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Abstract

Background: Protected areas (PA) are central to biodiversity, but their efficiency is challenged by human-induced
habitat loss and fragmentation. In the Fennoscandian boreal region, forestry with clearcutting is a threat to biodi-
versity causing the loss of mature forest elements and deterioration of ecological processes in forest landscapes,
ultimately affecting PAs via declined structural connectivity. This paper aims to (1) determine PAs with high, red-listed
species concentrations; (2) estimate the change in forest habitat around these PAs on different spatial scales; and (3)
determine if forest management intensity is higher around biologically most valuable PAs. Occurrences of red-listed
forest-dwelling species in Finland were used to identify PAs harbouring these species and to produce site-specific
importance indices. CORINE landcover data was used as a baseline for the distribution of forests to assess the cover
of clear-cuttings from 2001 to 2019 with the Global Forest Change (GFC) data set in three buffer areas around the PAs
with occurrences of red-listed species.

Results: The largest proportion of clear-cuts occurred in 1 km and 10 km buffers around the PAs in the southern and
middle boreal zones, being ca. 20%. This indicates that the forest habitat is degrading fast at regional and landscape
levels. On the positive side, the change in forest cover was lower around the biologically most important PAs com-
pared to other PAs with red-listed species.

Conclusions: Open and free satellite-data based assessments of the cover and change of forests provide reliable
estimates about the rates at which mature and old-growth forests are being converted into young managed ones in
Finland mainly via clear-cuts on different scales around PAs. The rate of clear-cuts was lowest in adjacent buffer areas
next to the most species-rich PAs, which provides opportunities for biodiversity conservation efforts to be targeted to
the remaining mature and old-growth forests found in the vicinity of these areas.

Keywords: Biodiversity conservation, Boreal forest, Change detection, Global Forest Watch, Habitat loss, Structural
connectivity

Background

Loss and degradation of natural habitats are the main
drivers of the decline in biodiversity and the endan-
germent of species (Brooks et al. 2006; Haddad et al.
2015; Newbold et al. 2016). The decrease in the habi-
tat area causes fragmentation, a consequence of which
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is that the remaining habitat occurs in smaller, more
isolated patches embedded in a human modified land-
scape (Kouki et al. 2001; Hanski 2011). Importantly, the
deterioration of habitat in the unprotected matrix can
generate negative impacts on biodiversity values and eco-
physiological conditions of protected areas (PA) them-
selves. These impacts are manifested as local-scale edge
effects such as changes in light and moisture conditions
and biotic disturbances (Moen and Jonsson 2003; Hansen
and DeFries 2007), as well as lowered landscape-scale
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functionality of PAs caused by limitations for recolonisa-
tion, meta-population survival and migration (Haddad
et al. 2015; Ward et al. 2020).

The expanding land use and exploitation of natural
capital has resulted in two ecologically severe conse-
quences: the global decline of natural habitats’ intactness
and the loss of structural and functional connectivity
between PAs, given that only ca. 10% of PAs are con-
nected through intact landscapes (Ward et al. 2020).
As a response, enhanced conservation efforts across all
biomes have been initialised to safeguard functioning
ecosystems and their biodiversity. For example, the 2020
strategic Plan for Biodiversity and the EU’s biodiversity
strategy 2030 recognise the invaluable role of biodiversity
for sustainable development. An important goal in these
initiatives is that the PA network should not only cover
a certain proportion of land or sea area but also that the
PAs should be ecologically representative and well con-
nected to support the target of a green infrastructure
(CBD 2010; European Commission 2013, 2020; Ward
et al. 2020).

Structural connectivity is a key landscape-scale feature
of habitat and PA networks when assessing the impacts
of habitat loss (Ward et al. 2020). It defines the spatial
arrangement and relationship of elements in the physi-
cal landscape (e.g., forest habitat patches). Both obser-
vational and experimental studies have revealed that a
decrease in structural connectivity affects species trends,
although ecosystem responses may occur more slowly
than land cover changes (Haddad et al. 2015).

