation of the HCVF-tracts.

The density of the baseline and each updated Gl, established over all forest and three separate
forest types, was assessed.

Density and size of Gl-patches over all forest

The density of Gl-patches was calculated by moving window filtering, an approach
commonly used in detecting the variations of Gl-density (e.g., Angelstam et al., 2020; Bovin
et al., 2017; Mikusinski et al., 2021). In this study, the moving window filtering was managed
using the Focal Statistic tool by ArcGIS Pro 2.7 (ESRI, 2020), which summed up the total
area of the Gl-patches within a circular neighbourhood defined by a moving window. The
total area of Gl-patches was, then, divided by the area of the moving window to get the
density of Gl-patches (in percentage).

Two radii, 1km and 3km, were used for the circular moving window, respectively, to
calculate the Gl-density over a smaller or bigger neighbourhood (corresponding to a circular
area of 314 ha and 2 827 ha, respectively). The 1 and 3km window sizes were identical to the
ones used in the identification of the HCVF-tracts by the Swedish authorities to allow direct
comparison (see Section 2.3.4 for more information concerning HCVF-tracts). Before
applying the moving window, a buffer zone of 5km-width, enclosing the entire outer
boundary of the study area, was created to counterwork the shrinkage of the spatial extent
caused by the moving window scanning.

In addition to density, the changes of the structural connectivity were also assessed through
the size variations of the Gl-patches. More detailed description of the patch size analysis can
be found in Appendix 4.

Density of Gl-patches over separate forest types

To detect whether the effect of the CF-insertions on structural connectivity was specific to
different forest types, the density analysis was further applied to Gl-patches of three forest

types.

The GlI-density of each concerned forest type was analysed using the method by Mikusinski
et al. (2021), targeting the density of habitat-patches maintained by different forest types.
Specifically, each concerned Gl (baseline or updated) was decomposed into three types of
habitats maintained by, respectively, spruce, pine, and collective broadleaved species, three
major components in the studied boreal forest. The density of the habitat-patches was then
filtered by the moving windows identical to the ones used in the previous steps featuring Gl-
density of all forest.

The three types of habitats were extracted using the criteria by Mikusinski et al. (2021): the
habitats maintained by spruce were considered as spruce forest and coniferous mixed forest,
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specified by the reclassified NMD dataset; by pine, as pine forest and coniferous mixed
forest; and by broadleaved species, as broadleaved forest and broadleaved-coniferous mixed
forest. As proposed by Mikusinski et al. (2021) and Edenius and Mikusinski (2006), the
habitats maintained by mixed forest (i.e., coniferous mixed or broadleaved-coniferous mixed)
might be less effective in sufficing the resources needed for its inhabitants, compared with
the relevant pure stands. Therefore, the habitat area constituted by mixed forest was weighed
by a factor of 0.5. With this weighing factor applied, the effective habitat area constituted by
the mixed forest was only considered as half of their actual sizes.

Density median variation and the corresponding amount of inserted CF

The Gl-density distribution was summarised by quantiles for each baseline and updated Gl
per forest type (including all forest as one type) per subregion. To assess whether the increase
of Gl-density was proportional to the corresponding CF-area inputs, the density medians
were used to proxy the overall density variations and compared upon their corresponding
amount of cumulatively inserted CF. Due to the time restriction of this thesis project, this
assessment was only applied to the density filtered by the moving window of 3km radius.

Gl-density variations filtered by a threshold density of 20%

Finally, on the density maps generated in the previous steps, the landscape subsections
displaying a density value > 20% were separated and the area percentages of these
subsections was calculated (relative to the total area of the landscape subsections with a
density value > 0). The analyses were applied to the Gl-density results of all forest and the
three forest types (spruce, pine, broadleaved species (co-)dominated), featuring both the
whole study area and the subregions. The Gl-density was filtered by the moving window of
3km and 1km radius, respectively.

The threshold of 20% was based on the findings that over a given forest landscape, the
density of the remaining habitat-patches lower than 20% would lead to a severe species
isolation and biodiversity degradation (Andrén, 1994; Bovin et al., 2017). Therefore, the
minimum Gl-density of 20% was a general indication of a functioning habitat (e.qg.,
Angelstam et al., 2020; Bovin et al., 2017), which was also set as a quantitative goal of Gl
construction by the Swedish government (Angelstam & Manton, 2021).

2.3.4. Delineation of HCVF-tracts and identification of restoration hot- and coldspots
2.3.4.1 Delineation of HCVF-tracts

The effect of the stepwise insertion of CF, was translated into a series of HCVF-tracts, and
these updated HCVF-tracts were compared with the current ones given by the Swedish
authorities, based mainly on the current known HCVF-patches.

HCVF-tracts are the forest landscape subsections with higher concentration of Gl-patches
and larger areal size, and therefore should be prioritized in practical conservation works
(Bovin et al., 2017; Friesen & Uppsall, 2016). Exactly how “high” the density and how
“large” the patch size should be, are specified by various sets of criteria, adapting to specific

18



forest and nature-geographical conditions at different spatial extents (the whole country or
different counties). Detailed information about HCVF-tracts can be found in e.g., Bovin et al.
(2017).

In this study, the HCVF-tracts were, first, extracted from the baseline GI formed by the
current HCVF, to represent the current HCVF-tracts. The delineation of the HCVF-tracts was
following the criteria and procedures used by Metria AB (Bovin et al., 2017) on commission
by the Swedish Environmental Protection Agency (SEPA). Therefore, the current HCVF-
tracts, delineated in this study, were referred to as current HCVF-tracts (Metria). The major
differences of the data, criteria/procedures used by Metria and by this study can be found in
Appendix 4.

Then, two sets of updated HCVF-tracts were extracted based on the Gl that appeared after
inserting all the CF with an RL > 0.7 and after the final insertion including all the CF with an
RL > 0.4, respectively. These two updated sets represented the intermediate versus the final
status along the transitions of Gl prescribed by this study, and thus were referred to as
updated HCVF-tracts (intermediate) and updated HCVF-tracts (final).

The two sets of updated HCVF-tracts were then compared with 1) current HCVF-tracts
(Metria), and 2) the HCVF-tracts delineated by the County Administrative Board (CAB) of
Vasterbotten, henceforth current HCVF-tracts (CAB Vasterbotton). The latter (i.e., by the
CAB Vasterbotten) was identified based on similar fundamental criteria used by Metria but
based on more county-specific and extensive data sources (details find in von Friesen &
Uppséll (2016)). A brief description of how the data sources and the criteria/procedures used
by the CAB of Vésterbotten were different from the ones by Metria AB is also found in
Appendix 5.

2.3.4.2 Identification of the restoration hot- and coldspots

Finally, the HCVF-tracts were translated into restoration hot- and coldspots, to further
support the decision makings in the daily forest management and conservation operations.

To localise the hotspots, a 3km-width buffer zone was created enclosing each identified
HCVF-tract. Then, all the additionally inserted CF areas, found within either the HCVF-tracts
or the 3km-width buffer zones, were identified as restoration hotspots. The inclusion of the
3km buffer was because the HCVF-tracts were identified based on Gl-density filtered by the
moving window of, maximum, 3km radius, and thus any input of CF within this 3km buffer
could have impacted the appearance/distribution of the HCVF-tracts.

Over each updated HCVF-tracts, the total area of the identified hotspots was calculated
within each subregion, respectively over the known HCVF and the newly appeared ones due
to the insertions.

Starting from the outer boundary of the 3km buffer, additional buffers were consecutively
created at a 5km-width interval, until the “blank” landscape subsections (i.e., the tracts
outside the HCVF-tracts and the 3km buffers) were fully covered, and these areas were
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considered as restoration coldspots, or rather, cold-subsections: the further away from any
HCVF-tract, the colder the subsection.
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3. Results

3.1 Area distribution of the CF

Featuring all forest (i.e., irrespective of forest types), measured in hectares (ha), the CF
accumulated across nested RL-classes, if any area, was much less in the inland or coastal
subregion than in the mountainous subregion (80 981, 42 901 and 6 562 ha respectively in the
mountainous, inland, and costal subregion, shown in Appendix 6). However, such
comparatively much less amount (in ha) of CF accumulated to over 13% and 11% of the total
forest area in the inland and coastal subregion, respectively (Fig. 5, Appendix 6). Similar
pattern was found for the CF of separate forest types. In the inland and coastal subregions, the
area of CF per forest type could eventually accumulate to about 7-23% of the total
subregional area of the corresponding forest type (Fig. 5, Appendix 6). Among the three
subregions, the inland subregion showed the highest total area of pine-dominated CF (in ha)
(Appendix 6).
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3.2. Effect-assessment of the stepwise insertion of CF
3.2.1 Area increase and forest composition reconfiguration of the updated Gls

The CF-insertions caused higher extent of Gl-area increase in the inland and coastal
subregions than in the mountainous subregion (Fig. 6). In the mountainous subregion, the
area increase was about 60% as a maximum; whereas in the inland and coastal subregions,
the Gl area was already doubled after inserting all the CF of an RL > 0.6 and was eventually
quadrupled at the end of the insertion.
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100 Figure 6. Area increase of green infrastructure (GI)
by the stepwise insertion of connectivity forest (CF),
relative to the total area of the current high
conservation value forest (HCVF) per subregion.
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The CF-insertions also caused the variation of the forest composition across the baseline and
updated Gls (Fig. 7). In the mountainous subregion, the collective proportion of the
broadleaved and broadleaved-coniferous mixed forest decreased slightly. In the inland
subregion, the proportion of the spruce forest decreased, while the proportion of the pine and
broadleaved forest increased marginally. In the coastal subregion, the proportion of spruce
and broadleaved forest both decreased, and the proportion of the pine forest increased,
especially after inserting all the CF-areas with an RL of 0.6-1
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3.2.2. Gl-density variation

Visual assessment of the density variation

The stepwise insertion of CF gradually increased the Gl-density of all forest and each
concerned forest type over the study area (Fig. 8-11).

Featuring all forest, after inserting all the CF with an RL > 0.6, the Gl-density, filtered by a
moving window of 3km radius, became generally above 0 (Fig.8: upper panel). This means at
least one Gl-patch could be found within a searching radius of 3km from almost anywhere
over the study region. After inserting all the CF with an RL > 0.4, such Gl-patches would
most-likely be found within a searching radius of 1km (Fig.8: lower panel).

Featuring the spruce or broadleaved (co-)dominated forest (Fig. 9 and 10), the density-gaps
(i.e., areas with a Gl-density = 0) filtered by the moving window of 3km radius were
basically eliminated after inserting all the CF of an RL > 0.5 (Fig. 9 and 10: upper panel).
When filtered by the moving window of 1km radius, however, the density-gaps were still
quite visible even after inserting all the CF of 0.4-1 (Fig. 9 and 10: lower panel). In contrast,
for the pine (co-)dominated forest, the density-gaps filtered by the moving window of 1km
radius basically disappeared in the end of the insertions (Fig. 11: lower panel).
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Density median variation and the corresponding amount of inserted CF

The extents and patterns of Gl-density increase varied among the Gls of different forest types
(including all forest as one type) and in different subregions (Fig. 12).

For all forest, spruce and broadleaved (co-)dominated forest, the CF-insertions increased the
density medians of these three forest types by a higher extent in the mountainous than in the
rest two subregions (Table 3). However, the extent of density increase was disproportional to
the corresponding amount of cumulatively inserted CF-areas, which was much larger in the
mountainous than in the other two subregions (Table 3). As an example, after the final
insertion in the mountainous subregion, the median increase for spruce (co-)dominated forest
was about twice of that in the inland or coastal subregion (approx. 4%, 2% and 1.6%,
respectively in the mountainous, inland and coastal subregions). The corresponding total
amount of inserted CF in the mountainous subregion was more than twice of that in the
inland or coastal subregion (3.8%, 1.5% and 0.2% of the total regional forest area, for
mountainous, inland and coastal subregion, respectively)(Table 3).

The total density increases of pine (co-)dominated forest were almost the same in the
mountainous and coastal subregions (both about 3.3%)(Table 3). However, the total inserted
CF-areas accounting for such increase were much smaller in the coastal than in the
mountainous subregion (i.e., 0.5% versus 2.5% of the total regional forest)(Table 3). In the
inland subregion, the total density increase was about 1.5 times higher than that in the
mountainous subregion (about 5.5% versus 3.3%). Yet again, the cumulatively inserted CF
areas in the inland subregion was only 1% higher than that in the mountainous subregion
(3.5% versus 2.5%).

Overall, the density median increase achieved upon per unit CF area input was higher in the
inland and the highest in the costal subregion, compared with that in the mountainous
subregion.

The results of the patch-size analyses are described in Appendix 9.
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Figure 12. Summarization of green infrastructure density (Gl-density) variations across baseline GI* and each
updated GI*, per forest type* (including all forest as one type) and subregion. The boxplots visualize the
minimum, median, first and third quartiles; the whiskers drawn within the 1.5 times inter-quartile range, and the
outliers shown in red. The density was filtered by the moving window of 3km radius.

* Baseline Gl: represented by the current high conservation value forest (HCVF); updated GI: formed jointly by

a baseline Gl and the CF of nested relative likelihood classes (RL-classes).

* Forest type includes:

1) spruce (co-)dominated forest: spruce forest plus mixed coniferous forest.

2) Pine (co-)dominated forest: pine forest plus mixed coniferous forest.

3) broadleaved species (co-)dominated forest: broadleaved forest plus broadleaved-coniferous mixed forest.
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Table 3. Green infrastructure density (Gl-density) median increase (%) and the corresponding
total area of inserted connectivity forest (CF). CF areas are shown in percentage (%) of the total
forest area in the study region (i.e., 756 831 ha) and in hectares (ha).

