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Abstract

The intact forest landscapes along the Scandinavian Mountain range are of very high conservational
value both nationally and internationally, due to their intact characteristics and biodiversity. The
high nature conservation values have remained as a result of restricted forest clear-cutting above the
so-called mountain forest border (MFB). The Swedish Forest Agency (SFA) has mapped Woodland
Key Habitats (WKHs) and Woodland habitats (ONVs) that hold high or semi-high biodiversity
qualities in 38 squares (5 x 5 km) in NW Sweden to test the newly developed regionally adapted
WKH inventory. This study aims to evaluate how previously registered WKHs of three focal WKH-
types and corresponding newly identified WKHs and ONVSs, as well as baseline forests with no
documented conservation values, contribute to a functional forest landscape green infrastructure in
NW Sweden. | arranged field inventory data (collected by the SFA in 2018) in four assessment sets
with various nature conservation values and used national land cover data to assign these sets to the
three focal WKH-types. By performing a Morphological Spatial Patter Analysis, data were stratified
into core, edge, and corridor for analyses of their spatial arrangement and connectivity. Here,
increased connectivity was set equal to increased core and corridor area. | found that natural
coniferous forest is a strongly dominating WKH-type and that most other WKH-types occurs at low
frequency and areal cover. Moreover, | found a general significant increase in natural coniferous
forest core, edge, and corridor absolute area from the previously registered WKHs to the following
assessment sets of various nature conservation values, representing a potential increase in
connectivity. In addition, the MFB represents an actual border, with a notable larger natural
coniferous forest core area above the border and a higher edge/core-ratio below. Importantly, my
results highlight a higher potential to meet the Aichi target #11 of 17 % protected area important for
biodiversity above the MFB, while substantially larger areas of conservational value and
functionality will have to be added below. My results clearly show that especially the newly
identified WKHs, but also the newly identified ONVs, are key elements in improving the functional
forest landscape green infrastructure in NW Sweden.

Keywords: Woodland key habitat, green infrastructure, connectivity, forest biodiversity, NW
Sweden
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1. Introduction

1.1. Background

1.1.1. Swedish boreal forests and forestry — premises for
biodiversity conservation

Life on Earth is exposed to a global anthropogenic climate and environment
transformation, with considerable negative impacts on terrestrial ecosystems,
species, and biodiversity (IPBES 2019; IPCC 2019). For example, more than
37,400 species are currently in risk for extinction globally (IUCN 2021), and loss
of biodiversity is acknowledged to undermine provision of ecosystem services and
threatens human life (WWF 2020). The current situation is alarming and
knowledge, capacity, and actions to reduce further loss is critically needed. To
prevent ecosystem and species loss and to improve ecological resilience towards
climate change related disturbances, intact forest landscapes play a vital role (e.g.
Buchwald 2005; Potapov et al. 2017; Watson et al. 2018; Svensson et al. 2020).
According to Potapov et al. (2017, p. 1), an intact forest landscapes is ”a seamless
mosaic of forests and associated natural treeless ecosystems that exhibit no
remotely detected signs of human activity or habitat fragmentation and are large
enough to maintain all native biological diversity [...]”. Despite their crucial role,
many intact forests around the world are currently under increasing pressure
(Watson et al. 2018), with industrial timber extraction as their primary threat
(Potapov et al. 2017).

In Sweden, the transformation and degradation of intact boreal forest landscapes
have been substantial (Ecke et al. 2013; Svensson et al. 2019a) and only few
fragmented remnants exist outside NW Sweden (Potapov et al. 2008; Angelstam et
al. 2020; Svensson et al. 2020; Appendix 1). Before industrial forestry developed,
natural biotic and abiotic disturbances shaped boreal forests into heterogenous
complexes with a variety of structures and compositions (Ericsson & Ostlund 2000;
Potapov et al. 2017). In the 1950s, large-scale mechanical clear-cut systems were
initiated in northern Sweden (Ecke et al. 2013), which still is the strongly
dominating forest management method. Clear-cut forestry is an intensive managed
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rotational system where most or all mature trees in a forest management unit are
simultaneously harvested and the subsequent regeneration is commonly done by
planting following soil scarification (Seedre et al. 2018). Consequently, the earlier
heterogenous natural boreal forests have been transformed into even-aged
homogenous monocultures (Ericsson & Ostlund 2000; Ecke et al. 2013).

The industrial clear-cut forestry has caused severe fragmentation and loss of
natural forests in large areas in boreal Sweden (Jonsson et al. 2019). Thus, it has
interrupted the spatial connectivity and the temporal continuity of forest cover
(Svensson et al. 2020), which are features of prime importance for many elements
of biodiversity and prerequisites for maintained ecosystem functioning (Aune et al.
2005; Buchwald 2005; Potapov et al. 2017). Consequently, forestry is degrading
ecosystems and is acknowledged as one of the main drivers to the global
biodiversity crisis (Timonen et al. 2011; Watson et al. 2018). For example, 2,040
species that to some extent are dependent on forest ecosystems were red listed in
Sweden in 2020 and clear-cut forestry has strong negative impact on 69 % of those
(SLU Artdatabanken 2020).

To counteract the negative effects of clear-cut forestry on natural ecosystems
and biodiversity, Sweden has agreed upon national and international environmental
and biodiversity conservation targets. For example, Sweden has signed the
international Aichi target #11 within the Convention on Biological Diversity, which
recommends ecological representativeness and connectivity by 2020 for terrestrial
protected areas important for biodiversity that corresponds to 17 % of the country’s
land area (CBD 2021). Sweden further act on national Environmental Quality
Objectives (Sw: Miljokvalitetsmal; Naturvardsverket 2020b), of which one
particularly relates to forests — Sustainable forests (Sw: Levande skogar).
Sustainable forests aims for forest biodiversity conservation, allowance of secured
species’ dispersal possibility, recovery of threatened species, and restoration of
habitats of high conservation value (Skogsstyrelsen 2021a). Nevertheless, neither
the Aichi target #11 nor the Sustainable forests were met by 2020 as aimed for
(Angelstam et al. 2020; Skogsstyrelsen 2021a).

In nature conservation, it is important to secure representation of different forest
ecosystems and to ensure sufficient size, quality, and functional connectivity among
forest patches (Pimm et al. 2014), aspects that are key in the so-called green
infrastructure planning. Green infrastructure is a strategically planned network of
natural and semi-natural areas designed and managed to deliver various ecosystem
services, to enhance biodiversity, and to improve environmental conditions as well
as human’s quality of life (European Commission 2021b). In a functional forest
ecosystem green infrastructure, intact forest landscapes are acknowledged to play
an important role (Svensson et al. 2020).
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1.1.2. The intact forest landscapes along the Scandinavian
Mountain range

Despite the overall extensive forestry, Sweden hosts one of Europe’s last intact
forest landscapes (Jonsson et al. 2019), which consists of northern boreal and sub
alpine forests stretching from south to north along the Scandinavian Mountain
range. These foothill forests have in general not been as subjected to intense forestry
as lowland forests have (Jonsson et al. 2019), and thus are important nodes for a
functional forest landscape green infrastructure. Nevertheless, from the beginning
of the 1970s, forest harvesting increased dramatically in the mountain region, which
caused public and political reactions and gave rise to the establishment of a nature
conservation border (Jonsson et al. 2019). This mountain forest border (MFB; Sw:
fjallnara gransen) was suggested by von Sydow (1988) and is a policy instrument
that restricts forest harvesting above the MFB more strictly than below (Jonsson et
al. 2019). The MFB became recognised in the Swedish Forestry Act in 1991 and
has contributed to the maintenance of intact forest landscapes with high or very
high nature conservation values above the MFB (Jonsson et al. 2019; Svensson et
al. 2020). For example, 61 % of the forests above the MFB are older than 120 years
(Jonsson et al. 2019), in contrast to a fraction of 19.5 % in the whole country (SLU
2020).

Today, the intact forests along the Scandinavian Mountain range and their future
use are once again debated. Two main lines arguing for contradicting goals can be
discerned. One line is promoting intensified biomass and wood production to
provide the industry with raw material and to implement a bioeconomy (Jonsson et
al. 2019). The other line is promoting maintenance and development of multiple
forest values and value chains associated with biodiversity, carbon sequestration,
tourism and recreation, and indigenous Sami culture and reindeer husbandry.

1.1.3. Woodland key habitats in NW Sweden

As part of the Swedish green infrastructure planning and as a decision knowledge
basis for the Swedish environmental and nature conservation work in general,
woodland key habitats (WKHSs) play an important role (Wester & Engstrém 2016).
AWKH is defined as a forest patch that by an overall assessment of its ecological
structure, species content, forest history and physical environment has a high
importance for the forest’s flora and fauna today, and harbours or can be expected
to harbour red-listed species (Wester & Engstrom 2016). WKHSs are not formally
protected. The inventory method was originally developed to detect and delineate
isolated conservation forest patches embedded in a commercially managed forest
or agricultural landscape (Timonen et al. 2010).

The WKH identification was earlier part of a systematic national inventory
performed by the SFA, but since 2006 WKHs have only been identified in
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association with the administration of clear-cut notifications (Wester & Engstrom
2016). As WKHs are identified by the SFA, they become classified according to
one to three (out of more than 50) predetermined WKH biotope types (hereafter
WKH-types) to secure representation of various habitats (Skogsstyrelsen 2020). In
other words, one specific WKH might be classified as up to three WKH-types of
which one defined as the dominating.

WKHs are acknowledged as biodiversity hotspots since they commonly have
high occurrence of indicator species and red-listed species and hold high
biodiversity qualities (e.g. diversity and volume of dead wood, old trees of various
species, and intact characteristics; Timonen et al. 2011; Wester & Engstrém 2016;
Fig. 1). They are further expected to potentially improve connectivity of scattered
habitats (Timonen et al. 2010) and despite their generally small size, they might be
valuable complements to nature reserves (Wester & Engstrom 2016).

The distribution of WKHSs in Sweden is not evenly spread as the by far largest
area of WKHs is located in NW Sweden (Wester & Engstrom 2016). The WKHs
in municipalities in the mountain region hold higher nature conservation values
with a larger share of red-listed species than the national mean value (Wijk 2017b).
This has led to difficulties in the application of the WKH-inventory in that area,
especially delimitation difficulties due to the large areas of intact forests that clearly
meet the WKH-criteria (Timonen et al. 2011; Claesson 2018).

To improve the WKH-inventory in NW Sweden and to make it more objective,
the SFA developed a new inventory method, which was adapted to locally and
regionally conditions (Wester et al. 2019; see 2.3.1). Consequently, the criteria for
what object is classified as a WKH became higher within NW Sweden than outside
(Wester et al. 2019). The new method was only developed for five of the over 50
WKH-types; coniferous forest, natural coniferous forest, broadleaf-rich coniferous
forest, broadleaf-rich natural coniferous forest, and wetland- forest mosaic (Wester
et al. 2019), since they are dominating by area in NW Sweden (Roberge 2018).

Beside WKHSs, the SFA registered woodland habitats with semi-high
conservation values (ONVs; Sw: object med naturvarden). ONVs are delineated
forests with slightly lower qualities than WKHSs, but indeed have nature
conservation values important for biodiversity and can develop WKH qualities
within a relatively short period of time (Wester & Engstrém 2016).