Global assessments have suggested that land-use
impacts on biodiversity in a circuamboreal boreal zone are,
on average, smaller than elsewhere (Newbold et al. 2016)
and that the boreal forest biome has remained relatively
intact compared to other forest biomes (Brooks et al.
2006; Ward et al. 2020; Mikusinski et al. 2021). However,
global scale analyses do not recognise the fragmentation
that has taken place in Finland and other Fennoscandian
countries, because the landscape transformation has gen-
erally been a replacement of old-growth forests and other
naturally regenerated forests by young managed pro-
duction forests (Kouki et al. 2001; Elbakidze et al. 2013;
Koivula and Vanha-Majamaa 2020). The boreal forests
in Fennoscandia have experienced intensive manage-
ment with clear-cuttings and an increase in even-aged
forest stands especially since the mid-1900s. This has
caused a significant fragmentation of natural forest habi-
tats and altered their temporal continuity (Kouki et al.
2001; Svensson et al. 2019; Jonsson et al. 2019), causing
the endangerment of demanding forest-dwelling spe-
cies (Tikkanen et al. 2006; Tingstad et al. 2018). Moreo-
ver, while the amount and cover of protected areas has
increased, larger PAs have predominantly been located
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in the less productive areas, such as in Northern Fin-
land and in the mountain range region in Sweden (Virk-
kala and Rajasirkka 2007; Elbakidze et al. 2013; Svensson
et al. 2019). Thus, isolated forested PAs situated in
human-transformed areas of Fennoscandia are exposed
to the impacts of accumulating habitat loss and decrease
in structural connectivity in their surroundings, with
potential harmful effects carried over to the PAs them-
selves (Hansen and DeFries 2007; Virkkala et al. 2020).
Since the amount of natural old-growth forest is scarce
it is important to also safeguard the managed forests
that have achieved a mature successional stage and have
old-growth characteristics (Kuuluvainen and Gaulthier
2018). In Finland, such valuable mature forest consist of
closed-canopy forests with a stand age of 60-120 years
depending on the site type and location in the country.

A common tool for assessing the extent of the habitat
loss in the matrix around the PAs is space-borne remote
sensing (RS), which is also applied in this study. Follow-
ing the increase in accessibility and temporal continuity
of earth observation data, image analysis applications are
frequently used for evaluating the state of and changes
in the environment and acquiring environmental infor-
mation for decision making. Considering forest protec-
tion, such information can facilitate the determination
of where remaining intact habitats are located and where
conservation priorities should be targeted, as well as
where habitat fragmentation risks are most forceful
(Svensson et al. 2020). In this work, we focused on PAs
with red-listed forest species to study the changes in
forest extent and matrix quality. These red-listed forest
species are, in general, susceptible to increased forest
harvesting with forestry and other forest use being the
main cause of their decline (Hyvédrinen et al. 2019).

Our main study objectives were: (1) to determine the
most important forested sites within the current pro-
tected area network which include concentrations of
selected red-listed forest species; (2) to examine how the
forest matrix has changed during the last 19 years around
the PAs with red-listed species using open geospatial
land use and land cover classification data based on sat-
ellite imagery, and whether the changes in forest cover
show up differently on different spatial scales; and (3) to
assess whether the top 5% of PAs with the most valuable
occurrences of red-listed forest species have experienced
more habitat loss in their surroundings than other PAs
with red-listed species.

Methods

Protected area polygons were downloaded from Parks
and Wildlife Finland’s geographic information system
ULJAS (SAT]) in September of 2019. The data included
all PAs on government-owned and privately owned areas,
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wilderness areas and areas that are designated to be
future PAs. To eliminate any overlap between these con-
servation types and to establish the true borders between
protected and the surrounding non-protected matrix,
all polygons in the raw data were dissolved together. PA
polygons smaller than 0.1 hectares in size with no for-
est cover or no red-listed forest species observations
were excluded because these areas were mostly islands
in the Baltic Sea. Such areas would not contribute to the
analysis of forest change around PAs but would increase
the computation times of the analyses. Additionally, we
opted for enough raster pixels to be fit inside the poly-
gons to guarantee credible quantifications of the forest
area and its change. The resulting dataset consisted of
16,315 PA polygons ranging from 0.01 to 670,000 hec-
tares in size. The studied PAs were assigned to and ana-
lysed in the three different forest vegetation zones: the
southern boreal (also including the hemiboreal zone), the
middle boreal and the northern boreal zone (see Fig. 1,
Table 1).

Around each PA polygon, three buffers of 100 m, 1 km
and 10 km were created. These buffers were employed to
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measure the change in forest cover occurring on differ-
ent scales around the PAs. The smallest 100 m buffer rep-
resents a local scale and reflects the changes occurring
along the edge of the PA or in its immediate vicinity. The
1 km buffer encompasses landscape-scale patterns in for-
est management, whereas the 10 km buffer reflects large-
scale regional trends in forest cover changes. The three
scales also provide a rough link to species groups with
different dispersal potential (see, e.g., @kland et al. 1996;
Simila et al. 2006).

