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A B S T R A C T   

Protected areas (PAs) offer safe havens for threatened species, but their effectiveness is jeopar-
dised due to climate change and habitat fragmentation in their surroundings. Species are forced 
into the unhospitable matrix in search of more favourable areas as climate conditions change, 
leading to negative effects on biodiversity. For red-listed forest species, the accelerating climate 
change can strengthen the negative effects of logging around PAs. In this work, we examine 
climate-change and land-use threats to biologically valuable PAs with red-listed species occur-
rences in Finland. Where the highest combined threats occur, do they coincide with accumula-
tions of red-listed species, and how much do they vary between different boreal zones? This 
provides important knowledge for conservation planning in a managed matrix amid climate 
change. We use three spatial scales (100 m, 1 km, 10 km) to explore where the effects of clear- 
cutting have been the most intense during this millennium: right outside the PA border, 
exposing PAs to local-scale edge effects, or at landscape scales disrupting species movements due 
to degraded connectivity and increased fragmentation. For each PA, we also quantify how the 
January mean temperature (TJan), growing degree days (GDD5) and water balance (WAB) con-
ditions are predicted to change by the end of the century under the RCP4.5 scenario. Additionally, 
for these variables, we estimate the velocity of the changes within valuable PAs. The proportion of 
forests which underwent clear-cutting was the highest in the more productive southern boreal 
zone and at the landscape scale of 10 km around the PAs. The combined threats of land use and 
climate change were evident, as there were positive correlations between logging levels around 
PAs with red-listed species and both the velocity values of GDD5 and TJan in the PAs. TJan is 
changing particularly fast in the northern boreal zone, where the coldest current climate condi-
tions are projected to disappear by the end of the century. GDD5 in turn is changing fastest in the 
topographically flat southern boreal zone. GDD5 and TJan had generally a positive relationship 
with the magnitude of clear-cuts in a 10 km buffer zone. However, the direction of this rela-
tionship varied between the boreal zones. In climate-wise conservation planning for red-listed 
boreal forest species, multiple elements are needed. First and foremost, valuable sites for the 
red-listed species in the PA network should be identified and the climate change and land use- 
based threats to them measured. This information provides an elementary basis for additional 
threat analyses focusing on species habitat requirements and dispersal ecology. Together, this 
information can be used to assess the potential of different conservation measures to mitigate the 
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combined climate-change and land-use risks, and ultimately to improve the conservation status of 
red-listed forest species.   

1. Introduction 

Pressures on biodiversity have increased during the past decades (Butchart et al., 2010; Díaz et al., 2019) and are predicted to 
continue during this century (Pereira et al., 2010). Land use and climate change are the main drivers of biodiversity change (Sala et al., 
2000; Segan et al., 2016) via the loss of natural ecosystems and changes in the climatic suitability for species (Mantyka-Pringle et al., 
2012; Oliver and Morecroft, 2014; Travis, 2003). Moreover, anthropogenic land use causes degradation and fragmentation of habitats 
(Aycrigg et al., 2022; Haddad et al., 2015). Due to the fragmentation, the remaining habitat occurs in smaller, often disconnected 
patches in the human-modified landscape (Hanski, 2005, 2011; Svensson et al., 2019). 

Climate warming has been linked to observed changes in species distributions, and it is expected to cause accelerating poleward 
shifts in the ranges of species (Chen et al., 2011; Garcia et al., 2014; Lenoir and Svenning, 2015; Virkkala et al., 2013; Virkkala and 
Lehikoinen, 2014). Climate change is projected to be the most pronounced in the high latitude environments because of the greater 
temperature increase in the north (Baettig et al., 2007; Elmhagen et al., 2015; Jetz et al., 2007). However, although the observed 
overall warming in high-latitudes has been nearly four-fold compared to the global average (Rantanen et al., 2022), temperature and 
precipitation trends may show substantial regional and local scale variation (Aalto et al., 2016; Walsh et al., 2011). Consequently, the 
magnitude of climate change impacts on biodiversity may significantly vary between different areas. 

It is increasingly considered that the impacts of harmful land use and climate change may pose combined negative impacts on 
biodiversity (Travis, 2003; Oliver and Morecroft, 2014; Shrestha et al., 2021). Thus, identifying the areas where high rates of climate 
change and detrimental land use co-occur and produce major threats to biodiversity has become a key task in climate-wise conser-
vation planning (i.e., planning to support the adaptation of biodiversity to climate change) (Ordonez et al., 2014; Nadeau et al., 2015; 
Aycrigg et al., 2022). Moreover, the usefulness of the combined assessments of climate-change and land-use threats for conservation 
planning can be further increased by linking these threats to spatial patterns of red-listed species and their accumulations (Heikkinen 
et al., 2021; Shrestha et al., 2021). 

