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The continuity forests of the Swedish boreal landscape have become very sparse due to intensive 
rotation forestry and human land-use, and the remaining forests are very fragmented. These forests 
have a high conservational importance as they hold nature values that relies on a long forest 
continuity. Continuity forests are recognized as essential for biodiversity, both worldwide and in 
Sweden, and to conserve and strengthen biodiversity it is crucial to map the remaining continuity 
forests and appoint the appropriate management. In 2017, Metria delivered a dataset that mapped 
proxy continuity forests (pCF) and provided information about forests that had not been clearcut 
since the first orthophotos in the 1960s. As they did not have sufficient data, the mapping included 
large overestimates in some areas, but it is still the best source of data to find continuity forests. I 
used the pCF-dataset to find core areas (patches) of pCF and combined it with information about 
high conservation value forest (HCVF) from Metria and Sveaskog. I investigated the share and 
distribution for different combinations of pCF and HCVF on Sveaskog holdings in 11 regions in 
northern Sweden. I then investigated how connectivity could be strengthened by developing areas 
between patches in two selected connectivity study areas. This was done by applying graph theory 
combined with matrix resistance values. I gave non proxy continuity forests (pCF) categories of 
forest in this study a higher resistance while prioritized categories such as pCF and HCVF combined 
were given lower resistance values. I then computed least-cost paths and multiple paths (corridors) 
between all patches in three different scenarios of land coverage. I repeated this for four different 
distances in two connectivity study areas and then assessed the importance of paths and patches by 
applying the connectivity metric index betweenness centrality (BC). The results highlight the 
Sveaskog ecoparks as connectivity hotspots, with the BC-index revealing the connectivity value of 
both least-cost paths and patches. In addition, the results also show patches currently isolated and 
how different dispersal distances affect patch isolation. Most importantly, my results show the 
relative contribution of patches and identify areas that can be further developed to increase the 
functional connectivity between patches within a larger landscape. The results are thus relevant both 
for Sveaskog and for other forest owners. 

Keywords: betweenness centrality, connectivity, forest biodiversity, Graphab, graph modelling, high 
conservation value forest, proxy continuity forest, QGIS 
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1.1 Land use and threats to biodiversity 
The anthropogenic expansion with increasing land use demands and an 
environmental crisis has led to an increased pressure on ecosystems (Shukla et al. 
2019). The decrease of functioning ecosystems pose an increasing threat to 
ecosystem services regarded as critical for both humans and other species (IPBES 
2019). Overexploitation of resources, climate change, and land use changes lead to 
habitat loss and fragmentation resulting in grave negative consequences for 
biodiversity worldwide (Cousins et al. 2015).  

The transformation of the Swedish boreal landscape during the 20th century has 
been dramatic (Linder & Östlund 1998) with changes leading to more 
homogeneous and on average younger forest (Ericsson et al. 2000) that do not 
provide habitat qualities to many old-growth dependent or in other way demanding 
species (Angelstam et al. 2020). The losses of boreal forests, that are entirely caused 
by the dominating clear-cut rotation forestry system (Kuuluvainen et al. 2012) are 
only exceeded by the loss of tropical forest (Hansen et al. 2013). 

The loss and degradation of habitats affects all species depending on functional 
forest ecosystems as it leads to loss of biodiversity (Hanski 2005, 2011). At the 
same time, habitats remaining become too fragmented to enable species movement 
between habitat patches which further worsen the situation and enhance an already 
high risk of species loss (Lindenmayer et al. 2006). Ongoing pressure from rotation 
forestry also lead to less important elements and structures such as coarse dead 
wood, when compared to the amounts found in natural forests (Jonsson et al. 2016), 
which might take a long time to re-establish and are important for many forest 
species (Nordén et al. 2014). The need for improvement is urgent. The latest report 
of red listed species in Sweden (SLU Artdatabanken 2020) stated that clear-cutting 
has a large negative impact on 1400 forest dependent species and that rotation 
forestry is one of the largest threats to biodiversity in Sweden. Despite the large and 
intense pressure on the forest, Sweden holds some of the last intact boreal forest 
landscapes (Potapov et al. 2008, 2017). The intact forest ecosystems with long 
continuity in the foothills zone of the Scandinavian Mountain Range have been 
recognized as vital for ecosystem functionality (Haddad et al. 2015; Wilson et al. 

1. Introduction 
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2016; Watson et al. 2018) as they often hold high nature conservation values and 
are important for supporting a high biodiversity (Potapov et al. 2017; Svensson et 
al. 2020). 

Since 2011, the Swedish Forest Agency define continuity forests as forests with 
nature values that can only be explained by a long continuity of suitable forest 
environment and substrates within the particular forest or in close proximity to this 
forest (Skogsstyrelsen 2011). On initiative by the Swedish Environmental 
Protection Agency, a mapping of continuity forests was conducted for northern 
Sweden (Ahlkrona et al. 2017); i.e. the boreal biome. They used satellite and laser 
scanning data to map land coverage that consisted of forests that not had been 
clearcut since the middle of the 20th century. The nature values of these forests have 
not been validated by field data and the forests mapped are therefore termed proxy 
continuity forests (pCF; (Svensson et al. 2019). Deriving from this study of pCF, 
the study by Svensson et al. (2019) showed that these forests are declining and that 
the decline is most evident in the inland region below the mountain forest border. 
A study by Ecke et al. (2013) also revealed large scale fragmentation and decrease 
of patch size for non-clearcut conifer forests in the Swedish inland.  

As the boreal forests have suffered a rapid decline of continuity forest and severe 
fragmentation, different measures have been taken the last decades to mitigate the 
loss caused by rotation forestry, such as setting aside forests with conservation 
values, leaving retention trees, buffers and dead wood (Lindenmayer et al. 2006; 
Simonsson et al. 2015; Angelstam et al. 2020; Koivula & Vanha-Majamaa 2020). 
Although these measures reduce the loss of important forest values, they do not 
enable the forests to sustain the same properties as intact old forests with high 
continuity (Gustafsson et al. 2010). 

A recent approach is the concept of green infrastructure to support functional 
connectivity between natural forests or forests with a long forest continuity as a 
mean to strengthen biodiversity (European Commission 2021). Such a strategy is 
important as long-term conservation is greatly affected by a species ability to 
disperse and move across the landscape (Fahrig 2007). However, Mikusinski et al. 
(2021) emphasized that conservation restoration should not be targeted towards 
continuity forests solely, but also should be distributed throughout the landscape 
with targeted measures towards specific biotope attributes, such as trees species, in 
areas where improvements have the greatest impact on connectivity. In addition to 
targeted tree species measures, Angelstam et al. (2020) pointed out that simply 
setting forest areas aside for nature conservation does not mean that they will be 
well functioning in a landscape context as they need to connect to other forests with 
high conservation values to be well functioning.  

The need for protection of continuity forests and improved connectivity within 
the boreal forest landscape is well-known and targeted in the Swedish 
environmental goals. However, it leads to questions about how to successfully 
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target protection and conservation restoration (Andersson et al. 2019; Svensson et 
al. 2022). Research targeting such questions is important as it can help forest owners 
implement suitable management while preserving naturally occurring ecosystem 
services, biodiversity and ecosystem resilience. For this reason, areas with long 
forest continuity and high nature conservation values needs to be carefully mapped, 
and opportunities to strengthen their network functionality in the surrounding forest 
landscape matrix need to be investigated 
 

1.2 Modeling landscape connectivity 
One method more commonly used to model and assess ecological networks is graph 
theory. Once core areas (often referred to as patches) of importance are defined and 
found, these patches can be transformed into nodes with links representing potential 
connectivity between all pairs of nodes (Bunn et al. 2000; Urban & Keitt 2001; 
Foltête et al. 2012). To account for landscape heterogeneity the approach of 
resistance surfaces with values representing possible movement barriers through 
different landscape types is often used (Minor & Urban 2007; Kool et al. 2013; 
Clauzel et al. 2015; Sahraoui et al. 2021). This approach makes it possible to find 
core areas and the probable movement routes (connecting corridors) based upon the 
assumptions that a landscape is more or less likely to support movement for specific 
species (Zeller et al. 2012). Adding resistance values to the landscape matrix also 
makes it possible to find least-cost paths by cumulatively counting all pixel 
resistance values between two patches (Keitt et al. 1997; Adriaensen et al. 2003; 
Minor & Urban 2008). In addition to graph theory and least-cost path models, 
connectivity metrics are often applied to include relative connectivity importance 
of patches and links and help management prioritization (Bodin & Norberg 2007; 
Estrada & Bodin 2008; Saura & Torné 2009; Saura & Rubio 2010; Watts et al. 
2010). 

1.3 Aim 
The aim of this study was to assess the connectivity between continuity forest 
patches with high nature conservation values within the Sveaskog forest holding in 
northern Sweden. By including connectivity metrics and applying these on patches 
and links between patches, areas critical for strengthening the connectivity can be 
detected and management both targeted and prioritized. Such knowledge is critical 
for Sveaskog as it can support decision-making and improve conservation within 
their forest holding.  
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To find the areas of continuity forest with high nature conservation values, and then 
assess their importance for connectivity, I set up a few research questions. These 
research questions guided the analyses: 

 
1. What is the share and spatial distribution of continuity forests and non-

continuity forests within the batch of Sveaskog forestland in the Metria 
proxy continuity-forest mapping? 
 