Observations of red-listed forest-dwelling species were
acquired from three sources: the Finnish Biodiversity
Information Facility (FinBIF), Parks and Wildlife Fin-
land’s geographic information system, ULJAS (LajiGIS),
and the Finnish Environment Institute’s Hertta informa-
tion system. The data are based on presence-only obser-
vations from species monitoring campaigns, sample
collections and citizen observations. All observations of
selected species with a spatial accuracy of 100 m or finer
that were recorded between the 1st of January 1990 and
30th of July 2020 were included in the analysis. We con-
sidered all species groups except birds because the data

Forest cover within 1Tkm in 2000 Number of species observations

0% 1
Boreal zone
. border
100%

Fig. 1 The study area, Finland, and the three boreal forest vegetation zones. The background of the map shows the amount of forest habitat (from
CORINE 2000 database) visualised using a 1 km moving window, and the agglomerations of the red-listed forest species occurrences in the current
protected area network overlaid on the background map with a 10 km kernel density heat map

>2500
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Table 1 Mean values (£ standard error) in the proportion of forests clear-cut in 2000-2019 in the buffer zones around RFPAs (PAs
where red-listed forest species were observed) and their significance between the different forest vegetation zones

Buffer zone Forest vegetation zone Test statistic Southern boreal Southern boreal Middle boreal
vs. middle vs. northern vs. northern
boreal boreal boreal

Southern boreal Middle boreal Northern boreal P z P z P z P
(%) (%) (%)
(n=2330) (n=811) (n=197)

100 m 15.04+£033 1498 +0.50 936+0.70 21139 <0001 2.287 0022 3624 <0001 4559 <0001

1 km 19.374£0.21 17.67£0.28 11.00£053 151.157 <0.001 4.923 <0.001 11.850 <0.001 8543 <0.001

10 km 22.10£0.13 18244014 9.84£0.29 850.836 <0.001 20.956 <0.001 23.058 <0.001 10.783 <0.001

Statistical significance based on Kruskal-Wallis one-way analysis of variance (K= 3) with a posteriori tests. Bonferroni-adjusted significance level (P=0.017) in the

pairwise comparisons

of bird observations with sufficient accuracy was very
scarce. Moreover, we focused on the species primarily
inhabiting mature or old-growth forests and excluded
species that thrive equally well in forests with semi-open
canopy and shrubby habitats. The primary habitat of each
species was confirmed based on information derived
from online species databases (e.g., https://www.slu.se/
en/research/research-excellence/research-infrastruc
ture/databaser-och-biobanker/species-database/)  and
relevant literature on ecological species requirements.
Thus, we excluded species which were described as
equally often sparsely wooded, semi-open habitats such
as sunny grasslands with bushes than more forested habi-
tats. This enabled us to focus on forest species for which
clear fellings cause a loss of suitable habitat, although the
degree of dependency on interior forest conditions, such
as humidity, light and temperature and wind, ultimately
determine the severity of this impact (Tikkanen et al.
2006). The full list of the species that were included in the
analysis is available in the Additional file 1: Table S1.

Because the locations of some species observations
were recorded as the coordinates of the left corner of a
sampling quadrant, the positions of all species records
with a coarser spatial accuracy than 1 m were corrected
and averaged to their centre locations. Duplicate points
between different datasets were excluded. The final
occurrence data contained 177,831 records of 864 red-
listed species across different taxa. Of these 75,760 obser-
vations (42.6%) of 756 red-listed species were recorded
in protected areas. A 100 x 100 m grid was draped over
the occurrence points and their information was spa-
tially joined to the 100 m square they fell into. Summed
information was established for each 100 m square about
the number of species and number of observations they
harboured using an FCS biological records tool (version
3.3.0) in QGIS.

We created an importance index of red-listed species
to assess the importance of each occurrence site for each

species. First, for all individual species, a percentage of
occurrences in each 100 m square was calculated. If the
focal species was absent in a square, its value was 0 and
if all the species occurrences were inside the same square
the value was 100. In the second step, the total square
importance was determined as the sum of percentages of
species present in a square. All calculations were carried
out in R (R Core Team 2014). In the third step, all spe-
cies data in the squares that intersected or were located
within a protected area were grouped and passed onto
each PA polygon. In this way, we gathered information
for each PA polygon on the number of red-listed species
it contained and how important it was as a habitat for
the studied red-listed species. Because the 100 x 100 m
square was only requested to intersect, and not be com-
pletely within a PA, the results may be over-estimations.
However, the over-estimation is systematic across PAs
and treating the intersection in this manner allowed us
to incorporate species observations with a coarser geo-
graphic accuracy than 1 m into the analysis. The number
of PAs where one or more red-listed forest species were
recorded (hereafter RFPAs) was 3338 with areas rang-
ing from 0.108 to 670,670 ha (the total protected area of
RFPAs was 3,725,950 ha). In comparison, our study spe-
cies were not observed in 12,977 protected areas (NPAs
hereafter) ranging from 0.1 to 15,590 ha and summing up
to 641,487 ha.