Currently, the WKH-inventory has been closed and it was assessed nationally
by the Forest policy inquiry (SOU 2020), including a suggestion to eliminate parts
of the existing data associated with the WKH mapping. This suggestion is based on
legal considerations, but the value of the WKH database and continued data
collection remain high for research, and for bringing knowledge into planning for
additional protection and identification of areas where forest management
potentially can continue (Jonsson et al. 2019). Additionally, the value of the WKH-
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inventory remain high to secure biodiversity and to realise a functional forest
landscape green infrastructure (Timonen et al. 2010; Wester & Engstrom 2016).

Figure 1. Spruce dominated forest in Aptasvare fjallurskog nature reserve that contain high nature
conservation values with WKH quality (e.g. large dead trees and old living trees).

1.2. Knowledge gap

Many studies and reports have recently been published in Sweden regarding the
structure of the high nature conservation value forests in NW Sweden, national
green infrastructure and habitat connectivity, as well as on forest and biodiversity
loss (e.g. Claesson 2018; Svensson et al. 2019a, 2020; Angelstam et al. 2020).
However, only few studies are performed on a narrower scale (e.g. Mikusinski et al
2021) and in particular with consideration to different biotope and forest types,
which is of high importance for an ecologically functional green infrastructure in
the landscape (Svensson et al. 2019b). This study aims to add knowledge to fill a
part of that gap.
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1.3. Aim

To evaluate how WKHs, ONVSs, and forestlands with no documented conservation
values generally contribute to a functional forest landscape green infrastructure in
NW Sweden.

1.4. Research questions

With a focus on three commonly occurring focal WKH-types (i.e. natural
coniferous forest, broadleaf-rich natural coniferous forest, and wetland-forest
mosaic) in NW Sweden, as well as on previously registered WKHs, newly
identified WKHs and ONVs, and on baseline forests with no documented
conservation values, the following two research questions guided the analyses:

i) How can the local connectivity in NW Sweden be strengthened by adding the
newly identified WKHs and ONVs, as well as the baseline forests, to the previously
registered WKHs?

i) What is the difference between above and below the mountain forest border with
respect to local connectivity for the previously registered WKHSs, the newly
identified WKHSs and ONVs, as well as for the baseline forests?

1.5. Delimitation of the study

Focus in the analyses will be on three pre-selected WKH-types, i.e. those types that
occur most commonly in NW Sweden (Roberge 2018). Other types will be included
only to some extent for providing a context of the WKHs. Connectivity will be
evaluated within the squares separately, without any attention to their surrounding
environments or their internal spatial configuration. Although the analyses will be
based on very detailed data, specific management plans for certain areas will not be
developed as part of this project. Instead, the results might generate input to such
management plans in other contexts. Different forest management alternatives,
multifunctional management objectives, land ownership, specific WKH-inventory
improvements, and specific restoration and management actions to improve forest
nature conservation values are not included.
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2. Materials and Methods

2.1. Research questions in context

Connectivity can be assessed with different approaches and tools and varies in
general with species’ requirements for persistence. In this study, connectivity is
defined by the amount of coherent area that contains high or semi-high nature
conservation values (termed core) and by the amount of area available for species
dispersal (termed corridor). In other words, increased connectivity is here equal to
increased core and corridor area. Hence, connectivity is treated with a more general
approach linked to different habitat types. More specifically, | evaluated
connectivity for three focal biotope types of previously registered WKHSs and its
increase by the addition of newly identified WKHs and ONVSs, and of all existing
forestland independent of its nature conservation values. This evaluation was
performed on a local scale, i.e. in randomly distributed 5 x 5 km test squares in NW
Sweden.

2.2. Study area

The study area is located in NW Sweden across an area of 8.5 million ha (8,467,163
ha; Fig. 2). It includes 11 municipalities (from north to south: Sorsele, Storuman,
Vilhelmina, Dorotea, Stromsund, Krokom, Are, Berg, Harjedalen, Malung-Sélen),
all bordering the Scandinavian Mountain range. The majority of the land is covered
by forest (5.1 million ha) followed by non-forest alpine land (1.9 million ha) in the
western part and wetlands (1.4 million ha; Riksskogstaxeringen SLU 2021). The
forestland is mainly dominated by two coniferous tree species, Norway spruce
(Picea abies; 47.8 %) and Scots Pine (Pinus sylvestris; 34.6 %), followed by birch
species (Betula pubescens and B. pendula; 13.6 %). Other deciduous tree species
such as Alder (Alnus incana), Aspen (Populus tremula), Goat willow (Salix caprea)
and Mountain ash (Sorbus aucuparia) only cover 1.3 % of the forestland
(Riksskogstaxeringen SLU 2021). Pine is more frequently occurring in the north
and south, and Spruce in the central parts (Mikusinski et al. 2021). In addition, there
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is subalpine mountain birch (Betula pubescens ssp. Czerepanovii) stretching along
the Scandinavian Mountain range and forming the alpine forest line.

The productive forestland (tree growth >1 m3/ha/year as an average over the
rotation period) corresponds to 75.1 % of the total forestland within the study area
(Riksskogstaxeringen SLU 2021) and is equal to 16.1 % of the total productive
forestland in Sweden (SLU 2020). The land within the study area is climatically
constrained (longitudinal, latitudinal, and altitudinal) with implications such as
lower forest site productivity towards the west and north parts (Svensson et al.
2020), which characterise the ecosystem and species diversity.

The MFB divides the study area in two segments that extends continuously south
to north. The study area has a higher proportion of forests with high nature
conservation values than has the rest of the country (Claesson 2018), where the
amount of high or very high nature conservation values in addition is much higher
above the MFB than below (Jonsson et al. 2019; Svensson et al. 2020). For this
reason, | stratified my analyses according to this border to allow quantification of
the areal and spatial differences. Note: the area termed below the MFB is not equal
to all land in Sweden below the MFB, rather to the area below the MFB within the
study area.
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Sweden

Study area
Above MFB

Municipalities

- Test squares

Figure 2. The study area in NW Sweden, including the region above the mountain forest border
(MFB), 11 municipalities (from north to south: Sorsele, Storuman, Vilhelmina, Dorotea, Strémsund,

Krokom, Are, Berg, Harjedalen, Malung-Salen), and 38 squares inventoried by the Swedish Forest
Agency (SFA).
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2.3. Input data

2.3.1. Data from the Swedish Forest Agency

The SFA provided spatially delineated field data from the 2018 inventory, which |
used as a basis to construct and analyse different setups. One of the main objectives
to perform the inventory was to practically test and evaluate the newly developed
supporting method to identify and delineate WKHs in NW Sweden (Wester et al.
2019). Specifically, 69 test squares (hereafter squares) covering 5 x 5 km were
randomly distributed in NW Sweden. Prior to the field inventory, all squares were
digitally analysed to identify areas within proxy Continuity forests (pCF)
potentially containing high nature conservation values (Wester et al. 2019). The
pCF is a mapping of Swedish boreal forests that has not been clear-cut since the
1960s (Ahlkrona et al. 2017). In addition, areas that showed clear signs of human
impact, thus expected to contain low nature conservation values, were excluded
from the following field inventory. Within the areas identified to be of interest for
the field inventory, several systematically distributed square areas (radius 25 m)
were placed in a 200 x 200 m grid. The SFA performed the field inventory in 53
out of the 69 squares, supported by checklists developed for the new WKH-
inventory method in NW Sweden. The checklists were designed to capture the core
of the overall assessment associated with the WKH inventory, i.e. forest history,
specifically valuable forest elements, the physical environment, and the presence
of species of conservation concern (i.e. signal species and red-listed species). The
checklists also constituted the decision basis for the area assignment into three
categories i) high WKH quality, ii) semi-high ONV quality or iii) no documented
conservation values. The SFA re-inventoried previously registered WKHs and
ONVs, but did not inventory any formally protected areas. One important data
limitation is the defaulted inventory in some of the digitally identified areas of
interest within the 53 inventoried squares, which might underestimate the area
containing high or semi-high nature conservation values. Due to insufficient data
quality in the county of Norrbotten (Wester et al. 2019), | excluded all squares in
Norrbotten in my analyses, leaving 38 squares for my study.

2.3.2. National landcover data

To identify areas of different forest types and connected wetlands, I used the open-
source national landcover data (hereafter NMD; Naturvardsverket 2019; accessed
2021-03-23), which provided high-resolution (10 x 10 m) information about
different types of land coverage in Sweden (Appendix 2). In NMD, forestland was
defined according to the FAO forest definition “Land spanning more than 0.5
hectares 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
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predominantly under agricultural or urban land use.” (FAO 2010; Naturvardsverket
2019). Forestland was classified into seven main forest types (Appendix 3), and in
addition whether they were located on wet organic soil or on mineral soil. Since the
study area is located along the Scandinavian Mountain range, where the subalpine
mountain birch has its main distribution, I complemented the main raster with a
data layer providing information on land covered by mountain woodland (10 x 10
m; Naturvardsverket 2019). Mountain woodland was defined as tree-covered areas
above the MFB with a tree height of 2-5 m and a tree crown cover of > 10 %
(Naturvardsverket 2020a) and included both coniferous and deciduous tree species.
The addition of spatially defined data on mountain woodland contributed to a more
comprehensive description of the land coverage within the study area, as well as it
decreased the underestimation of deciduous forests.

2.3.3. High conservation value forest data

To add information on areas within nature reserves that by default are considered
to contain high nature conservation values, | used the high conservation values
forests data set (HCVF; Naturvardsverket & Skogsstyrelsen (2017); accessed 2021-
03-23), which provided information on known forests containing high nature
conservation values, covering both productive and unproductive forestland. This
dataset was based on nationally unified and open-source material from 2016 on
various formally and not formally protected areas (Appendix 2). However, it is
important to note that the dataset only provided information on previously known
high conservation value forests and might thus underestimate the real area of
HCVF.

2.4. Data preparations

2.4.1. Set arrangements

To prepare the different datasets for the forthcoming connectivity analyses, I
merged data on previously registered WKHSs, on newly identified WKHs and
ONVs, on HCVFs within formally protected nature reserves, and on all forestland
according to NMD in four different sets (A, AB, ABC, and ABCD; Fig. 3), as
described in detail below. This approach (i.e. set A-ABCD) allowed me to quantify
the areal increase of core and corridor when forests with different levels of nature
conservation values were added to forests with higher nature conservation values.
In addition, I analysed data separately for three different biotope types in line with
the classification of WKHs given by the SFA (i.e. natural coniferous forest
(consisting of coniferous forest and natural coniferous forest), broadleaf-rich
natural coniferous forest, and wetland-forest mosaic). These three WKH-types are
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the most common and define the largest WKHs in NW Sweden (Roberge 2018) and
were therefore of primary interest for this study. In total, | had 12 combinations to
analyse (four sets times three WKH-types).

First, set A was based on data on previously registered WKHSs only. Since each
registered WKH was classified according to one to three pre-defined WKH-types,
single WKHs could be classified as having one primary, one secondary, and one
tertiary WKH-type, i.e. with one type dominating and placed first in the WKH-
typing standard classification. In this study, consideration was taken to each
WKH’s primary and secondary WKH-type classification when | selected the
WKHs classified as natural coniferous forest, broadleaf-rich natural coniferous
forest, and wetland-forest mosaic from the whole WKH dataset. Additionally, |
investigated whether some of the selected WKHs had been clear-felled after the
field inventory. I used the NMD class temporarily non-forest to represent potential
clear-cuts (until 2019) and erased them from the selected WKHSs. This action,
though, might have erased other temporarily open areas such as storm-fellings or
recently burnt areas, which could be seen as important structures for nature
conservation.