Land use and climate change may influence species distributions and populations both outside and within protected areas (PAs) 
(Araújo et al., 2004, 2011; Hansen and DeFries, 2007; Vincent et al., 2019). For forest habitats and species, local-scale clear-cuts 
occurring close to PA edges cause edge effects which can influence the humidity conditions within PAs (Hylander et al., 2004; Moen 
and Jonsson, 2003; Murcia, 1995). At greater landscape and regional scales, forest management with clear-cuts often results in mature 
forest habitat loss and fragmentation, which has two-fold impacts on forest biota. First, increased habitat fragmentation can disturb 
forest species metapopulation dynamics, i.e., the ability to maintain local populations in their current range areas through 
between-patch dispersal (Hanski and Simberloff, 1997; Hansen and DeFries, 2007). Second, in the longer term, forest fragmentation 
decreases the ecological connectivity between the forested PAs (Mikusiński et al., 2021; Ward et al., 2020) and may obstruct species to 
disperse to new climatically suitable areas and PAs (Travis, 2003; Hamilton et al., 2013; Murray et al., 2017). 

Forestry is a central driver affecting boreal species in northern Europe (Abrego et al., 2017b; Curtis et al., 2018, 2006). In Finland, 
almost all forest land outside protected areas is subject to systematic silvicultural practices, which include the thinning of young and 
middle-aged stands, clear-cutting of mature stands and replanting. Thus, forest management has produced a truncated age-class 
distribution with a reduced area of old-growth forest (Kuuluvainen and Aakala, 2011; Kuuluvainen and Gauthier, 2018; Kuuluvai-
nen et al., 2012) and caused many forest species to become threatened (Hyvärinen et al., 2019). Temporary loss of forest cover in 
managed boreal forests does not, strictly speaking, correspond to the complete loss of forest areas as it does in tropical biomes (Curtis 
et al., 2018; Davis et al., 2020). However, boreal forests subjected to a management cycle with short, 60–80-year-long rotations and 
cyclical clear-cuts represent permanently ecologically degraded ecosystems for red-listed species of mature and old-growth forests 
(Abrego et al., 2017a; Moen and Jonsson, 2003; Roberge et al., 2018; Tikkanen et al., 2006). For monitoring the degradation of mature 
and old-growth forests into younger managed boreal forests, remote sensing products, such as Global Forest Change (A Landsat-based 
change detection spatial data layer, see Hansen et al., 2013), provide useful tools for covering large areas systematically (Ceccherini 
et al., 2020, 2021; Määttänen et al., 2022). 

Forest-use history differs between different parts of Finland. In southern Finland, forests have been used for centuries, previously 
slash-and-burn-cultivation affected large forest areas; and in central Finland, tar production was common (Virkkala and Toivonen, 
1999). Large-scale industrial forestry with logging increased in the 20th century, and clear-cuts started also in northern Finland. 
According to the national forest inventories, in the northern half of Finland, over 50 % of forests were over 120 years in the early 1920 s 
(1921–1924), while the proportion of these forests in 2014–2018 was only 17 % (Korhonen et al., 2021). In the southern half of 
Finland, the proportion of forests over 80 years was lowest in the early 20th century due to slash-burn cultivation carried out in earlier 
centuries but increased in the mid-20th century (Korhonen et al., 2021). The logging volume has increased in Finland during the past 
decades, i.e., during the time period of our GFC-based analysis (see, e.g., Virkkala et al., 2020), decreasing clearly the proportion of 
forests over 80 years in southern Finland and forests over 120 years in northern Finland. 

A key aim of the PA network is to ensure the maintenance of populations, species and communities (Gaston et al., 2008), also in the 
face of climate change (Hiley et al., 2013). In Finland, bird populations in PAs have been observed to shift northwards by a rate of 1.8 
km/year (Virkkala et al., 2018), and these range changes have been supported by the PAs network (Virkkala et al., 2014). However, in 
human-dominated landscapes, there are apparent carryover impacts from the matrix into the boreal PAs causing negative impacts on 
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biodiversity. Thus, PAs have not been able to maintain their species composition and abundances in severely degraded forest land-
scapes (Häkkilä et al., 2017), and increased logging has caused a decline in many resident forest bird species especially in the PAs 
located in southern Finland (Virkkala et al., 2020). Consequently, a PA network may be susceptible to intensification of land use 
outside protected areas, particularly when the PAs are small, and their network is sparse. This suggests that the connectivity of the PA 
network may largely define the ability of the PAs to support the northward shifts of sensitive species, such as old-growth forest biota. 

In our previous paper, we examined the harmful impacts stemming from forest logging around PAs with red-listed mature and old- 
growth forest species at three buffers, i.e., 100 m, 1 km and 10 km, corresponding to local, landscape and regional scales (Määttänen 
et al., 2022). Using Global Forest Change data (Hansen et al., 2013), we showed that there was high logging pressure, measured from 
clear-cuts, in Finland in 2001–2019 around PAs with valuable species. Here, we complement our previous study on the land use around 
the PAs with an assessment of climate change-based threats. We restrict our analysis to PAs where red-listed species have been 
observed, i.e., PAs which harbour documented important biodiversity values. We analyse the climatic threats to PAs by assessing how 
severely exposed they are to climate-change impacts in two ways: first, based on the change in climatic variables between present-day 
and future climates in the PAs; and second, based on average climate velocity calculated for each PA. Here, climate velocity metrics are 
measured based on the distance between climatically analogous present-day and future locations. These metrics illustrate the speed of 
how rapidly species should move to remain under similar climatic conditions; typically, velocities receive the highest values in vast 
flatland areas (Brito-Morales et al., 2018; Heikkinen et al., 2020). The importance of integrating climate-change exposure to con-
servation planning in our case is highlighted by the fact that climate velocities in boreal areas are among the highest, and the climate 
residence time (i.e., the amount of time needed for a climate isoline to emerge from a given PA) of the high latitude PAs, including 
boreal PAs, are globally among the lowest (Loarie et al., 2009; Brito-Morales et al., 2018). 