2. Following from continuity forests in (1), what share holds nature 
conservation values already, and what share would need nature 
conservation restoration or other directed management actions to develop 
such values to support the connectivity of continuity forests? 
 

3. Following from non-continuity forests with management impact in (1), 
what share could be subject to initiated nature conservation restoration to 
develop values that support the connectivity of continuity forests?  
 

4. Following from (2) and (3), what spatial arrangement of continuity forests 
and connectivity forests within the Sveaskog forest holding can contribute 
to increased functionality of existing valuable forest areas such as 
Sveaskog Ecoparks? 

1.4 Delimitations 
Studying large-scale landscape configuration demands a lot of computer power and 
time. To limit the study, I have chosen not to add new patches to the study but assess 
the patches found and the least-cost paths and corridors surrounding these patches. 
For the same reason, this study will not be able to rank targeted areas but rather 
point out priority areas in the landscape suitable for further assessment where 
connectivity metrics for newly added patches can be computed. Besides focusing 
only on the two main boreal trees, pine and spruce, limitations were made to not 
include specific management methods such as creation of dead wood but rather find 
areas with high values and areas suitable for improvements.  

It is important to emphasize that this study presents a generalized and simplified 
model which take forest continuity with known high conservation value forests 
under consideration and does not focus on one specific forest living species. It 
rather takes on a general multi-species approach for three large general forest types, 
“all forest species”, “pine forest” and “spruce forest” as the three forest types 
analysed. The provided results should thus be taken with this in mind. 

Because of time limitation I only had time to make two case studies on the 
Sveaskog forest holding, one on the border between Dalarna/Gävleborg, and 
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another one in Norrbotten/Västerbotten. If this method is to be adapted, this could 
be done for all Sveaskog forest holding. 

Further, I analysed the Sveaskog forest holding in relation to all other forest land 
as this study focused on Sveaskog to give them a basis to support decision-making 
regarding connectivity. However, I only divided pCF in age-classes within the 
Sveaskog forest holding, meaning that overestimations of pCF were only found 
within their forests. This might have affected the results. Still, the result from this 
study is relevant to all forest owners within the study area and not only Sveaskog.  
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2. Method 

2.1 Study area 
The study area chosen includes the six northern counties of Norrbotten, 
Västerbotten, Västernorrland, Jämtland, Dalarna and Gävleborg. These counties 
have been covered by Metria in their mapping of proxy continuity forests in boreal 
Sweden (Ahlkrona et al. 2017) which makes them suitable as a target area for this 
study. The forest landscape consists mainly of either pine forest, spruce forest or 
mixed conifer forests. In the two northern counties pine forests dominate the 
productive forests with about 60% in Norrbotten, 46% in Västerbotten, 58% in 
Dalarna and 46% in Gävleborg. In Västernorrland and Jämtland both spruce and 
pine forest cover about 29-37% each of the productive forest areas. The percentage 
of spruce forest covers about 18% of the productive forest in Dalarna and increases 
with a northwestern angle to a maximum coverage of 37% in Jämtland. Broadleaf 
forest covers about 5% in all of the counties. The amount of old forest is about 0-
5% (with patches of higher amounts) in the coastal areas and increases with a 
western gradient to more than 20% above the mountain forest border for all study 
areas. In Norrbotten the amount of spruce forest covers about 9%. Reasons such as 
latitude, precipitation and natural disturbances promote conifer species over 
broadleaf species in the northern counties (Bradshaw 1993; Swedish NFI 2022). 
However, broadleaf forests are less interesting for forest companies and conifer 
forests are commonly planted on new forest stands. Also, the low interest in 
broadleaf forest culminated in the usage of herbicides during the mid 20th century 
to kill broadleaf tree species (Östlund et al. 2022).  

Out of the 23 million ha of productive forest in Sweden, Sveaskog owns about 
3 million ha (Sveaskog 2022). The largest part (81%) of their forest holding is 
within the six northern counties. Their forest holding consists mainly of pine forest 
(64%) and spruce forest (27%). About 76% of forest within SFH is below 60 years 
old and about 1,3% is forest older than 140 years (Sveaskog, 2022). The study 
includes forests both above and below the mountain forest border.  
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Figure 1. Study area defined by black outline of the six northern counties. The Sveaskog forest 
holding within the study area is represented by black polygons. 
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2.2 Input data 

2.2.1 Proxy continuity forests 
To find continuity forests in the landscape I use a dataset with mapped proxy 
continuity forest (Ahlkrona et al. 2017). The dataset covering proxy Continuity 
Forest (pCF) in Sweden was delivered to the Swedish Environmental Protection 
Agency (Swedish EPA) in 2017. It is targeted towards counties that mainly consists 
of boreal forests meaning the counties of Norrbotten, Västerbotten, Jämtland, 
Västernorrland, Dalarna, Gävleborg and Värmland. Metria uses orthophotos 
available since the 1960s and satellite-data available from the 1970s to search for 
changes in tree cover. The analysis covers 20 million hectares (ha) of forest land 
and 16 million of these consist of productive forest. The pCF-dataset has a 10x10m 
pixel size but is generalized with the smallest size of pCF-patches being 0,5 ha and 
wider than 20m to exclude edge effects from images. They use the Swedish Forest 
Agency’s definition of continuity forest which states that forest that has never been 
clearcut can be considered continuity forest as it holds nature conservation values 
explained by long forest continuity. The definition includes forests that have not 
been clearcut since they were first registered in an orthophoto or a satellite image, 
meaning that most forests established before industrial rotation forestry in the 1950s 
can be considered continuity forests as long as they were large enough to be 
considered forests in the first analyzed orthophotos. This would result in that the 
youngest forests considered pCF could be about 70 years old if no changes in tree 
cover are detected since.  

Using land survey data for verification they conclude that their model includes 
about 90% of forest older than 70 years in Norrbotten, Västerbotten, Jämtland and 
Västernorrland, while 80% of forest in Dalarna and Gävleborg is included. About 
5,5 million ha is mapped as pCF on productive forest land and another 2,3 million 
ha is pCF on non-productive forest land. Most of the forests mapped as pCF on 
productive forest land is below the mountain forest border (4,6 million ha). One 
issue is that their model does not include if nature conservation values are 
established in areas mapped as pCF, but simply detects forest with forest continuity 
if there are no changes in tree coverage between the first and the second round of 
orthophoto analyzation. A second issue with relevance for this study is that forest 
aged between 50-70 years occasionally has been included in the mapping as pCF 
as it might have grown old enough to be visible on the first historical orthophotos 
in the 1960s, resulting in an overestimation of pCF. A similar issue is that images 
are lacking in some periods for different areas, meaning that a forest could have 
been clearcut and then be fully grown again in the next period where images are 
accessible, also resulting in overestimations of pCF. 

As the pCF-dataset is one of the core inputs in my analysis, I will try to improve 
the estimate what can be considered as overestimations of pCF within the Sveaskog 
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forest holding. This would then improve the results of my connectivity analysis as 
the data input are more reliable. 
 

2.2.2 Sveaskog stand data 
This study uses information from Sveaskog using stand information regarding 
nature conservation values, stand age and land classification. The information is in 
vector format and generalized in polygons according to their stand delineations. All 
stands classified with any conservation class in Sveaskog stand data is considered 
to consist of high conservation value forest and included in the category of HCVF 
throughout this study. 

 

2.2.3 High Conservation Value Forest 
One important dataset for this study covers high conservation value forests 
(HCVF). I used a dataset from the Swedish EPA produced by Bovin et al. (2017) 
covering known areas with HCVF. This dataset covers the same 7 northern counties 
as the pCF-dataset and is thus very compatible with the study area analyzed. The 
dataset covers known areas of HCVF with and without formal protection and 
includes national parks, nature reserves, nature conservation agreements, biotope 
santuaries (biotopskyddsområden), nature management areas (naturvårdsområden), 
Natura-2000 areas, key woodland habitats from both the Swedish Forest Agency 
(SFA) and large forest companies, proposed and planned nature reserves, the SFAs 
objects with high conservation values and state-owned natural forests identified by 
the Swedish EPA (Naturvårdsverket 2004). 
 

2.2.4 National landcover data 
To make connectivity analyses targeted on forest and specific tree species I used 
the information about land coverage in Sweden (NMD) from Naturvårdsverket 
(2020). They apply the forest definition from FAO (2020) meaning that tree height 
must be over 5 meter and coverage more than 10 percent in an area spanning over 
more than 0,5 ha. Using satellite images and laser scanning Sweden is divided into 
25 land coverage classes with a raster of 10×10m pixel solution. Out of these, 16 
classes are directed at forest and the remaining 9 classes is other types of land 
coverage such as open wetland, farmland, water, open land or exploited land. The 
forest cover classes includes if they grow on wetland or not, but for this study I 
regroup the trees independent of if the trees grow on wetland or not, making 8 forest 
classes instead of 16.  
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Table 1. Datasets used in the analysis with data format, coordinate reference system, source, and 
what date that each dataset has been downloaded. 
Description Format Coordinate reference 

system 
Date Source 

Proxy continuity 
forest 
  

Raster (.tif) SWEREF99 TM 2019-04-10 Swedish EPA 

Sveaskog stand 
data 
 

Vector (.shp) SWEREF99 TM 2021-06-15 Sveaskog  

High 
Conservation 
Value Forest data 
 

Vector (.shp) SWEREF99 TM 2018-11-21 Swedish EPA 

Administrative 
borders 
 

Vector (.shp) SWEREF99 TM 2022-01-28 The Swedish 
Mapping, 
Cadastral and 
Land Registration 
Authority 
 

National 
Landcover data 

Raster (.tif) SWEREF99 TM 2022-01-28 Swedish EPA 

 

2.3 Analyses 

2.3.1 Focus of the analyses 
I made two main analyses in this study. The first analysis aimed to find share and 
distribution of pCF and HCVF within SFH and was also part of the data 
preparations for the second analysis. Finding shares and distribution of pCF and 
HCVF was needed to answer study questions 1-3. In the second analysis I studied 
connectivity at two interesting areas based on the findings of the first analysis. 
Connectivity metrics were calculated to assess the spatial importance of targeted 
patches and their contribution to connectivity in the landscape. The second analysis 
was targeted towards study question 4 to see what areas needs to be protected and 
what areas can be developed to strengthen current patches of importance and 
increase connectivity within the selected study areas.  
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2.3.2 Preparing data for analyzing share and distribution 
of HCVF and pCF 

The analyses were performed in five steps with the first, second and third step being 
considered as preparatory steps (figure 3).  