Second, the sub-sets B and C were based on spatially defined objects classified
as WKH or ONV, respectively. Data were originally separated by forest type (pine,
spruce, or broadleaf-rich coniferous forest) and in order to fit the WKH-types used
in set A, | reclassified them using the NMD base layer and the complementary
NMD mountain woodland layer. All objects in which one WKH-type (i.e. defined
by its corresponding NMD classes; Appendix 4) was dominating (> 70 %;
Naturvardsverket 2019) were classified according to that dominating WKH-type
(n=498). The remaining objects were thereafter classified according to the WKH-
type that exceeded 50 % (n=74). A few objects (n=18) remained un-classified, of
which some had a nearly dominating (close to 50 %) WKH-type and some had no
dominating nature type. These 18 polygons were all classified manually as
belonging to the wetland-forest mosaic WKH-type, since the two other types
naturally may be included in its mosaic. Formally protected areas were not included
in the SFA inventory data, although parts of nature reserves were located within the
38 squares. To achieve more comprehensive results in the connectivity analyses, |
included HCVFs within nature reserves in sub-set B (i.e. treated as containing
habitats of WKH quality). The HCVFs within the nature reserves were assigned to
the three focal WKH-types based on the same method and criteria as mentioned
above (> 70 % n=256 and > 50 % n=58). The HCVFs within nature reserves that
remained un-classified (n=10) were not located within the squares and thus were
not included in the analyses. | thereafter merged sub-sets B (including HCVFs
within nature reserves) and C to set A, which created sets AB and ABC.

Third, sub-set D was based on all remaining forestland in the 38 squares,
separated on the three focal WKH-types, and was created by the extraction of the
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NMD classes that corresponded to those WKH-types (Appendix 4). In other words,
sub-set D consisted of forests with no documented conservation values. However,
these forests could potentially harbour not documented or develop nature
conservation values naturally over time or assisted by restoration actions, or
contribute to increase connectivity between areas already containing high nature
conservation values. | prepared set ABCD by adding sub-set D to set ABC, which
formed a forestland baseline.

In summary, the four sets (A, AB, ABC, and ABCD) were prepared for the
connectivity analyses, separated in three different focal WKH-types natural
coniferous forest, broadleaf-rich natural coniferous forest, and wetland-forest
mosaic. In addition, | also created the four sets A up to ABCD for all three focal
WKH-types merged. | converted all set layers to raster files (10 x 10m) and
reclassified all area of interest within the study area as foreground and the remaining
landcover as background to prepare for the following Morphological Spatial Pattern
Analysis (MSPA; Vogt & Riitters 2017; European Commission 2021a).

2.4.2. Complications in data preparations

While I arranged the four sets (A-ABCD) for the forthcoming analyses, some data
dilemmas needed to be solved. To begin with, I considered each WKH’s two first
WKH-type classifications (i.e. the primary and the secondary) when the WKHs
classified as natural coniferous forest, broadleaf-rich natural coniferous forest, and
wetland-forest mosaic were selected from the full WKH dataset. This approach
facilitated to include WKHs secondarily classified as one of the three focal WKH-
types, but resulted in a few WKHSs that were included twice, but separately, in the
upcoming analyses. Specifically, three polygons were classified as both wetland-
forest mosaic and natural coniferous forest (totally about 77 ha) and seven polygons
were classified as both broadleaf-rich natural coniferous forest and natural
coniferous forest (totally about 300 ha). However, this should not impact the
analyses considerably, since the three focal WKH-types were not compared to each
other in exact absolute areal.

Moreover, it is important to mention that a few polygons (n=19) were classified
twice by the SFA during the inventory in 2018, and thus needed manipulation to fit
the analyses. Some were defined to contain the same nature conservation value, but
different tree species, of which one of the overlapping polygons simply was
removed. Some were defined as containing both WKH and ONV quality. Following
a conservative approach and to avoid overestimations of nature conservation
values, I used the lower quality. For small “islands” defined as containing high
nature conservation values within larger polygons defined as containing lower
nature conservation values (or vice versa), I erased the shape of the “island”. After
the modification, the data consisted of 820 non-overlapping polygons.
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5 km

Figure 3. a) One of the 38 squares as an example, showing the landcover data (NMD) classes forest
(green), wetland (purple), and temporarily open areas (khaki; see full legend in Appendix 3). b) In
the same square, the four sets A, AB, ABC, and ABCD, illustrated by the polygons of which they are
constructed. The polygons in the first row represents the various nature conservation values, i.e.
previously registered WKHSs (dark red) in set A, newly identified WKHs (red) added to create AB,
newly identified ONVs (orange) added to create ABC, and all remaining forestland (green) added
to create the forestland baseline ABCD. Note, a formally protected nature reserve is located partly
within the square (dark green in the upper part), which has been included in set AB, i.e. as
containing WKH quality. The second row represents the transformation of the different polygons in
all four sets to a MSPA compatible binary raster file assigned as containing only foreground (black)
and background (white) area. The third row represents the MSPA output, where the raster pixels
are divided into a few generic non-overlapping classes which of some represent core (green), edge
(black and blue), and corridor (red, orange and yellow; Appendix 4).
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2.5. Analyses

2.5.1. Distribution of previously registered WKHs

To display an overview of the occurrence and size distribution of previously
registered WKHs, | tabulated their total area, mean size, total number, largest WKH
area, and smallest WKH area, separated on above and below the MFB. This was
made for all existing WKH-types together as well as separately for the three focal
WKH-types natural coniferous forest, broadleaf-rich natural coniferous forest, and
wetland-forest mosaic. Some WKHs were located partly above and partly below
the MFB, and due to technical separating issues all WKHSs placed with any part
below the MFB were assigned to below the MFB. This created a small
overestimation of the occurrence of WKHs below the MFB and hence a small
underestimation above the MFB.

I compiled the secondary WKH-types classified by the SFA that corresponded
to the WKHs that were primarily classified as natural coniferous forest, broadleaf-
rich natural coniferous forest, or wetland-forest mosaic and tabulated their total
number and area. In contrast to the selection of WKHSs for the creation of set A (i.e.
where the selection was based on a WKH’s primary and secondary biotope type;
see 2.4.1), this tabulation was based only on the primary WKH-type to minimise
potential overlaps between the WKHs. Moreover, data did not specify the areas of
the different WKH-types within one individual WKH. This approach, however,
failed to include areas secondarily classified as natural coniferous forest,
broadleaf-rich natural coniferous forest, and wetland-forest mosaic and thus
underestimated their actual area.

2.5.2. Connectivity analyses

For each set (A-ABCD), | applied connectivity analyses using Morphological
Spatial Pattern Analysis (MSPA; European Commission 2021a), which provided a
variety of generic raster image processing tools. MSPA is targeted to describe the
pixel-level geometry and connectivity of the components in an image (European
Commission 2021a). In this study, the objects in set A-ABCD constituted the
foreground area, which MSPA divided into a few generic mutually exclusive
classes to describe its composition and spatial arrangement (Fig. 3; Appendix 5a).
Next, | grouped the MSPA classes into four categories: core, edge, and corridor
(including stretched forest occurrence and smaller islets of forest; Appendix 5b) as
well as total foreground (i.e. consisting of the other three categories). All
parameters except edge width were set to default prior to the MSPA. In natural and
non-natural fragmented landscapes, the ecological effects of patch edges can be
large (Aune et al. 2005; Timonen et al. 2010). Here, the edge effect was defined to
occur in the outer 20 m of the patches, (i.e. corresponding to a pixel width of 2;
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Svensson et al 2019). For each square, | calculated the percentage occurrence of the
four MSPA categories and summarised their corresponding absolute area as
preparation for the analyses. | further calculated the edge/core-ratio (i.e. the
proportion of edge in relation to core) for natural coniferous forest in all squares.
Moreover, | computed the proportion of total foreground and core area, separately,
for sub-sets A, B, and C in relation to the forestland baseline ABCD for each square,
to investigate whether they coincided with the Aichi target#11 of 17 % (CBD 2021)
or not.

2.5.3. Statistical analyses

To test for differences in absolute area for the MSPA categories foreground, core,
edge, and corridor among the four sets A, AB, ABC, and ABCD, | applied a simple
linear regression, separately for each MSPA category assigning the four sets as
predictor and area as response variable. | log-transformed area to ensure normally
distributed data. Since the first model only tested set A in relation to the three other
sets, I used ‘contrasts’ (R package contrast (O’Callaghan et al. 2020) and Ismeans
(V. Lenth 2016)) to test for the differences between AB and ABC, AB and ABCD,
and ABC and ABCD.

To analyse whether there was a difference in the continuous response variables
absolute core area or the edge/core-ratio between the two categorical predictor
groups above and below the MFB, | used a Mann Whitney U test. All squares partly
or fully above the MFB were assigned to the group above (n=13) and the rest were
assigned to the group below (n=25). The Mann Whitney U test is a non-parametric
test without requirements of normally distributed input data and therefore
transformations were not necessary.

These statistical tests were performed on the WKH-type natural coniferous
forest alone since the amount of data related to broadleaf-rich natural coniferous
forest and wetland-forest mosaic were not sufficient for the analyses (Appendix 6).
The patterns of the merged data on all three focal WKH-types were very similar to
data in the dominating natural coniferous forest, wherefore those data were not
separately statistically analysed. Consequently, most results are available only for
natural coniferous forest.

For the spatial analysis, | used the GIS software ArcMap (ArcGIS 10.8; ESRI,
Redlands, CA, USA). For Morphological Spatial Pattern Analysis (MSPA) | used
the Guidos Toolbox software (version 3.0; Soille & Vogt 2009; Vogt & Riitters
2017). | performed all statistical analyses in R software i386 4.0.2 (R Core Team
2020) using a significance level of a < 0.05. Boxplots were created using the
package ggplot2 (Wickham 2016).
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3. Results

3.1. Overview of previously registered WKHs

| found that out of the total area of all previously registered WKHSs above the MFB,
81.8 % were natural coniferous forest, 3.1 % were broadleaf-rich natural
coniferous forest, and 0.7 % were wetland-forest mosaic (Table 1). Below the MFB,
the shares were 67.9 % of natural coniferous forest, 2.9 % of broadleaf-rich natural
coniferous forest, and 1.8 % of wetland-forest mosaic (Table 2). Further, there was
a large difference in absolute size and number of the WKHs between above and
below the MFB, with a larger number and total area below the MFB (n=3,322;
23,781 ha) than above (n=641; 10,638 ha), which was also true for the three focal
WKH-types separately. In contrast, the mean size of the WKHs was larger above
the MFB than below, 17 ha vs. 7 ha, for all WKH-types together and the three focal
WKH-types followed the same pattern.