The forest cover and extent in the year 2000 were
determined using the CORINE Land Cover classifica-
tion (hereafter CLC2000) system with a spatial resolu-
tion of 25 m. The Finnish Environment Institute (SYKE)
is responsible for the data production for CLC in Finland.
We opted to use CORINE CLC2000 data because the
thematic resolution of the data allows easy delineation
between forest and non-forest areas. The selected land
cover classes were broad-leaved forests, coniferous for-
ests, mixed forests and transitional woodlands where the
canopy cover was >10%. The starting point, i.e. the forest
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distribution raster with all forest classes distribution in
the year 2000 was reclassified into a binary format where
the value 1 represented a pixel where forest was the pri-
mary landcover and 0 represented all other land covers.

Forest cover inside protected areas and the three buff-
ers was determined as the sum of an intersecting area
of forest cells. The forest area in RFPAs was an aver-
age of (mean+standard error) 398.04+105.2 ha (rang-
ing from 0 ha to 2721.06 km?) but only 16.340.7 ha in
NPAs (ranging from 0 ha to 42 95 km?) reflecting the
huge variation in the size of the PAs. The forest area
in the 100 m, 1 km and 10 km buffers in the year 2000
around RFPAs was, on average, 43.4+2.4, 517.0+19.7
and 19,501.5+166.0 ha, and around NPAs, 12.0+0.2,
233.6£2.1 and 12,818.3+46.4 ha, respectively.

The areas where a change in forest cover had occurred
between 2001 and 2019 were identified using the Global
Forest Change (hereafter GFC) Forest Loss layer data
(version 1.7) (Hansen et al. 2013). The GFC raster data
set is based on the Landsat missions’ imagery. It detects
areas previously identified as forest that have been trans-
formed into non-forest due to human-induced change
such as clear-cuttings or changes in the land cover type,
or natural causes such as forest fires or wind disturbance.
The data shows areas of forest loss over 19 years from the
year 2001 onwards with a cell value of 1-19 according
to the year the loss was identified (Hansen et al. 2013).
The forest cover change was calculated by subtracting the
pixels appointed as a loss according to the GFC data from
the starting point forest distribution raster image.

We acknowledge here two factors which may affect
the interpretation of the results. First, there is a well-
known biogeographic trend of species richness diminish-
ing from south to north which can affect the number of
old-growth forest species recorded from the PAs in dif-
ferent parts of the country. Second, in Finland the larg-
est protected areas occur in the northern boreal forest
vegetation zone, which makes taking their inventories
more labour-intensive. Thus, due to the spatially skewed
species data distributions affecting the importance index
results in thew PAs, the changes in forest cover around
the most important areas were examined for the main
south-to-north biogeographic (southern, middle and
northern boreal) zones separately. PAs were ranked
according to their red-listed species importance index
and then the 95th percentile of PAs that showed the high-
est index values were selected separately from the three
forest vegetation zones. This division was made so that all
vegetation zones would be represented in the analysis of
how intensive forest management is around these valu-
able areas. There were 117, 41 and 10 top 5% RFPAs with
the most valuable species occurrences in the southern,
middle and northern boreal zones, respectively.
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A comparison of changes in forest areas primarily
due to (see Additional file 1: Appendix S1) clear-cuts in
2001-2019 around the RFPAs in the three buffers and
between the three forest vegetation zones was done
using non-parametric tests: a Mann Whitney U-test, a
Kruskal-Wallis one-way analysis of variance or a Fried-
man’s two-way analysis of variance. Continuous forest
cover maps were created from the binary forest distri-
bution raster images for the years 2000 and 2019 with
moving window averages using 100 m, 1 km and 10 km
window sizes. These raster images were used to visualise
the mean proportion of forest cover change at all three
different scales between the years 2001 and 2019.

Our primary focus was on the overall change in for-
est cover between 2001 and 2019, but we also provide an
assessment of temporal changes from 2001 to 2005, 2006
to 2010, 2011 to 2015 and 2016 to 2019, in the Additional
file 1. However, recent studies have indicated that the
temporal trends determined from GFC data need cau-
tion because of certain inconsistencies, particularly the
increased change detection ability from Landsat imagery
(Ceccherini et al. 2020; Ceccherini et al. 2021; Palahi
et al. 2021). In SI, while reporting the temporal trends in
forest cover change we thus provide in-depth discussions
on how these uncertainties are likely to affect the tem-
poral forest change assessments by GFC in Finland and
whether the different underlying causes of forest cover
change and associated GFC inconsistencies matter con-
sidering the ecological implications for red-listed forest
species.