In the first step I focused on extracting data from the SFH-dataset using the open-
source software QGIS (QGIS Development Team 2022) and Microsoft Excel. I 
used the attribute table of the SFH-dataset and selected stands with selecting with 
expression and created 5 new raster layers. One of the new vector layers consisted 
of all pixels classified as forest within SFH. This layer was created so that I could 
separate all Sveaskog forest from all other forests owned by other forest holders. A 
second layer included all Sveaskog forests with assigned nature value classes, 
including those already selected by Sveaskog as restoration forests despite that they 
might not yet be HCVF. Three more raster layers were made with information from 
Sveaskog based on mean stand age to classify pCF in three age classes. With the 
first age class I wanted to find overestimations of pCF and made a layer with all 
forests below a mean stand age of 70 years as these forests are too young to be 
considered pCF within the pCF-mapping by Metria. The second age class was to 
find pCF with a mean stand age of 140 years or older as forest of this age within 
this northern study area is considered old forest in the Swedish environmental goals 
(Swedish NFI 2022). The third age class was to find all other pCF that are not 
classified as overestimations or old forest. Therefore, this age class ranges between 
70-139 years.  

In the second step I wanted to create a 10x10m raster map of the study area with 
each pixel having binary information about all input layers and additional 
information about land coverage. For this reason, the first part of the second step 
was to assign binary codes for the input layers so that all information used from the 
different layers would remain when rasterizing and merging. For the dataset with 
pCF I used the tool Reclassify by table and gave all pixels mapped with pCF the 
value of 10000000 while all other pixels missing pCF were assigned the value 0. 
For the layers deriving from vector datasets (table 1), I made new fields in the 
attribute tables of each layer and called this field “Binary”. I then assigned a specific 
value to the new Binary fields of each layer (Appendix 1) which would be used to 
see what features from my input layers each pixel in the landscape includes. The 
NMD dataset was already built up in a similar way for land coverage (including 
tree species) and therefore I kept the NMD-codes for now.  

After I had assigned values to all layers, I used the conversion tool Rasterize 
(vector to raster) on all vector layers and selected the Binary field to be used as a 
burn-in value and a pixel size of 10x10m. This gave all pixels in each raster layer 
only the assigned value while excess information not used for this study from each 
vector layer were removed. In this way I created 6 new raster layers with binary 
numbers in addition to the existing pCF-, and NMD-rasters, making it 8 raster 
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layers in total (Appendix 1). I then used the tool Merge, and the pixel values from 
the 8 overlapping raster input layers were summarized into a new raster with 1131 
unique combinations of pixel values (Appendix 2). The large number of 
combinations were explained by keeping the NMD-dataset which created many 
different possible combinations. 

To only achieve information relevant to this study I created a mask layer from 
the “administrative borders” layer by first selecting the 6 counties in the study area 
from the attribute table and then created a new vector layer with the selected 
counties. I then used the extraction tool Clip raster by mask layer with the mask 
layer. The masked raster layer with summarized pixel values (hereafter called 
sum.raster) were given the same resolution and no data values were set to 0. To see 
the number of pixels with unique values I used the tool Raster layer unique values 
report which exports the entire layer into an excel-file. From this file I received the 
number of each unique pixel value and the area in m2 covered by these as an output. 
 

 

Figure 2. Five steps with brief explanatory boxes for the order of preparations and analyses made 
within each step. Step 1 and step 2 are preparatory steps. Step 3 represent the first analysis, step 4 
the second analysis and step 5 represent a final step taken for arranging datasets and visualizing 
results of both analyses. The grey boxes in Step 3 are to be considered as results concerning shares 
and regional distribution of pCF and HCVF within the Sveaskog forest holding. The grey boxes in 
Step 4 are to be considered as main results from the study regarding connectivity.  
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2.3.3 Regional shares of pCF and HCVF within SFH 
To estimate the share of pCF and HCVF within SFH I worked with sum.raster in 
Microsoft Excel. The first thing I did was to transform the area from square meters 
to ha for each unique pixel value by dividing the areas of all unique pixel values 
with 10000.  

As the unique pixel values functioned as codes for inherent features, I divided 
the Sveaskog forest holding into a few different categories (figure 3). I first created 
three categories non-pCF, pCF 70-139 years and pCF 140+ years. The fourth class 
was regarded as overestimations of pCF and named “pCF < 70 years = 
overestimated pCF”. Due to issues occurring among edges when transforming 
vector layers to raster layers (Congalton 1997), some areas gave pixels with values 
representing interfering data. For this reason, I made the fifth category QGIS pixel 
mapping errors. These pixels were removed from the next steps in the analysis. I 
included land coverage information from NMD to simplify data preparations in the 
connectivity analyses. 

I excluded eventual QGIS pixel mapping errors, I then further divided the four 
categories in another step and added information about HCVF which resulted in the 
categories non-pCF without HCVF, non-pCF with HCVF, pCF 70-139 years 
without HCVF, pCF 70-139 years with HCVF, pCF 140+ without HCVF and pCF 
140+ years with HCVF (figure 3). All pCF with HCVF were eventually grouped 
into one category as they were considered of equal value for the connectivity 
analysis. To set SFH in a greater landscape perspective, all other forest not owned 
by Sveaskog were divided into categories in the same way. However, as I did not 
use data about mean stand age for forest outside of SFH, all pCF outside of SFH 
was only divided into two categories, pCF with HCVF or pCF without HCVF. This 
also meant that no category for overestimations of pCF was made outside of SFH. 
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Figure 3. Sveaskog forest holding divided into categories using stand ages provided by Sveaskog 
and information about HCVF from the Swedish EPA and Sveaskog to find core areas of pCF with 
HCVF. Overestimated areas of pCF were considered "forestry forest" and further divided 
depending on presence of HCVF. 

2.3.4 Finding the distribution of pCF and HCVF 
 
To investigate the spatial distribution of pCF and HCVF within SFH I divided the 
entire study area into 11 regions in QGIS based on municipality locations. These 
11 regions were either considered mountainous, central inland, or coastal (figure 4) 
The decision was made together with Sveaskog representatives as this type of 
division might reveal the spatial distribution of pCF and HCVF in a western-eastern 
as well as a northern-southern gradient while maintaining administrative borders. 
The regions were made by selecting chosen municipalities from the attribute table 
of the administrative borders vector layer and then creating new vector layers from 
the selected municipalities.  

Before finding the distribution of pCF and HCVF within SFH, additional 
preparations were made in QGIS. The previously merged raster layer sum.raster 
with 1131 combinations were reclassified again with reclassify by table into the 
final 6 categories of pCF and HCVF only this time I divided these categories and 
used the information about land coverage from NMD, resulting in 34 categories for 
SFH and 21 categories for all areas not owned by SFH (Appendix 3). I gave each 
category a new simplified value. All pixels not featured in each category were given 
a no data value of 0. All of the 55 raster layers were then merged into a new layer 
called category.raster. I clipped this merged raster using the raster extraction tool 
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Clip raster by mask layer for each of the 11 regions and exported the information 
to excel using Raster layer unique values report. The distribution of categories 
between regions was analyzed and shares of each category within each region were 
calculated in excel (figure 7, figure 8). 

 

Figure 4. The 11 municipality regions based on nearness to the coast, the mountain region or 
categorized as central. Two areas (marked with thick black lines) are selected for further 
connectivity analyses. One is located between the regions in Norrbotten, stretching across the 
border to Västerbotten. The other connectivity study area is located between Dalarna and 
Gävleborg. Four additional possible study areas are marked with dotted lines. One possible 
connectivity study area cover the entire county of Västerbotten and another connectivity study are 
the county of Norrbotten. The other possible connectivity study areas cover areas with large 
proportions of SFH in Dalarna and Gävleborg. 