Our examination of the spatial variation in land-use and climate-change threats, combined with the known occurrences of red- 
listed forest species and their accumulations, will produce essential information for the planning and targeting of new conservation 
and management actions to support the protection of forest biodiversity under climate change. Our main study questions are: (1) How 
do climate change and climate velocity in PAs and land use around PAs with red-listed forest species differ in the south-north gradient 
across the boreal zones in Finland? (2) Are the high rates of climate change and harmful land-use risks coinciding in certain areas and 
PAs? (3) Are some of the PAs with the most valuable accumulations of red-listed species facing high climate-change and land-use 
threats, calling for increased management planning? 

Fig. 1. (a) Number of red-listed forest species in a protected area (PA). (b) number of red-listed species in a PA, whose primary habitat is old-growth 
forest. (c) The location and topography of Finland. Finland is located in Northern Europe and extends between latitudes 60º and 70º and exhibits 
different zones of the boreal forest vegetation: southern, middle and northern, representing the underlying abiotic properties of the environment 
(Hyvärinen et al., 2019). In southern Finland, and along the shore, the terrain is mostly flat, whereas northern parts of the country exhibit higher 
variation in elevation and topography. The protected area network that harbours red-listed forest species in Finland is centred in the northern boreal 
zone with vast areas under conservation, whereas the PAs in southern Finland are often small and embedded in a matrix of intensive land use. Sizes 
of PAs have been exaggerated for visibility. 
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2. Material and methods 

2.1. Protected areas 

We extracted the spatial data on the PAs of Finland according to the situation in July of 2021 from the geographic information 
system ULJAS (SATJ), maintained by Metsähallitus Parks and Wildlife Finland. Eighteen types of PAs (Supplementary material, 
Table S1) were considered, the main body of the data consisting of PAs on government-owned and privately owned areas (e.g., strict 
nature reserves, national parks and PAs established for the protection of old-growth forests, peatlands and herb-rich forests, and areas 
that are designated to be future PAs by Metsähallitus Parks and Wildlife Finland. 

The spatial polygons for the different types of PAs were in many cases overlapping. Thus, following Määttänen et al. (2022), we 
dissolved all the overlapping and adjacent PA polygons in the raw data together. Next, in contrast to Määttänen et al. (ibid.), here we 
excluded PA polygons smaller than 1 hectare in size, as well as PAs situated on small-sized islands in the Baltic Sea and PAs with no 
forest cover. The higher cut-off size level ensured that the calculation of climate change metrics was based on more than just one 
climate data pixel in all PAs (see Section 2.3). The resulting dataset consisted of 14,965 PA polygons, ranging from 1 to 355,708 ha in 
size. Basic descriptive statistics of PAs in different boreal zones are provided in Table S2. 

A clear majority of the polygons had no red-listed forest species observations (see Section 2.2) and were excluded from our main 
analysis. The final set of PAs with red-listed forest species included 3507 areas whose size varied similarly as in the full PA data set. 
Following Määttänen et al. (2022), these 3507 PAs were assigned to and analysed separately for the three different forest vegetation 
zones: the southern boreal, the middle boreal and the northern boreal zone, because they represent different biotic and abiotic con-
ditions (Hyvärinen et al., 2019), which need to be considered in conservation planning (see Fig. 1). 

2.2. Species data 

From the 6683 species regarded as red-listed (29.8 % of all evaluated 22,418 species) in the most recent assessment of the Red List 
species in Finland (Hyvärinen et al., 2019), we studied 886 forest-dwelling, red-listed species (IUCN categories CR - Critically En-
dangered, EN – Endangered, VU – Vulnerable and NT - Near Threatened). Following Määttänen et al. (2020), we focused on species 
that primarily inhabit mature forests (forests that have reached maturity but are not yet old-growth (Martikainen et al., 2000)) or 
old-growth forests and excluded species that can thrive equally well in forests with a semi-open canopy and shrubby habitats. This 
selection enabled us to base our analyses on forest species for which clear-cutting causes a loss of suitable habitat (Tikkanen et al., 
2006), a land use trend that was measured for the surroundings of each PA (see Section 2.4). The primary habitat of the included 
species was determined based on online species databases and literature on species’ ecological requirements. Red-listed bird species 
were excluded from our study, because their observations were generally not of a sufficient spatial accuracy. 

Observations of 886 red-listed forest species were acquired from two sources: the Finnish Biodiversity Information Facility (FinBIF) 
and Parks and Wildlife Finland’s geographic information system, ULJAS (LajiGIS). From the 886 species, 391 were species which are 
strictly confined to old-growth forests. Two criteria were employed when selecting observations for our study: (i) observations with a 
spatial accuracy of less than 100 m were excluded; (ii) observations made earlier than the year 1990 were not considered. 