Another source of uncertainty in the forest cover trend
assessments based on GFC data are natural disturbances.
Risks of misinterpretation of natural disturbances such
as man-made harvesting are apparent in certain areas
in central and southern Europe, where disturbances can
constitute a notable part of the forest area loss detected
by the GFC data (Palahi et al. 2021; but see Ceccherini
et al. 2021). By comparison, in our study area, natural
disturbances such as wildfires or storms occur only occa-
sionally and the total amount of forest loss resulting from
them is small compared to the cover of clear-cut forest
area. More precisely, storms felled altogether 26 million
m? of wood in Finland from 2001 to 2019 (Viiri et al.
2019). In the same time period, the total logging vol-
ume was 1200 million m? (yearly mean 63.2 million m?,
Natural Resources Institute Finland). Thus, wind-felled
trees comprised 2.2% of the logging volume in our study
period. Forest fires are efficiently suppressed in Finland,
and from 2005 to 2018, fires covered, on average, only
an area of 7.0 km? of forest annually (Statistics Finland
2020), which is less than 0.5% of the yearly area of clear-
cuts in Finland (about 1500 km?, Natural Resources Insti-
tute Finland). Moreover, in ecological terms, the ultimate
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outcome in the natural disturbance sites outside the PA
network is often similar to terminal harvesting. This is
because most of the trees felled by storms or in fire areas
in the matrix are actually removed from the disturbed
forest stands and thus no additional sources of dead
wood, for example, are left on the sites. Thus, the man-
agement of natural disturbance areas can contribute to
the loss of forest habitat and connectivity in the produc-
tion forest matrix.

Results

In all three buffers around RFPAs, the change in forest
area in 2001-2019 differed significantly between the for-
est vegetation zones so that it was highest in the southern
boreal and smallest in the northern boreal zone (Figs. 2
and 3, Table 1). The main effects were highly significant
(P<0.001) in the different buffers between the vegeta-
tion zones with z-values between 21.139 and 850.836. All
pairwise comparisons in the buffers between the forest
vegetation zones, except between the southern and the
middle boreal zone in the 100 m buffer (based on Bonfer-
roni correction), were statistically significant (Table 1).

A higher proportion of forests around RFPAs were
clear-cut further away from the PA in the 10 km buffer
than close by within the 100 m buffer or the 1 km buffer.
This trend was most apparent in the southern and mid-
dle boreal zones (Fig. 2, Tables 1 and 2). Additionally, in
the northern boreal zone a higher proportion of forests
were clear-cut in the 1 km and 10 km buffers than in the

Boreal zone
Southern boreal

@8 Middle boreal
Northern boreal

100
75

50

25 ,

100 m 1 km
RFPAs

Fig. 2 Cumulative forest cover change percentages in the three
boreal zones between 2001 and 2019 and in the three buffer zones

Forest cover change 2000 - 2019 [%]

10 km

around the PAs with occurrences of red-listed forest species
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100 m buffer (Fig. 2, Tables 1 and 2). On average, the
highest mean forest loss was 22.1% in the 10 km buffer
in southern boreal zone corresponding to 3884.3 hec-
tares, and the lowest mean loss 9.36% 19 hectares in the
100 m buffer in the northern boreal zone (Table 1). How-
ever, the largest variation in the level of forest change
appeared in the 100 m buffer GCF data, indicating that
there are numerous RFPAs where more than half of the
forest land in their immediate surroundings had been
clear-cut (Fig. 2).

When the forest change data are further visualised
using the moving-window averages, the resulting maps
show a clear gradient from north to south. This gradient
shows the variation in the intensity of forest harvesting
which is particularly apparent in the map based on the
10 km buffer data (Fig. 3). The decline in intensity from
south to north is also apparent when the percentage of
clear-cuts around 1 km of the RFPAs is plotted against
latitude (Additional file 1: Fig. S4).

High numbers of observations of red-listed forest spe-
cies were recorded in PAs situated in different parts of
the country, in all three boreal zones (Fig. 1). Red-listed
species were particularly concentrated on the southern
and southwestern coast, as well as the inlands of central
Finland, where the most productive herb-rich forests
with many threatened species are more common. In the
middle boreal and northern boreal zone, the highest con-
centrations of observations of red-listed species were in
PAs consisting of highly valuable coniferous dominated
old-growth forests (Fig. 1). We compared our red-listed
species importance index also with with different PA
characteristics like PA size (Additional file 1: Fig. S5),
accessibility (Additional file 1: Fig. S6) and how much
protected forest was within 1 km buffer around the PA
(Additional file 1: Fig. S7). Furthermore, the most threat-
ened species seemed to be generally concentrated in the
same PAs as detected by our species importance score
(Additional file 1: Fig. S8).