Mountain Inland Coastal
Forest type Gl density Inserted CF areas density Inserted CF areas  density Inserted CF areas
increase (%) o ha increase (%) o ha increase (%) o ha
+CFof0.9-1 1.52 1.23 9318 0.04 0.01 42 0 0 0
+CFof0.81 1.95 2.75 20840 0.14 0.11 834 0 0 8
All forest +CFof0.7-1 237 4.13 31298 0.64 0.39 2962 0.18 0.01 106
+CFof0.6-1 5.66 6.48 49074 2.12 1.23 9314 0.95 0.1 744
+CFof0.5-1 9.09 8.43 63 851 4.6 2.6 19704 2.65 0.3 2256
+CFof0.4-1 13.97 10.7 80981 10.15 5.67 42901 7.78 0.87 6562
+CFof0.9-1 0.25 0.64 4809 0 0 24 0 0 0
+CFof0.8-1 0.85 1.35 10229 0.02 0.04 271 0 0 3
Spruce (co-)dominated
(spruce forest + coniferous +CFof0.7-1 1.17 1.86 14 086 0.11 0.12 921 0 0 31
mixed forest) +CFof0.6-1 1.82 2.5 18914 0.42 0.36 2708 0.16 0.03 200
+CFof0.5-1 2.6 3.06 23146 0.96 0.72 5465 0.62 0.08 601
+CFof0.4-1 3.93 3.82 28914 1.96 1.46 11021 1.59 0.19 1457
+CFof0.9-1 0.19 0.16 1230 0 0 17 0 0 0
. . +CFof0.8-1 0.55 0.42 3192 0.07 0.07 517 0.02 0 4
:;?:e(:g;l'::’i"z:?f:mus +CFof0.7-1 0.81 067 5049 035 025 1870 007 001 66
mixed forest) +CFof0.6-1 141 1.11 8378 1.15 0.75 5710 0.43 0.06 469
+CFof0.5-1 21 1.62 12228 2.48 1.58 11976 1.13 0.18 1326
+CFof0.4-1 3.34 2.46 18 625 5.48 3.46 26219 3.33 0.48 3647
+CFof0.9-1 0.42 0.47 3576 0 0 5 0 0 0
Broadleave (co-)dominated *CFof 0.8-1 -0.37 107 8112 0 001 93 0 0 0
(broadleaved forest + +CFof0.7-1 -0.3 1.73 13134 0.04 0.05 384 0.02 0 14
broadleaved-coniferous +CFof0.6-1 0.27 3.05 23127 012 0.17 1286 0.09 0.02 124
mixed forest) +CFof0.51 0.57 398 30128 032 038 2876 028 0.06 440
+CFof0.4-1 1.2 4.69 35507 0.8 0.89 6720 1.1 0.21 1596
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3.2.3 Gl-density variation filtered by the threshold of 20%

Over all forest

Featuring the whole study region (i.e., without separation of subregions), a large area already
fulfilled the density requirement of a functioning habitat (i.e., > 20%) under the baseline
status, accounting for about 26% and 41% of the total area with an Gl-density > 0,
respectively under the window size of 3km and 1km (Fig. 13, Table 4). The stepwise
insertion of CF gradually increased the area shares to 40% and 43%, respectively.

However, the areas fulfilled the density requirement of 20% were concentrated in the
mountainous subregion (Fig. 13, Table 4). In the inland and costal subregions, the areas with
an Gl-density > 20% were low in amount, small in size and highly disconnected (Fig. 13,
Table 4).

Over separate forest types

The dominant component of these functioning habitat areas (i.e., areas with a Gl-density >
20%) was broadleaved (co-)dominated forest (Fig. 14, Supplementary Fig. A5). Across the
updated Gls in the mountainous subregion, such functioning patches of broadleaved (co-
)dominated forest remained above 24% of the total subregional areas with a GI-density > 0,
under both window sizes (Table 4). Featuring the whole study area, this area share remained
above 13% (Table 4).

There were also quite some functioning patches maintained by spruce (co-)dominated forest
in the mountainous subregion (Fig. 14, Supplementary Fig. A3). With the CF-insertions, the
area share of such patches in the mountainous subregion increased from 11% to 19% of the
total subregional areas with a Gl-density > 0, under the window size of 3km radius; and from
17% to 20% under that of 1km radius (Table 4).

The status across the Gls maintained by pine was very poor on either subregional or regional
scale (Fig. 14, Table 4, Supplementary Fig. A4). With the CF-insertions, only some very
small and scattered functioning patches appeared (Table 4, Supplementary Fig. A4).
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Table 4. Percentage of the areas with a green infrastructure density (Gl-density) > 20%, of all
forest and per forest type. Percentages were calculated based on the total area of Gl-density >
0 specified by a baseline or updated Gl in a subregion or the whole study area. Baseline Gl
was represented by the current high conservation value forest (HCVF); updated GI was
formed jointly by a baseline GI and the connectivity forest (CF) of nested relative likelihood
classes.

Area (%) with Gl-density > 20%:

Forest type Gls moving window radius =3 km moving window radius =1 km

Mountain Inland Coastal Whole area Mountain Inland Coastal Whole area

Baseline GI  45.49 1.85 0.04 25.99 56.88 8.79 6.52 40.72
+CFof0.9-1 47.05 1.85 0.04 26.96 57.37 8.71 6.52 41.37
+CFof0.8-1 47.47 1.82 0.04 27.28 57.13 7.52 6.50 40.02
All forest +CFof0.7-1 47.82 1.91 0.05 27.73 55.61 6.55 5.78 37.37
+CFof0.6-1 50.79 2.32 0.12 29.78 56.01 6.57 4.52 35.55
+CFof 0.5-1 54.29 3.78 0.24 32.40 58.08 9.12 6.09 36.51
+CFof0.4-1 60.89 14.16 5.62 40.27 61.44 21.64 1599 43.19
Baseline GI  10.86 - - 6.05 16.96 0.33 0.02 11.40
+CFof0.9-1 1253 - - 7.00 18.48 0.33 0.02 12.54
Spruce (co-)dominated +CFof0.8-1 14.30 - - 8.02 19.54 0.28 0.02 12.91
(spruce forest + +CFof0.7-1 15.23 - - 8.61 19.51 0.25 0.02 12.35
coniferous mixed forest) +CFof0.6-1 16.36 - - 9.32 19.19 0.24 0.04 11.38
+CFof0.5-1 17.58 - - 10.05 19.42 0.33 0.15 11.08
+CFof0.4-1 19.27 - - 11.02 19.90 0.72 0.31 11.28
Baseline GI  0.29 0.22 - 0.25 2.12 3.15 - 2.28
+CFof0.9-1 0.33 0.22 - 0.26 2.22 3.12 - 2.34
Pine (co-)dominated +CFof0.8-1 0.33 0.23 - 0.27 2.17 2.70 - 2.22
(pine forest + coniderous +CFof0.7-1 0.33 0.28 - 0.29 2.19 2.31 - 211
mixed forest) +CFof0.6-1 0.36 0.37 - 0.34 2.33 2.10 - 211
+CFof0.5-1 0.39 0.48 - 0.40 2.82 2.55 0.01 2.54
+CFof0.4-1 0.48 0.91 - 0.60 4.06 5.92 1.70 4.59
Baseline GI  24.47 - - 13.62 30.85 - 0.53 20.60
Broadleaved species +CFof0.9-1 24.74 - - 13.82 30.50 - 0.53 20.57
(co-)dominated +CFof0.8-1 24.67 - - 13.83 29.34 - 0.53 19.28
(broadleaved forest + +CFof0.7-1 24.74 - - 13.99 28.00 - 0.47 17.63
broadleaved-coniferous +CFof0.6-1 26.60 - - 15.16 28.24 - 0.35 16.65
mixed forest) +CFof 0.5-1 27.68 - - 15.82 28.20 - 0.33 15.91
+CFof0.4-1 28.32 - - 16.20 27.74 - 0.50 15.34
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3.3 Updated HCVF-tracts and identified restoration hot- versus coldspots

Compared with the current HCVF-tracts (Metria), the updated HCVF-tracts displayed a
visually significant area expansion in all three subregions. After the final insertion of CF (Fig.
15), the updated HCVF-tracts could, in general, achieve a full coverage of the coastal
subregion; also, on the updated HCVF-tracts (final), the cold spots/land-subsections, found in
the inland subregion and still very visible on the updated HCVF-tracts (intermediate), was
basically eliminated.

Due to the CF-insertions, considerable amount of restoration hotspots was added to the
updated HCVF-tracts. In the updated HCVF-tracts (intermediate), the newly appeared
hotspots equalled about 21%, 9% and 3% of the total area of the known hotspots in the
mountainous, inland, and coastal subregion, respectively. In the updated HCVF-tracts (final),
the area share of these new hotspots increased to 60% in the mountainous subregion and over
300% in both inland and costal subregions (Table 5).

The individual tract identified in the current HCVF-tracts (Metria) or updated HCVF-tracts
(intermediate) was, in general, smaller than its corresponding tract identified by the CAB of
Vasterbotten in the inland and coastal subregions but bigger in the mountainous subregion
(Fig. 16 (a), (b)); but the updated HCVF-tracts (final) displayed a more extensive spatial
coverage in all subregions than the current HCVF-tracts (CAB Vasterbotten) (Fig. 16 (c)).

Table 5. Total area of the hotspots, i.e., the connectivity forest (CF) areas located in either the HCVF-
tracts or the 3km-width buffer zones enclosing the HCVF-tracts. The column “known” presents the total
area (in ha) of the hotspots identified within the currently known high conservation value forests
(HCVF), and the column “inserted” presents the newly added areas (in ha and percentage) due to the
insertion of CF. The percentages of the inserted hotspot areas are calculated relative to their
corresponding known hotspot areas.

Area of hotspots

Mountain Inland Costal
known (ha) inserted (ha/%) known (ha) inserted(ha/%) known (ha) inserted (ha/ %)

& Current 198 340 - 6960 - 1952

©

I Updated: by inserting all the CF of 0.7-1 202 482 41846/ 20.7% 7564 682 /9.0% 2992 79/ 2.6%

>

O

T Updated: by inserting all the CF of 0.4-1 205 150 118880/57.9% 13430 50361/375.0% 4028 13123 /325.8%
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Figure 15. High conservation value forest tracts (HCVF-tracts), identified according to the criteria/procedures
used by Metria AB (Bovin et al., 2017) and restoration hot- and coldspots.

(a) HCVF-tracts based on the current HCVF dataset.
(b) HCVF-tracts after inserting the continuity forests (CF) of nested relative likelihood (RL) classes 0.7-1.
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(c) HCVF-tracts after inserting continuity forests (CF) of nested relative likelihood (RL) classes 0.4-1.

Hotspots:

Restoration hotspots identified as the inserted CF-areas (in green) within 1) the HCVF-tracts (the areas in light
red) and 2) the 3km buffer zone (in grey) enclosing the HCVF-tracts. The inclusion of the 3km buffer zone was
because the HCVF-tracts were identified based on Gl-density filtered by the moving window of, maximum,
3km radius, and thus any input of CF within this 3km buffer could have impacted the appearance/distribution of
the HCVF-tracts.

Coldspots:

The areas with varying blue shades represented the restoration cold-spots/cold-sections. The darker the blue
shade, the colder the spot/land-section.
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Figure 16. Comparison of the high conservation value forest tracts (HCVF-tracts) identified by this study and by
the County Administrative Board of Vésterbotten.

(a) The HCVF-tracts delineated based on the current HCVF data.

(b) The HCVF-tracts delineated after inserting the connectivity forests (CF) of nested relative likelihood (RL)
classes 0.7-1.

(c) The HCVF-tracts delineated after inserting the connectivity forests (CF) of nested relative likelihood (RL)
classes 0.4-1.
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4. Discussion

4.1 Overview of the results

Planning and implementing Gl is highlighted in Europe and in Sweden to halt biodiversity
loss and secure functional forest ecosystems (EC, 2013; Hermoso et al., 2020). A common
understanding is that large enough areas of representative forest habitats have not been
protected, and that the spatial distribution of protected areas needs to be improved to maintain
connectivity (Angelstam et al., 2020; Mikusinski et al., 2021). In Sweden, the HCVF
database in combinations with other publicly available datasets provides a basis for further
assessments.

Using a recently developed Al-model that predicts relative likelihood for HCVF occurrence
over the forestland in Sweden, this study explores the potential to map connectivity forest as
a way forward to establish a Gl across an extended geographical gradient from the coast to
the mountains in northern Sweden. Connectivity forests (CF) are forests with intermediate to
high model-predicted relative likelihood (RL) that through restoration will support GI-
functionality. With the extensive forest landscapes transformation that has resulted from
industrial forest management, in Sweden and elsewhere (Curtis et al., 2018; Haddad et al.,
2015), restoration is generally needed as a components in sustainable forest landscape
management and governance (Angelstam et al., 2020; Chazdon, 2018; Mikusinski et al.,
2021; Sayer, 2009; Svensson et al., 2020).

Under this background, this study assessed the effect of step-wisely restoring the CF on the
GI construction over the boreal forest landscapes in the study area. The main findings are:

1) Across the three subregions, the majority of the CF was found in the mountainous
subregion, formed mainly by the broadleaved and spruce forests. However, the respective CF
over the inland and coastal subregions accounted for about 13% and 11% of the total forest
areas within the corresponding subregions, which is also rather considerable in a subregional
context.