Within the study area, 2,222 previously registered WKHs were primarily
classified by the SFA as the WKH-type natural coniferous forest (corresponding to
24,864 ha; Appendix 7a). These WKHs were in turn secondarily classified
according to 31 other WKH-types, with spruce forest on wet soil (Sw:
gransumpskog; 4.4 %), scree slope (Sw: bergbrant; 4.4 %), and natural forest creek
(Sw: naturlig skogsback; 3.4 %) as dominating types and small canyon (Sw: liten
sprickdal; 0 %) as the least dominating. Fewer WKHs (n=118; 1036 ha) were
primarily classified as broadleaf-rich natural coniferous forest, with 18 secondary
types (Appendix 7b), namely wetland-forest mosaic (13.7 %), natural coniferous
forest (13.5 %), and surface spring outflow (Sw: kallpaverkad mark; 7.3 %) as the
most common and bank slope (Sw: brink; 0.1 %) as the least. Even fewer WKHSs
(n=31; 509 ha) were primarily classified by the SFA as wetland-forest mosaic and
had only 9 secondary types (Appendix 7c¢). The three most common were forest on
rocky ground (Sw: hallmarkskog; 21.7 %), spruce forest on wet soil (Sw:
gransumpskog; 18.4 %), and small ponds (Sw: smavatten; 7.9 %) and the least was
pine forest on wet soil (Sw: tallsumpskog; 0.3 %).
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Tabel 1: Total area, mean size, total number, largest area and smallest area of all previously
registered WKHs for natural coniferous forest, broadleaf-rich natural coniferous forest, and
wetland-forest mosaic, separately, above the mountain forest border (MFB)

WKHs above the MFB

Total area  Mean Total Largest Smallest
(ha) size (ha) number WKH (ha) WKH (ha)
All WKH-types 10,638 17 641 513 0*
Natural coniferous forest 8,700 19 461 513 0*
Broadleaf-rich natural 330 21 16 142 0*
coniferous forest
Wetland-forest mosaic 70 70 1 70 70

Tabel 2: Total area, mean size, total number, largest area and smallest area of all previously
registered WKHs for natural coniferous forest, broadleaf-rich natural coniferous forest, and
wetland-forest mosaic, separately, below the mountain forest border (MFB)

WKHs below the MFB

Total area  Mean Total Largest Smallest
(ha) size (ha) number WKH (ha) WKH (ha)
All WKH-types 23,781 7 3,322 265 0*
Natural coniferous forest 16,164 9 1761 265 0*
Broadleaf-rich natural 706 7 102 79 0*
coniferous forest
Wetland-forest mosaic 439 15 30 110 0*

* The smallest WKH area equals to 0 (zero) due to WKH-types represented by point objects such as

one single, very large and old tree.

3.2. Dominance of natural coniferous forest

With the focus on the three focal WKH-types natural coniferous forest, broadleaf-
rich natural coniferous forest, and wetland-forest mosaic, the results showed that
the former type strongly dominate by area (Fig. 4). The two latter WKH-types
consisted only of few polygons and occurred only in few squares (Appendix 6),
wherefore they were excluded from the statistical analyses. The summarised
foreground area of all three focal WKH-types was highly influenced by the pattern

of natural coniferous forest.
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The natural coniferous forest absolute core, edge and corridor area increased in
general from set A through AB and ABC to ABCD. The area increased most
between set ABC and ABCD, whereas it increased less and with larger variation
among the other sets (i.e. A to AB to ABC; Fig. 5). Apart from between set AB and
ABC, there was a difference in absolute area among all sets (i.e. between A and
AB, A and ABC, A and ABCD, AB and ABCD, ABC and ABCD; Appendix 8) for
core as well as for edge and corridor. The corridor area was very small in the three
sets containing nature conservation values (i.e. sets A-ABC), whereas the potential
corridor area considering the forestland baseline (i.e. set ABCD) was considerably
larger.
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Figure 4. Foreground area (ha), i.e. the combined area of core, edge and corridor, per set
summarised for all three focal WKH-types (All three) and separately for each type, i.e. for natural
coniferous forest (Coniferous), broadleaf-rich natural coniferous forest (Broadleaf) and wetland-
forest mosaic (Mosaic). The midline represents the median value, and the dots represent outliers.
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Figure 5. Area (ha) distribution between the sets (A, AB, ABC, and ABCD) in natural coniferous forest core, edge, and corridor, separately. The midline within each
box represents the median, the internal dots represent the mean values, and the external dots represent outliers. Note; the left diagram y-axis has a different scale.
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3.3. Natural coniferous forest core area and
edge/core-ratio differ above and below the MFB

The natural coniferous forest core area differed according to the Mann Whitney U
test between above and below the MFB for all sets (A: W =71, p = 0.005; AB: W
=43, p = 0.000; ABC: W =44, p = 0.000; ABCD: W =76, p = 0.008; Fig. 6). In
particular, the core area was much larger above than below the MFB for sets AB
and ABC. The lowest core area was found in set A below the MFB (median = 1
ha), while the largest was found in set ABCD above the MFB (median = 717 ha).
There was a larger variation in area size above the MFB. The edge/core-ratio (i.e.
the proportion of edge in relation to core) for natural coniferous forest was
significantly higher below the MFB than above for set AB, ABC, and ABCD (AB:
W =194, p = 0.007; ABC: W =241, p = 0.000; ABCD: W =252, p = 0.006; Fig.
7). Above the MFB, the edge proportion decreased when sub-sets B, C and D were
added to the previously registered WKHSs in set A, which was not the case below
the MFB. The highest edge proportions were found in set A and ABC below the
MFB (median (%) = 58.8 and 59.9, respectively) and the lowest in set AB and ABC
above the MFB (median (%) = 31.1 and 29.1, respectively).
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Figure 6. The difference in natural coniferous forest core area between above and below the
mountain forest border (MFB) for the four sets A, AB, ABC, and ABCD. The midline within each
box represents the median, the internal dots represent the mean values and the external dots
represent outliers.
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Figure 7. The difference in edge/core-ratio (i.e. the proportion of edge in relation to core) for natural
coniferous forest between above and below the mountain forest border (MFB) for the four sets A,
AB, ABC, and ABCD. The midline within each box represents the median, the internal dots represent
the mean values and the external dots represent outliers.

3.4. Natural coniferous forest areas in relation to
the international Aichi target #11

For natural coniferous forest, the proportion of areas containing high or semi-high
nature conservation values (i.e. set ABC) in relation to the forestland baseline (i.e.
set ABCD) per square was in general much higher above the MFB than below (Fig.
8). For total foreground area above the MFB, the proportion of set ABC exceeded
the target of 17 % protected areas important for biodiversity required by the Aichi
target #11 (CBD 2021) in 10 of 13 squares (77 %). Four out of these 10 squares
exceeded the target with previously registered WKHSs alone (i.e. set A), five with
the addition of newly identified WKHs (i.e. set AB) and one by the addition of
newly identified ONVs (i.e. set ABC). In contrast, only seven out of 25 squares (28
%) held a proportion of foreground in ABC that exceeded 17 % below the MFB.
One of these seven squares exceeded the target with previously registered WKHs
alone (i.e. set A), four with the addition of newly identified WKHs (i.e. set AB) and
one by the addition of newly identified ONVs (i.e. set ABC). The remaining 18
squares (72 %) below the MFB, did not contain high or semi-high nature
conservation values to meet the target of 17 %.
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For the core proportion above the MFB, nine out of 13 squares (69 %) exceeded
17 %, of which four by previously registered WKHSs alone, four with the addition
of newly identified WKHSs, and one with the addition of newly identified ONVs.
On the contrary, for core proportion, only four out of 25 squares (16 %) exceeded
17 % below the MFB, of which one with previously registered WKHSs, two with the
addition of newly identified WKHSs and one with the addition of newly identified
ONVs. With the focus on core proportion, four squares (31 %) contained less than
17 % of high or semi-high nature conservation values above the MFB, compared
with 21 squares (84 %) below the MFB.
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Figure 8. Proportion of natural coniferous forest foreground (i.e. core, edge and corridor) and core for sub-sets A (previously registered WKHSs; dark red), B (newly
identified WKHSs; light red), and C (newly identified ONVs; orange) in relation to the forestland baseline (ABCD) for each individual square, separated on above (left)

and below (right) the mountain forest border (MFB). The dashed line represents the 17 % protected areas important for biodiversity required by the Aichi target #11
(CBD 2021).
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3.5. Small broadleaf-rich natural coniferous forest
and wetland-forest mosaic core areas

Overall, areas of broadleaf-rich natural coniferous forest and wetland-forest
mosaic with high or semi-high nature conservation values (i.e. set A, AB, and ABC)
were rare (Fig. 9). For both WKH-types, the area increase among the sets A, AB,
and ABC was minor, whereas the area increase in set ABCD was high, but showed
a large variation among the squares. The broadleaf-rich natural coniferous forest
and wetland-forest mosaic with additional high or semi-high nature conservation
values (i.e. set AB and ABC) occurred to a slightly larger extent above the MFB
than below. This result should be interpreted with care, however, due to the low
sample size (Appendix 6).
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Figure 9. The difference in broadleaf-rich natural coniferous forest (left) and wetland-forest mosaic (right) core area (ha) between above and below the mountain forest
border (MFB) for the four sets A, AB, ABC, and ABCD.
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3.6. Various conditions for nature conservation
among squares

| found a large variation in how local connectivity can be strengthened by the area
additions among the 38 squares. More specifically, the absolute area and share of
core, edge, and corridor as well as the area increment between the sets (A-ABCD)
varied largely (Fig. 10). In general, for natural coniferous forest, the share of core
area was larger than the shares of edge and corridor. However, in some squares and
sets (n=16), the share of edge was larger than the share of core (A: n=7; AB: n=4;
ABC: n=3; ABCD: n=2), mostly occurring below the MFB (n=13). Regarding the
core area increase between the sets, some squares showed examples of extreme
increases, especially between set ABC and the baseline ABCD. The largest natural
coniferous forest core area increase equalled 177 times from 3 hato 531 ha, whereas
the comparable increase was 690 times for broadleaf-rich natural coniferous forest
from 0.1 ha to 69 ha, and 14,325 times for wetland-forest mosaic from 0.04 ha to
573 ha. These large increases occurred when only small areas containing high or
semi-high nature conservation values existed (or rather, were identified) in a square
with high abundance of baseline forest.

To illustrate the substantial variability between the sample of squares, figure 10
shows no. 4, 5, and 11. Square no. 4 represents a situation with a marginal area
increase between the sets for natural coniferous forest core, edge, and corridor,
which is related to the already large area of previously registered WKHs within the
square. The square is located in the municipality of Krokom (Appendix 9), partly
above the MFB, and shows a typical landscape mosaic of wetlands and forest
patches. Almost all newly identified WKHs (sub-set B) overlap spatially with
previously registered ones (sub-set A), and the area of ONVs (sub-set C) does not
contribute to any extent, for neither of the three focal WKH-types. The NMD- and
pCF-maps suggest a marginal area increase in the baseline ABCD for natural
coniferous forest, which represents an outlier situation in the sample. Here, most of
the remaining unprotected pCF constitutes of deciduous forest and not of coniferous
forest. Many previously registered WKHSs are classified as both natural coniferous
forest and broadleaf-rich natural coniferous forest within this square. Moreover,
temporarily open areas (i.e. clear-cuts) can be detected close to the WKHSs in the
upper part of the map.

Square no. 11 represents a more common pattern among the squares, namely
that sets A, AB, and ABC constitute only a small area in comparison to the
forestland baseline. Thus, the area increase between set ABC and ABCD is very
high. The square is located in the municipality of Storuman (Appendix 9) below the
MFB. The NMD- and pCF-maps show a highly fragmented landscape, naturally
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through wetlands, as well as anthropogenically through many temporarily open
areas (i.e. clear-cuts). For broadleaf-rich natural coniferous forest and wetland-
forest mosaic, neither previously registered WKHSs nor newly identified WKHSs or
ONVs are present.

Square no. 5 is characterised by the abundance of ONV areas. It is located in the
municipality of Berg (Appendix 9), partly above the MFB. Whereas almost all
newly inventoried WKHs (sub-set B) are overlapping with previously registered
WKHs, the SFA inventory performed in 2018 added large numbers and areas
containing ONV qualities, especially for natural coniferous forest. For instance, a
small WKH island (in the upper right corner) became contained in a large ONV
object, and another small WKH (in the lower right corner) became linked to larger
WKHs by the newly identified ONV patches. Some previously registered WKHs
were classified as more than one WKH-type within this square. The pCF-map
illustrates only small areas of continuity forest outside areas containing already
known high nature conservation values.