The same PAs are even more highlighted when RFPAs
were ranked based on the species importance index.
Four examples of highly valuable RFPAs and the forest
loss in their surroundings are shown in Fig. 4: Ruissalo
in the southwestern coast presents a PA with spe-
cific oak and herb-rich forest species, Pisavaara Strict
Nature Reserve and Oulanka National Park are impor-
tant areas of northern old-growth forests, and Kakon-
salo is a PA with southern boreal species of old-growth
forests. As a comparison, when the value of the species
importance index was standardized according to the
PA size, RFPAs situated in the southern boreal zone
often received a higher value due to their smaller size
(Additional file 1: Fig. S1). However, it is important to
note that there was a huge variation both in red-listed
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Fig. 3 Maps showing the moving-window averages of forest cover change across the whole of Finland at 10 km regional and 1 km landscape
scales, and three example zoom-in areas showing forest loss at the scale of 100 m

Table 2 Significance in the proportion of forests clear-cut in 2000-2019 between the different buffer zones around RFPAs

Forest vegetation zone Test statistic P 100 mvs. 1 km 100 mvs. 10 km 1 kmvs. 10 km

z P z P z P
Southern boreal 923.635 <0.001 18.209 <0.001 30.023 <0.001 11.814 <0.001
Middle boreal 169.514 <0.001 9.733 <0.001 12.353 <0.001 2620 0.009
Northern boreal 40.161 <0.001 6.046 <0.001 4610 <0.001 1436 0.151

Statistical test based on Friedman’s non-parametric two-way analysis of variance (K= 3) with a posteriori tests between the buffer zones. Values of change (%) in each
buffer zone in each forest vegetation zone and number of RFPAs in each vegetation zone presented in Table 1. Bonferroni adjusted significance level (P=0.017) in the

pairwise comparisons

species’ richness and in the red-listed species impor-
tance index between the RFPAs in all three boreal
zones (Additional file 1: Fig. S2). Here, we concentrate
on the absolute values of species importance instead
of the standardized ones, because they provide a more
straightforward demonstration of the spatial distribu-
tion of highly valuable forest PAs. More information
about the selected metric and its relationship with

different PA properties are explored in the Additional
file 1.

Examination of the changes in the forest cover around
the RFPAs with the highest 5% species importance index
values showed that the forest loss in the buffers of the
top 5% RFPAs was, on average, lower than for the other
RFPAs (Fig. 5, Table 3). This indicates that the clear fell-
ings around the most species observation-rich RFPAs
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Fig. 4 The highest values of summed red-listed species importance indices and the forest change percentage at a 10 km window and ata 100 m

have been less severe than around the other RFPAs, with
this trend being constant in all three buffers and all three
boreal forest zones.

Our results suggest that there was a significant differ-
ence in the change of forest cover between the four con-
secutive periods in 2001-2019 (Additional file 1: Fig. S3)
both in the 1 km and in the 10 km buffers within all the
boreal zones (Friedman’s two-way ANOVA, P<0.001,
z-values between 17.852 and 3098.372, Additional file 1:
Table S2), predominantly reflecting increasing forest har-
vesting. In contrast, in the 100 m buffer only in the south-
ern boreal zone was there a significant change of forest
cover between the four periods (z=45.925, P<0.001,
Additional file 1: Table S2).

Discussion

Recent forest cover change in Fennoscandia

This study shows that during the last 20 years, protected
areas with red-listed forest species in Finland have expe-
rienced increasing isolation and degradation of matrix
quality, primarily due to the clear-cutting of unprotected

mature forests, and to a minor extent, other forest man-
agement activities and tree felling storms. The corre-
sponding trend of continued forest clear-cutting and the
resulting fragmentation of forest landscapes have also
been reported for Sweden (Svensson et al. 2019; Angel-
stam et al. 2020). As a long-term outcome, intensive and
wide-spread forestry with clear fellings in Fennoscandia
have caused a major loss of natural forest habitats, long-
lasting detrimental impacts of forest biota dependent
on intact forest conditions and a decline in the habitat
quality and structural and functional connectivity of PAs
(Tikkanen et al. 2006; Felton et al. 2020; Mikusinski et al.
2021).