2) The stepwise insertion of CF expanded the Gl areas in all three subregions. After inserting
all the prescribed CF, the total Gl-area was increased by over 60% in the mountainous
subregion, and by over 400% in both the inland and coastal subregions. The CF-insertions
also decreased the proportion of broadleaved forest in the mountainous Gl and increased the
proportion of pine forest in inland and coastal subregions.

3) After each CF-insertion, the Gl-density median was increased by a higher extent in the
mountainous than in the other two subregions. However, the density median increase
achieved upon per unit CF area input was lower in the mountainous subregion, than in the
inland or costal subregion. Such correlation pattern of CF-input and density increase also held
for three concerned forest types, i.e., spruce- , pine- and broadleaved (co-)dominated forest.

4) The CF-insertion increased the area of functioning habitat (i.e., area with a Gl-density >
20%) from 25% in the baseline GI to 40%. However, these functioning habitats were mainly
strengthened in the mountainous subregion and maintained by broadleaved and spruce (co-
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)dominated forests. The functioning habitat areas in the inland and coastal subregions and/or
maintained by pine (co-)dominated forest, were increased marginally by the CF-insertions.

5) The CF-insertions significantly extended the HCVF-tracts, i.e., the prioritized area in
practical conservation works by the authorities and added a substantial amount of restoration
hotspots that could assist decision-making in the GI planning and management.

The interpretation and discussion of these findings will not only support the restoration
planning over V-J, but also the GI constructions in boreal regions having similar geo-nature
properties and conservation status.

4.2 Considerable amount of forest with high restoration value found in all
subregions

This study suggests that a substantial amount (130 444 ha) of additional forests in the study
area have the potential to be integrated into the restoration. This equals approx. 17% of the
total forest area. These estimates and the ones in earlier studies (e.g., Svensson et al., 2020;
Mikusinski et al., 2021) based on the proxy Continuity Forest dataset, pCF (Ahlcrona et al.,
2017), commonly suggested a huge restoration potential among the forest areas outside the
current HCVF. It is worth mentioning that compared to the pCF, the model prescribed a more
conservative amount of forest with potential conservation/restoration values, which is
considered an advantage since the pCF was likely to have an overestimation problem
(Mikusinski et al., 2021).

In line with the spatial patterns found in pCF by Mikusinski et al. (2021), these model-
prescribed forest resources (i.e., CF) also displayed a highly unbalanced spatial distribution
along a north-western to south-eastern gradient, with a much lower amount of CF found in
the south-eastern inland and costal subregions. This could be a consequence of the higher
scale of anthropogenic alterations over these lowland boreal landscapes, characterised by
forestry intensification (Heino et al., 2015; Jonsson et al., 2019), since production and
conservation are heavily competing processes in Swedish forest management, as advocated
by a case study by Naumov et al. (2018).

Nevertheless, the respective amount of CF within the inland and costal subregion accounted
for 12.5% and 11.4% of the total forest areas in the corresponding subregion, which could be
considered a rather high share in a subregional context. Such proportions become even higher
when separating the CF into different forest types. For example, in both inland and coastal
subregions, the accumulated amount of inserted spruce accounted for over 20%, relative to
the total amount of spruce within the respective subregion.

Thus, this study argues that, though much less than the corresponding value in the
mountainous subregion, the total amount of CF found in the inland and costal subregions was
still considerable. As the current protected areas in these regional are small and fragmented
(Svensson et al., 2020), this CF-potential indicates opportunities to expand the Gl.
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Further, through assessing the amount of CF by separate forest types, this study added the
information that these two subregions could have higher potential for restoring certain forest
type(s), assessed by the model-prescribed total amount of CF of the same forest type(s). After
all the prescribed insertions, the inland subregion contributed more pine-dominated areas into
the updated Gl than that by the mountainous subregion (10.2% versus 6.4% of the total pine
forest in V-J, see Appendix 6). Such phenomenon also suggested that the assessment of areal
resource availability based on all forest, could not fully speak for the status concerning a
specific tree species or forest type.

It should be noted, however, that the model prediction was not explicitly validated along the
mountain-coast bio-eco-geographical gradient, nor upon specific forest types. Therefore, the
estimation of CF specific to this study, across different subregions and forest types, could be
associated with unknown errors.

4.3 Subregion-specific effect achieved by the CF-insertion

Over the whole study area, the insertion of CF has clearly increased the total area of Gl and
improved the generic structural connectivity, proxied by the increased density and size of the
Gl-patches. However, examined on a subregional scale, i.e., within each subregion of this
study, the CF-insertion seems to have sub-regionally different effect.

4.3.1 Insertion of CF further strengthened the Mountainous subregion’s pillar role

Both the baseline and each updated Gl relied heavily on the mountainous forest. Compared
with the other two subregions, the mountainous subregion presented a much higher
concentration of Gl-patches and was also the only subregion where the very large (>10 000
ha) Gl-patch appeared. Further, the total area of these very large patches even increased as
the insertion continued.

This is not surprising, since this mountainous subregion located among the Scandinavian
Mountain Range, where the forest landscapes maintained largely continuous and intact
(Svensson et al., 2020) due to the low impact of modern forestry, shielded by its low
accessibility and an earlier settlement of conservational measures (Angelstam et al., 2011).
Also because of the vast existence of this “green belt” (Svensson et al., 2020), the spatial
configuration of GI over the whole Fennoscandia was heavily geared toward the mountainous
area (Angelstam et al., 2020). In this study, the insertion of CF certainly reinforced such
pattern over the study area since the majority of the CF were allocated in the mountainous
subregion.

Such reinforcement is favourable considering that: 1) the GI formed over the mountainous
area is pivotal for maintaining the biodiversity and connectivity of the whole boreal biome
(Svensson et al., 2020) and 2) the forest landscapes, preserved in the mountainous area as
fundamental Gl-components, are receiving an increasing pressure of clear-cutting, especially
at the foothills (Svensson et al., 2020).
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However, this study suggested a lower input-output ratio in the mountainous subregion, in the
sense that the Gl-density increase achieved upon per unit area insertion of CF was lower in
this subregion than in the inland or coastal subregion. For example, in the end of the
insertions (i.e., after inserting all the CF of nested RL-classes 0.4-1), the total amount of CF
inserted into the mountainous subregion was much higher than that into the inland and coastal
subregions, however, the resulted Gl-density increase was only moderately higher than that
of the other two subregions. This phenomenon is further discussed in Section 4.3.3.

4.3.2 Marginal effect on counterworking the unbalanced subregional representativeness

This study displays an overall improvement of both amount, density, and patch size over the
inland and coastal subregions, achieved by the prescribed CF-insertions. Some most evident
improvements are: the major connectivity gaps found all over these two subregion in the
baseline status, resulted from non-existence of any Gl-patch, were gradually eliminated with
the stepwise insertion of CF; and the area of the Gl-patches continuously increased and some
larger patches could, in the inland subregion, eventually exceed 10 000 ha per patch.

During the 20th century, the Inland and coastal areas in the central boreal Sweden have
undergone the strongest anthropogenic landscape reconfiguration among the whole Swedish
boreal landscapes (Svensson et al., 2022). These newly input Gl-patches due to the CF-
insertions could, then, function as local connectivity hotspots in these two subregions and
thus support the subregional and even regional Gl construction; simultaneously,
establishment of these new Gl-patches could, to some extent, counterwork the highly
unbalanced spatial configuration of GI. However, with the prescribed extent and manner of
CF-insertions, the effect of rebalancing the spatial representativeness of the regional GI was
rather marginal. In the inland and coastal subregions, the density and patch size of the
updated Gls were nothing comparable with the those in the mountainous subregion. These
phenomena are both a sign and a consequence of the excessive forest extraction over these
two subregions (Angelstam et al., 2020; Mikusinski et al., 2021; Ostlund et al., 1997;
Svensson et al., 2019a).

4.3.3 Stronger responsiveness to the CF-insertions in inland and coastal subregions

Compared with the mountainous subregion, an overall stronger responsiveness to the CF-
insertions was displayed over these severely fragmented landscapes in the inland and costal
subregions.

First, with the stepwise insertion of CF, the inland and coastal subregions exhibited, in
general, a greater extent of Gl-area increase compared to the mountainous subregion. After
the final insertion, both the inland and coastal subregions achieved a striking 400% increase
in Gl area on top of their respective baseline Gl areas (represented by the HCVF), which is in
stark contrast to the corresponding 60% increase observed in the mountainous subregion.
Such high responsiveness could be, at least partially, explained by the very poor baseline
status in these two subregions. Even a small additional input of CF-areas could potentially
induce drastic increase in relative forms (i.e., area percentage).
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More importantly, when linking the increase of the median GI-density values to their
corresponding total amount of inserted CF-areas, a higher per unit area density-improving
effect was quite clearly displayed in the inland and costal subregions, meaning a less input of
additional CF-areas could generate a relatively higher level of density increment. This higher
efficiency of Gl-density increase was even more evident across the updated Gls in the coastal
subregion.

Similar response, i.e., higher conservation-contributing capacity over smaller patches, has
been documented in recent years among the severely fragmented landscapes globally, from
the habitat debris remained in the heavily deforested Amazon (Giannichi et al., 2020) to the
smaller woodlands scattered over the agricultural landscapes in the European temperate forest
biome (Valdés et al., 2020). Compared with larger patches, those smaller areas showed a
higher performance in delivering various ecosystem services (Giannichi et al., 2020; Riva et
al., 2022; Valdés et al., 2020), probably due to their capability of maximizing the total
conserved areas in a severely fragmented landscape (Giannichi et al., 2020) and the positive
edge effect (Valdés et al., 2020).

4.4 Dominant forest types had contrasting representativeness in the concerned
Gls

One essential functionality of Gl is to safeguard habitat network with sufficient size and
connectivity for the featured species (Mikusinski et al., 2021). Over a given landscape, the
higher the Gl-density and the larger the size of Gl-patches, the better the preconditions are for
maintaining habitat and biodiversity (von Friesen & Uppsall, 2016). In this light, this study
also assessed the effect of the CF-insertions from a functioning habitat network point of view,
through assessing the Gl-patches fulfilled the assumed minimum density proxy, i.e., 20%.

Since the habitat in the mountainous region was already well-functioning in the baseline
status (Svensson et al., 2020), the addition of functioning habitat patches to the inland and
coastal subregions signals an opportunity to establish a well-functioning habitat network
throughout the entire study area. By examining the forest composition of these habitats, it
was clearly shown that the already well-functioned habitats found in the mountainous
subregion were maintained by broadleaved forest at higher altitudes and spruce at lower
altitudes. In contrast, the newly emerged functioning patches over the inland and coastal
subregions were mostly maintained by pine forest. Therefore, we would argue that restoration
of pine forest is critical for re-establishing ecological connectivity among the studied
landscape in terms of a functional GI at the whole watershed scale.

The question is, then, whether these new habitat patches, added by the CF-insertions, could
adequately represent the natural distribution, share and conservational significance of pine
forest. Numerous studies have suggested the current HCVF provided different extent of
support to different species (e.g., Angelstam & Andersson, 2013 ) and some forest types
might be largely ignored (Angelstam et al., 2020; Nilsson & Gotmark, 1992). This study
suggests that this might be the case with pine forest. Considering the dominance of pine
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forest over the inland and coastal subregions, we would, naturally, expect a much better
habitat functionality status similar to, e.g., the status displayed by broadleaved forest in the
mountainous subregion (see Fig. 2(right) for tree species dominance over V-J) .

The natural variation in forest composition is shaped by the interplay of disturbance regimes,
soil conditions and topography (Kuuluvainen et al., 2017); and thus could be highly spatial
specific. Though still debatable, the pine forest seems to dominate naturally over the
landscapes outside the mountainous area in V-J, since the historic fire disturbance regime
(Axelsson & Ostlund, 2001) and the “large number of sand heathlands and ridges in the forest
landscape” ( Gardestrom et al., 2016) over the region strongly favoured the natural
regeneration and development of pine (Gardestrom et al., 2016). A reconstruction of the pre-
industrial forest landscape, in the close neighbourhood of the inland subregion of this study
but on a much smaller scale (i.e., Lycksele Parish), also confirmed the dominance of pine, at
least since the early phase (1890s) of modern forestry (Axelsson & Ostlund, 2001).

If pine forest naturally dominates the inland and coastal landscapes and if the conservation or
restoration goals could be refined by, among other, the analogue of the natural or pre-
industrial status of forest landscapes (Axelsson & Ostlund, 2001), this study argues for a
more urgent necessity of restoring pine forest, compared with the spruce and broadleaved
forest. Both spruce and broadleaves have a much better representativeness over the
mountainous landscapes where they naturally dominate.

More importantly, pine forest in the boreal biomes represents a high biodiversity value as
well as a core habitat of the Sami livelihood and cultures (Berg et al., 2008; Kuuluvainen et
al., 2017; Rikkonen et al., 2023). As a typical example, a rich diversity of lichen flora is
harboured in the older, more open pine-dominated forest (Sandstrém et al., 2016), which is a
critical winter-grazing resource for the traditional Sami reindeer husbandry (Sandstrém et al.,
2016).

It should be addressed that, though calling for more attention on pine forest in the Gl-
planning, this study fully acknowledged the anthropogenic impact on the habitats maintained
in broadleaved and spruce forest. As a matter of fact, the industrial forest production has
modified the distribution, amount and structure of both pine, spruce and broadleaved forest
(Hellberg et al., 2009), with clear-cutting, instead of fire, being the most prevailing factor of
reconfiguring the forest landscape (Axelsson & Ostlund, 2001). Consequently, the respective
proportion of spruce and broadleaved species was lower than it should be (Sandstrom, 2018);
the amount of functioning habitat networks within spruce and broadleaved forests are
continuously shrinking (Angelstam & Manton, 2021); and the scarce of broadleaved-
associated habitats, are considered “the most pressing GI challenge” (Mikusinski et al.,
2021). In the case of V-J, the barely existed habitat patches outside the mountainous
subregions could also be thought as “a net result of an intensive forestry” (Mikusinski et al.,
2021).