2.3.5 Approach for the connectivity analyses 
The goal with the connectivity analysis was to find core areas (hereafter patches) 
which consisted of both HCVF and pCF combined. When the patches were found 
I wanted to assess the connectivity value for each of these patches in relation to all 
other patches found within each studied network. Another target with the 
connectivity analysis was to find possible least-cost paths of HCVF or pCF between 
the patches that can be targeted for further development into HCVF to support the 
connectivity of the ecological networks. This was done with least-cost paths by 
assigning resistance values to the different categories of pCF and HCVF. 
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To investigate connectivity based on categories of pCF and HCVF I defined 
patches with pCF and HCVF larger than 3 ha as core areas for a “general species”. 
This approach was applied throughout the connectivity analysis and can be seen as 
a multispecies approach which was used (Watts et al. 2010; Gurrutxaga et al. 2011) 
to find features in the landscape with importance for many species, instead of 
finding features that are important for a single species. I used this approach and set 
up three scenarios with different land coverage. The first scenario focused on all 
forest land coverage. As the study areas mainly consist of pine forest, spruce forest 
or mixed conifer forest this first scenario can be regarded as relevant to find features 
for groups of species dependent on any conifer forests. The second scenario focused 
on pine forest and thus focused on features valuable for pine forest species while 
the third scenario focused on spruce forest and thus features valuable for spruce 
forest species. Each scenario was repeated four times with different distances to 
include difference in dispersal abilities of the “general species”. All analyses were 
repeated for three distances of a) 1000m, b) 3000m, and c) 5000m. For each 
scenario, I also made an analysis with 20000m dispersal distance to reveal all least-
cost paths and BC of nodes if the study area were fully connected, to see if this can 
assist in assessing future development.  

2.3.6 Software – Graphab 
The connectivity analyses were made by applying graph theory and least-cost paths 
using QGIS and the plugin version of the software Graphab v.0.6.1 (Foltête et al. 
2012, 2021). Graphab is developed by a French team of researchers and is used in 
several studies (Foltête et al. 2014; Clauzel et al. 2015; Huang et al. 2021; Tang et 
al. 2021; Tiang et al. 2021) to investigate connectivity in ecology. It has been 
developed to integrate construction and visualization of ecological networks into 
one software. Although other programs such as GuidosToolbox (Vogt & Riitters 
2017) or Conefor (Saura & Torné 2009) can be combined to receive similar results 
and are more commonly used, I decided to use Graphab as it seemed more user 
friendly due to the possibility to visualize results simultaneously within the 
program. Besides the standalone version, a plugin version for QGIS was recently 
developed (Foltête et al. 2021) with all the basic tools of the standalone version. 
Although the standalone version of Graphab has a wider variety of tools than the 
QGIS plugin version and can compute larger landscape resistance maps with 
smaller patch sizes. However, the processing time within the standalone version 
was very long and all tools needed for this study were available in the plugin 
version. For this reason, I used the plugin version for the main computations and 
only used the standalone version for visualizing the distance conversion, which 
were done automatically within the plugin version of Graphab.  
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2.3.7 Preparing data for the connectivity analysis  
Before making the second analysis, data must be prepared to be compatible with 
Graphab. First, a few of the 11 regions were excluded while other regions were 
targeted for further connectivity analyses. Five interesting areas were identified 
with high shares of pCF and HCVF. These areas had large proportions of SFH 
(figure 4). Out of these five interesting areas I decided to further investigate two, 
based on the time available for the study. The first connectivity study area is located 
between the border of Dalarna and Gävleborg and is dominated by pine and mixed 
conifer land coverage with high amounts of pCF and HCVF. In the northeastern 
area a large Sveaskog ecopark is located. The second connectivity study area chosen 
is in a central part of Norrbotten/Västerbotten with proximity to the mountain forest 
border. The shares of pCF and HCVF were higher than in the Dalarna/Gävleborg 
study area. Within this study area are four large Sveaskog ecoparks.  

I made new vector layers in QGIS which covered the two areas selected for 
connectivity analyses, and used these vector layers as extraction masks on the layer 
“category.raster” which consisted of my categories of pCF and HCVF for different 
land coverage. Finally, I converted the data type of the resistance to Int16 which 
only allows (and ensures) that numbers range from -32768 to 32768 as required in 
the Graphab software. This was done using the GDAL raster conversion tool 
Translate.  

2.3.8 Selection of patches 
The first step when setting up a connectivity analysis with Graphab is to import a 
prepared landscape map and select patches. I used the maps prepared for the two 
chosen connectivity study areas. The patches (called habitat patches in Graphab) of 
pCF with HCVF was set to a minimum size of 3 ha (figure 5a). The minimum patch 
size of 3 ha was chosen because I studied large areas and had to limit patches to 
shorten computation times and prevent computation errors in the QGIS-plugin 
version of Graphab. Due to the large number of patches in the study area of 
Norrbotten/Västerbotten the minimum patch size had to be increased to 6 ha to keep 
computation processes reasonable. Still, the distance of 5000m could not be 
computed correctly due to the large amount of connected nodes and therefore only 
the distance of 1000m and 3000m area computed in the Norrbotten/Västerbotten 
connectivity study area.  

I repeated the selection of patches for each of the three land coverage scenarios 
in both connectivity study areas. In the scenario including all land coverage, patches 
with land cover of “temporarily not forests” were considered unfavorable and pixels 
with “not forest” were considered as barriers. In the second and third scenario, all 
non-targeted tree species were considered as unfavorable and excluded as patches. 
When computations were finished patches and a set of links between all pairs of 
patches were calculated within the software.  
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Figure 5. Example of patches, nodes, links, least-cost paths, and corridors. Image a) illustrate 
patches (green areas). Image b) illustrate transformation of patches to nodes with circle sizes 
corresponding to the capacity (area) of the patch and links between all the nodes. Based on the 
heterogeneity of the matrix, c) illustrate least-cost paths between patches. Image d) illustrate 
patches with least-cost paths and corridors (green area) between patches, representing all 
cumulative cost-paths below a threshold between patches. 

 

2.3.9 Setting the landscape cost-resistance values 
The second preparatory step done in the connectivity analysis was to assign cost-
resistance values to each of the categories of pCF and HCVF in the landscape. 
Assigning resistance values takes builds on the theory that certain species or groups 
of species prefer to disperse through the landscape at a “cheap” cost. As this is a 
very theoretical approach, especially when having a multispecies approach, I am 
using previous literature as guidance for setting the resistance values. However, 
different studies use alternative approaches when they set resistance values to a 
landscape matrix. While some studies (Clauzel et al. 2015; Sahraoui et al. 2021) 
use logarithmic values, others use expert-groups to make species-specific 
connectivity analyses and assign resistance values relevant for a single species 
(Driezen et al. 2007; Gonzales & Gergel 2007; Stevenson-Holt et al. 2014; 
Bourdouxhe et al. 2020; Tiang et al. 2021). I base my settings partly on the findings 
from these studies to find patches and important areas in this study. Following 
Clauzel et al. (2013) I decided to set cost-resistance values with quite contrasting 
values (table 2) to delineate between suitable and unfavorable areas. As this was 
not a species-specific study but a study investigating development of pCF with 
HCVF in three scenarios I assigned different categories of pCF and HCVF 

(a) (b) 

(c) 
(d) 
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resistance values between 1-50 which was considered appropriate for finding areas 
which can develop into pCF with HCVF. I gave pCF with HCVF the lowest 
resistance of 1, as these areas already have developed continuity and contain high 
nature conservation values. Areas mapped as “forestry forest with HCVF” was 
given the second lowest resistance of 10 as these areas have established high nature 
values but needs time and perhaps further management to be developed into 
continuity forests. After discussions with Sveaskog about their future managing 
plans with setting aside old forest in some regions, I assigned pCF older than 140 
years without HCVF with the third lowest level of resistance of 25 to prioritize old 
pCF over younger pCF. The resistance value for younger pCF without HCVF was 
set to twice the resistance level of old pCF with a resistance value of 50 in order to 
still prioritize pCF of any age over other forests. Finally, I gave all forests without 
pCF or HCVF a resistance value of 100. The resistance value for areas temporarily 
not consisting of forest was set to 500 and everything that is not forest, such as 
roads, water, and open areas, were given a resistance value of 1000. When making 
connectivity analyses for only spruce forest or only pine forest all other forest types 
are considered unfavorable matrix and the resistance value for these areas are set to 
500 resulting in very different resistance surfaces in the landscape (figure 6). The 
final resistance values set are similar to those used by Gurrutxaga et al. (2011) in 
their study of forest networks. 
 

Table 2. Resistance-cost depending on forest class and forest species as mapped by the national 
landcover data. Areas classified as temporarily not forest, such as clear cuts, are regarded as 
unfavorable. For connectivity analyses targeting specific tree species, non-included tree species are 
also regarded as unfavorable, receiving a high resistance value. 

Type of landscape pCF High-
conservation 
values 

Function Resistance 

All forest 
or targeted tree species 

Yes Yes Habitat 1 

 No Yes Suitable 10 
 Yes No Suitable- 

(140+y) 
25 

 Yes No Less suitable 
(70-139y) 

50 

 No No Not suitable 100  
Temporarily not forest - - Unfavorable 500 
Not forest - - Barriers 1000 
     
Non-targeted forest tree species in 
tree species-specific analysis 

- - Unfavorable 500 
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Figure 6. Resistance maps for A) all forest land coverage, B) pine forest land coverage, C) spruce 
forest land coverage. For B) and C), all non-targeted tree species land coverage is set to the same 
values as temporarily not forest. Blue areas are considered barriers while brown areas are 
considered as unfavourable matrix. 