The selected observations from the FinBIF and LajiGIS databases were combined, observations with an accuracy of > 1 m were 
averaged to their centre locations, and based on this location, each observation was assigned to one of the 100-m square included in a 
100 × 100-m lattice system covering the whole country. This was done using the FCS biological records tool (version 3.3.0) in QGIS. 
Next, duplicate records for a given species were excluded from each of the 100-m square. After these steps in data management, the 
species occurrence data contained 99,180 100-m records from the 886 red-listed species. Of these, 45,175 observations (45.5 %) were 
recorded within the protected areas or intersecting with the border of the PAs. This set of 45,175 species observations occurring in the 
PAs included 765 species and constituted the final set of red-listed species used in the subsequent analysis (for the full list of species, see 
Supplementary material, Table S3). 

In the final step of the species data processing, we developed two metrics (‘importance indices’) to assess the conservation 
importance of the PAs harbouring occurrences of the 765 red-listed species. The calculation of our first importance index (hereafter 
‘rarity weighted index’) included several steps. First, for each of the 765 species, a percentage of occurrences across all the 100-m 
squares the species inhabits was calculated. Thus, if a given species was recorded in fifty 100-m squares, each occupied cell was 
assigned a value of 0.02 for that species. Next, for a given species, these percentage-based values were summed across all the 100-m 
squares in each PA, and the corresponding percentage-based values were summed across all red-listed species observed in that PA. The 
same process was repeated for all PAs with red-listed species records. 

The second importance index (hereafter the ‘red-list weighted index’) was calculated to reflect the differences between PAs in terms 
of how many occurrences of red-listed species they harbour. Here, we weighted our study species following Forsius et al. (2021) to 
reflect their IUCN Red List status as follows: DD (data deficient) - 0, NT - 1, VU - 5, EN - 10 and CR - 20. Next, the occurrences of the 765 
red-listed species in each 100-m square were replaced by these Red List status values. In the final step, the rescaled occurrence values 
were summed across all species and across all 100-m squares within a PA, and this process was repeated for each of the studied 
protected areas. All calculations were conducted using R (R Core Team, 2014) and the GIS procedures were executed using QGIS 
(version 3.16.4). 
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2.3. Climate data 

Climate change-based threats to the studied PAs were measured based on data developed by Heikkinen et al. (2020), which were 
employed also by Heikkinen et al. (2021) to assess the joint climate-change and land-use threats to EU Habitats Directive species. Thus, 
a more in-depth description of the climate data construction process is provided in these two papers. 

In short, using weather data from 313 stations located in Finland, northern Sweden and Norway (European Climate Assessment and 
Dataset [ECA&D]) (Klok and Tank, 2009) generalised additive models, the geographical location (latitude and longitude, included as 
an anisotropic interaction), local topography (elevation, potential incoming solar radiation, relative elevation) and water cover (sea 
and lake proximity) variables, we developed measures of the monthly average temperatures for 1981–2010 (‘baseline climate’) at a 
resolution of 50 × 50 m (see Aalto et al., 2017). 

Monthly precipitation data for 1981–2010 were developed for the same 50-m resolution grid using global kriging interpolation, 
implemented in R package gstat version 1.1-0. Kriging was carried out based on data from 343 rain gauges obtained from the ECA&D 
dataset, geographical location, topography (elevation and eastness index) and proximity to the sea. 

The 50-m resolution topoclimatic monthly air temperature and precipitation data were employed to construct the measures of three 
bioclimatic variables to describe the baseline 1981–2010 climate conditions: (1) the annual temperature sum indicating the accu-
mulated warmth (growing degree days, GDD5, ◦C days); the mean January air temperature (TJan, ◦C); and the climatic water balance 
(WAB, mm). These three variables were selected so that they together provide complementary measures of the winter- and summer- 
time temperature and moisture conditions that are the key drivers of northern ecosystems and species (Howard et al., 2015; Huntley 
et al., 2008; Luoto et al., 2006; Sykes et al., 1996). The climatic water balance indicates the difference between the total annual 
precipitation sum and the potential evapotranspiration (PET). The PET value was estimated from the monthly air temperatures 
following Skov and Svenning (2004): 

PET = 58.93 × Tabove0◦C/12 

For the future climate surfaces, we used ensemble data, which is a combination of 23 individual global climate models (Taylor 
et al., 2012), as available from the Coupled Model Intercomparison Project (CMIP5) archives. To explore the patterns of climate change 
and climate change velocity across PAs, we used GCM ensemble data averaged for the years 2070–2099 and the Representative 
Concentration Pathway RCP4.5. Since our aim was to explore the spatial variation of climate-change risks on PAs, we only used one 
climate scenario and assumed that using lower or higher concentration scenarios would yield similar responses, varying in intensity 
(Heikkinen et al., 2020; Mair et al., 2018; McGuire et al., 2016) The extracted GCM ensemble climate surfaces included monthly air 
temperature and precipitation data, which we bilinearly interpolated to match the 50 × 50 m grid. These interpolated climate surfaces 
were added to the baseline 1981–2010 climate data to develop the 50-m monthly climate data for 2070–2099. After this, the values for 
the three bioclimatic variables (GDD5, TJan, WAB) were recalculated for the 50-m resolution grid across the whole study area (see 
Heikkinen et al., 2020). 