38



Squareno. 5

Squareno. 11

Squareno. 4

(=]
@
<t
5
el
) @
G <
1]
o,
o < o
oo @
o
w
]
<
y
o]
I}
= =
3
a
o
_ <
Q
2
g @
5 <
Q
:=]
u < o
.% v
w
-
<
o
v
Q
£ (=] Q (=]
=858 8
vy w
o~ Lol -
o (ey) |easy
I :
<t
8
DA
2 B
[s]
Q
w
o < o
‘Mu: %]
w
]
o <
5}
]
L] (=] Q o
o s
A A
1]
{ey) jeasy

39



Figure 10. Three examples of SFA squares (no. 4, 11, and 5), representing three different area
increase scenarios and prerequisites for nature conservation. The bar charts in the first panel (a-c)
illustrate absolute area and proportion of core, edge and corridor for the four sets A, AB, ABC, and
ABCD for natural coniferous forest. The second panel and the fourth panel maps illustrate polygons
representing previously registered WKHs (in dark red; sub-set A) newly identified WKHSs (in light
red; sub-set B) and ONVs (in orange; sub-set C) of natural coniferous forest (d-f) and broadleaf-
rich natural coniferous forest together with wetland-forest mosaic (j-1), respectively. The
background shows the national landcover data (NMD), where forest (green), wetland (purple), and
temporarily open areas (khaki) are interesting landcover classes (see full legend in Appendix 3).
The third panel and the fifth panel maps show the same polygons for natural coniferous forest (g-i)
and broadleaf-rich natural coniferous forest together with wetland-forest mosaic (m-0), respectively,
but at a background map of proxy-Continuity forest (pCF).
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4. Discussion

4.1. Overview of results

The forests and forest landscapes along the Scandinavian Mountain range are
naturally heterogenous and diverse. Still, my results clearly show that natural
coniferous forest is a strongly dominating WKH-type. Although this biotope type
is intrinsically variable and more a type of a complex then a specific biotope, this
implies an unbalanced distribution of documented conservational values among
biotope types. The absolute areas containing high or semi-high nature conservation
values of broadleaf-rich natural coniferous forest and wetland-forest mosaic are
very small in comparison, and the majority of WKH-types are documented at low
frequency and areal cover.

| found a larger absolute WKH area below the MFB than above, which can be
explained by both the method | used to separate WKHSs in above and below the
border and by the existence of non-registered WKHs within already formally
protected areas (Wester & Engstrom 2016), which largely are located above the
MFB. However, | only investigated the absolute WKH area, but did not calculate it
in relation to for example total forestland above and below the MFB. The mean size
of the WKHSs was larger above the MFB than below for all WKH-types, in line with
observations by Wijk (2017b) and Roberge (2018). This can be explained by the in
general larger areas containing high nature conservation values above the MFB
(Angelstam et al. 2020; Svensson et al. 2020).

| further found a general significant increase in natural coniferous forest core,
edge, and corridor absolute area when sets with areas of various nature conservation
values were added, representing a potential increase in connectivity. In addition, |
found a notable larger natural coniferous forest core area above the border and a
higher natural coniferous forest edge/core-ratio below. Importantly, my results
highlight a larger potential to meet the Aichi target #11 of 17 % of protected area
(CBD 2021) above the MFB, while substantially larger areas and functionality have
to be added for conservational purposes below. | found a large variation among the
38 squares, which further emphasises the intrinsic structural variability in the forest
landscapes along the Scandinavian Mountain range.
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4.2. Natural coniferous forest green infrastructure
potential

My results suggest a general significant increase in natural coniferous forest core,
edge, and corridor absolute area from previously registered WKHs by adding areas
of varying conservational value, indicating a potential for improved connectivity.
This is not unexpected, since overall connectivity increases by area increase (e.g.
Mikusinski et al. 2021). Yet, it is important to note that connectivity increased the
most between set ABC and ABCD, which may question how much real
conservational value is added, since the latter mostly constitutes of forests with no
documented nature conservation values. However, the forestland baseline may
provide suitable habitat for some specific species, but does in general only provide
a green infrastructure potential that is dependent on connectivity and habitat
improvement as part of the forest management profile (Felton et al. 2020).

Corridor areas are important to connect different core areas as they facilitate
species dispersal and enhance connectivity between isolated core areas (Ye et al.
2020). Therefore, the small corridor areas found in the sets with high or semi-high
nature conservation values in this study might indicate low connectivity, with
potential negative implications for biodiversity (Aune et al. 2005). In contrast, in
the forestland baseline, the corridor area was significantly higher, potentially
explained by the inclusion of fragmented forests, i.e. some of the forest fragments
created corridors between other forest fragments. However, the quality of these
corridor forests determines whether they contribute to species migration or not,
which in addition largely is species-specific.

It is important to note, however, that | defined increased connectivity as
increased core and corridor area in this study. This is in line with the island
biogeography theory (Helmus & Behm 2020) that stresses the importance of large
coherent suitable habitat areas and reasonable dispersal distances for species
persistence and migration ability. Connectivity, especially ecological functional
connectivity, can be assessed in numerous ways, with far more spatial, habitat, and
species complexity than performed in this study. Additionally, connectivity within
the squares was investigated without any attention to their spatial configuration or
their surrounding environment. This may lead to over- or underestimations of
individual areas’ importance for nature conservation or green infrastructure.

The lack of significant increase in absolute core, edge and corridor area between
set AB and ABC indicate an in general low contribution of the ONVs to increase
the area with nature conservation values. Overall, the occurrence of ONVSs in
Sweden might be underestimated since their identification has not been prioritised
and has varied regionally (Wester & Engstrom 2016), but in this study data were
collected in the squares by the SFA aiming at including ONVs, which should
minimise such a general underestimation. The ONV concept is not as complete as
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is the WKH concept, and the value of ONVs can vary depending on their assigned
WKH-type and location (Kretz, E. pers. comment). Hence, there is a need for a
national definition to achieve a uniform application and understanding of the ONV
registration (Wester et al. 2019).

4.3. Larger natural coniferous forest green
infrastructure potential above the MFB

The MFB clearly has had practical implications for the maintenance of WKHs,
ONVs, and intact forests (Jonsson et al. 2019), as shown by the considerable larger
natural coniferous forest core areas above the border. This is in line with earlier
studies, that for example found Sweden’s largest HCVF patches (> 10,000 ha, some
exceeding 100,000 ha) to be located above the MFB, whereas most HCVF patches
below are smaller than 1000 ha (Angelstam et al. 2020). Overall, the forest belt
along the Scandinavian Mountain range is a green infrastructure hotspot (Svensson
et al. 2020).

Sweden has a long history of intensive forestry that has transformed the forest
landscape (Ericsson & Ostlund 2000; Ecke et al. 2013). The exploitation of
forestland in northern Sweden started at the Bothnian coast and progressed via the
inland towards the mountain region where it gradually ceased (Linder & Ostlund
1992). This timeline, and the establishment of the MFB (von Sydow 1988) largely
explain the difference in amount of intact forest core area that | found between
above and below the MFB. My results do contribute to the view that there is a larger
potential to realise a functional forest green infrastructure above the MFB than
below (Svensson et al. 2020), but that the in general high nature conservation values
rather are associated with a limited habitat type (i.e. natural coniferous forest) than
with overall habitat diversity. However, as discussed above, natural coniferous
forest is a broad WKH-type and include a continuum of more specific habitat types.

Moreover, | found a notable core area increase between previously registered
WKHs and newly identified WKHSs above the MFB, which marks the inclusion of
HCVFs within existing nature reserves. In this study, formally protected forests
were treated as containing WKH quality and do constitute relatively large areas
within some squares. About 75 % of the total area of Sweden’s over 5,000 nature
reserves are located in the mountain region (Naturvardsverket 2021), which
therefore affects the core area above the MFB to a larger extent than below.

My results further showed significant higher natural coniferous forest
edge/core-ratio below the MFB than above. This suggests that the core areas below
the MFB are smaller and more fragmented than the core areas above, which again
can be explained by the differences in forestry intensity (e.g. Linder & Ostlund
1992; Jonsson et al. 2019). Moreover, below the MFB, the edge/core-ratio became
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slightly higher as more areas were added. Hence, despite the additional areas, the
forest landscapes still contained a large proportion of edge in relation to core, which
suggests that the additional areas constituted of small forest fragments. In contrast,
above the MFB the edge/core-ratio decreased from the previously registered WKHs
as more areas were added, indicating that the additional areas contributed to create
larger coherent core areas (i.e. with smaller shares of edge areas), and not to more
patches of small, isolated core areas. Thus, my results indicate contrasting patterns
above and below the MFB, which even further emphasize a stratification of the
Swedish mountain region forest landscape, but in a wider context also point at
substantially different forest landscapes above the MFB than elsewhere in Sweden.
The area below the MFB, but within NW Sweden, is intermediate, and the future
governance direction will determine whether this area will add to the intact values
above the MFB or to the forest production landscapes below.

In this study, | defined the edge effect as the outer 20 meters of a forest patch.
However, the edge effect is probably larger and more varied, following the ‘rule-
of-thumb’ saying edge effects extend two to three tree lengths into forests (Aune et
al. 2005). Consequently, this may lead to a potential underestimate of the absolute
edge area and a potential overestimate of the absolute core area throughout my
results. As an effect, the edge/core-ratio could have been higher, with increased
forest patch exposure to negative biotic and abiotic edge effects (Aune et al. 2005)
and with smaller functional core areas (Svensson et al. 2019a).

All types of forest edges do not necessarily need to be negative, given the
species-specific sensitivity to edge effects (Aune et al. 2005) and the differences
between natural and anthropogenic edges (Harper et al. 2015). Natural edges (e.g.
between forests and wetlands, or shaped by natural disturbances) are a natural part
of the boreal forest biome, while anthropogenic edges are a result of human activity
such as timber harvesting (Harper et al. 2015). In this context, one can expect a
larger share of natural edges above the MFB and a larger share of anthropogenic
edges below the border (Esseen et al. 2016), with varied effects on biodiversity in
the affected core areas.

4.4. WKHs for fulfilment of international targets

The Convention on Biological Diversity’s Aichi target #11 (CBD 2021) states that
17 % of a country’s terrestrial land area important for biodiversity should be
protected by 2020. I found that more squares (69 %) above than below (16 %) the
MFB contained areas with high or semi-high nature conservation values that exceed
17 %, and thus represent a larger potential to meet the Aichi target #11. There was
a general surplus above the MFB that could compensate for the few squares (i.e. 4
out of 13) not exceeding 17 %. In contrast, below the MFB, | found a general
shortage that could not compensate for the many squares (i.e. 21 out of 25) not
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exceeding 17 %. Consequently, this again supports the conservational hotspot status
of the forests along the Scandinavian Mountain range. My results highlight single
areas of high conservational value below the MFB as well, but also reveal the large
lack of it in most squares, which emphasises the need for more conservational effort
(Svensson et al. 2020; Mikusinski et al. 2021).