46



4.5 Challenges encountered in fulfilling multiple conservation goals

The EU Biodiversity Strategy to 2020 (2011-2020) set a target for legally protecting 26% of
the EU’s terrestrial area (EC, n.d.-a). This goal was achieved at the EU level since 26.4% of
the EU’s land area was protected in 2021, where Sweden designated 14.1% of its land as
protected areas (EEA, 2023). However, as a signatory of the United Nation CBD Aichi
target#11 (CBD, 2020), Sweden also committed that at least 17% of the country’s terrestrial
areas shall be protected and conserved by 2020; at a domestic level, this goal has even been
lifted to 20% by the Swedish government’s Strategy for Biodiversity and Ecosystem service
(Angelstam & Manton, 2021). Simultaneously, these policies emphasized that these
quantitative goals understand functional connectivity, represented by a fully functioning
habitat network with habitat patches of sufficient size and density fulfilling the requirement
of the concerned species (Angelstam & Manton, 2021; Mikusinski et al., 2021). These goals
were adopted in the action plan of Vésterbotten County (von Friesen & Uppsall, 2016).

The current GI was declared as “well-developed in larger parts of VV-J”” (Gardestrom et al.,
2016); this might be the case when assessing the whole study area, despite the contrasting
forest compositions and bio-geo-ecological properties among this landscape. Measured by the
areal size, the total HCVF is already above 17% in the baseline status without any insertion
of CF, though not all the HCVF were formally protected. This value is consecutively
increased by the stepwise insertion of CF. Even when considering jointly the functioning
connectivity (indicated by a threshold density of 20%), an overall rather well-preserved
habitat network was also found in the baseline as well as each updated GI.

However, as discussed in the previous sections, the seemingly good situation on such a
“global” scale relied heavily on the intact forest landscapes preserved in the mountainous
subregion; and the pictures could be much less satisfying when zooming into the landscapes
outside the mountainous area and focusing separately on different forest types. In some cases,
the discrepancies in size and/or functional connectivity were so large that the insertions of
CF, at the prescribed scales, could only generate a marginal effect, such as the scarce of the
functional habitat network provided by pine. Yet, such subregion or species-specific
discrepancy is not unique to V-J, but rather a biased ecological representativeness of Gl on a
much broader spatial scale (e.g., over boreal Sweden) (Angelstam et al., 2020) that also
shadowed V-J, as a consequence of long-time forest intensification (Angelstam et al., 2020;
Angelstam & Manton, 2021; Mikusinski et al., 2021; Svensson et al., 2020). Under these
circumstances, it seems that, beyond the dues of those policies (i.e., 2020), the conservation
goals have not been fully achieved, at least not at the inland and costal subregions, and not
for all the major forest types.

Considering that in total, the prescribed insertion of CF involved a quite substantial amount
of additional forest areas, i.e., 17% of the total forest areas over V-J (equivalent to 130 444
ha), the mismatch with the conservation goals might imply that a restoration based solely on
area expansion does not work very effectively, and the actual restoration work should be
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tactically planned, emphasizing the structural and quality improvement of the targeted forest
areas.

4.6 Goal refinement and localised plan through HCVF-tracts and identified
restoration hotspots

Goal refinement and regionalisation are of utter importance for more relevant and cost-
efficient conservation gains (Axelsson & Ostlund, 2001). The delineation of the HCVF-tracts
was considered an “object, simple and effective” (Bovin et al., 2017) manner in solving these
tasks. This study, by projecting two sets of updated HCVF-tracts for V-J, clearly delivered
the future scene that could possibly be expected over the featured landscape. Considering that
the HCVF-tracts are important information sources for authorities’ practical works and that
they are even, sometimes, referenced in planning voluntary set-aside areas in, e.g.,
Vasterbotten County (Bovin et al., 2017; von Friesen & Uppsall, 2016), these projected
HCVF-tracts could powerfully assist the relevant policy- and decision-makings.

More importantly, the projections, based on the continuous feature of the model-predicted
conservation likelihood values, visualized the transitioning of conservation hot- versus
coldspots along the course of the CF-insertions, and pinpointed the key forest patches/stands
most directly linked to the dynamic of HCVF-tracts. This is a unique feature that could hardly
be achieved with the mainstream datasets used in relevant assessments, e.g., the pCF
(Ahlcrona et al., 2017). Therefore, the projections provided in this study could be taken as a
step forward in the development of the much-needed landscape plans that are able to
explicitly specify the amount and location of the additional conservation/restoration areas
(Felton et al., 2020; Mikusinski et al., 2021; Snall et al., 2016).

Compared with the current status, a most prominent improvement shown in the projections is
the expansion of the HCVF-tracts. Since the underlying rationale for HCVF-tracts, by
essential, is that biodiversity can be better conserved as increased habitat size and decreased
habitat isolation (Bovin et al., 2017; von Friesen & Uppséll, 2016), such area expansion of
HCVF-tracts, also represents an overall improved habitat network functionality.

Furthermore, with the stepwise insertion of CF, the HCVF-tracts became somewhat more
evenly distributed over V-J, indicating a strengthened and more balanced subregional
representativeness of Gl, a desired effect that has been discussed in the previous sections. In
response to this improved subregion representativeness, the cold-spots or landscape sections,
found mostly in the inland and coastal subregions, were gradually minimized. The projections
suggested, further, that to achieve an overall coldspot-eliminating effect, a restoration scale
targeting all the CF with an RL > 0.7 should be considered.

It should be noted that, 1) the HCVF-tracts are not species-specifically delineated, which
could be a major deficiency concerning the actual guidance effect of the HCVF-tracts (Bovin
et al., 2017); 2) due to the differences in data input and involved criteria, the HCVF-tracts
delineated in this study and the ones produced by the CAB of Vasterbotten could not be fully
compared, which could account for some of the non-overlapping parts in the comparisons.
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For example, though the data inputs used by the CAB of Vésterbotten were from a wider
resource, the non-productivity forest was not included in the output. These non-productivity
areas, however, could also harbour high conservation values for, e.g., lichen species
(Josefsson et al., 2010).

4.7 Implications for restoration and Gl-planning in V-J

The unknown areas with high conservation values need to be further identified and assessed,
and when possible, restoration need to be applied to places with major conservation gaps or
where an improved functionality is expected (Angelstam et al., 2011, 2020; Mikusinski et al.,
2021). Such tasks should be “of urgent priority” (Svensson et al., 2020), especially in the
context that Sweden is much delayed in meeting its conservation goals and thus the
biodiversity and the extensive ecosystem functionalities preserved in its boreal forest
landscapes are being further threatened.

This study assessed the effect of restoration based on model-prescribed forest areas with high
conservation value and thus, detected some gaps and phenomena that probably should be
aware in the regional Gl-planning. These gaps and phenomena, mostly already been
discussed in the above sections, will be synthesized, and further addressed in the following
text.

1. Improve the representativeness of the inland and costal forest landscapes and address
also the habitat maintained in the pine forest

Gl should be planned at all administrative levels, over “the whole landscape” (Bovin et al.,
2017) and established “as evenly as possible” across various spatial scales to ensure the
representativeness of the conserved areas (Hanski, 2011; Rodrigues et al., 2004).
Unfortunately, this is not the case in V-J, where the conserved forest areas are mostly located
in the mountainous subregion, characterized by “a high-altitude and low-productivity forest
ecosystem” (Andersson & Ostlund, 2004; Fridman, 2000), an epitome of the biased
ecoregion representativeness over a vast spatial extent in boreal Sweden.

While fully acknowledging the “mainland source” (Svensson et al., 2020) role of the
mountainous Gl to the biodiversity and ecosystem functionality on the whole boreal region in
northern Europe, this study is in line with the previous ones (e.g., Svensson et al., 2019)
calling for more effort on improving the representativeness of the inland and coastal
subregions in the future Gl-planning. As suggested by this study, such effort could benefit
these two regions with, most prominently, increased density and size of Gl-patches,
strengthened habitat networks and enlarged HCVF-tracts. In the meantime, a Gl
configuration inclining toward the inland and coastal subregions, could intrinsically ensure a
better habitat network conserved for the pine-dependent species and cultures, such as the
reindeer and the traditional Sami reindeer herding (Berg et al., 2008; Rikkonen et al., 2023).
The Sami culture with reindeer herding is an essential aspect for the study area as a UNESCO
biosphere reserve. In addition to the assumably higher per area conservation/restoration
value, the smaller patches also deliver high recreational and tourism values (Fredman &
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Emmelin, 2001; Jonsson et al., 2019), among a landscape heavily reshaped by intensive
forest productions. The considerable amount of model-prescribed forest areas with high
restoration potentials indicated that these projected effects are not unachievable, resource-
wisely.

The results of this study also demonstrate that to achieve an overall more “visible” progress
in counterworking the severely biased Gl representativeness, the inland and coastal areas
should consider all the CF with an RL > 0.7 or even 0.6, corresponding to 3 068 and 10 058
ha of additional forest areas as a minimum restoration scale (calculated collectively over
inland and coastal subregions).

As suggested by this study, a Gl-planning with more focus on the inland and coastal
subregions, could be somewhat more cost-efficient. The improved Gl status over these two
subregions were achieved upon much less additional input, in terms of forest areas, compared
with that in the mountainous subregion. This point will be further addressed in the following
text.

2. More focus on local/stand scale and smaller forest patches

It is undeniable that biodiversity and habitat are best conserved in “really large and spatially
connected areas” (von Friesen & Uppsall, 2016) and the capacity of smaller conserved forest
areas in providing habitat may depend on the quality and functionality of their surrounding
matrix (Angelstam et al., 2020; Orlikowska et al., 2020). Still, this study calls for more
attention on those patches smaller in size and scattered over the heavily modified forest
landscapes in, e.g., the inland and costal subregions, which tended to be neglected in current
Gl-plannings.

As discussed in Section 4.3.3, the smaller patches, found in the inland and costal subregions,
displayed higher unit area capacity in improving the Gl-densities, and thus a possibly higher
return of “investment”. The economic benefit associated with smaller GI-components has
been documented in, e.g., watershed management: a benefit-cost ratio assessment proved that
implementing numerous small-sized Gl-facilities (i.e., rain garden) greatly lowered the cost
of stormwater treatment (Heidari et al., 2022). Similar analyses, featuring economic cost and
gains across various spatial scales, are much needed in the Gl-planning over the forest
landscapes.

Besides, strategically integrating the smaller patches/stands into the Gl-planning could help
achieve localised conservation benefits, which is important since multiple studies have
addressed that the effect of conservation/restoration could be scale-dependent (Angelstam &
Manton, 2021; Felton et al., 2020). Thus, an overall positive effect on a broader scale (e.g.,
regional) doesn’t necessarily guarantee the positive change on, e.g., local and stand scale.

In this study, the restoration hotspots pinpointed on the updated HCVF-tracts, could,
therefore, serve as the starting points of the restoration/conservation-oriented field
investigations.

3. Effective restoration incorporating diversified forest management
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The model prediction in this study and some previous assessments based on the pCF,
commonly suggested that a substantial amount of forest areas, outside the current HCVF, are
associated with high conservation/restoration values. However, it should be noted that this is
rather an idealised estimate than a true reflection of the reality. The actual “availability” of
these areas could be much questioned. As a matter of fact, over the studied landscape where
forestry plays a fundamental socioeconomic role, one biggest hinder for the restoration work
is, as clearly pointed out by Angelstam et al. (2011) and Hanski (2011), that there is simply
not much forest left to be set aside for conservation/restoration purpose, especially the larger
continuous areas. As addressed by many (e.g., Mikusinski et al., 2021), Gl-planning does not
exclude forest production and land use.

Clearly, an area-preserving based restoration and Gl-planning strategy will, inevitably,
involve more forest production land (Jonsson et al., 2009). How to strategically address the
potential conflict in land use and balance the restoration work against production, economic
and social considerations is, a most challenging question in Gl-planning, which is beyond the
scope of this study. Nevertheless, the results of this study could, at least, suggest that, 1)
those small-sized restoration hotspots identified over the coastal and inland areas might
associate with higher cost-efficiency, which has also been mentioned in the first point of this
section; and 2) a restoration strategy based on passively preserving relevant areas might
hardly be goal-achieving, since the prescribed insertions in this study mimics actually a
scenario of restoring an additional 17% of the total forest areas.

This study is in line with numeric studies that addressed the implementation of diversified
forms of conservation and forest management (Angelstam & Andersson, 2001). Such as the
well-known “third-of-third” approach (Hanski, 2011) (i.e., a third of the multi-use
conservation landscapes, integrating both conservation and production and accounting for,
roughly, a third of the total land area, should be protected), proposed to address the urgent
necessity of conservation over the much-exploited landscapes. Addressing the necessity of
restoring pine-dominated forest areas over V-J, it was suggested that a multi-aged pine forest
with setting aside areas for ecological restoration, could possibly be achieved by selective
harvesting and simultaneously strategic fire management (Axelsson & Ostlund, 2001). All in
all, as concluded by Felton et al. (2020), if diversified forestry practices are more widely
adopted, the need for additional conserved forest areas might be reduced.