We assessed the loss of mature forests around PAs at
the regional and landscape level using 10-km and 1-km
buffers around the PAs. At these scales, the forest land-
scape in Finland has experienced considerable deg-
radation and related fragmentation due to increased
forest harvesting during 2000-2019, which can severely
obstruct the climate-change-induced movements of red-
listed forest species that require mature or old-growth
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Table 3 Mean (fstandard error) percent values of forests clear-cut in the different buffer zones in 2000-2019 in the RFPAs with
highest values in the red-listed species index (top 5%) and in the other RFPAs

Forest vegetation zone Buffer zone Top 5% of RFPAs Other RFPAs z P
Southern boreal 100 m 8.15+£0.89 1541+£035 4637 <0.001
1 km 13.03£0.97 19.71£0.22 6.758 <0.001
10 km 1861+0.75 22294013 4928 <0.001
Middle boreal 100m 11.78+14 15.154+052 0.792 0428
1 km 16.74£1.08 17.71£0.29 0.843 0.399
10 km 1631060 1834+0.14 3.145 0.002
Northern boreal 100m 526145 9.57+£0.73 1.006 0314
1 km 6.83+1.7 11.23+£055 1.862 0.063
10 km 729+1.37 9.98+£0.30 2112 0.035

Number of RFPAs in the southern boreal, middle boreal and northern boreal zone were 117,41 and 10 in the top 5% of RFPAs and 2213, 770 and 187 in the other

RFPAs, respectively. Statistical test by Mann-Whitney U-test

forest conditions to survive (e.g. Virkkala et al. 2013).
In the southern and middle boreal zones of Finland, the
proportion of forests clear-cut was, on average, about
20% (18—22%) in the 1 km and 10 km buffers. This means
that practically all forests outside PAs may be clear-cut
during the rotation cycle (70-100 years depending on
site type) in areas where the PAs still harbour important

biota but are threatened due to their small size and the
low overall cover of the PA network. In the northern
boreal zone, 10-11% of forests in the 1 km and 10 km
buffers were clear-cut. However, here the rotation cycle
is longer (100—140 years) and a much higher proportion
of forests are protected (17% of forest land, Virkkala and
Rajasdrkka (2007)) than in the southern or middle boreal
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zone (less than 5%) resulting in a lower proportion of
managed and unprotected forests in the buffer areas.

Ecological impacts of local-scale forest loss and decreasing
landscape-level connectivity

Protected areas are linked to their immediate and land-
scape-scale surroundings via different ecological impacts
and processes ranging from altered eco-physiological
conditions and community composition all the way to
inhibited species movements (Hamilton et al. 2013). The
immediate land use around the PAs can notably affect
the effectiveness of PAs to safeguard endangered spe-
cies populations (Haddad et al. 2015). For forested PAs,
negative impacts of land use in the adjacent surroundings
include certain carryover impacts, particularly increased
edge effects influencing the microclimate within the PA,
and increased exposure to human impacts (Hylander
et al. 2004; Ruete et al. 2016). Such edge effects can be
a particularly significant threat for small-sized PAs
where sensitive red-listed species will face the impacts of
reduced interior core habitat (Moen and Jonsson 2003;
Aune et al. 2005).

In our results, the proportion of forests that were clear-
cut was, on average, smaller in the 100 m buffer than in
the buffers of 1 km and 10 km. However, among the 3338
PAs with red-listed species, there were 532 PAs (16%)
which experienced over 30% loss in the forest cover in
their 100 m buffer areas. In order to retain red-listed spe-
cies which are sensitive to the edge effects in these 532
PAs, enhanced biodiversity-friendly forest restoration
may be required for their surroundings. On the other
hand, logging levels in areas adjacent to PAs have been
less intensive than in the wider landscape. This provides
the potential for the future enlargement of PAs with valu-
able biota or targeting-enhanced biodiversity-friendly
forest management practices in their surroundings. For
the small PAs, such enlargements are highly recommend-
able because they are at risk due to the edge effects, and
because of the sensitivity of small-sized populations to
local extinctions (e.g., Cheptou et al. 2017; Wootton and
Pfister 2013).