2.3.10  Producing a graph with nodes, links, and least-cost    
paths 

The third step was to produce a graph which would be used to transform all patches 
into nodes with links between pairs of patches below my set threshold distance 
(figure 5b). This was done for each scenario where I pruned all links exceeding the 
set distance. When pruning graphs on a cost-resistance linkset (appendix 4), 
Graphab automatically convert Euclidean distance in meters to a cost-distance 
relative for each scenario using the cumulative cost of all pixels between to paths 
by adding values of each pixel in the resistance map between all pairs of patches. 
This conversion and calculation of least-cost paths (figure 5c) was done in all 
scenarios for all pairs of patches below my threshold distances. 

2.3.11 Making threshold corridors between patches 
In the fourth step corridors below the threshold distances between all pairs of 
patches were calculated (figure 5d). They are similar to least-cost paths but instead 
of revealing single path they reveal areas below a threshold. I consider the corridors 
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as possible movement zones (Rayfield et al. 2010) to compliment the least-cost 
paths as the least-cost paths can change routes quite drastically depending on 
resistance settings, while corridors covering thresholds are more stable with 
different settings (Pinto & Keitt 2009). The corridors are built using the resistance 
landscape maps, making it possible to build corridors not only with Euclidean 
distances but with cost-distances which takes the landscape heterogeneity of 
different categories with pCF and HCVF into account. With this approach corridors 
expand shorter through areas with unfavorable features and further through areas 
with suitable features making it useful to find core areas between two patches or in 
proximity to patches.  

In the QGIS plugin version of Graphab I converted Euclidean distances to 
estimated cost-distances automatically when calculating threshold corridors with 
the cost-resistance landscape maps. I used the approximate cost-distances for 
1000m, 3000m and 5000m (appendix 5) and calculated all corridors for each 
scenario. These corridors were then styled with singleband pseudocolor in QGIS to 
reveal how many times a pixel is covered by a corridor. All pixels without any 
corridors were made transparent to only illustrate areas lower than the cost-distance 
thresholds in each scenario. In the Norrbotten/Västerbotten study area I included a 
vector layer with Sveaskog ecoparks to illustrate overlap between the corridors and 
the ecoparks and how the ecoparks in this study area could be further developed. 

2.3.12  Adding connectivity metrics to nodes and least-
cost paths 

To assess the importance of the patches within each scenario I used connectivity 
metrics. For this study I decided to use the Betweenness Centrality index (BC) 
(Freeman 1978). The BC-value is commonly used to identify important patches and 
links between patches (Bodin & Norberg 2007; Minor & Urban 2007; Estrada & 
Bodin 2008; Zetterberg et al. 2010; Baranyi et al. 2011) as it calculates the number 
of least-cost paths between any pair of patches that passes through a targeted patch. 
In this way the centrality of any targeted patch within a network of patches is 
measured at a local level (appendix 6). Although other indexes are available, the 
BC metric has been identified by Bodin & Norberg (2007) as a good way to find 
important stepping-stones within an ecological network, so I used this connectivity 
metric.  
I assumed a maximum dispersal probability of 0.05 in all scenarios for all distances. 
This was repeated in both study areas. As the BC-value can be hard to interpret with 
a large span of values that differs greatly between scenarios, I divided all nodes 
using Jenks natural breaks (Jenks 1967) in QGIS, as it can be used to find the most 
relevant patches relative to each scenario (Huang et al. 2021) by finding natural 
breaking points in a dataset.  Using a method with equal quantiles is not relevant as 
patches that are isolated will have no BC-value. The betweenness centrality index 
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was illustrated by adding a white to red color scheme on the nodes with dark red 
indicating very high values and white illustrating lesser value.  

I divided all least-cost paths into 5 levels ranging from very low to very high 
with the QGIS equal quantiles as all least-cost paths between patches have a BC-
value. The least-cost paths were then given a thickness depending on their value 
were thicker lines indicates higher values.   
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3. Results 

3.1 Stratification of the Sveaskog forest holdings 
Approximately 298 429 ha of Sveaskog forests were mapped with a combination 
of high conservation value forest and proxy continuity forest (Fig. 7). About 200 
254 ha were also mapped as pCF without HCVF. About 125 160 ha was mapped 
as HCVF but not as pCF and hence mapped as non-pCF. The largest category was 
non-pCF forest without HCVF which equals about 1 910 238 ha. In total 245 693 
of forest was found to be overestimated pCF. 

 

Figure 7. Distribution of HCVF, pCF and "forestry" forest within the Sveaskog forest holdings. 
Overestimated pCF is further categorized into "forestry" forest with or without HCVF qualities.  

 
The spatial distribution of the six different categories across the 11 regions reveals 
that the largest amount of HCVF and pCF is located in Norrbotten and Västerbotten 
(Fig. 8). However, all mountain regions except the Jämtland southern mountain 
region stands out with higher shares of pCF and HCVF compared to the inland or 
coastal regions. The Norrbotten and Dalarna mountain regions (37% and 35%) have 
the largest shares of categories with pCF or HCVF. In the Norrbotten mountain 
region, more than 80 000 ha are pCF and HCVF combined, with almost 70 000 ha 
being older than 140 years. Both regions in Dalarna and the region of Gävleborg 
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has a high share of younger pCF (70-139y) and HCVF combined compared with 
the other regions. 
 

 

Figure 8. Spatial distribution within each region with amount (in ha) and shares of the different 
combinations of pCF, HCVF and “forestry” forest. 

3.2 Dalarna-Gävleborg case study 

3.2.1 Patches of pCF with HCVF 
The analyses on different land coverage revealed a large difference in number of 
patches for the different forest types. The analysis on all forest land in 
Dalarna/Gävleborg shows 396 patches of pCF and HCVF combined larger than 3 
ha (figure 9). Out of these, 106 patches consist of pine forest and 72 of spruce forest.  
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Figure 9. All forest patches (both pine and spruce) larger than 3 ha of pCF and HCVF combined 
for the Dalarna-Gävleborg case study 

3.2.2 Betweenness centrality for patches and least-cost 
path 

The entire case study consists of one connected component when applying  a 
network dispersal distance of 20 000m (Fig. 10). All least-cost paths between 
patches and nodes are connected. Their relative BC-importance is more evenly 
spread throughout the landscape compared to shorter distances where the network 
is divided into isolated components. The northeastern area is a hotspot with the 
highest BC-values in all scenarios. Patches in the pine forest scenario have the 
highest values in the northern part of the study area, while the spruce forest scenario 
have some patches in the central western area and also in the southern area. 



37 

 

Figure 10. Connectivity importance for patches (represented by nodes) of pCF and HCVF combined 
for all forest, pine forest and spruce forest, respectively, analysed with least-cost paths for a 
dispersal distance of 20.000m. The patches are divided in 5 classes with Jenks natural break (Jenks 
1967) while the least-cost paths are divided in 5 classes with an equal count in each class. Grey 
area in the background shows the Sveaskog forest holdings. 

 
 
Applying 5 000, 3 000 and 1 000 m distances, the nodes with the highest BC-values 
and thus least costs can be found in the northeastern corner for all three distances 
(Fig. 11). The number of nodes per component differs between the distance 
thresholds from about 15.23 for the 5 000m distance, 5.35 for the 3 000m distance 
and 1.76 for the 1 000m distance. Increasing distances reveal important least-cost 
paths stretching mainly from northwest to southeast, i.e. diagonally across the case 
study. At the 5000m distance, some of the larger components detected in the 3000m 
analysis have been connected.  
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Figure 11. Connectivity importance for patches of pCF and HCVF combined for all forest 
(represented by nodes) and least-cost paths for the three different distances. The patches are divided 
in 5 classes with Jenks natural break while the least-cost paths are divided in 5 classes with an equal 
count in each class. Grey area in the background shows the Sveaskog forest holdings.  

 
 

The BC-analysis for pine forests (Fig. 12) shows patches with the highest BC-
values in the northeastern corner for all distances. More nodes are connected with 
an increasing distance, with three additional components having patches with a BC-
importance above “very low”. However, these areas are still considered to be of 
low BC-importance compared to the patches in the northeast. The number of nodes 
per component is 2.59, 1.68 and 1.38 for the 5000m, 3000m and 1000m distances, 
which thus for pine only differs a lot compared with all forests (see Fig. 12). Most 
high or very high BC-values for least-cost paths are found in the northern part of 
the study area, especially in the northeastern hotspot. A few least-cost paths are 
found with a medium BC in the southestern component when scaling up to the 
5000m distance. 
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Figure 12. Connectivity importance for patches of pCF and HCVF combined for pine forests 
(represented by nodes) and least-cost paths for the three different distances. The patches are divided 
in 5 classes with Jenks natural break while the least-cost paths are divided in 5 classes with an equal 
count in each class. Grey area in the background shows the Sveaskog forest holdings. 

 
Spruce forests have a few components at short distance where patches are 
connected (Fig. 13). As dispersal distance increase, more nodes are connected and 
more nodes with important BC-values are revealed.  Three components have 
connected nodes with BC-values above “low” at 5000m distance. The one with 
highest BC-values was found in the northeast, a second in the west and a third in 
the south. The number of nodes per component was 2.88, 1.95 and 1.36 for the 
5000m, 3000m and 1000m dispersal ranges which is similar to the number of nodes 
per component for pine but very different from the all forests. Least-cost paths with 
highest BC-values were found in the north-eastern component, in the western part 
and in a southern part. 
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Figure 13. Connectivity importance for patches of pCF and HCVF combined for spruce forest 
(represented by nodes) and least-cost paths for the three different distances. The patches are divided 
in 5 classes with Jenks natural break while the least-cost paths are divided in 5 classes with an equal 
count in each class. Grey area in the background shows the Sveaskog forest holdings. 