4.8 Limitations of this study and future work

Some limitations of this study

- The results of this study depended a lot on the chosen threshold values, such as the RL
threshold of 0.4 and the density threshold of 20%. However, the contrasting bio-geo-
ecological context and anthropogenic impact level between the mountainous and the non-
mountainous (inland and coastal) areas, all imply that this threshold values should be tailored
to a specific subregion and/or forest type, to generate refined and more indicative
assessments.
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- In interpreting and discussing the results, the current/baseline status was mostly compared
with the "final" GI, which is the Gl achieved after inserting all the prescribed conservation
features. However, this approach cannot effectively represent the dynamics of Gl as it
transitions, and the properties of each updated GI have not yet been fully explored.
Furthermore, the effective discretization of the connectivity forest during the stepwise
insertion process is a question that remains to be discussed.

- In many cases, the interpretation and discussion of the results did not differentiate between
the inland and coastal subregions. However, as demonstrated in this study, the current state of
Gl in these two subregions varies in terms of, e.g., area and density, and the effects of CF-
insertions on these subregions also differ. Therefore, the findings of this study may have
different implications for restoration and conservation efforts in the two subregions.

Future work

This study provides a foundation for further research and improvement. In future work, I plan
to conduct a landownership analysis of the conservation feature areas and/or the baseline and
updated Gls, specifically targeting the smaller forest patches in the inland and coastal
subregions. Such analysis is expected to yield valuable insights for local and regional forest
management and conservation operations. Additionally, it is recommended that future studies
utilizing the implication of KubAl address the limitations mentioned in this study or find
ways to effectively minimize them.
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5. Conclusion

This study proposed an innovative restoration approach based on Al-model prescribed CF,
i.e., the non-HCVF forest areas with model-predicted high conservation likelihood. The
spatial size and distribution of these CF areas were analysed and the effect of step-wisely
restoring the CF on the structural connectivity among the reconfigured Gls was examined.
From these assessments, both some opportunities and challenges in the future Gl-planning
featuring the study area as well as the boreal Sweden were revealed.

This study demonstrates that the study area has good restoration potentials, since
considerable amount of CF were identified by the model KubAl in all three subregions of the
study area. By step-wisely restoring the CF, the current Gl-area, represented by the HCVF,
was consecutively expanded and the density of Gl-patches was increased, indicating an
overall strengthened GI with improved structural connectivity. However, adding the CF areas
couldn’t effectively counter work the unbalanced spatial distribution of GI across the study
area, which is concentrated in the mountainous subregion. In addition, the restoration of CF
in this study has much better support for the habitats maintained by broadleaved or spruce
forest than those by pine forest. The largely underrepresented pine forest across the Gl in the
study area is unfavourable since pine forest represents comprehensive values for, among
others, Sami culture in the boreal region.

Due to the deficiency of Gl in the inland and coastal areas and the underrepresented pine
forest, this study concludes that the quantitative conservation goals, set by the EU
Biodiversity Strategy to 2020, CBD Aichi target#11 and Sweden’s Strategy for Biodiversity
and Ecosystem Services, are still not fully achieved across the entire studied landscape. The
new EU Biodiversity Strategy for 2030, adopted in 2021, aims to protect 30% of the EU's
terrestrial area by 2030 (EC, n.d.-b). Additionally, the ongoing negotiation of the CBD post-
2020 global biodiversity framework also aims to endorse more ambitious conservation targets
(OECD, 2019). Therefore, it is important to note that challenges in reaching these
conservation goals will likely become increasingly significant if effective action is not taken.

Given that this study has restored an additional 17% of the total forest lands in the study area,
it suggested a restoration regime solely based on passive area-preserves could hardly be goal-
reaching and might face significant socio-economic challenges. Instead, diversified forest
management approach with strategic integration of conservation/restoration efforts might be
key to achieving functional GI. As demonstrated in this study, those forest patches, of
combined or separate forest types, exhibited a higher per-unit-area capacity of increasing Gl-
density in the inland and costal than in the mountainous subregion. With adequate cost-
efficient analysis and strategic management applied, these forest patches could provide an
opportunity for Gl-planning over these heavily transformed inland and coastal landscapes.
Thus, this study highlights the need for greater attention on these smaller areas, which are
often overlooked in current Gl-planning and conservation/restoration efforts (Valdés et al.,
2020).
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Furthermore, this study localises two sets of restoration hotspots based on the CF-areas,
corresponding to two restoration scenarios echoing intermediate versus high restoration
ambitions. The hotspots could potentially function as the starting point of the future
restoration practices.

54



References

Ahlstrém, A., Canadell, J. G., & Metcalfe, D. B. (2022). Widespread unquantified conversion
of old boreal forests to plantations. Earth's Future, 10, e2022EF003221.
https://doi.org/10.1029/2022EF003221

Ahlcrona, E., Giljam, C., & Wennberg, S. (2017). Kartering av kontinuitetsskog i boreal
region [Mapping of continuity forest in boreal region]. Metria AB pa uppdrag av
Naturvardsverket, 79.

Andersson, R., & Ostlund, L. (2004). Spatial patterns, density changes and implications on
biodiversiy for old trees in the boreal landscape of northern Sweden. Biological
Conservation, 118, 443-453. https://doi.org/10.1016/j.biocon.2003.09.020

Andrén, H. (1994). Effects of Habitat Fragmentation on Birds and Mammals in Landscapes
with Different Proportions of Suitable Habitat: A Review. 76, 355-366.
https://doi.org/10.2307/3545823

Angelstam, P., Andersson, K., Axelsson, R., Elbakidze, M., Jonsson, B., & Roberge, J.-M.
(2011). Protecting Forest Areas for Biodiversity in Sweden 1991-2010: The Policy
Implementation Process and Outcomes on the Ground. Silva Fennica, 45, 1111-1133.
https://doi.org/10.14214/sf.90

Angelstam, P., & Andersson, L. (2001). Estimates of the Needs for Forest Reserves in
Sweden. Scandinavian Journal of Forest Research, 16(sup003), 38-51.
https://doi.org/10.1080/028275801300090582

Angelstam, P., Boutin, S., Schmiegelow, F., Villard, M.-A., Drapeau, P., Host, G., Innes, J.,
Isachenko, G., Kuuluvainen, T., Monkkonen, M., Niemeld, J., Niemi, G., Roberge, J.-
M., Spence, J., & D, S. (2004). Targets for boreal forest biodiversity conservation—A
rationale for macroecological research and adaptive management. In Ecological
Bulletins (Vol. 51, pp. 487-509). https://doi.org/10.2307/20113330

Angelstam, P., & Manton, M. (2021). Effects of Forestry Intensification and Conservation on
Green Infrastructures: A Spatio-Temporal Evaluation in Sweden. Land, 10(5), Article
5. https://doi.org/10.3390/1and10050531

Angelstam, P., Manton, M., Green, M., Jonsson, B. G., Mikusinski, G., Svensson, J., & Maria
Sabatini, F. (2020). Sweden does not meet agreed national and international forest
biodiversity targets: A call for adaptive landscape planning. Landscape and Urban
Planning BECC: Biodiversity and Ecosystem Services in a Changing Climate, 202.
https://doi.org/10.1016/j.landurbplan.2020.103838

Auffret, A. G., Plue, J., & Cousins, S. A. O. (2015). The spatial and temporal components of
functional connectivity in fragmented landscapes. Ambio, 44 Suppl 1(Suppl 1), S51-
59. https://doi.org/10.1007/s13280-014-0588-6

55


https://doi.org/10.1029/2022EF003221

Axelsson, A.-L., & Ostlund, L. (2001). Retrospective gap analysis in a Swedish boreal forest
landscape using historical data. Forest Ecology and Management, 147, 109-122.
https://doi.org/10.1016/S0378-1127(00)00470-9

Barbet-Massin, M., Jiguet, F., Albert, C. H., & Thuiller, W. (2012). Selecting pseudo-
absences for species distribution models: How, where and how many?: How to use
pseudo-absences in niche modelling? Methods in Ecology and Evolution, 3(2), 327—
338. https://doi.org/10.1111/j.2041-210X.2011.00172.x

Berg, A., Ostlund, L., Moen, J., & Olofsson, J. (2023). A century of logging and forest in a
reindeer herding area in northern Sweden. Forest Ecology and Management, 256(5),
1009-1020. https://doi.org/10.1016/j.foreco.2008.06.003

bet. 1998/99: MJU6. Milj6- och jordbruksutskottets beténkande [The Environment and
Agriculture Committee's report]. https://www.riksdagen.se/sv/dokument-
lagar/dokument/?dokumentid=GMO01MJU6&typ=bets

Biodiversity information system for Europe. (n.d.). Green Infrastructure.
https://biodiversity.europa.eu/countries/sweden/green-infrastructure

Bovin, M., Elcim, E., Wennberg, S. (2017). Landskapsanalys av skogliga vardekarnor i
boreal region [landscape analysis by high conservation value forest dataset in boreal
region]. Metria AB pa uppdrag av Naturvardsverket.
https://geodata.naturvardsverket.se/nedladdning/Slutrapport_Landskapsanalys av_sko
gliga_vardekarnor_i_boreal _region.pdf

Brennan, A., Naidoo, R., Greenstreet, L., Mehrabi, Z., Ramankutty, N., & Kremen, C.
(2022). Functional connectivity of the world's protected areas. Science, 376(6597),
1101-1104. https://doi.org/10.1126/science.abl8974

Bubnicki, J. W., Angelstam, P., Mikusinski, G., Svensson, J., & Jonsson, B. G. (2022).
Machine learning and landscape data mining can identify forest biodiversity hotspots.
Communications Earth & Environment. (in revision)

CBD. (2020, September 18). Convention on Biological Diversity Strategic plan for
biodiversity 2011 - 2020 and the Aichi targets. Convention on Biological Diversity,
Montreal. https://www.cbd.int/sp/targets/

Chazdon, R. L. (2018). Protecting intact forests requires holistic approaches. Nature Ecology
& Evolution, 2(6), Article 6. https://doi.org/10.1038/s41559-018-0546-y

Cheng, R, Lee, P., & Mclvor, 1. (2010). Nova Scotia’s intact forest landscapes: opportunities
for conservation planning. Global Forest Watch Canada, Edmonton.

Curtis, P. G., Slay, C. M., Harris, N. L., Tyukavina, A., & Hansen, M. C. (2018). Classifying
drivers of global forest loss. Science, 361(6407), 1108-1111-1111.
https://doi-org.ludwig.lub.lu.se/10.1126/science.aau3445

56


https://doi-org.ludwig.lub.lu.se/10.1016/j.foreco.2008.06.003
https://biodiversity.europa.eu/countries/sweden/green-infrastructure
https://geodata.naturvardsverket.se/nedladdning/Slutrapport_Landskapsanalys_av_skogliga_vardekarnor_i_boreal_region.pdf
https://geodata.naturvardsverket.se/nedladdning/Slutrapport_Landskapsanalys_av_skogliga_vardekarnor_i_boreal_region.pdf
https://doi.org/10.1126/science.abl8974

DeAngelis, D. L. (2008). Boreal Forest. In S. E. Jgrgensen & B. D. Fath (Eds.), Encyclopedia
of Ecology (pp. 493-495). Academic Press. https://doi.org/10.1016/B978-008045405-
4.00319-0

EC. (2013). Green Infrastructure (Gl) — Enhancing Europe’s Natural Capital (Report
COM/2013/0249 final). https://eur-lex.europa.eu/legal-
content/EN/TXT/?uri=CELEX:52013DC0249

EC. (n.d.-a). EU Biodiversity Strategy to 2020. Retrieved February 5, 2023, from
https://ec.europa.eu/environment/nature/biodiversity/strategy 2020/index_en.htm#:~:t
ext=The%?20Strategy%20in%20a%20nutshell,t0%20curb%20global%20biodiversity
%20loss

EC. (n.d.-b). EU Biodiversity Strategy for 2030. Retrieved February 6, 2023, from
https://environment.ec.europa.eu/strateqy/biodiversity-strateqy-2030 en

EC. (n.d.-c). The forms and functions of green infrastructure. Retrieved September 10, 2022,
from https://ec.europa.eu/environment/nature/ecosystems/benefits/index_en.htm

Edenius, L., & Mikusinski, G. (2006). Utility of habitat suitability models as biodiversity
assessment tools in forest management. Scand. J. Forest Res, 21, 62-72.
https://doi.org/10.1080/14004080500486989

EEA. (2023, 5 February). Nationally designated terrestrial protected areas in Europe.
https://www.eea.europa.eu/ims/nationally-designated-terrestrial-protected-areas

Eriksson, M., Samuelson, L., Jagrud, L., Mattsson, E., Celander, T., Malmer, A., Bengtsson,
K., Johansson, O., Schaaf, N., Svending, O., & Tengberg, A. (2018). Water, Forests,
People: The Swedish Experience in Building Resilient Landscapes. Environmental
Management, 62(1), 45-57. https://doi.org/10.1007/s00267-018-1066-x

ESRI. (2020). ArcGIS Pro (Version 2.7) [Computer software].
https://www.esri.com/en-us/arcgis/products/arcgis-pro/overview

Estreguil, C., Caudullo, G., De, R. D., & San-Miguel-Ayanz, J. (2013, February 4). Forest
Landscape in Europe: Pattern, Fragmentation and Connectivity. JRC Publications
Repository. https://doi.org/10.2788/77842

FAO. (2015, September). FRA 2015 terms and definitions - Forest Resources Assessment
Working Paper 180. Food and Agricultural Organization of the United Nations,
Rome. https://www.fao.org/3/ap862e/ap862e00.pdf

Felton, A., Lofroth, T., Angelstam, P., Gustafsson, L., Hjaltén, J., Felton, A. M., Simonsson,
P., Dahlberg, A., Lindbladh, M., Svensson, J., Nilsson, U., Lodin, I., Hedwall, P. O.,
Sténs, A., Lamas, T., Brunet, J., Kalén, C., Kristrém, B., Gemmel, P., & Ranius, T.
(2020). Keeping pace with forestry: Multi-scale conservation in a changing
production forest matrix. Ambio, 49(5), 1050-1064. https://doi.org/10.1007/s13280-
019-01248-0

57


https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52013DC0249
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52013DC0249
https://environment.ec.europa.eu/strategy/biodiversity-strategy-2030_en
https://www.eea.europa.eu/ims/nationally-designated-terrestrial-protected-areas
https://www.fao.org/3/ap862e/ap862e00.pdf

Fredman, P., & Emmelin, L. (2001). Wilderness purism, willingness to pay and management
preferences: a study of Swedish mountain tourists. Tour Econ, 7(1), 5-20.
https://doi.org/10.5367/0000000011 01297702

Frelich, L. E. (2020). Boreal and Taiga Biome. In M. I. Goldstein & D. A. DellaSala (Eds.),
Encyclopedia of the World’s Biomes (pp. 103-115). Elsevier.
https://doi.org/10.1016/B978-0-12-409548-9.11926-8

Fridman, J. (2000). Conservation of Forest in Sweden: A strategic ecological analysis.
Biological Conservation, 96(1), 95-103. https://doi.org/10.1016/S0006-
3207(00)00056-2

Gardestrém, J., Grelsson, G., Andersson, J., Norstedt, G., Svensson, J., Nilsson, C.,
Holmberg, O., Sundin, B., Westbergh, S., Myren, A., Jankanpaa, H. J., Srens, A.,
Friborg, L., & Ackermann, M. (2016). In J. Gardestrém (Ed), Vindelalven-
Juhtatdahka biosphere reserve appliation.