Intensified land use in the wider landscape around
the PAs can also pose many impacts on the persistence
of red-listed species in individual PAs as well as in the
PA network. Deterioration of the habitat in the matrix
can make the surrounding landscape more hostile. In
essence, species with specialised habitat requirements
will have increased difficulties in finding suitable habi-
tats in the matrix, and consequently, face increased chal-
lenges retaining their source/sink dynamics in suitable
areas (Hansen and DeFries 2007; Haddad et al. 2015;
Ward et al. 2020).
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Red-listed forest species and declining matrix quality
Accumulating loss and fragmentation of natural for-
est biotopes due to increasing anthropogenic pressures
have caused the widespread decline of structural con-
nectivity in Fennoscandian boreal forests (Felton et al.
2020; Mikusinski et al. 2021), as well as an alarming
endangerment of the forest biota (Tikkanen et al. 2006;
Tingstad et al. 2018). A key concern in conserving forest
biodiversity under continuous habitat loss is how detri-
mental the impact of contemporary rotational manage-
ment with clear fellings is for different types of red-listed
species and what the necessary elements are in the pro-
duction forest matrix which would support critical eco-
logical mechanisms and facilitate functional connectivity
for ecologically demanding species (Ward et al. 2020).
What may crucially determine species responses is how
effectively they can benefit from the elements that are
retained during forest harvesting, i.e. elements conserved
in retention forestry (Koivula and Vanha-Majamaa 2020).
The exact habitat requirements for successful popu-
lation maintenance in forest landscapes are not fully
understood for many species (Kouki et al. 2001). How-
ever, recent research has provided useful general infor-
mation across species groups. Clearly, species that have
difficulties surviving in rotationally clear-cut forests are
those that depend on larger patches of intact forest with
large, old trees, a humid microclimate and abundant
coarse woody debris, including forest bird species (Virk-
kala 2004), moss and hepatics species (Moen and Jonsson
2003), specialised wood-inhabiting fungi (Abrego et al.
2017) and certain epiphytic lichen species (Tikkanen
et al. 2006). In contrast, certain red-listed beetle (Coleop-
tera) species are thermophilous and thrive in clear-cuts if
a sufficient number of retention trees are left (Tikkanen
et al. 2006). Thus, it is especially the humid interior for-
est species which intensively managed production forest
landscapes provide very few suitable habitats, causing a
crucial decrease of functional connectivity (Tikkanen
et al. 2006; Angelstam et al. 2020). Moreover, enhanced
management measures, such as leaving higher quanti-
ties of dead wood and larger retention trees in larger and
denser stands than are left under the current practices
would be required to truly mitigate the decline of endan-
gered forest biota (Tikkanen et al. 2006; Gustafsson et al.
2010; Koivula and Vanha-Majamaa 2020). This would
also require to be further complemented by extended
harvesting rotation lengths (Roberge et al. 2018).

Assessing forest loss with remote sensing techniques

In our analyses at the 25 m resolution, the GFC data
performed well in recognizing clear cut areas. Like any
derivatives of remotely sensed data, the GFC and CLC
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data sets are subject to misclassification due to spectral
mixing and other resolution-related issues. According to
the pixel-based validation using high resolution histori-
cal aerial images, presented in Additional file 1: Appen-
dix S1, misclassification occurred mainly on sites where
extensive thinning had taken place. Resolution-wise GFC
data are best suited to recognising changes occurring
uniformly on large scales, such us our buffers of 1 km and
10 km around PAs. Higher-resolution satellite imagery
such as IKONOS or Geo-Eye reaching sub-meter reso-
lutions have the potential to reveal different spatial and
statistical patterns compared to the ones recorded at
coarser resolutions, such as the one used here (Wickham
and Riitters 2019). Thus, it is probable that finer resolu-
tion land cover data could increase the total forest area
in the matrix due to the increased visibility of small for-
est patches. However, finer resolution data could also
produce increased visibility of other land cover classes
and reveal that the structure of the forest area is actually
more fragmented than initially considered especially in
the 100 m buffer (Kouki et al. 2001; Wickham and Riitters
2019).

As highlighted in recent studies (Palahi et al. 2021; Cec-
cherini et al. 2021) and discussed in more depth in the
Additional material (Additional file 1: Appendix S1, Fig.
S3), temporal comparisons of forest cover change based
on the GFC data must be made with caution due to cer-
tain technical inconsistencies in Landsat image analysis.
Therefore, we compared the large recent years’ increase
in forest harvesting levels in our landscape-scale results
with the forestry statistics of Finland, which show that
the total clear-cut areas have indeed increased by 15% in
2016-2019 compared to 2011-2015 (Natural Resources
Institute Finland). Additionally, more generally, logging
volumes have increased in Europe, and most forcefully
so in Northern Europe (FOREST EUROPE 2020). Thus,
although some amount of thinnings and selective cut-
tings may have been misinterpreted as clear-cuts in GFC
data, the general trend of increased forest harvesting sug-
gested by GFC data appears to be correct.

Conclusions

Global scale analyses of habitat intactness tend to
underestimate the intensively managed and thus struc-
turally fragmented nature of Fennoscandian boreal for-
ests. However, the free and open landcover and land
change derivatives of the medium resolution Landsat
imagery used in this study showed that especially at
landscape scales the Fennoscandian forest habitat has
been substantially transformed from natural and old-
growth forest into young and managed forest mainly
via clear-cutting. Our estimates of declining old-
growth and mature forest areas and the straightforward
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ranking of PAs by their importance as species habitats
suggest that as pressure for expanding the area under
conservation increases, any existing mature forests
right outside PAs should be prioritized in order to safe-
guard red-listed species in the future.
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