3.2.3 Corridors connecting patches 
 
Figure 14 illustrates corridors calculated under relative threshold levels to 
complement the other measures and shows that the all forest scenario (figure 14) 
has a similar cost-distance threshold value as pine on the 1000m distance, but lower 
values at longer distances (appendix 5). The northeastern area has the highest 
abundance of corridors on all distances. When scaling up to 3000m additional areas 
become covered by corridors. In the 5000m analysis, two very large areas are 
connected; the northern with wide corridors and the central/southern with a few 
narrow corridors. Narrow corridors can be regarded as bottlenecks of suitable forest 
matrix (figure 15).  
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Figure 14. Patches of pCF and HCVF combined for all forest with corridors between patches below 
thresholds for the three distances of 1000m, 3000m and 5000m. Each group of isolated patches are 
considered a component.    
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Figure 15. Three examples from the all forest analysis, displaying three examples of bottleneck 
areas for a 5000m distance with least-cost paths and corridors connecting large areas. A 
background matrix is included to display how corridors and least-cost paths expands. 

 
The corridors in the pine forest scenario (figure 16) have the highest abundance in 
the northeastern component at all distances. As distances are increased, larger 
components are revealed. A few narrow corridors are detected in the western area 
and the southeastern area. Cost-resistance threshold values for each distance are 
slightly higher compared to the cost-resistance values of all forest land, but 
considerably lower compared to the cost-resistances for spruce forest (appendix 5).  
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Figure 16. Patches of pCF and HCVF combined for pine forest with corridors between patches 
below thresholds for the three distances of 1000m, 3000m and 5000m. Each group of isolated 
patches are considered a component.    

 
The most important area in the spruce forest scenario (figure 17) is located in the 
northeastern part, at all distances. However, at the 1000m distance most other areas 
are displayed as having high importance as no areas stands out with a relatively 
high number of patches connected. As distances increase, the corridor abundance 
increase in the western area and the areas illustrated with high abundance for 1000m 
are now considered being low abundance. The cost-resistance values for spruce 
differs substantially from both the all forest scenario and the pine forest scenario, 
as the spruce land coverage computes much higher cost-resistance values with the 
5000m distance standing out as very high (appendix 5).  
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Figure 17. Patches of pCF and HCVF combined for spruce forest with corridors between patches 
below thresholds for the three distances of 1000m, 3000m and 5000m. Each group of isolated 
patches are considered a component.    

3.3 Norrbotten/Västerbotten case study 
The connectivity study area for all forest land in Norrbotten and Västerbotten has 
included patches (figure 18a) with a few patches consisting of ecoparks or nature 
reserves being very large. The number of patches per component are approximately 
5.95 for the 3000m threshold distance. Three large clusters of patches with higher 
importance were found (figure 18b). One of these clusters stretches along the 
western part of the study area while the other is in the northern part of the study 
area. The corridor abundancy analysis revealed a few core areas with a high 
abundancy of corridors (figure 18c). Areas with a high abundance of corridors 
overlap to a large extent with the current Sveaskog ecoparks (figure 18d). Areas 
with a lower abundance could be managed for increasing the connectivity in the 
vicinity to the ecoparks and to increase their component functionality.   
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Figure 18. Example from the connectivity analysis in the Norrbotten/Västerbotten connectivity study 
area. A) illustrate the patches of pCF and HCVF combined. B) illustrate relative BC-value for nodes 
and least-cost paths, C) illustrate corridor abundance with many areas having a high corridor 
abundance. D) illustrates how the areas with a high corridor abundance overlap to a large extent 
with the Sveaskog ecoparks. 
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4. Discussion 

4.1.1 Distribution of continuity forests with high nature 
conservation values 

From my results I find that there is about 245 693 ha of overestimated pCF (figure 
7) following from Metrias mapping of continuity forests, given that forests below 
70 years are overestimations. This is interesting as it might have a direct impact 
within the model I use and therefore also on what management Sveaskog chose to 
apply continuity forests and non-continuity forests. I also find that almost 300 000 
ha is continuity forests with high nature conservation values and that most of these 
forests are found in the mountain regions of Norrbotten, Västerbotten or Dalarna 
(figure 8). This is in line with other findings (Svensson et al. 2020, 2022) that 
recognize forests within or in proximity to the mountain forest border as areas 
important for the green infrastructure. For Sveaskog the area defined here as 
Norrbotten coastal region also has a large amount and share of continuity forests 
with high nature conservation values. In general, this implies that forestry in the 
mountain regions and Norrbotten region can be more focused on protection of 
forests that already have high nature values and long forest continuity as 
connectivity between such valuable areas are higher than outside of these regions. 
Meanwhile, management in southern coastal or southern inland regions could focus 
on developing new forests that can contribute to connectivity between the sparse 
amount of continuity forests with high nature conservation values to contribute to 
connectivity between such forests.  

The areas targeted as possible connectivity study areas (figure 4) could likely be 
developed and managed with similar approaches as either Dalarna/Gävleborg or 
Norrbotten/Västerbotten, depending on whether they are mountain regions or 
coastal regions. However, to know where to target management focused on 
connectivity improvements, the connectivity method I have used on 
Dalarna/Gävleborg and Norrbotten/Västerbotten should be applied to all Sveaskog 
forests to reveal forests more or less important as connectivity forests.  

4.1.2 Connectivity within Sveaskog forest holdings 
The results shows that there are substantial areas of Sveaskog forestland that can be 
defined as standard forests with no documented high conservation values and that 
also often disconnected from areas with aggregated high conservation values. 
Assessing different dispersal distances for a general forest type can reveal if a patch 
or a group of patches can be considered isolated. If so, corridors of importance 
between patches can’t be found, or found as narrow and potentially sensitive forest 
belts. Applying different distances provide information on what spatial scale, i.e. 
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movement or dispersal area, connected patterns appear. This is not controversial as 
the number and distribution of patches sets the basis for how connectivity can be 
modeled. If the number of patches in the network are few and far apart, the 
connectivity between them is less. This is illustrated in the results as neither the 
pine nor spruce scenario reveal any large improvements in connected nodes per 
component in comparison to the scenario with all forest patches where the number 
of connected nodes per component have a large increase. Thus, the approach taken 
in this study is a step forward in stratifying the Sveaskog forest holdings into units 
that can be assigned for either continued forestry, restoration to improve 
connectivity on longer term, or set asides to add to connectivity and green 
infrastructure functionality within and in the vicinity of already know conservation 
hot spot areas as the Ecoparks. 

The cost-resistance thresholds calculated (appendix 5) is useful as the threshold 
values between each scenario explain the “cost” of connectivity for the metric 
distances of each scenario. As expected, improving connectivity for the spruce 
scenario at a 5000m distance includes less good matrix and becomes very costly as 
the landscape is dominated by pine. This implies that connectivity over large 
distances perhaps should be focused on all conifer forests or all forest. 

Based on the results, areas important for linking patches together can be 
discovered. The most important areas within all scenarios were those where 
Sveaskog ecoparks were established as they contributed with the highest relative 
abundance of corridors in all scenarios and all distances. This was both the case for 
Dalarna/Gävleborg (figure 14; figure 16; figure 17) and for 
Norrbotten/Västerbotten (figure 18C; figure 18D). The areas covered by ecoparks 
also revealed the highest relative BC-importance for both nodes and least-cost 
paths. The model validates that Sveaskog ecoparks contains important patches of 
valuable forest and indicate a high contribution of connectivity in the landscape. 
 

4.1.3 Interpreting least-cost paths and landscape 
resistance 

Using the corridors as predictors of possible dispersal routes, some parts of the 
study areas apparently have better premises for connecting patches (i.e. higher 
corridor abundance) than others. Furthermore, some parts have no corridors passing 
at all and hence do not contribute to the model. However, such an assumption is 
most likely not fully valid as actual species dispersal relies on multiple factors and 
is much difficult to assess (Palmer et al. 2011), which implies that species-agnostic  
models such as this should only be regarded as complementary to other fine-tuned 
data and decision-making tools. 

When the length of least-cost paths is not restricted to the thresholds of 1000-, 
3000-, or 5000-meters, possible routes connecting the entire study area is visible 
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and the relative importance for all patches in the network can be assessed (Bodin & 
Norberg 2007).  

As discussed in other studies using landscape-resistance, the least-cost paths and 
corridors are very dependent on the cost-resistance values set in the model (Pinto 
& Keitt 2009; Zetterberg et al. 2010; Huang et al. 2021). Least-cost paths follow 
routes that avoid areas of temporarily not forest or with other types of land cover 
(appendix 8A), but still paths may be modeled. This happens as a path through 
unfavorable matrix has a lower accumulative cost-resistance compared to the 
accumulative cost of an alternative route through more suitable matrix becomes 
higher because it is much longer (appendix 8b).  

The corridors in this study complement least-cost paths in several ways. Corridors 
display environments that are more probable to have features evaluated as 
important, and not only illustrate a least-cost path. From the results, areas of patches 
connected by corridors with intense red colors are to be considered as very valuable 
areas where connectivity is good. These areas are already well-connected and 
should be targeted for further protection. However, corridors illustrated with 
black/purple corridors could be targeted for further development which would then 
strengthen connectivity on all levels. 