All individual squares, however, do not necessarily need to exceed 17 % for
Sweden to meet the Aichi target #11 nationally, but my results strengthen the view
of the uneven distribution of high nature conservation value forests in the Swedish
boreal biome (e.g. Svensson et al. 2019a; Angelstam et al. 2020). Above the MFB,
57 % of all forestland is formally protected, in contrast to only up to 4 % in the rest
of the country (SCB 2021). With regards to the criteria on ecological
representativeness and connectivity according to the Aichi target #11 (CBD 2021),
one can question whether Sweden’s nature conservation work is successful or not,
as discussed in Angelstam et al. (2020). This question is further supported by the
failure in meeting the national Environmental Quality Objective Sustainable forests
(Skogsstyrelsen 2021a).

WKHs are recognised as being important for biodiversity conservation and are
furthermore acknowledged as key in meeting the Sustainable forests target (Wester
& Engstrom 2016; Wijk 2017a). Unfortunately, there is no national systematic
WKH-inventory at present (Wester & Engstrom 2016), and the identification of
WKHs in association with harvest notification administration ceased in 2021
(Skogsstyrelsen 2021b), probably resulting in large areas of future WKHs to remain
unidentified in Sweden. My results clearly show that especially the newly identified
WKHs, but to some extent also the newly identified ONVs, are key elements in
reaching the international Aichi target #11 of 17 %, which I think emphasise the
importance to continue the WKH-inventory to identify and map areas containing
high or semi-high nature conservation values to meet other national and
international biodiversity targets.

Biodiversity is lost in a rapid rate globally and many species are red listed as
threatened, a pattern apparent in Sweden as well (IPBES 2019; SLU Artdatabanken
2020; TUCN 2021). My results and previous research (e.g. Potapov et al. 2017;
Watson et al. 2018; Jonsson et al. 2019; Svensson et al. 2020) highlight the very
high conservational values of the intact forest landscapes above the MFB.
Unfortunately, intact forests are currently under high pressure globally, due to their
potential high-value timber resources (Potapov et al. 2017; Watson et al. 2018). In
Sweden, only around 300 000 ha are available for forest harvesting above the MFB,
which represents 1.3 % of its productive forestland (Jonsson et al. 2019). Apart
from timber harvesting, the intact boreal forests above the MFB hold
multifunctional values for recreation, tourism, and climate change resilience
(Pohjanmies et al. 2017), for biodiversity (Esseen et al. 1997), for the indigenous
Sami culture and reindeer husbandry as well as for rural development and
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livelihood (Jonsson et al. 2019). Thus, one can question whether it is defensible to
manage these 1.3 % of productive forestland for wood production or if it is more
relevant to promote a holistic and sustainable perspective.

The Aichi target #11 was to be achieved by 2020, a target that was not met in
Sweden. The next possibility for Sweden to meet an international target and to
enhance and secure biodiversity is until 2030, concerning the EU’s biodiversity
strategy, in which one key commitment is to legally protect a minimum of 30 % of
the EU’s land area (European Commission 2020). To achieve this, including
sufficient habitat representation and functional connectivity, strong political
incentives are required nationally. In addition, priorities need to be considered in
policy making on whether it is more suitable to protect remaining forests with high
nature conservation values, or to perform restoration and connectivity improvement
actions in degraded forest landscapes. The new EU Biodiversity Strategy stresses
the importance of mapping and strictly protecting all the remaining primary and
old-growth forests in the EU (European Commission 2020), which clearly will
affect the high nature conservation value forest landscapes along the Scandinavian
Mountain range.

4.5. Broadleaf-rich natural coniferous forest and
wetland-forest mosaic green infrastructure
potential

In contrast to my results on natural coniferous forest, the absolute areas containing
high nature conservation values of broadleaf-rich natural coniferous forest and
wetland-forest mosaic were very small. However, the area increase to the forestland
baseline was relatively large, which indicates a theoretical potential to increase
connectivity for these two WKH-types by restoration efforts or other management
actions. However, due to the very small sample size, and no statistical analyses
performed on these data, it is not possible to draw any general conclusions.
Moreover, even if the area increase between the objects with high or semi-high
nature conservation values and the forestland baseline was large for both broadleaf-
rich natural coniferous forest and wetland-forest mosaic, the absolute area itself in
the forestland baseline likely is too small to potentially achieve a functional green
infrastructure.

The lack of deciduous forests, especially below the MFB, is partly explained by
earlier forest management where deciduous tree species were removed by cleaning
and herbicide spraying in favour of coniferous wood production (Axelsson et al.
2002). In addition, deciduous forests are associated with post-fire successional
stages in naturally dynamic boreal forest landscapes, which were more common
prior to fire suppression (Esseen et al. 1997). The contribution of the subalpine
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mountain birch forest to provide area of deciduous forest for both high and low
demanding broadleaf-dwelling species largely is unquestionable (Mikusinski et al.
2021). However, the subalpine mountain birch forest is low-productive and located
close to the Scandinavian Mountain range with harsh climate conditions, and thus
is not suitable for all deciduous forest depending species. Therefore, besides
restoration, there is a need for enhanced inventory efforts to identify and protect
deciduous forest habitats that still exist to secure biodiversity and a functional green
infrastructure, which calls for an improved and continued WKH inventory.

One of the largest challenges with performing the WKH-inventory in vast areas
with wetland-forest mosaic is the delimitation of the WKHSs, since the whole
landscape consists of a mosaic of different forest types, wetlands, and other
neighbouring land covers (Wester & Engstrom 2016; Fig. 11). Therefore, as for
broadleaf-rich natural coniferous forest, an improved WKH-inventory is important
to secure the various elements of this WKH-type. The reason to the small area of
wetland-forest mosaic with high or semi-high nature conservation values in my
results may have more than one explanation. First, only few previously registered
WKHSs within the study area are classified as the WKH-type wetland-forest mosaic
by the SFA (Appendix 7c). Second, in sub-set B I included the HCVFs within
nature reserves, which consist of forestland and not of wetland (Naturvardsverket
& Skogsstyrelsen 2017), why | probably underestimated the real wetland area. In
the forestland baseline, though, all wetlands were included, which explains part of
the large area increase.

Figure 11. Wetland-forest mosaic in Lina fjallurskog nature reserve - a landscape consisting of a
mosaic of different forest types, wetlands, water bodies, and other land covers.
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4.6. Various conditions for nature conservation
among local landscapes

There is a large variation in absolute core, edge, and corridor area, as well as in
their areal increase and share among the squares, which reflects a naturally large
ecological variation and the extent of human impact on nature (Roberge 2018). In
some squares, the area increase between the objects with high or semi-high nature
conservation values (i.e. set ABC) and the forestland baseline (i.e. set ABCD) was
extremely large, as a consequence of few and small identified and demarked areas
containing high or semi-high nature conservation values in a landscape mostly
covered by forest. In theory, these extreme area increases correspond to a large
potential to increase connectivity within the square, but reality is far more complex.
The potential to increase connectivity based on the baseline forests is very much
dependent on the quality of those forests, including e.g. age distribution, tree
species composition, content and variability of dead wood, and other structures
important for biodiversity (Halme et al. 2013). Due to the previous and current
extensive forestry in NW Sweden, many forests are left fragmented and degraded
(e.g. Jonsson et al. 2019; Angelstam et al. 2020) and hence lack such natural values
that maintain biodiversity (Esseen et al. 1997; Halme et al. 2013; Mikusinski et al.
2021). Those values, however, can probably develop naturally over time if forests
are set aside from commercial forestry or assisted by restoration actions (Halme et
al. 2013). Still, the development of forest structures that are associated with natural
and old growth forests is a slow process (Svensson et al. 2020) and the success of
restoration can be challenged by unwanted and unpredictable side effects associated
with restoration actions (Halme et al. 2013). In other words, the extreme area
increases in the forestland baseline in some squares do not by default mean there is
a large potential to increase connectivity, but rather demonstrate how limited nature
conservation conditions currently are. However, the forestland baseline may
contain areas with high or semi-high nature conservation values that yet are not
identified and mapped, which readily can contribute to realise a functional green
infrastructure, which again calls for an improved and continued WKH inventory.

4.7. Future research

My study focused on the current research gap concerning the importance of specific
biotope and forest types for a functional green infrastructure in NW Sweden. By
including different biotope types and various nature conservation values (i.e.
previously registered WKHSs, newly identified WKHs and ONVs, and baseline
forests with no documented conservation values) | evaluated the current green
infrastructure potential of the multifunctional landscape in NW Sweden. However,
my study could be improved further, for instance by analysing a larger sample (>
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38 squares) and by including the county of Norrbotten - a geographically large part
of NW Sweden acknowledged to contain large areas with high nature conservation
values (Wester et al. 2019). To achieve an ecologically functional green
infrastructure in the landscape, representation of different biotope and forest types
need to be considered (Pimm et al. 2014; Angelstam et al. 2020). My results showed
a clear dominance of natural coniferous forest whereas most WKH-types are
documented at low frequency and areal cover, suggesting that further research is
needed to analyse their contribution to and importance for a functional green
infrastructure. Moreover, species with various habitat requirements and valuable
forest structures (e.g. dead wood) need to be included in research to achieve an
ecological functional green infrastructure on an even narrower and deeper scale.
Finally, my results support a continued WKH-inventory to secure biodiversity and
habitat connectivity on different scales. The improved WKH-inventory method
developed for NW Sweden and tested in 2018 used digital identification of areas
potentially containing nature conservation values prior to the field inventory. This
IS a cost-efficient way to perform an inventory scheme and thus it is motivated to
improve that two-step method if the WKH-inventory is to be continued in Sweden.

49



References

Ahlkrona, E., Gilljam, C. & Wennberg, S. (2017). Kartering av kontinuitetsskog i
boreal region. Metria AB och Naturvardsverket.

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, 202, 103838.
https://doi.org/10.1016/j.landurbplan.2020.103838

Aune, K., Jonsson, B.G. & Moen, J. (2005). Isolation and edge effects among
woodland key habitats in Sweden: Is forest policy promoting
fragmentation?  Biological =~ Conservation, 124 (1), 89-95.
https://doi.org/10.1016/j.biocon.2005.01.015

Axelsson, A.-L., Ostlund, L. & Hellberg, E. (2002). Changes in mixed deciduous
forests of boreal Sweden 1866-1999 based on interpretation of historical
records. 16

Buchwald, E. (2005). A hierarchical terminology for more or less natural forests in
relation to sustainable management and biodiversity conservation. 18

CBD (2021). Convention on Biological Diversity - Aichi Target 11. Convention on
Biological Diversity. https://www.cbd.int/aichi-targets/target/11 [2021-08-
06]

Claesson, S. (2018). Nulégesbeskrivning av nordvastra Sverige. (10). Jonkoping:
Skogsstyrelsen.

Ecke, F., Magnusson, M. & Hornfeldt, B. (2013). Spatiotemporal changes in the
landscape structure of forests in northern Sweden. Scandinavian Journal of
Forest Research, 28 (7, 651-667.
https://doi.org/10.1080/02827581.2013.822090

Ericsson, S. & Ostlund, L. (2000). A forest of grazing and logging: Deforestation
and reforestation history of a boreal landscape in central Sweden. 14

Esseen, P.-A., Ehnstrom, B., Ericson, L. & Sjoberg, K. (1997). Boreal Forests.
Ecological Bulletins, (46), 16-47. https://www.jstor.org/stable/20113207
[2021-10-08]

Esseen, P.-A., Hedstréom Ringvall, A., Harper, K.A., Christensen, P. & Svensson,
J. (2016). Factors driving structure of natural and anthropogenic forest
edges from temperate to boreal ecosystems. Journal of Vegetation Science,
27 (3), 482-492. https://doi.org/10.1111/jvs.12387

European Commission (2020). EU Biodiversity Strategy for 2030. European
Commission. https://eur-lex.europa.eu/resource.html?uri=cellar:a3c806a6-
9ab3-11ea-9d2d-01laa75ed71a1.0001.02/DOC_1&format=PDF

European Commission (2021). MSPA.
https://forest.jrc.ec.europa.eu/en/activities/Ipa/mspa/ [2021-09-07]

European Commission (2021). Nature and biodiversity. Environment.
https://ec.europa.eu/environment/nature/ecosystems/index_en.htm [2021-
10-11]

FAO (2010). Global Forest Resources Assessment 2010 - Terms and Definitions.
(Forest Resources Assessment Programme, Working paper 144/E). Rome.