Giannichi, M. L., Gavish, Y., Baker, T. R., Dallimer, M., & Ziv, G. (2020). Scale dependency
of conservation outcomes in a forest-offsetting scheme. Conservation Biology: The
Journal of the Society for Conservation Biology, 34(1), 148-157.
https://doi.org/10.1111/cobi.13362

Guillera-Arroita, G., Lahoz-Monfort, J. J., Elith, J., Gordon, A., Kujala, H., Lentini, P. E.,
McCarthy, M. A., Tingley, R., & Wintle, B. A. (2015). Is my species distribution
model fit for purpose? Matching data and models to applications. Global Ecology and
Biogeography, 24(3), 276-292. https://doi.org/10.1111/geb.12268

Haddad, N. M., Brudvig, L. A., Clobert, J., Davies, K. F., Gonzalez, A., Holt, R. D., Lovejoy,
T. E., Sexton, J. O., Austin, M. P., Collins, C. D., Cook, W. M., Damschen, E. I.,
Ewers, E. M., Foster, B. L., Jenkins, C. N., King, A. J., Laurance, W. F., Levey, D. J.,
Margules, C. R., ... Townshend, J. R.. (2015). Habitat fragmentation and its lasting
impact on Earth’s ecosystems. Sci. Adv., 1: e1500052.
https://doi.org/10.1126/sciadv.1500052

Hanski, I. (2011). Habitat loss, the dynamics of biodiversity, and a perspective on
conservation. Ambio, 40(3), 248-255. https://doi.org/10.1007/s13280-011-0147-3

Heidari, B., Schmidt, A. R., & Minsker, B. (2022). Cost/benefit assessment of green
infrastructure: Spatial scale effects on uncertainty and sensitivity. Journal of
Environmental Management, 302(Pt A), 114009.
https://doi.org/10.1016/j.jenvman.2021.114009

Heino, J., Heikkinen, R. K., Hojer, O., Jakovlev, J., Kryshen, A., Mikkola, J., Mikkonen, N.,
Virkkala, R., & Paz von Friesen, C. (2019). Improving ecological connectivity in
boreal forests of the Barents Region: Background, issues and recommendations.
Nordiska ministerradet. https://doi.org/10.6027/NA2019-909

58


https://doi.org/10.1126/sciadv.1500052

Heino, M., Kummu, M., Makkonen, M., Mulligan, M., Verburg, P. H., Jalava, M., &
Rasanen, T. A. (2015). Forest loss in protected areas and intact forest landscapes: A
global analysis. PLoS ONE, 10, e0138918.
https://doi.org/10.1371/journal.pone.0138918

Hellberg, E., Josefsson, T., & Ostlund, L. (2009). The Transformation of a Norway Spruce
Dominated Landscape Since Pre-Industrial Times in Northern Sweden: The Influence
of Modern Forest Management on Forest Structure. Silva Fennica, 43, 783-797.
https://doi.org/10.14214/sf.173

Hermoso, V., Moran-Orddfiez, A., Lanzas, M., & Brotons, L. (2020). Designing a network of
green infrastructure for the EU. Landscape and Urban Planning, 196, 103732.
https://doi.org/10.1016/j.landurbplan.2019.103732

Jonsson, B. G., Svensson, J., Mikusinski, G., Manton, M., & Angelstam, P. (2019). European
Union’s Last Intact Forest Landscapes are at A Value Chain Crossroad between
Multiple Use and Intensified Wood Production. FORESTS, 10(7), 564.
https://doi.org/10.3390/f10070564

Jonsson, M. T., Fraver, S., & Jonsson, B. G. (2009). Forest History and the Development of
Old-Growth Characteristics in Fragmented Boreal Forests. Journal of Vegetation
Science, 20(1), 91-106.

Josefsson, T., Olsson, J., & Ostlund, L. (2010). Linking forest history and conservation
efforts: Long-term impact of low-intensity timber harvest on forest structure and
wood-inhabiting fungi in northern Sweden. Biological Conservation, 143(7), 1803—
1811. https://doi.org/10.1016/j.biocon.2010.04.035

Kayes, I., & Mallik, A. (2020). Boreal Forests: Distributions, Biodiversity, and Management
(pp. 1-12). https://doi.org/10.1007/978-3-319-71065-5_17-1

Koen, E. L., Bowman, J., Sadowski, C., & Walpole, A. A. (2014). Landscape connectivity for
wildlife: Development and validation of multispecies linkage maps. Methods in
Ecology and Evolution, 5(7), 626-633. https://doi.org/10.1111/2041-210X.12197

Kuuluvainen, T., Hofgaard, A., Aakala, T., & Jonsson, B. G. (2017). North Fennoscandian
mountain forests: History, composition, disturbance dynamics and the unpredictable
future. Forest Ecology and Management, 385, 140-149.
https://doi.org/10.1016/j.foreco.2016.11.031

Laestadius, L. (2001). Last Intact Forest Landscapes of Northern European Russia.
https://www.wri.org/research/last-intact-forest-landscapes-northern-european-russia

Laestadius, L., Nogueron, R., & Lee, P. (2003). Canada’s large intact forest landscapes
2003. https://www.wri.org/research/canadas-large-intact-forest-landscapes-2003

Lundmark, H., Ostlund, L., & Josefsson, T. (2021). Continuity forest or second-generation
forest? Historic aerial photos provide evidence of early clear-cutting in northern
Sweden. Silva Fennica, 55(1). https://doi.org/10.14214/sf.10460

59



Mackey, B., Dellasala, D., Kormos, C., Lindenmayer, D., Kiimpel, N., Zimmerman, B.,
Hugh, S., Young, V., Foley, S., Arsenis, K., & Watson, J. (2014). Policy Options for
the World’s Primary Forests in Multilateral Environmental Agreements. Conservation
Letters, 8. https://doi.org/10.1111/conl.12120

MapBox. (2016). Rasterio [Python library]. https://rasterio.readthedocs.io/en/latest/intro.html

Mattsson, S. (2022, September 7). Strengthening green infrastructure [Second cycle, A2E].
SLU, Dept. of Wildlife, Fish and Environmental Studies.
https://stud.epsilon.slu.se/18304/

Mikusinski, G., Orlikowska, E. H., Bubnicki, J. W., Jonsson, B.-G., & Svensson, J. (2021).
Strengthening the Network of High Conservation Value Forests in Boreal
Landscapes. Frontiers in Ecology and Evolution, 8.
http://urn.kb.se/resolve?urn=urn:nbn:se:miun:diva-41230

Naturvardsverket & Skogsstyrelsen. (2017). Skogliga véardekarnor i Sverige —
sammanfattande beskrivning av dataurval och nulage 2015-2016 [High conservation
value forest in Sweden — summary of data selection and current status 2015-2016].
Bilaga 2a till Naturvardsverkets och Skogsstyrelsens redovisning av regeringsuppdrag
om Vérdefulla skogar, 2017-01-30 https://skogstyrelsen.se/globalassets/aga-
skog/skydda-skog/bilaga-2a-skogliga-vardekarnor-i-sverige.pdf

Naturvardsverket. (2019). Nationella Marktackedata (NMD) [National landcover data
(NMD)] [Data set]. Retrieved September 7, 2022, from
https://www.naturvardsverket.se/verktyg-och-tjanster/kartor-och-
karttjanster/nationella-marktackedata

Naturvardsverket. (2020). Nationella Marktackedata 2018 basskikt - produktbeskrivning
[National landcover data 2018 ground layer - product description]. Retrieved
September 7, 2022, from https://www.naturvardsverket.se/verktyg-och-tjanster/kartor-
och-karttjanster/nationella-marktackedata

Naumov, V., Manton, M., Elbakidze, M., Rendenieks, Z., Priednieks, J., Uhlianets, S.,
Yamelynets, T., Zhivotov, A., & Angelstam, P. (2018). How to reconcile wood
production and biodiversity conservation? The Pan-European boreal forest history
gradient as an "experiment". Journal of Environmental Management, 218, 1-13.
https://doi.org/10.1016/j.jenvman.2018.03.095

Nilsson, C., & Gotmark, F. (1992). Protected Areas in Sweden: Is Natural Variety
Adequately Represented? Conservation Biology, 6(2), 232-242.
https://doi.org/10.1046/j.1523-1739.1992.620232.x

OECD, (2019). The Post-2020 Biodiversity Framework: Targets, indicators and
measurability implications at global and national level, November version.
https://www.oecd.org/environment/resources/biodiversity/post-2020-biodiversity-
framework.htm

60


https://www.naturvardsverket.se/verktyg-och-tjanster/kartor-och-karttjanster/nationella-marktackedata
https://www.naturvardsverket.se/verktyg-och-tjanster/kartor-och-karttjanster/nationella-marktackedata
https://www.naturvardsverket.se/verktyg-och-tjanster/kartor-och-karttjanster/nationella-marktackedata
https://www.naturvardsverket.se/verktyg-och-tjanster/kartor-och-karttjanster/nationella-marktackedata
https://www.oecd.org/environment/resources/biodiversity/post-2020-biodiversity-framework.htm
https://www.oecd.org/environment/resources/biodiversity/post-2020-biodiversity-framework.htm

Ohman, K., & Eriksson, L. O. (1998). The core area concept in forming contiguous areas for
long-term forest planning. Canadian Journal of Forest Research, 28(7), 1032-1039.
https://doi.org/10.1139/x98-076

Olsson, B. & Ledwith, M. (2020). National landcover database (NMD). Swedish
Environmental Protection Agency. https://www.naturvardsverket.se/verktyg-och-
tjanster/kartor-och-karttjanster/nationella-marktackedata.

Orlikowska, E. H., Svensson, J., Roberge, J.-M., Blicharska, M., & Mikusinski, G. (2020).
Hit or miss? Evaluating the effectiveness of Natura 2000 for conservation of forest
bird habitat in Sweden. Global Ecology and Conservation, 22, e00939.
https://doi.org/10.1016/j.gecco.2020.e00939

Ostlund, L., Zackrisson, O., & Axelsson, A.-L. (1997). The history and transformation of a
Scandinavian boreal forest landscape since the 19th century. Canadian Journal of
Forest Research-Revue Canadienne De Recherche Forestiere - CAN J FOREST RES,
27, 1198-1206. https://doi.org/10.1139/cjfr-27-8-1198

Pan, Y., Birdsey, R. A., Fang, J., Houghton, R., Kauppi, P. E., Kurz, W. A., Phillips, O. L.,
Shvidenko, A., Lewis, S. L., Canadell, J. G., Ciais, P., Jackson, R. B., Pacala, S. W.,
McGuire, A. D., Piao, S., Rautiainen, A., Sitch, S., & Hayes, D. (2011). A Large and
Persistent Carbon Sink in the World's Forests. Science, 333(6045), 988-993.
https://doi.org/10.1126/science.1201609

Potapov, P., Hansen, M. C., Laestadius, L., Turubanova, S., Yaroshenko, A., Thies, C.,
Smith, W., Zhuravleva, I., Komarova, A., Minnemeyer, S., & Esipova, E. (2017). The
last frontiers of wilderness: Tracking loss of intact forest landscapes from 2000 to
2013. Science Advances, 3(1), e1600821. https://doi.org/10.1126/sciadv.1600821

Potapov, P., Yaroshenko, A., Turubanova, S., Dubinin, M., Laestadius, L., Thies, C.,
Aksenov, D., Egorov, A, Yesipova, Y., Glushkov, I., Karpachevskiy, M., Kostikova,
A., Manisha, A., Tsybikova, E., & Zhuravleva, 1. (2008). Mapping the World’s Intact
Forest Landscapes by Remote Sensing. Ecology and Society, 13(2).
https://doi.org/10.5751/ES-02670-130251