Using the corridors as predictors of possible dispersal, some areas can be 
interpreted as having better values for connecting patches (high corridor 
abundance) while others have less good values for connecting patches (low corridor 
abundance).  

The areas with corridors for spruce forest and pine forest is about the same 
(figure 16; figure 17). However, as the cost-distance threshold values calculated are 
relative to each scenario, we must include the approximate cost-distance values 
(appendix 5). These reveal that the approximate cost for spruce coverage at a 1000m 
dispersal range is almost 4 times higher than that of pine coverage, indicating that 
connectivity for species dependent on pine forests is higher and potentially also 
more easy to improve even further, as supported by the resistance maps.  

Further, corridors and corridor abundance can be used and divided into areas 
with different targets. Areas with a high abundance of corridors can be interpreted 
as suitable areas for further protecting or management that is oriented towards 
increasing high conservation patch area, continuity forests and generally enhance 
nature conservation values, while areas with lower corridor abundance could be 
oriented towards developing a multifunction approach to maintain their stepping-
stone importance (Peura et al. 2018), or be targeted for continued forestry. With 
reference to the results, areas with patches connected by corridors with intense red 
colors are to be considered as very valuable areas where connectivity is good. These 
areas are already well-connected and should be targeted for further protection. 
However, corridors illustrated with black/purple corridors could be targeted for 
further development which would then strengthen connectivity on all levels. 
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Depending on how much forest a forest owner is prepared to set aside or develop 
to forests with high nature values, one could argue for that all areas detected with 
any corridors, even areas with low corridor abundancy, could be developed to have 
old forest characteristics and eventually become very large patches in the landscape. 
As discussed by Saura and Rubio (2010), the choice of where to develop new 
patches should be considered a trade-off between the connectivity gain for the entire 
network and the intrinsic value already at place at areas suitable for development, 
even if they contribute less to the connectivity. This is important to keep in mind as 
strict addition of patches that only maximize connectivity within the network, might 
result in that other areas with higher nature values are neglected.  

4.1.4 Management suggestions for Sveaskog 
To start with, I think that the applied methodology has a great advantage as it allows 
easy visualization which can be interpreted intuitively as areas of importance or 
not. This can be useful for Sveaskog as complementary to their other decision-
making tools or applied on top of stand information in GIS-programs. 

The results provide very clear information about corridors and least-cost paths 
found in the study area with these settings. If an area has a least-cost path passing 
through, this indicates a suitable area for further management approaches with 
focus on conservation. Corridors add a great supplement to this as they provide 
entire areas that can further support connectivity between patches. Corridors 
illustrated with more intense colors in this study should be considered important 
and left for protection or further managed to increase connectivity. Other corridors 
can be combined with connectivity metrics to assess their value and prioritize 
management. I suggest development around patches found in the 20 000m analysis 
and least-cost paths between these and the core areas to strengthen connectivity 
within the entire forest holding network. Forest areas regarded as most suitable 
along these least-cost paths can then be developed and protected. 

The results from the different scenarios also reveal that connecting only pine 
forests or only spruce forests can prove difficult and at a high cost. It could therefore 
be appropriate to target connectivity of conifer forests as an entity as it can become 
highly connected by prioritizing core areas (figure 15). Such recommendations are 
found in other studies where bottlenecks are found (Huang et al. 2021). The 
scenario of all forests represents the possibilities for conifer forests well as most of 
the forests within the study are pine forests, spruce forests, or mixed conifer forests.  

There is an option between choosing development and protection of areas 
already recognized as well-functioning (meaning corridors with high abundances 
or least-cost paths with high BC-values) or developing areas that are recognized in 
the study with lower abundancies and lesser BC-values. Least-cost paths revealed 
with a lower BC-importance are still found within the limits of the model and are 
thus representing the best way to connect patches in a way that takes landscape 
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heterogeneity into account. Ideally, a combination of both these approaches would 
provide the best background landscape planning information. 

At the same time, for Sveaskog it is also interesting to see where in the given 
landscape they can continue with rotation forestry. As this model map areas 
currently important for connectivity it also reveal areas that cannot contribute to 
functional green infrastructure given the spatial locations and thus rotation forestry 
could be performed. That is, outside of corridors or in areas within corridors where 
they evaluate that the connectivity between patches won’t be large.  However, areas 
with pCF and HCVF should not be targeted with rotation forestry as all known 
values should be considered important. Also, other scenarios including more 
patches could reveal other corridors and areas where forestry should be managed 
with a multifunction approach to maintain their stepping-stone importance (Peura 
et al. 2018).  

Illustrated with landscape resistance, the Dalarna-Gävleborg study area is 
dominated by pine (figure 6b). This affects possible development scenarios as 
connectivity among continuity forests with spruce that consist of high nature 
conservation values can be harder to develop compared to connectivity between 
valuable pine forest. For this reason, perhaps connectivity between spruce forest 
should be more focused to certain areas or applied for longer dispersal distances. 
The possibilities of high connectivity for pine forest looks much more promising as 
pine forests dominates the landscape and development of conservation values can 
be performed in many areas and higher connectivity can be reached for shorter 
dispersal distances. 

4.1.5 Importance of resistance values 
The setting of resistance values to include heterogeneity in the landscape is difficult 
and the results can be greatly influenced by the chosen values and ranges (McRae 
et al. 2008). In this study I chose to set the resistance values to similar values of 
previous studies working with ecological networks (Clauzel et al. 2013, 2015; 
Foltête et al. 2014; Huang et al. 2021) combined with trial and error during 
modelling. I also chose to apply contrasting values that represent suitable and 
unfavourable habitats, as suggested by Clauzel et al. (2013). Although any chosen 
resistance value is a generalization, these settings make it possible to locate routes 
with a matrix more suitable for development than the surrounding matrix, even if it 
does not reflect on current species movement. Although I am using a similar 
approach as in many of other similar studies, this specific study targets a specific 
landscape.  

Setting inappropriate values based on assumptions that does not reflect reality 
can lead to negative effects and movement routes or more species-specific data is 
needed to support appropriate settings (Russell et al. 2003). Also, least-cost paths 
might not reveal the path crossing through the most optimal matrix if an alternative 
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route produces a much lower accumulated cost, even though this route might pass 
through an unsuitable matrix. With my settings, some obvious flaws are visible in 
a few cases due to the resistance settings. Mostly least-cost paths follow routes that 
avoid areas of temporarily not forest or with other types of land cover (appendix 
8A). But eventually, some paths crosses such land. This happens as a route through 
unfavorable matrix has a lower accumulative cost-resistance compared to the 
accumulative cost of an alternative route through more suitable matrix becomes 
higher because it is much longer (appendix 8b) as can be the case when crossing a 
water body compared to finding a path around it. For reasons like this, least-cost 
paths and changes of these paths should be further tested to find the most optimal 
areas for conservation restoration by making multiple models with different settings 
(Spear et al. 2010; Sawyer et al. 2011).  

Rayfield et al. (2010, 2011) found that fragmented landscapes with low shares 
of hospitable matrix were most sensible to resistance settings and suggests multiple 
low-cost paths instead of working with a single least-cost path. The circumstances 
described by Rayfield et al. are very similar to those regarding the pine and spruce 
scenarios in this model where patches are fragmented, and the matrix can be 
considered less hospitable. Indeed, changing some the resistance values of the 
forested unhospitable matrix in the pine forest scenario altered some of the least-
cost paths drastically (appendix 7).  

4.1.6 Limitations of the model 
To start with, I must acknowledge that the results from this study lack proper 
validation and would benefit from comparisons of different resistance settings 
validated by field measurements. It is also commonly discussed whether 
generalizations of connectivity for groups of species is reflected in reality. 
Gurrutxaga et al. (2011) and Zeller et al. (2012), for example, point out that studies 
using surface resistances too often rely on expert opinions that lack proper scientific 
validation.  

When making large-scale computer analyses, time is a crucial factor. I decided 
to work with Graphab mainly because of the possibility for me to understand the 
processes as it is very illustrative and easy to understand. However, as I progressed, 
limitations within the software prevented me from making a complete analysis on 
the entire Sveaskog forest holdings in northern Sweden. Because of memory 
capacity limits within the QGIS plugin version it does not include the “add patch” 
option which is included in the standalone version of Graphab. With more time I 
would have improved the analysis within the standalone version using this function, 
where it is possible to compute where in the landscape new patches should be 
placed to make the largest contribution to a global connectivity value. 

Despite the many strengths with using least-cost paths, many previous studies 
have addressed the problem with interpretation and direct management without 
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careful consideration of actual species dispersal. Adriaensen et al. (2003) argued 
that a least-cost path might pass through pixels regardless of path width, while a 
very thin path in a reality can be a limiting factor for species dispersal. Furthermore, 
Gustafsson and Gardner (1996) showed that models revealing generalized results 
can worsen dispersal for some species. This highlights the importance of having 
good data inputs.  

Delineating stand age as the only separator between pCF is simply practical but 
might not be very relevant in reality. A forest with a mean stand age of 139 years 
and a forest aged 140 years can both be developed and managed in a similar way to 
develop values high nature values. However, they are separated in this study which 
can be considered a weakness.  