The three 50-m topoclimate data surfaces, i.e., GDD5, TJan, and WAB, developed for the baseline time slice and the RCP4.5 future 
slice of 2070–2099 were used to construct two types of climate exposure measures for the 50 × 50-m lattice system covering all of 
Finland. The first exposure measure was the absolute difference between the two time slices, i.e., a substitution of the baseline climate 
surface from the future climate surface, conducted for each of the 50-m cells and all three variables. These three measures are referred 
to as the absolute difference in GDD5 (GDD5 Diff), in TJan, (TJan Diff) and in WAB (WAB Diff). 

Our second exposure measures were the climate change velocity metrics developed for each of the 50-m cell and all three variables. 
Climate velocities were calculated using the climate-analogue velocity method (Brito-Morales et al., 2018; Hamann et al., 2015) 
following Heikkinen et al. (2020). In the climate-analogue method, velocities are calculated as the distance between climatically 
similar grid cells in present and future climates divided by the number of years between the two time periods. 

In the baseline and in the future climate surfaces, the continuous climate values in each of the 50-m grid cells were converted into 
categorical values before actual velocity calculations. The following class ranges were used in the conversion: GDD, within-class range 
50 ◦C; TJan, within-class range 0.5 ◦C; WAB, within-class range 50 mm (for details, see Heikkinen et al., 2020). Based on the cat-
egorised climate surfaces, a search of the minimum distances between grid cells with similar present-day and future GDD5 / TJan / 
WAB climates was executed using the ArcGIS software (Desktop 10.5.1) and the Euclidean distance function, as well as the climate 
velocity values generated for each bioclimatic variable and each 50-m grid cell to describe the level of different climate exposure risks a 
given site is projected to face. 

2.4. Land-use data 

Following Määttänen et al. (2022), we estimated the amount of negative land use concerning the red-listed forest species around 
the PAs using three buffers of 100 m, 1 km and 10 km in size. In our study area, changes in forest cover largely consist of clear-cuttings, 
which typically lead to detrimental impacts and habitat loss for old-growth forest species (Svensson et al., 2019; Tingstad et al., 2018). 

To assess the changes in forest cover, we first determined the forest extent prior to the year 2000 based on the Corine Land Cover 
(hereafter CLC2000) data with a spatial resolution of 25 m. For this, a forest distribution raster was developed based on combined data 
on occurrences of CLC2000 classes of broad-leaved forest, coniferous forest, mixed forest and transitional woodland where the canopy 
cover was > 10 %. The change in the forest cover was assessed as a cumulative measure over the years 2000–2020 based on the Global 
Forest Change (hereafter GFC) dataset Forest Loss layer (version 1.8) (Hansen et al., 2013). Using the GFC data, we identified CLC2000 

A.-M. Määttänen et al.                                                                                                                                                                                               



GlobalEcologyandConservation41(2023)e02348

6

Table 1 
Values and significance in the velocity (km/year, mean±S.E., range in parentheses) of growing degree days (GDD5), January mean temperature (TJan) and water balance (WAB) between 1981 and 2010 
and 2070–2099 in the PAs where red-listed forest species were observed in the three forest vegetation zones. The statistical significance is based on the Kruskall-Wallis one-way analysis of variance (K=3) 
with a posteriori tests. Velocity is measured as the distance between the nearest climatically similar locations in 1981–2010 and 2070–2099, divided by the time difference.  

Climate velocity 
variable 

Forest vegetation zone Test statistic Southern boreal 
vs. middle boreal 

Southern boreal vs. 
northern boreal 

Middle boreal vs. 
northern boreal 

Southern boreal (km/year) 
(n = 2343) 

Middle boreal 
(km/year) 
(n = 899) 

Northern boreal (km/year) 
(n = 265) 

z P z P z P z P 

GDD5 3.86 ± 0.02 
(1.21–5.75) 

2.81 ± 0.03 
(1.00–5.32) 

1.28 ± 0.04 
(0.16–2.57)  

1184.18 <0.001  927.40 <0.001  1892.63 <0.001  965.23 <0.001 

TJan 3.93 ± 0.02 
(1.37–6.29 

4.03 ± 0.03 
(1.75–5.91) 

5.90 ± 0.12 
(1.78–8.99)  

272.51 <0.001  14.39 0.717  1063.67 <0.001  1078.06 <0.001 

WAB 0.08 ± 0.00 
(0–2.82) 

0.06 ± 0.00 
(0–1.14) 

0.01 ± 0.00 
(0–0.19)  

206.63 <0.001  358.33 <0.001  820.13 <0.001  461.80 <0.001  
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forest areas that have been transformed in our study area predominantly due to clear-cuttings and marginally due to forest fires or 
storms (see Määttänen et al., 2022). After this, the forest cover change was calculated by subtracting the pixels appointed as losses 
according to the GFC from the starting point CLC2000 forest distribution raster. This provided relative measures of forest loss (range 
0 – 100 %) for the 100 m, 1 km and 10 km buffers in each study PA. 