Rikkonen, T., Turunen, M., Hallikainen, V., & Rautio, P. (2023). Multiple-use forests and
reindeer husbandry — Case of pendulous lichens in continuous cover forests. Forest
Ecology and Management, 529. https://doi.org/10.1016/j.foreco.2022.120651

Riva, F., Martin, C., Millard, K., & Fahrig, L. (2022). Loss of the world’s smallest forests.
Global Change Biology, 28. https://doi.org/10.1111/gcb.16449

Rodrigues, A. S. L., Andelman, S. J., Bakarr, M. I, Boitani, L., Brooks, T. M., Cowling, R.
M., Fishpool, L. D. C., da Fonseca, G. A. B., Gaston, K. J., Hoffmann, M., Long, J.
S., Marquet, P. A., Pilgrim, J. D., Pressey, R. L., Schipper, J., Sechrest, W., Stuart, S.
N., Underhill, L. G., Waller, R. W., ... Yan, X. (2004). Effectiveness of the global
protected area network in representing species diversity. Nature, 428(6983), Article
6983. https://doi.org/10.1038/nature02422

61


https://www.naturvardsverket.se/verktyg-och-tjanster/kartor-och-karttjanster/nationella-marktackedata
https://www.naturvardsverket.se/verktyg-och-tjanster/kartor-och-karttjanster/nationella-marktackedata
https://doi.org/10.1016/j.foreco.2022.120651

Sabatini, F. M., Burrascano, S., Keeton, W. S., Levers, C., Lindner, M., P6tzschner, F.,
Verkerk, P. J., Bauhus, J., Buchwald, E., Chaskovsky, O., Debaive, N., Horvath, F.,
Garbarino, M., Grigoriadis, N., Lombardi, F., Marques Duarte, I., Meyer, P., Midteng,
R., Mikac, S., ... Kuemmerle, T. (2018). Where are Europe’s last primary forests?
Diversity and Distributions, 24(10), 1426-1439. https://doi.org/10.1111/ddi.12778

Sandstrém, J. (2018). Old-Growth Forests in the High Coast Region in Sweden and Active
Management in Forest Set-Asides. http://urn.kb.se/resolve?urn=urn:nbn:se:miun:diva-
34830

Sandstrom, P., Cory, N., Svensson, J., Hedenas, H., Jougda, L., & Borchert, N. (2016). On
the decline of ground lichen forests in the Swedish boreal landscape: Implications for
reindeer husbandry and sustainable forest management. Ambio, 45(4), 415-429.
https://doi.org/10.1007/s13280-015-0759-0

Sayer, J. (2009). Reconciling Conservation and Development: Are Landscapes the Answer?
Biotropica, 41(6), 649-652.

Snéll, T., Lehtomaki, J., Arponen, A., Elith, J., & Moilanen, A. (2016). Green Infrastructure
Design Based on Spatial Conservation Prioritization and Modeling of Biodiversity
Features and Ecosystem Services. Environmental Management, 57(2), 251-256.
https://doi.org/10.1007/s00267-015-0613-y

Sterner, B. (2022, January 3). Woodland key habitats for functional forest landscape green
infrastructure in the Swedish mountain region [Second cycle, A2E]. SLU, Dept. of
Wildlife, Fish and Environmental Studies. https://stud.epsilon.slu.se/17439/

SUPERB: Upscaling Forest Restoration. (n.d.). https://forest-restoration.eu/

Svensson, J., Andersson, J., Sandstrom, P., Mikusinski, G., & Jonsson, B. G. (2019a).
Landscape trajectory of natural boreal forest loss as an impediment to green
infrastructure. Conservation Biology, 33(1), 152-163.

Svensson, J., Andersson, J., Sandstrom, P., Mikusinski, G., & Jonsson, B. G., 1963. (2019b).
Landscape trajectory of natural boreal forest loss as an impediment to green
infrastructure. Conservation Biology, 33(1), 152-163.
https://doi.org/10.1111/cobi.13148

Svensson, J., Bubnicki, J. W., Angelstam, P., Mikusinski, G., & Jonsson, B. G. (2022).
Spared, shared and lost—Routes for maintaining the Scandinavian Mountain foothill
intact forest landscapes. Regional Environmental Change, 22(1), 31.
https://doi.org/10.1007/s10113-022-01881-8

Svensson, J., Bubnicki, J. W., Jonsson, B. G., Andersson, J., & Mikusinski, G. (2020).
Conservation significance of intact forest landscapes in the Scandinavian Mountains
Green Belt. Landscape Ecology, 35(9), 2113-2131. https://doi.org/10.1007/s10980-
020-01088-4

62



Taylor, P. D., Fahrig, L., Henein, K., & Merriam, G. (1993). Connectivity Is a Vital Element
of Landscape Structure. Oikos, 68(3), 571-573. https://doi.org/10.2307/3544927

Valdés, A., Lenoair, J., De Frenne, P., Andrieu, E., Brunet, J., Chabrerie, O., Cousins, S. A.
0., Deconchat, M., De Smedt, P., Diekmann, M., Ehrmann, S., Gallet-Moron, E.,
Girtner, S., Giffard, B., Hansen, K., Hermy, M., Kolb, A., Le Roux, V., Liira, J., ...
Decocq, G. (2020). High ecosystem service delivery potential of small woodlands in
agricultural landscapes. Journal of Applied Ecology, 57(1), 4-16.
https://doi.org/10.1111/1365-2664.13537

Venier, L. A., Thompson, I. D., Fleming, R. L., Malcolm, J. W., Aubin, I., Trofymow, J. A.,
Langor, D. W., Sturrock, R. N., Patry, A., Outerbridge, R. A., Holmes, S. B.,
Haeussler, S., De Grandpré, L., Chen, H. Y. H., Bayne, E., Arsenault, A., & Brandt, J.
P. (2014). Effects of natural resource development on the terrestrial biodiversity of
Canadian boreal forests. 22, 1-34. https://doi.org/10.1139/er-2013-0075

Venier, L. a., Walton, R., Thompson, 1. d., Arsenault, A., & Titus, B. d. (2018). A review of
the intact forest landscape concept in the Canadian boreal forest: Its history, value,
and measurement. Environmental Reviews, 26(4), 369-377.

von Friesen, C. P., & Uppsall, S. (2016). Gron infrastruktur i det boreala skogslandskapet
[Green infrastructure in the boreal forest landscapes]. County Administrative Board

of Vasterbotten.
https://www.lansstyrelsen.se/download/18.691fcf616219e10e93bb91f/1526067920452
/2016-06-

21 Gr%C3%B6n%20infrastruktur%20i%20det%20boreala%?20skogslandskapet%20
webbversion.pdf

UNECE. (2021). Why boreal forests matter—The role of boreal forests in sustainable
development. Retrieved September 22, 2022, from https://unece.org/forestry-
timber/documents/2021/07/why-boreal-forests-matter-role-boreal-forests-sustainable

Winter, S. (2012). Forest naturalness assessment as a component of biodiversity monitoring
and conservation management. Forestry: An International Journal of Forest
Research, 85(2), 293-304. https://doi.org/10.1093/forestry/cps004

63


https://www.lansstyrelsen.se/download/18.691fcf616219e10e93bb91f/1526067920452/2016-06-21_Gr%C3%B6n%20infrastruktur%20i%20det%20boreala%20skogslandskapet%20webbversion.pdf
https://www.lansstyrelsen.se/download/18.691fcf616219e10e93bb91f/1526067920452/2016-06-21_Gr%C3%B6n%20infrastruktur%20i%20det%20boreala%20skogslandskapet%20webbversion.pdf
https://www.lansstyrelsen.se/download/18.691fcf616219e10e93bb91f/1526067920452/2016-06-21_Gr%C3%B6n%20infrastruktur%20i%20det%20boreala%20skogslandskapet%20webbversion.pdf
https://www.lansstyrelsen.se/download/18.691fcf616219e10e93bb91f/1526067920452/2016-06-21_Gr%C3%B6n%20infrastruktur%20i%20det%20boreala%20skogslandskapet%20webbversion.pdf

64



Supplementary

Appendix 1: A brief summary of KubAl's constitution of variables and data
sources

The following information is based on the working paper presenting KubAl by Bubnicki et
al. (2022, in rev.). Since this work is not publicly available at the time of publishing this
thesis paper, detailed information about the KubAl model can be obtained by contacting
Jakub W. Bubnicki at the Mammal Research Institute, Polish Academy of Science.

The model KubAl was developed to assess the naturalness of forests in Sweden using region-
specific models for four biogeographical regions: the North boreal, South boreal, Hemiboreal,
and Nemoral regions. Each region-specific model utilized a unique combination of variables,
ranging from a minimum of 41 to a maximum of 45 variables, which represented forest
naturalness across various dimensions and spatial scales. These variables included physical
landscape features (such as elevation and slope), tree stand bio-physical structure (e.g., % of
forest land, forest type diversity, forest height, and canopy gap fraction), and socio-economic
factors related to human impacts on the forest (e.g., human population size and land pollution
with night-time lights). For each region, the top six strongest explanatory variables were
listed in Table Al.

The variables that were kept in the final models were selected from the originally over a
hundred variables after a variable selection procedure. All the variables involved in the model
training were extracted from six spatial datasets listed in below:

1. Swedish national HCVF dataset, which served as the source of information for forests with
known high levels of naturalness (i.e., conservation values).

2. Swedish national landcover data, NMD, which provided information on forest types, forest
height, forest productivity, and the category of non-forest land cover.

3. Digital elevation model (DEM) of Sweden.

4. Global Forest Change maps, which served as an information source for global forest loss
during 2000-2020 and gain during 2000-2012.

5. A harmonized global night-time light dataset, which provided information about human
impact.

6. Total population map in Sweden, which provided information about human impact.
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Table Al. Top six strongest explanatory variables for each model in each region.

Variables | North boreal South boreal Hemiboreal Nemoral

1 HG5v HG5c¢ HANComb BROADLEAF
2 HG5¢ HANComb005 | BROADLEAF SLOPE

3 DEM FOPEN HG5¢ HG5c

4 SLOPE SLOPE FOPENO0O3 SHAFOR

5 ROADS DEM FOPENO11 SLOPEvV

6 FOPEN HG5v ROADS AGRIO11

HGB5v: forest height, tree > 5m

HG5c: regionally corrected forest height, trees > 5m
DEM: elevation

SLOPE and SLOPEv: slope

ROADS: % of roads

FOPEN: % of temporary non-forest (logged) or young plantation (003 and 011
represents two spatial scales, at 0.3 km and 1.1km)

HANComb: % of merged forest loss (2000-2020) and gain (2000-2012)
BROADLEAF: % of broadleaf forest
SHAFOR: Shannon’s Index for forested areas only; forest type diversity

AGRI: % of agricultural areas
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Appendix 2: RL-map over the study region

Subregion

Buffer zone

[ ]

Relative likelihood

[ >0-03

B 03 -04

[ >04-05
>0.5-0.6

[ >06-07

B o7-1

N
0 15 30 60 km
L 1

Figure Al. Relative likelihood (RL) map over the study area, rendered upon a grey background colour. The RL
changes along a gradient of 0-1, and the higher the RL is, the greater the model-predicted conservation value is.
The RL of 0-0.3 and 0.7-1 are classified into two groups, for visualization’s purpose. A closer demonstration of
the model prediction is shown, respectively, for three sample squares placed randomly in the three subregions
(Mountain, Inland and Coastal); each sample square represents an area of 22 500 ha (15 x 15 km?).
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Appendix 4: Methods of patch-size assessment over the Gl of all forest

In addition to GI density, the size of the Gl-patches was assessed as a secondary metric of the
structural connectivity. A Gl-patch referred to a contiguous cluster of pixels representing a
subarea of GI, where the contiguity was valid between a focal pixel and its eight
neighbouring pixels. The Gl-patches were sorted into six size classes of < 10, < 100, < 1000,
< 10000 and > 10000 ha, and the total area of each class was calculated, over the baseline as
well as each updated GI. To maintain the contiguous area found by the boundary of the study
area, the Gl-patches were identified over the collective spatial extent of V-J and its 5km-
width buffer zone.

It should be addressed that this study collected the patches of each size class from the original
GI maps without moving window filtering. This was different from many habitat studies
(e.g., Angelstam et al., 2020; Mikusinski et al., 2021; Svensson et al., 2019) where the patch-
size analysis was applied to the output of GI density analyses, aiming for locating the habitat-
patches fulfilling both the density and size requirements of a featured species . The density-
independent patch-size identification of this study was because: 1) the patch-size was
assessed as a secondary proxy of the structural connectivity status among the concerned Gls,
rather than a metric of a detailed habitat examination for one or multiple species; and 2)
aiming for delineation of the HCVF-tracts (Bovin et al., 2017), the window sizes used for
filtering the GI density were much larger than those normally used for the habitat assessment
over the boreal forest landscapes; and thus, the number of the Gl-patches, counted over the
output of density analysis, could be underestimated.

Reference:

Angelstam, P., Manton, M., Green, M., Jonsson, B. G., Mikusinski, G., Svensson, J., & Maria
Sabatini, F. (2020). Sweden does not meet agreed national and international forest
biodiversity targets: A call for adaptive landscape planning. Landscape and Urban
Planning BECC: Biodiversity and Ecosystem Services in a Changing Climate, 202.
https://doi.org/10.1016/j.landurbplan.2020.103838

Bovin M., Elcim, E., & Wennberg, S. (2017). Landskapsanalys av skogliga véardeké&rnor i
boreal region (Preliminéar slutrapport). Metria AB pa uppdrag av Naturvardsverket.