Another important factor to mention as a limitation of this model is that I have 
separated between the Sveaskog forest holding and forests owned by others. For 
example, I have only investigated overestimations of pCF on the Sveaskog forest 
holding. I have neither separated pCF into 70-139 years and 140+ years on forests 
outside of Sveaskog forest holding. This could perhaps result in that the model 
underestimates least-cost paths and corridors outside of the Sveaskog forest 
holding. However, it still gives relevant results for Sveaskog when assessing 
connectivity within their forest holdings. In the end, the most interesting thing from 
a Swedish perspective would be to assess connectivity on the entire Swedish forest 
landscape, and beyond to neighbouring countries, without making study area 
borders and having the same categories for the entire landscape as this could reduce 
errors that occur because of delineation of the forests into study areas.  

4.1.7 Future modelling 
To further develop this kind of model for analysing connectivity, I have found that 
the following should be considered. First, different settings of cost-resistances 
should be set and tested to see how least-cost paths are affected.  

Secondly, a study investigating changes of a global connectivity metric could be 
used to further target and locate areas suitable for restoration to develop nature 
conservation values. This could be done for example by adding all areas with 
continuity forest and test how the global connectivity increases. It could also be 
done by applying a grid to the landscape map with patches and use the standalone 
Graphab software to calculate where in the grid a chosen number of patches should 
be placed to maximize an increase of the global connectivity. 

Thirdly, one approach not applied in this study due to time limits and other 
constraints, is to model improved connectivity by creating new patches where there 
currently are gaps and where the new patches contribute the most to the network 
connectivity (Foltête et al. 2014; Tarabon et al. 2019). 

Finally, graph theory resulting in “optimal” connectivity areas are very 
theoretical. Therefore, this method should be continuously developed and evaluated 
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as knowledge about dispersal improves. Thus, the results from this study should 
only be regarded as complementary to other ecological decision-making tools. 

 

4.2 Conclusion 
Based on the Sveaskog forest holdnings and with focus in particular on one specific 
case study, this study modelled the importance of patches and areas that possibly 
connect patches, based on features of pCF and HCVF in the landscape. As forest 
managers face great challenges in protecting and developing areas important for 
green infrastructure, this study presents an approach which can support such 
management decisions. Applying graph theory to find specific landscape features 
such as pCF and HCVF reveal core patches and possible routes connecting these. 
Connectivity metrics and corridor abundance reveal the relative importance of 
different areas, which can assist in management prioritisation. As size and range of 
areas important for connectivity differ much depending on dispersal distances, 
forest managers must take dispersal distances under consideration when developing 
connectivity between patches to include differences among species. Shorter 
dispersal distances points to development of local core areas while longer dispersal 
distances require a wider landscape approach to protect or develop connectivity 
between existing patches currently very far apart.  

For Sveaskog, I propose continuous use or development of this study design to 
find and discuss suitable management approaches to protect or develop connectivity 
between forests with conservation value and in particular high conservation value. 
As the aspects of continuity forest and nature conservation values develop over 
time, this methodology could be repeated with intervals to assess the progression 
of response to a higher ambition of landscape planning. I also suggest an increasing 
use of alternative forestry methods such as continuous cover forestry where both 
conservation and production aspects can be regarded. Alternative forest 
management methods could be increasingly used within corridors to limit the 
negative effects clearcuts have on the areas modelled as important for connectivity. 
However, the settings of resistance values and its impact on connectors must be 
evaluated and patch addition/patch removal can be included in a future model to 
assess how management proposals affect connectivity prior to field execution.  
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Appendix 1. Pixel values for each raster layer before they are merged, eventually describing 
"yes/no" when they are merged. 

Mapped as 
pCF by Metria 

Sveaskog land 
cover class 

Sveaskog stand 
 age 

High  
Conservation 
Value Forest 

National Landcover data 

pCF  
= 10 000 000 

Sveaskog forest 
 = 1 000 000 

140 + years 
 = 200 000 

Nature 
Conservation 
values (Swedish 
EPA) = 10 000 

Not forest  
= 2, 3, 41, 42, 51, 52, 53, 61, 
62 

  70-139 years  
= 100 000 

Conservation 
class (Sveaskog)  
= 20 000 

Pine forest 
= 111, 121 

  Below 70 years 
= 500 000 

 Spruce forest 
= 112, 122 

    Mixed conifer forest 
= 113, 123 

    Mixed conifer and deciduous 
forest = 114, 124 

    All deciduous forest  
= 115, 116, 117, 125, 126, 
127 

    Temporary not forest  
= 118, 128 

 
 
 
 
 
 

 

Appendix 1. 
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Appendix 2. Example of the 8 raster layers merged into the summarized layer "sum.raster". Value 
represents the unique raster value (n=1131), count describes how many 10x10m pixels can be found 
with that value, m2 calculates the area in sqaure meter and ha is the approximate area after 
transformation from square meters to ha. 

 
 
 
 
 
 
 

 

Appendix 2 
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Appendix 3 

Sveaskog Not Sveaskog
Code Resistance Code Resistance

Not forest 110 1000
pCF 70-139 with HCVF Pine 111 1 101 1

Spruce 112 1 102 1
Mixed conifer forests 113 1 103 1
Deciduous 115 1 105 1
Temporarily not forest 118 500 108 500

Not forest 210 1000
pCF 140+ with HCVF Pine 211 1 101 1

Spruce 212 1 102 1
Mixed conifer forests 213 1 103 1
Deciduous 215 1 105 1
Temporarily not forest 218 500 108 500

Not forest 320 1000
pCF 70-139 without HCVF Pine 321 50 301 50

Spruce 322 50 302 50
Mixed conifer forests 323 50 303 50
Deciduous 325 50 305 50
Temporarily not forest 328 500 308 500

Not forest 420 1000
pCF 140+ without HCVF Pine 421 25 301 50

Spruce 422 25 302 50
Mixed conifer forests 423 25 303 50
Deciduous 425 25 305 50
Temporarily not forest 428 500 308 500

Not forest 520 1000
"Forestry" forest with HCVF Pine 521 10 501 10

Spruce 522 10 502 10
Mixed conifer forests 523 10 503 10
Deciduous 524 10 505 10
Temporarily not forest 525 500 508 500

Not forest 620 1000
"Forestry" forest without HCVF Pine 621 100 601 100

Spruce 622 100 602 100
Mixed conifer forests 623 100 603 100
Deciduous 625 100 605 100
Temporarily not forest 628 500 608 500

Not Forest (Not Sveaskog) 9999 1000

Appendix 3. Information about land coverage applied from NMD to each category of pCF and HCVF. 
“Codes” were made in QGIS for each type of forest land coverage. A cost-resistance value 
corresponding to each type of landscape were set in Graphab. This represents the approach for “All 
forests” while all non-targeted forest land coverage were set to 500 in all categories during pine forest 
and spruce forest specific analyses. 
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Appendix 4. Calculation from metric distance to approximate cumulative least-cost distance were 
made using log-log scatter plots. This conversion was done for all distances and all analyses in both 
study areas. The formula used is “Cost distance = exp^(intercept+slope*log(distM))” where distM 
represents any of the three different metrics chosen. 

 
 
 
 
 
 
 
 
 
 
 

Appendix 4 
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Appendix 5. Values for each type of land coverage for each distance after conversion from Euclidian 
distances to cost-resistance distances. 

Dalarna/Gävleborg > 3 
ha 

1000m 3000m 5000m 

All forest 5756 18 948 32 972 
Pine 5640 22 029 41 506 
Spruce 22 519 70 838 120 696 
    
    
Norrbotten/Västerbotten 
> 6 ha 

1000m 3000m 5000m 

All skog 4 337  12 535 20 533 
Tall 6 696 21 287 36 448 
Gran 11 153 32 912 54 434 

 
 
 
 

Appendix 5 



67 

Appendix 6. Description of the Betweenness Centrality index as calculated in Graphab. 
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Appendix 7. Illustration of how least-cost paths alter depending on settings of the landscape 
resistance. Black routes illustrate the higher setting of 500 to all non-targeted tree species in a pine 
forest land coverage example, while red routes is with a setting of 250. 
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Appendix 8. Least-cost paths in relation to forest background. Example A) illustrate several 
examples of how least-cost paths stretches through areas with lower resistance (higher conservation 
values) instead of passing through temporarily not forest which would make paths with a shorter 
distance. Example B) illustrate when least-cost paths cross through areas without forest as the 
accumulated path-cost is lower crossing here than making a path entirely through forest areas with 
lower resistance values. Betweenness centrality values for least-cost paths are illustrated with 
colors ranging from black (very low importance) to yellow (very high importance). 
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Appendix 9. Figures illustrating the steps and settings in the QGIS-plugin of Graphab. A) illustrated 
the creation of a project with habitat patch codes from a landscape map and the minimum patch 
size. B) is an example of the linkset and the cost-resistance values set for different categories of 
HCVF&pCF when focusing on spruce forest. I have chosen to work with cost-resistance distances 
instead of Euclidean distances. C) illustrate the step of transforming the linkset into a graph with 
the possibility of pruning. D) illustrates the making of a corridor. It is important to note that when 
working with cumulative cost-resistance distances choosing a metric distance of 3000 (like I have 
done in the example) Graphab automatically calculates the metric distance into a cost-resistance 
threshold. E) illustrate the settings for the betweenness centrality metric (BC). 
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