2.5. Data analysis 

All intersecting pixels were considered when calculating the mean climate changes and climate velocities for PAs and the land use 
intensity in the surrounding buffers. The results are shown as a set of scatterplots and maps of the individual threat variables and 
selected joint combinations of the variables (forest change vs. TJan velocity, forest change vs. GDD5 velocity, forest change vs. WAB 
velocity). These analyses were done for each of the three vegetation zones. Correlation (Spearman rank, rS) and significance were 
calculated between the variables in the analyses. To compare the significance of the changes in the velocity of climate variables be-
tween forest vegetation zones, as well as the significance in the values of species indices (rarity weighted index and red-list weighted 
index) between PAs of the different zones, we adopted a non-parametric Kruskall-Wallis analysis of variance with pairwise a posteriori 
tests. Finally, a separate examination of the relationships between the highest 10 % fraction of the PAs based on the rarity weighted 
index and red-list weighted index and the climate-change velocity and land-use threats were carried out. 

3. Results 

3.1. Patterns in bioclimate 

January temperatures in the PAs are predicted to warm on average by 4.5 ºC degrees (values varying between 3.6 and 5.4 ºC 
degrees) by the end of the century. The projected warming will be most pronounced, just over 5 ºC degrees on average, in the northern 
boreal PAs, 4.9ºC degrees in the middle boreal and 4.4 in southern boreal PAs. The change in growing degree days sum (GDD5 Diff) 
across all PAs is on average 454 ºC days (range between 292 and 507 ºC degree days). This change is strongest in southern boreal PAs 

Fig. 2. Mean velocities of January mean temperature (TJan), growing degree days (GDD5) and water balance (WAB) within PAs with red-listed 
forest species. Velocities show the rate (km/year) of spatial changes in analogous climatic conditions between present-day (1981 – 2020) and 
future (RCP 4.5 based predictions for 2070–2099) climates. Sizes of PAs have been exaggerated for visibility. 
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(with a mean of 473 ºC days) and declines towards middle and northern boreal PAs being on average 422 ºC days and 395ºC days, 
respectively. Water balance is predicted to stay positive in the studied PA network, but the surplus of water decreases slightly, on 
average 36 mm with an average of − 40 mm, − 30 mm and − 22 mm in southern, middle and northern boreal PAs, respectively. 
However, the overall patterns of WAB Diff are sporadic, and the average values across PAs range between 105 mm less water in a PA to 
50 mm more water in a PA. 

The velocities of the three climate variables in the PAs are significantly different between the three biogeographic zones (Table 1). 
Additionally, all pairwise comparisons of vegetation zones for the velocities of the three climate variables are significant except for the 
TJan velocities between southern and middle boreal forest vegetation zones. The GDD5 velocity declines from south to north, whereas 
the velocity for the TJan shows contrasting patterns (Fig. 2). The WAB velocities in the PAs are low with a mean of 10–80 m/year in the 
different zones compared to the GDD5 velocity (mean 1.3–3.9 km/year in the different zones) or that of TJan (mean 3.9–5.9 km/year). 

Similar trends emerge when the relationship between TJan Diff, GDD5 Diff and WAB Diff, and their respective velocities in the PAs, 
are examined in the three biogeographic zones (Fig. 3). There is a fairly linear relationship between the TJan Diff and TJan velocities as 
well as a clear south-to-north gradient with increasing values. In some of the northern boreal PAs with high TJan velocities, current 
harsh winter climate conditions are projected to disappear by the end of the century. The relationship between the GDD5 Diff and 
GDD5 velocities is also linear but contrasts with the TJan variables; it increases towards the south. The correlation between the TJan Diff 
and TJan velocities is highly positive (rS = 0.421, p < 0.001, N = 3507) as well as between the GDD5 Diff and GDD5 velocities (rS =

0.617, p < 0.001). The WAB Diff is negatively correlated with the WAB velocity (rS = − 0.572, p < 0.001) but values for these variables 
are low and their relationships do not show overall clear trends (Fig. 3). 

3.2. Combined land-use – climate-change threats 

Scatterplots of relative forest cover in the year 2000 within the three buffers around PAs (100 m, 1 km, 10 km) and mean PA 
velocities of TJan, GDD5 and WAB (Fig. S1) show that the PAs with a low proportion of forests around them are not at a higher risk in 
terms of climate velocity. There are no clear relationships with the projected climate velocity in the buffers of 100 m or 1 km in TJan, 
GDD5 and WAB velocities. The same lack of a clear relationship is also evident in the 10 km buffer in the middle and northern boreal 
zones and in the 10 km zone in GDD5 and WAB in the southern boreal zone. However, in the southern boreal zone, in the 10 km buffer, 
the forest cover increased as TJan increased. 

The highest proportion of clear-cuts occurs in the 10 km buffer around the studied PAs being, on average, 23.8 %, 19.3 % and 10.3 
% in the southern, middle and northern boreal PAs, respectively, followed closely by the 1 km buffer, where corresponding values were 
21.4 %, 19.3 % and 11.5 %. In comparison, clear-cuts in the 100 m buffer were lower, on average 16.7 %, 16.7 %, and 9.6 %, in the 
studied southern, middle and northern PAs, respectively (Fig. S2). The covariation of mean climate velocities in PAs and the 10 km 
buffer forest change around them is visualised in Fig. 4 (see Supplementary material, Fig. S3 and Fig. S4, for scatterplots with forest 
change in the 1 km and 100 m buffers). The correlation between forest change in the 10 km buffer and GDD5 velocity is positive 
(rS=0.356, p < 0.001) as is also the case between forest change and TJan velocity (rS = 0.167, p < 0.001). In contrast, forest change and 
WAB velocity are not correlated (rS = 0.031, p = 0.064). 