Mikusinski, G., Orlikowska, E. H., Bubnicki, J. W., Jonsson, B.-G., & Svensson, J. (2021).
Strengthening the Network of High Conservation Value Forests in Boreal
Landscapes. Frontiers in Ecology and Evolution, 8.
http://urn.kb.se/resolve?urn=urn:nbn:se:miun:diva-41230

Svensson, J., Andersson, J., Sandstrom, P., Mikusinski, G., & Jonsson, B. G. (2019).
Landscape trajectory of natural boreal forest loss as an impediment to green
infrastructure. Conservation Biology, 33(1), 152-163.
https://doi.org/10.1111/cobi.13148
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Appendix 5: Information box for delineating HCVF-tracts

Box. A brief description and comparison of data, criteria and procedures used by 1) Metria AB, 2) this study and 3) CAB of
Vasterbotten for delineating the high conservation value forest tracts (HCVF-tracts).

Criteria and procedures used for delineating HCVF-tracts

Metria AB
Step 1: Use three moving windows of different sizes (radius = 1km/3km/5km) to filter the Gl-density, respectively;

HCVF from the resulted three Gl-density maps, select and merge all the forest landscape subsections with a density value >
(retrieved in 2016-09) 20%.

Step 2: Separate the three Gl-density maps into different nature-geographic (NG) regions (see the figure within this
box); within each NG region, select the forest landscape subsections with the highest possible Gl-densities, until the
accumulated area of these subsections reaches 10% of the total forest area of that specific NG region. Merge the
selected subsections with the subsections resulted from Step 1.

Step 3: identify the HCVF-tracts as the forest areas fulfilling simultaneously two conditions: 1) the total area of the
subsections, identified through Step 1 and 2, should accounts for at least 5% of a single HCVF-tract and 2) the area of a
single HCVF-tract should be no less than 1000 ha.

This study . . . . .
Following the above procedures by Metria AB, with two minor adjustments:
- HCVF (retrieved in - InStep 1, the Gl-density (= 20%) was filtered by a moving window of 1km or 3km radius (moving window of 5km
2022-09) radius was not used in this study).
- model-predicted CF . . ) . . . .
- In Step 2, the “highest possible Gl-density” within each NG region was taken directly from Metria’s results (see

the table within this box), no matter whether the area requirement of 10% was met or not.

CAB of Visterbotten | \jajor differences compared with the data and criteria/procedures used by Metria AB:

- The HCVF-tracts identified by the CAB of Vasterbotten used more extensive and county-specific data sources
concerning forest areas with conservation values, compared with the national HCVF dataset used by Metria.

- The identification by the CAB of Visterbotten featured only the productive forests, whereas the Metria output
featured also the non-productive forests.

- The specific criteria/procedures used by the CAB of Vasterbotten were different from the ones used by Metria;
see von Friesen & Uppsall (2016) for detailed information.

Yoo
Table. The highest possible density value that could be B A
found over at least 10% of the total forest area within /. - \?kf\\k \
each NG region. The table is a reproduction of that ‘

given by Bovin et al. (2017).

Nature-geographic region
36 33 32 30 29

Threshold 1y radius 79% 57% 20% 7% 4%
density
value 3kmradius 61% 42% 18% 8% 5%

Buffer

[ subregion

Nature geographic region

J Northern Bothnian Bay costal plain (29)
:l Undulating hill land (30}

[ Monadnock plain (32)

A Premountain region (33)

Low, round mountain, mountain, and
mountain massif (36)

Figure. Nature-geographic (NG) regions involved in this study. The NG
dataset (Naturvardsverket, 2021) was retrieved from Miljédataportalen
(https://miljodataportalen.naturvardsverket.se/miljodataportalen/) in
Nov 2022; more information about NG region found at
Miljodataportalen.
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Appendix 6: Area statistics of the CF across nested RL-classes

Table A2. Area statistics of connectivity forest (CF), of all forest and per forest type,
accumulated across nested relative likelihood classes (RL-classes) for the study area and the
subregions; the percentages calculated based on the area of each forest type (including all
forest as one type) in the whole study area or in each subregion.

Areain % of total regional Areain % of total subregional
CFof nested Area (ha)
Forest type forest area forest area
RL-classes
Mountain Inland Coastal Mountain Inland Coastal Mountain Inland Coastal
All forest 0.9-1 9318 42 0 123 0.01 0.00 2.62 0.01 0.00
0.8-1 20840 834 8 2.75 0.11 0.00 585 0.24 0.01
0.7-1 31298 2962 106 413 0.39 0.01 8.79 0.86 0.18
0.6-1 49074 9314 744 6.48 123 0.10 13.78 271 1.29
0.5-1 63851 19704 2256 8.43 2.60 0.30 17.94 5.74 3.90
0.4-1 80981 42901 6562 10.70 5.67 0.87 22.75 12.50 11.36
Pine 6571 517 13 4 641 6701 0.60 155 .61 .60
0.8-1 2329 449 3 1.03 0.20 0.00 3.92 031 0.01
0.7-1 3695 1636 59 1.63 0.72 0.03 6.23 1.13 0.27
0.6-1 6248 5019 404 2.76 2.22 0.18 10.53 345 1.86
0.5-1 9355 10572 1148 413 467 0.51 15.77 7.27 5.29
0.4-1 14527 23181 3251 6.42 1024 144 24.48 15.95 14.99
Spruce 6671 §7398 56 o 375 602 0.60 557 .06 .60
0.8-1 9366 203 2 7.89 0.17 0.00 11.82 0.59 0.04
0.7-1 12732 687 24 10.73 0.58 0.02 16.07 2.00 0.47
0.6-1 16784 2017 135 14.14 170 0.11 21.18 5.88 263
0.5-1 20273 4061 423 17.08 3.42 0.36 25.58 11.84 8.25
0.4-1 24816 7983 1061 2091 6.73 0.89 31.32 23.28 20.70
Coniferous 091 313 i ) 5791 6701 0.00 3755 .07 .00
ed 0.8-1 863 68 1 2.51 0.20 0.00 6.31 0.36 0.06
mixe 0.7-1 1354 234 7 3.94 0.68 0.02 9.90 1.23 0.41
0.6-1 2130 691 65 6.20 201 0.19 15.58 3.64 3.77
0.5-1 2873 1404 178 8.36 4.08 0.52 21.01 7.40 10.32
0.4-1 4098 3038 396 11.92 8.84 1.15 29.97 16.00 22.96
Broadleaved. 091 5145 g g 358 6701 0.00 Q5% .01 .60
" 0.8-1 4100 79 0 435 0.08 0.00 8.67 0.20 0.00
coniterous 7.4 5492 310 12 5.83 033 001 1161 0.78 0.16
mixed 0.6-1 7191 1041 99 7.63 1.10 0.11 15.21 2.64 132
0.5-1 8872 2282 315 9.41 2.42 0.33 18.76 5.78 4.22
0.4-1 11463 5204 968 12.16 552 1.03 24.24 13.18 12.96
Broadleaved 091 1437 [ g 108 6700 0.00 136 .00 .60
0.8-1 4012 14 0 3.04 0.01 0.00 381 0.08 0.00
0.7-1 7 642 74 2 5.79 0.06 0.00 7.27 0.41 0.02
0.6-1 15936 245 25 12.08 0.19 0.02 15.15 136 0.29
0.5-1 21256 594 125 16.11 0.45 0.09 20.21 3.29 1.43
0.4-1 24044 1516 628 18.23 1.15 0.48 22.86 8.41 7.20
Temporarily 091 16 [ o 0701 6700 .00 0,03 .60 6700
0.8-1 170 21 2 0.11 0.01 0.00 033 0.02 0.02
notforested 383 21 2 0.25 0.01 0.00 0.75 0.02 0.02
0.6-1 785 301 16 0.52 0.20 0.01 153 0.35 0.12
0.5-1 1222 791 67 081 0.52 0.04 2.38 0.91 0.51
0.4-1 2033 1979 258 134 131 0.17 3.96 2.27 1.98
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Appendix 7: patch-size assessment over Gl of all forest

The patch-size analyses showed that within each resulted Gl, in all three subregions, the
stepwise CF-insertion increased the total area of the Gl-patches at all the concerned size
scales (Table A3). However, patches of larger size (> 1 000 ha) were found almost
exclusively in the mountainous subregion, across the resulted Gls.

Table A3. Total areas of Gl-patches at different size scales within each subregion.

Area (1000 ha)

Subregion Patchsize o iineGl +CFof0.9-1 +CFof0.81 +CFof0.7-1 +CFof0.61 +CFof0.51 +CFof0.4-1

Mountain <10ha 5.46 6.06 6.62 7.72 9.85 11.16 13.02
<100 ha 7.85 7.96 9.12 10.41 12.49 15.54 17.57
<1000 ha 13.82 15.19 18.52 18.31 21.57 23.47 27.10
<10000 ha 2.93 3.96 4.88 8.68 11.13 17.60 19.70
>10000 ha 175.44 184.77 195.33 205.55 221.86 231.96 250.33

Inland <10ha 2.74 2.76 3.35 4.83 8.68 13.21 17.78
<100 ha 5.84 5.90 6.17 7.32 10.71 17.91 33.38
<1000 ha 6.20 6.21 6.37 6.71 8.47 8.57 22.64
<10000 ha - - - - - 3.29 3.67
>10000 ha - - - - - - -

Coastal <10ha 0.83 0.83 0.84 0.99 1.76 2.79 4.44
<100 ha 1.92 1.92 1.92 1.84 2.26 3.68 6.99
<1000 ha 1.28 1.28 1.28 1.39 1.45 2.03 5.72
<10000 ha - - - - - - -
>10000 ha - - - - - - -
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Series from Lund University

10.

11.

Department of Physical Geography and Ecosystem Science

Master Thesis in Geographical Information Science

Anthony Lawther: The application of GIS-based binary logistic regression for
slope failure susceptibility mapping in the Western Grampian Mountains,
Scotland (2008).

Rickard Hansen: Daily mobility in Grenoble Metropolitan Region, France.
Applied GIS methods in time geographical research (2008).

Emil Bayramov: Environmental monitoring of bio-restoration activities using
GIS and Remote Sensing (2009).

Rafael Villarreal Pacheco: Applications of Geographic Information Systems
as an analytical and visualization tool for mass real estate valuation: a case
study of Fontibon District, Bogota, Columbia (2009).

Siri Oestreich Waage: a case study of route solving for oversized transport:
The use of GIS functionalities in transport of transformers, as part of
maintaining a reliable power infrastructure (2010).

Edgar Pimiento: Shallow landslide susceptibility — Modelling and validation
(2010).

Martina Schdfer: Near real-time mapping of floodwater mosquito breeding
sites using aerial photographs (2010).

August Pieter van Waarden-Nagel: Land use evaluation to assess the outcome
of the programme of rehabilitation measures for the river Rhine in the
Netherlands (2010).

Samira Muhammad: Development and implementation of air quality data mart
for Ontario, Canada: A case study of air quality in Ontario using OLAP tool.
(2010).

Fredros Oketch Okumu: Using remotely sensed data to explore spatial and
temporal relationships between photosynthetic productivity of vegetation and
malaria transmission intensities in selected parts of Africa (2011).

Svajunas Plunge: Advanced decision support methods for solving diffuse
water pollution problems (2011).
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12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Jonathan Higgins: Monitoring urban growth in greater Lagos: A case study
using GIS to monitor the urban growth of Lagos 1990 - 2008 and produce
future growth prospects for the city (2011).

Marten Karlberg: Mobile Map Client API: Design and Implementation for
Android (2011).

Jeanette McBride: Mapping Chicago area urban tree canopy using color
infrared imagery (2011).

Andrew Farina: Exploring the relationship between land surface temperature
and vegetation abundance for urban heat island mitigation in Seville, Spain
(2011).

David Kanyari: Nairobi City Journey Planner: An online and a Mobile
Application (2011).

Laura V. Drews: Multi-criteria GIS analysis for siting of small wind power
plants - A case study from Berlin (2012).

Qaisar Nadeem: Best living neighborhood in the city - A GIS based multi
criteria evaluation of ArRiyadh City (2012).

Ahmed Mohamed EI Saeid Mustafa: Development of a photo voltaic building
rooftop integration analysis tool for GIS for Dokki District, Cairo, Egypt
(2012).

Daniel Patrick Taylor: Eastern Oyster Aquaculture: Estuarine Remediation via
Site Suitability and Spatially Explicit Carrying Capacity Modeling in
Virginia’s Chesapeake Bay (2013).

Angeleta Oveta Wilson: A Participatory GIS approach to unearthing
Manchester’s Cultural Heritage ‘gold mine’ (2013).

Ola Svensson: Visibility and Tholos Tombs in the Messenian Landscape: A
Comparative Case Study of the Pylian Hinterlands and the Soulima Valley
(2013).

Monika Ogden: Land use impact on water quality in two river systems in
South Africa (2013).

Stefan Rova: A GIS based approach assessing phosphorus load impact on Lake
Flaten in Salem, Sweden (2013).

Yann Buhot: Analysis of the history of landscape changes over a period of 200
years. How can we predict past landscape pattern scenario and the impact on
habitat diversity? (2013).
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26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Christina Fotiou: Evaluating habitat suitability and spectral heterogeneity
models to predict weed species presence (2014).

Inese Linuza: Accuracy Assessment in Glacier Change Analysis (2014).

Agnieszka Griffin: Domestic energy consumption and social living standards: a
GIS analysis within the Greater London Authority area (2014).

Brynja Gudmundsdottir: Detection of potential arable land with remote sensing
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