50



Felton, A., Lofroth, T., Angelstam, P., Gustafsson, L., Hjaltén, J Felton, A.M.,
Slmonsson P., Dahlberg, A., L|ndbladh M., Svensson Nilsson, u.,
Lodin, Hedwall P.O., Stens A., Lamas, T., Brunet J., Kalén, C.,
Kristrdm, B., Gemmel P. &Ranlus T. (2020). Keeplng 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

Halme, P., Allen, K.A., Aunin$, A., Bradshaw, R.H.-W., Briimelis, G., Cada, V.,
Clear JL Erlksson A M Hannon, G Hyvarlnen E. Ikaunlece S,
IrSénaité, R., Jonsson, B.G., Junninen, K., Kareksela, S., Komonen, A.,
Kotiaho, J.S., Kouki, J., Kuuluvainen, T., Mazziotta, A., Mdnkkonen, M.,
Nyholm, K., Oldén, A., Shorohova, E., Strange, N., Toivanen, T., Vanha-
Majamaa, I., Wallenius, T., Ylisirnio, A.-L. & Zin, E. (2013). Challenges of
ecological restoration: Lessons from forests in northern Europe. Biological
Conservation, 167, 248-256. https://doi.org/10.1016/j.biocon.2013.08.029

Harper, K.A., Macdonald, S.E., Mayerhofer, M.S., Biswas, S.R., Esseen, P.,
Hylander, K., Stewart, K.J., Mallik, A.U., Drapeau, P., Jonsson, B., Lesieur,
D., Kouki, J. & Bergeron, Y. (2015). Edge influence on vegetation at natural
and anthropogenic edges of boreal forests in C anada and F ennoscandia.
(Bellingham, P., red.) Journal of Ecology, 103 (3), 550-562.
https://doi.org/10.1111/1365-2745.12398

Helmus, M.R. & Behm, J.E. (2020). Island Biogeography Revisited. Encyclopedia
of the World’s Biomes. Elsevier, 51-56. https://doi.org/10.1016/B978-0-12-
409548-9.11945-1

IPBES: Baste, I.A., Larigauderie, A., Leadley, P., Pascual, U., Baptiste, B.,
Demissew, S., Dziba, L., Erpul, G., Fazel, A.M., Fischer, M., Hernandez,
A.M., Karki, M., Mathur, V., Pataridze, T., Pinto, I.S., Stenseke, M., Torok,
K., Vila, B. & Watson, R.T. (2019). The global assessment report on
biodiversity and ecosystem services: summary for policymakers.
Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem
Services (IPBES). https://www.ipbes.net/sites/default/files/2020-
02/ipbes_global_assessment_report_summary_for_policymakers_en.pdf

IPCC: Shukla, P.R., Skea, J., Calvo, E., Buendia, V., Portner, H.O. & Roberts, D.C.
(2019) Climate change and land: an IPCC speC|aI report on climate
change, desertification, land degradation, sustainable land management,
food security, and greenmhouse gas fluxes in terrestrial ecosystems :
summary for policymakers. Geneva: Intergovernmental Panel on Climate
Change. https://www.ipcc.ch/srccl/chapter/summary-for-policymakers/

IUCN (2021). The IUCN Red List of Threatened Species. IUCN Red List of
Threatened Species. https://www.iucnredlist.org/en [2021-08-06]

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

Kretz, E. (2021), Skogsstyrelsen. Pers. comment 2021-10-13. Unpublished.

L|nder P. & Ostlund, L. (1992). Férandringar i norra Sveriges skogar 1870-1991.
86. uppl. Svensk Botanisk Tidskrift.

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, 595730.
https://doi.org/10.3389/fev0.2020.595730

Naturvardsverket (2019). Nationella marktackedata 2018 basskikt. (Utgava 2.1).
Stockholm.

Naturvardsverket (2020a). Nationella maktackedata 2018 tillaggsskikt Lag
fjallskog. (Utgava 1.1). Stockholm.

51



Naturvardsverket ~ (2020).  Sveriges  Miljomal.  Sveriges  Miljomal.
https://sverigesmiljomal.se/miljomalen/ [2021-10-08]

Naturvardsverket (2021). Naturreservat. Naturreservat.
https://www.naturvardsverket.se/amnesomraden/skyddad-natur/olika-
former-av-naturskydd/naturreservat/ [2021-10-06]

Naturvardsverket & Skogsstyrelsen (2017). Skogliga vardekarnor i Sverige —
sammanfattande beskrivning av dataurval och nulage 2015-2016

O’Callaghan, A., Kuhn, M., Weston, S., Wing, J. & Forester, J. (2020). A collection
of contrast methods. Version: R package version 0.22. https://CRAN.R-
project.org/package=contrast

Pimm, S.L., Jenkins, C.N., Abell, R., Brooks, T.M., Gittleman, J.L., Joppa, L.N.,
Raven, P.H., Roberts, C.M. & Sexton, J.O. (2014). The biodiversity of
species and their rates of extinction, distribution, and protection. 12

Pohjanmies, T., Trivifio, M., Le Tortorec, E., Mazziotta, A., Snéll, T. &
Mdonkkdnen, M. (2017). Impacts of forestry on boreal forests: An ecosystem
services perspective. Ambio, 46 (7), 743-755.
https://doi.org/10.1007/s13280-017-0919-5

Potapov, P., Hansen, M.C., Laestadius, L., Turubanova, S., Yaroshenko, A., Thies,
C., Smith, W., Zhuravleva, 1., 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, 16

R Core Team (2020). R: A language and environment for statistical computing.
Vienna. https://www.R-project.org/

Riksskogstaxeringen SLU (2021). Unpublished data. Umed: Swedish University of
Agricultural Science, Department of Forest Resource Management.
Roberge, J.-M. (2018). Vetenskapligt kunskapsunderlag for
nyckelbiotopsinventeringen i nordvastra Sverige. (11). Jonkoping:

Skogsstyrelsen.

SCB (2021). Andel skogsmark med gallande formellt skydd eller enbart
markersattning 2020. Statistiska Centralbyran. http://www.sch.se/hitta-
statistik/statistik-efter-amne/miljo/markanvandning/skyddad-
natur/pong/tabell-och-diagram/andel-skogsmark-med-gallande-formellt-
skydd-eller-enbart-markersattning/ [2021-10-07]

Seedre, M., Felton, A. & Lindbladh, M. (2018). What is the impact of continuous
cover forestry compared to clearcut forestry on stand-level biodiversity in
boreal and temperate forests? A systematic review protocol. Environmental
Evidence, 7 (1), 28. https://doi.org/10.1186/s13750-018-0138-y

Skogsstyrelsen (2020). Handbok - Nyckelbiotopsinventering. Skogsstyrelsen.

Skogsstyrelsen (2021). Skogsstyrelsen foljer upp Levande skogar. Skogsstyrelsen
foljer upp Levande skogar. https://www.skogsstyrelsen.se/miljo-och-
klimat/miljomal/levande-skogar/ [2021-08-06]

Skogsstyrelsen  (2021).  Skogsstyrelsens  arbete  med  nyckelbiotoper.
https://www.skogsstyrelsen.se/miljo-och-klimat/biologisk-
mangfald/nyckelbiotoper/arbete-med-nyckelbiotoper/ [2021-10-12]

SLU (2020). Skogsdata 2020 - Aktuella uppgifter om de svenska skogarna fran SLU
Riksskogstaxeringen. Umea: Swedish University of Agricultural Science,
Department of Forest Resource Management.

SLU Artdatabanken (2020). Rédlistade arter i Sverige 2020. Uppsala: Sveriges
Lantbruksuniversitet.

52



https://www.artdatabanken.se/globalassets/ew/subw/artd/2.-var-
verksamhet/publikationer/31.-rodlista-2020/rodlista-2020

Soille, P. & Vogt, P. (2009). Morphological segmentation of binary patterns.
Pattern Recognition Letters, 30 (4), 456-459.
https://doi.org/10.1016/j.patrec.2008.10.015

SOU (2020). Starkt aganderatt, flexibla skyddsformer och naturvard i skogen.
(Betankande av Skogsutredningen 2019, del 2.). Stockholm: Statens
Offentliga Utredningar.

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.
https://doi.org/10.1111/cobi.13148

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

Svensson, J., Mikusinski, G. & Jonsson, B.G. (2019b). Det boreala
skogslandskapets grona infrastruktur

von Sydow, U. (1988). Grdns for storskaligt skogsbruk i fjdllndra skogar : forslag
till naturvardsgrans. Stockholm: Svenska Naturskyddsforeningen.

Timonen, J., Gustafsson, L., Kotiaho, J.S. & Ménkkdnen, M. (2011). Hotspots in
cold climate: Conservation value of woodland key habitats in boreal forests.
Biological Conservation, 144 (8), 2061-2067.
https://doi.org/10.1016/j.biocon.2011.02.016

Timonen, J., Siitonen, J., Gustafsson, L., Kotiaho, J.S., Stokland, J.N., Sverdrup-
Thygeson, A. & Monkkénen, M. (2010). Woodland key habitats in northern
Europe: concepts, inventory and protection. Scandinavian Journal of Forest
Research, 25 (4), 309-324. https://doi.org/10.1080/02827581.2010.497160

V. Lenth, R. (2016). Least-squares means: The R Package Ismeans.
doi:10.18637/jss.v069.i01

Vogt, P. & Riitters, K. (2017). GuidosToolbox: universal digital image object
analysis. European Journal of Remote Sensing, 50 (1), 352-361.
https://doi.org/10.1080/22797254.2017.1330650

Watson, J.E.M., Evans, T., Venter, O., Williams, B., Tulloch, A., Stewart, C.,
Thompson, I., Ray, J.C., Murray, K., Salazar, A., McAlpine, C., Potapov,
P., Walston, J., Robinson, J.G., Painter, M., Wilkie, D., Filardi, C.,
Laurance, W.F., Houghton, R.A., Maxwell, S., Grantham, H., Samper, C.,
Wang, S., Laestadius, L., Runting, R.K., Silva-Chavez, G.A., Ervin, J. &
Lindenmayer, D. (2018). The exceptional value of intact forest ecosystems.
Nature Ecology & Evolution, 2 (4), 599-610.
https://doi.org/10.1038/s41559-018-0490-x

Wester, J., Claesson, S., HOogstrom, A., Kretz, E., Roberge, J.-M., Thomasson, T.
& Osterdahl, S. (2019). Utveckling av metod fér nyckelbiotopsinventering i
nordvastra Sverige. (12). Skogsstyrelsen.

Wester, J. & Engstrom, A. (2016). Nulagesbeskrivning av nyckelbiotoper. (7).
Jonkoping: Skogsstyrelsen.