Fig. 3. Relationships between mean absolute change and the mean velocity of TJan, GDD5 and WAB in the PAs with red-listed forest species in the 
three boreal zones of Finland. Those northern PAs where January temperature velocities are coded to exceed 8 km per year are projected to 
experience disappearing winter climate conditions. For WAB results, only the lowest 99 % of the PA velocity values are plotted due to the highly 
skewed distribution of values around 0. The maximum WAB velocity value was 2.8 and there were 10 PAs with a WAB velocity value greater than 1. 
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3.3. Conservation importance indices 

The two indices describing the biological importance of a PA were positively correlated (rS = 0.491, p < 0.001, N = 3507), mir-
roring the relationship of species’ red-list status and their observation density. PAs located in the northern boreal zone were bio-
logically the most important, while southern boreal PAs scored higher than their middle boreal counterparts according to the 
occurrence rarity weighted index, but lower according to the red-list weighted index (Table S2 and Table S4). Values of both rarity 
weighted index and red-listed weighted index differed significantly between PAs of the three zones (Table S4). However, in a pairwise 

Fig. 4. Combined threats of climate change velocities within PAs and the proportion of clear-cuts around 10 km from the PAs during the last 20 
years. On average, the forests within 10 km from the PAs with red-listed species have been clear-cut at the rate of 21 %. Mean velocities for all PAs 
are 4.1 km/year, 3.4 km/year and 67 m/year for TJan, GDD5 and WAB, respectively. Top right in the figures are PAs with high combined risks, 
bottom left PAs with low risks, and top left and bottom right PAs with joined medium-level risks (sections separated with dashed lines representing 
the mean values of each variable). The PAs in the southern boreal zone that exhibit no change in the surrounding forest cover are protected islands 
in the Baltic Sea. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. The top 10 % of the PAs according to their red-list weighted species importance scores and their joined threats of land use (percentage of 
forest clear-cuts around 10 kilometres) and velocities of GDD5 and TJan. Top right in the figures are high combined-risk PAs, bottom left low-risk 
PAs, and top left and bottom right joined medium-level risks (sections separated with dashed lines representing the mean values of each variable). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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comparison, only northern boreal PAs differed in both indices from the middle boreal or southern boreal PAs, while index values 
between southern and middle boreal PAs did not differ in either of the indices (Table S4). 

Both indices were moderately correlated with PA size (rarity weighted index and PA area rS = 0.33 and red-list weighted index and 
PA area rS = 0.28), but there was substantial variation in the relationships (Fig. S5). Since both indices are derived from species 
occurrence data, the spatial patterns of PAs with high index values (Fig. S6) are similar to the species richness represented in Fig. 1. 

The top 10 % of PAs based on red-list weighted and rarity weighted species index scores were plotted to visualise their exposure to 
the combined threats of the clear-cuts in the 10 km buffers and the climate change velocities. The joint threats to the top 10 % of the 
red-list weighted index PAs show somewhat contrasting patterns in the three biogeographic zones and between TJan and GDD5 ve-
locities (Fig. 5), and similar trends were also detected for the 10 % rarity weighted PAs (Fig. S7; for corresponding scatterplots for WAB 
and the top 10 % PAs, see Fig. S8). 

The correlations between forest change in the 10 km buffer zone and the GDD5 velocity for the top 10 % of PAs (Fig. 5) were 
positive in the northern boreal zone (red-listed weighted index: rS = 0.672, p < 0.001, N = 27) and in the middle boreal zone (red- 
listed weighted index: rS = 0.564, p < 0.001, N = 90). In contrast, there was a negative correlation between the forest change in the 
10 km buffer zone in the southern boreal zone and the GDD5 velocity for the top 10 % of the PAs (red-listed weighted index: rS =

− 0.201, p = 0.002 = 234). 
The TJan velocity had a moderate positive correlation in the southern boreal zone (red-list weighted index: rS = 0.600, p < 0.001) 

and a weak positive correlation in the middle boreal zone (red-list weighted index: rS = 0.333, p < 0.001,), with the amount of forest 
change in the 10 km buffer. This pattern was discovered both for the top 10 % red-list weighted PAs (Fig. 5) as well as the 10 % rarity 
weighted PAs (Fig. S7). However, these two variables did not covary in the top 10 % of the PAs in the northern boreal zone (red-list 
weighted index: rS = − 0.122, p = 0.545). The WAB velocity and forest change within the 10 km buffer did not correlate for the 
northern and middle boreal top 10 % PAs, but there was a weak negative correlation in the southern boreal PAs (Fig. S8). 

4. Discussion 

4.1. Combined climate-change and land-use impacts 

In our study, we have shown that the harmful land use emerging from clear-cuttings and climate change may pose joined high risks 
to boreal PAs, which harbour populations of red-listed old-growth and mature forest species. These combined threats were evident as 
overall positive correlations between logging levels around PAs with red-listed species and their velocity values for GDD5 and TJan. We 
focused on areas where red-listed forest species occur with certainty. However, our climate and land-use threat surfaces can also be 
applied to the entire PA network in Finland, including areas where species of conservation concern have not yet been observed, or 
where new populations are discovered. 