Wickham, H. (2016). ggplot2: Elegant graphics for data analysis.
https://ggplot2.tidyverse.org

Wijk, S. (2017a). Biologisk mangfald i nyckelbiotoper - Resultat fran inventeringen
"Uppféljning  biologisk mdngfald”  2009-2015. (4). Jonkoping:
Skogsstyrelsen.

Wijk, S. (2017b). Nyckelbiotopskvalitet i "fjillkommunerna” (PM). JOnKoping:
Skogsstyrelsen.

WWEF (2020). Living Planet Report 2020: Bending the Curve of Biodiversity Loss.
http://www.deslibris.ca/ID/10104983 [2021-08-06]

53



Ye, H., Yang, Z. & Xu, X. (2020). Ecological Corridors Analysis Based on MSPA
and MCR Model—A Case Study of the Tomur World Natural Heritage
Region. Sustainability, 12 (3), 959. https://doi.org/10.3390/su12030959

54



Acknowledgements

I would like to express my appreciation to my main supervisor Johan Svensson for
his patience when we designed and developed this thesis work. Thank you for all
your good project ideas, for listening to my thoughts, and for taking the time to
support and improve my work. | would also like to thank my assistant supervisor
Wiebke Neumann, especially for all your valuable support during the data analyses
process, but also for helping me express the method | used and its outcome in an
understandable language in this report. I would also like to thank my second
assistant supervisor Bengt-Gunnar Jonsson for critically providing input and new
perspectives throughout my thesis work. Additionally, | want to thank Erik Kretz
at the Swedish Forest Agency for data provision and for giving me information on
the newly developed WKH-inventory method.

Britta Sterner

55



Appendix 1: Delimitation of NW Sweden

Appendix 1. Delimitation of northwest Sweden (NW Sweden) according to Roberge (2018). The red
line shows NW Sweden ’s south eastern border.
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Appendix 2: Metadata associated with input
data

Appendix 2. Metadata associated with this study ’s input data, specifically showing data source, data

set name, latest update, data type, data solution, and coordinate system

Variable Source Data set name Updated Type Solution Coordinate
(m) system

National landcover data SEPA* nmd2018bas_ 2019 Raster ~ 10*10 SWEREF 99 TM
Mountain woodland data generaliserad

_v1l O.tif

nmd_lag_fjallskog_v1 1.t

if
Previously registered WKHs  SFA sksNyckelbiotoper.shp 2021 Vektor SWEREF 99 TM
Newly identified
WKHs & ONVs**
Nature reservs SEPA nr_polygon.shp Daily Vektor SWEREF 99 TM
HCVF SEPA skogliga_vardekarnor 2016 Vektor SWEREF 99 TM

SFA

pCF*** SEPA kskog_boreal_raster.img 2017 Raster  10*10

*Swedish Environmental Protection Agency. **Non-public data provided by the SFA for my
analyses. ***This data set was not used in my analyses, but was included in the SFA field inventory
preparations that generated data for my analyses.
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Appendix 3: NMD landcover data classes
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Appendix 3. Hierarchical visualisation of the NMD landcover data classes (Naturvardsverket 2019).
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Appendix 4: Nature types included in the
three focal WKH-types based on NMD

Appendix 4. National landcover data (NMD) main raster and complementary mountain woodland
raster classes that constitute the basis for the three focal WKH-types in this study (Naturvardsverket

2019, 2020a)

WKH-type

NMD main raster &
complementary mountain woodland raster

Natural coniferous forest

Pine forest not on wetland
Spruce forest not on wetland
Mixed coniferous not on wetland

Broadleaf-rich natural
coniferous forest

Mixed forest not on wetland

Non-vegetated other open land + mountain woodland
Vegetated other open land + mountain woodland

Pine forest not on wetland + mountain woodland

Spruce forest not on wetland + mountain woodland

Mixed coniferous forest not on wetland + mountain woodland

Wetland-forest mosaic

Open wetland

Pine forest on wetland

Spruce forest on wetland

Mixed coniferous on wetland

Mixed forest on wetland

Deciduous forest on wetland

Open wetland + mountain woodland

Pine forest on wetland + mountain woodland
Spruce forest on wetland + mountain woodland
Mixed coniferous on wetland + mountain woodland
Mixed forest on wetland + mountain woodland
Deciduous forest on wetland + mountain woodland
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Appendix 5: MSPA category arrangement

INPUT: binary map
. Foreground: objects of interest

INPUT: binary map
- Foreground: objects of interest

D Background: complementary area

D"‘ gl : compl tary area
I

MSPA foreground classes

. Core: interior area excluding perimeter
. Islet: disjoint and too small to contain Core
[ Loop: connected to the same Core area

- Bridge: connected to different Core areas

. Perforation: internal object perimeter

B Edge: external object perimeter

Branch: connected at one end to Edge,
Perforation, Bridge, or Loop.

MSPA background classes
D Background
D Border-Opening: along Edge

. Core-Opening: within Perforation

Appendix 5a. A binary map consisting of foreground and background area is the input (left map)
for the Morphological Spatial Pattern Analysis (MSPA; European Commission (2021a)). The output
(right map) is a separation of the foreground area in a few generic mutually exclusive classes to
describe its composition and spatial arrangement. The figure is modified from European

Commission (2021a).

Appendix 5b. Arrangement of the MSPA generic mutually exclusive classes and corresponding
MSPA values in categories for this study ’s analyses; namely in background, core, edge, and corridor

(Vogtn.d.)
MSPA categories MSPA classes MSPA Values

Background Background 0
Border-Opening 220
Core-Opening 100

Core Core 17,117

Edge Edge 3,103
Perforation 5, 105

Corridor Loop 65, 165
Loop in edge 67, 167
Loop in perforation 69, 169
Bridge 33,133
Bridge in edge 35,135
Bridge in perforation 37,137
Branch 1,101
Islet 9, 109
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Appendix 6: Sample size per WKH-type and

analyse set

Appendix 6. Number of squares that contain at least one polygon of previously registered WKHs
(i.e. sub-set A) or newly inventoried WKHs (i.e. sub-set B) or ONVs (i.e. sub-set C), separated on
the three WKH-types natural coniferous forest, broadleaf-rich natural coniferous forest, and

wetland-forest mosaic, as well as for all three together

WKH-type Set A Set AB  Set ABC Set ABCD

Natural coniferous forest 27 32 35 38
Broadleaf-rich natural coniferous forest 5 10 13 38
Wetland-forest mosaic 3 10 14 38
All three together 27 33 37 38
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Appendix 7: Previously registered WKHSs’
primary and secondary WKH-types

Appendix 7a. The secondary WKH-type, its total area and number, and its areal share of the primary
WKH-type natural coniferous forest, as classified by the Swedish Forest Agency (SFA). Note: the
WKH-types are only provided in Swedish

Natural coniferous forest

Total area (ha): 24863.6
Number: 2222

Secondary WKH-type Total area (ha) Number Area share (%)

Gransumpskog 1088.4 96 4.37
Bergbrant 1081.6 65 4.35
Naturlig skogshack 850.8 73 3.42
Myr- och skogsmosaik 677 16 2.72
Lovrik barrnaturskog 464.8 15 1.87
Kéllpaverkad mark 314.9 26 1.27
Héllmarkskog 244.1 24 0.98
Ortrika backdrag 220.8 28 0.89
Blandsumpskog 189.2 12 0.76
Béckdal 180.3 14 0.73
Smavatten 172.4 17 0.69
Lovéng 133 1 0.53
Ovriga I6vtrad 93.6 10 0.38
Kalkbarrskog 76.9 13 0.31
Ravin 70.7 5 0.28
Asgranskog 55.5 2 0.22
Tallsumpskog 42.4 7 0.17
Strandskog 40 7 0.16
Rasbrant 39.9 8 0.16
Lovbranna 39.6 3 0.16
Betad skog 30.6 2 0.12
Vattenfallsskog 29.5 3 0.12
Lovsumpskog 18 3 0.07
Brandfalt 17.4 4 0.07
Barrtrad 16.5 2 0.07
Sandbarrskog 14 1 0.06
Kanjondal 10.8 1 0.04
Rikkarr eller kalkkarr 9.9 3 0.04
Lovrik barrskog 7.5 1 0.03
Aspskog 51 1 0.02
Liten sprickdal 1.2 1 0.005

Appendix 7h. The secondary WKH-type, its total area and number, and its areal share of the primary
WKH-type broadleaf-rich natural coniferous forest, as classified by the Swedish Forest Agency
(SFA). Note: the WKH-types are only provided in Swedish
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Broadleaf-rich natural coniferous forest

Total area (ha): 1035.5
Number: 118

Secondary WKH-type Total area (ha) Number Area share (%)

Myr- och skogsmosaik 142.1 1 13.72
Barrnaturskog 139.6 5 13.48
Kéllpaverkad mark 75.1 4 7.25
Loévbranna 56 5 541
Ortrika backfrag 334 4 3.23
Héllmarkskog 23.3 1 2.25
Barrskog 20 3 1.93
Bergbrant 15.9 3 1.54
Kalkbarrskog 12.4 1 1.20
Ravin 12.2 1 1.18
Blandsumpskog 10.8 3 1.04
Gransumpskog 104 2 1.00
Smavatten 9.9 4 0.96
Lovsumpskog 5.8 1 0.56
Béckdal 34 1 0.33
Sekundér I6vnaturskog 2.6 1 0.25
Lovtradsrika skogsbryn 2.2 1 0.21
Brink 15 1 0.14

Appendix 7c. The secondary WKH-type, its total area and number, and its areal share of the primary
WKH-type wetland-forest mosaic, as classified by the Swedish Forest Agency (SFA). Note: the
WKH-types are only provided in Swedish

Wetland-forest mosaic

Total area (ha) 508.6
Number 31

Secondary WKH-type Total area (ha) Number Area share (%)

Hallmarkskog 110.2 1 21.67
Gransumpskog 934 3 18.36
Smavatten 40.2 1 7.90
Naturlig skogshéack 24.8 2 4.88
Barrnaturskog 131 2 2.58
Barrskog 8.5 2 1.67
Rikkarr eller kalkkarr 8 1 1.57
Bergbrant 2 1 0.39
Tallsumpskog 1.3 1 0.26
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Appendix 8: Test statistics for natural
coniferous forest core, edge, and corridor
area between sets

Appendix 8. Test statistics for natural coniferous forest core, edge, and corridor area between sets

(i.e. A, AB, ABC, and ABCD)

Core
Set A AB ABC
AB t-value = 2.92
p =0.00402
ABC t-value = 4.09 t-ratio =-1.17
p=7.11e-05 P =0.2457
ABCD t-value=9.27 t-ratio = -6.35 t-ratio = -5.18
p <2e-16 p <.0001 p <.0001
Edge
Set A AB ABC
AB t-value = 2.96
p =5.46e-15
ABC t-value = 4.30 t-ratio =-1.34
p = 3.16e-05 p=0.1830
ABCD twvalue=11.18 t-ratio = -8.23 t-ratio = -6.89
p<2e-16 p <.0001 p <.0001
Corridor
Set A AB ABC
AB t-value = 2.69
p =0.00807
ABC t-value = 4.44 t-ratio =-1.76
p =1.74e-05 p=0.0811
ABCD t-value=17.08 t-ratio = -14.40 t-ratio =-12.64
p<2e-16 p <.0001 p <.0001
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Appendix 9: Study area including names of
municipalities and locations of squares

Study area

I:l Municipalities
Above MFB

1-38 Test squares

Appendix 9. Study area displaying borders and names of the included municipalities,
location of the 38 test squares, as well as the border between above (dashed) and below
the MFB.
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