The effect of the South-to-North gradient and the proximity to the Baltic Sea was apparent in all the climate variables calculated for 
the PAs, especially for GDD5 and TJan. The GDD5 velocities in the PAs were particularly high in the southern boreal zone and slowest in 
the northern boreal zone. This pattern is due to more flat terrain with analogous future climate spaces found much farther away in the 
southern boreal zone compared to the hilly landscape in the middle boreal zone and the rugged relief in the northern boreal zone (see 
Heikkinen et al., 2020). 

However, the relationship between the GDD5 velocity and the level of forest change around the PAs varied notably between the 
three boreal zones. In the middle and northern boreal zones, the GDD5 velocity values increased as the proportion of logged forests 
around the PAs increased. In contrast, in the southern boreal zone, the GDD5 velocities decreased as the proportion of clear-cuts 
around the PAs increased. This is probably because logging levels have been higher in SE Finland than in SW Finland (see 
Määttänen et al., 2022), whereas GDD5 velocity was, in contrast, higher in SW Finland than in SE Finland due to flat terrain in the 
south-west. Thus, although both GDD5 velocities in the PAs and logging levels around them were highest in the southern boreal zone, 
they did not correlate there. In the PAs in the middle and northern boreal zone, both logging levels outside the PAs (Määttänen et al., 
2022) and the GDD5 velocity were lower than in the southern boreal zone, but they appeared to pose combined threats to the studied 
PAs. 

Velocity and change of the January temperature both showed the highest values in the PAs situated in the northern boreal zone. 
Alarmingly, current winter temperatures are projected to disappear in vast areas in the northern boreal zone by the end of the century, 
even based on the moderate RCP4.5 scenario (Heikkinen et al., 2020). This can have dramatic effects on the northern boreal species 
that are adapted to the present winter conditions (ACIA, 2004; Callaghan et al., 2004; Lesica and Crone, 2017). 

In contrast, changes in the WAB velocity were small and highly local and did not correlate with forest change around the studied 
PAs. However, the WAB velocities in the PAs were projected to show somewhat faster changes around the shore of the Baltic Sea in 
southwestern and southern Finland. Thus, changes in precipitation and potential evapotranspiration will probably, jointly with 
temperature changes, affect species via local-scale seasonal effects, such as changes in snow cover (Barnett et al., 2005; Slatyer et al., 
2022). 

The average velocity of the January temperature and GDD5 was about 4 km/year in the southern boreal PAs and 3–4 km in PAs in 
the middle boreal zone. Climate velocities as high as these would mean a shift of 150–200 km in 50 years. Furthermore, the TJan 
velocity was about 6 km/year (300 km in 50 years) in northern boreal PAs. These values are much higher than the observed northward 
density shifts of boreal birds in Finnish PAs in 1981–2017, which were measured to be ca. 1.8 km/year (Virkkala et al., 2018) or boreal 
birds in Finland in 1970–2012 (ca. 1.5 km/year; Lehikoinen and Virkkala, 2016). Moreover, birds probably have a fairly high dispersal 
ability compared to many red-listed forest species preferring old-growth forests (but see Komonen and Müller, 2018). Recent studies 
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have shown that the northward shift of species may lag behind climate warming, leading to the so-called climate debt of species 
(Devictor et al., 2012; Lehikoinen and Virkkala, 2016). The most detrimental effects of such lags will concern species which are highly 
dependent on the sparsely occurring old-growth forest habitats and have poor dispersal abilities, such as Pytho kolwensis (Siitonen and 
Saaristo, 2000). 

When the landscape matrix deteriorates due to logging, climate change induced northward shifts of many red-listed forest species 
with specific habitat requirements are hampered. In the southern half of Finland, protected forests currently cover only about 3 % of all 
forests (National Resources Institute Finland, 2019), and logging levels are expected to increase even further (Maa- ja 
metsätalousministeriö, 2015) with added pressures due to bioeconomy and the energy crisis. In the wider landscape around the PAs, 
clear-cutting can also pose negative impacts on the persistence of species in individual PAs, as well as in the PA network. Particularly 
susceptible are specialist species with low numbers of occurrences and small population sizes (Heikkinen et al., 2021; Nordén et al., 
2013; Pykälä, 2019), whose occurrences in the PAs are becoming more and more isolated. Already, a decrease has been seen in many 
resident forest bird species, also in PAs (Virkkala et al., 2020). Furthermore, even good dispersal ability may not be sufficient in the 
long term when climatic conditions start to become unsuitable for the local populations. This is because species restricted to 
high-quality old-growth forest habitats may have significant challenges in finding suitable habitats in the intensively managed forest 
landscape (Komonen and Müller, 2018). 

In essence, our results show that the land-use and climate-change effects in our study are generally additive, as logging levels are 
highest in PAs where climate velocity is also highest, putting southern boreal PAs at the greatest risk. Yet, all the studied PAs are 
exposed to either climate change or land-use change, or both, at different magnitudes, reflecting the high spatial variation in the 
velocities of the three climate variables. Furthermore, we found that the joined threats of land use and climate change were similar 
between the biologically most valuable PAs according to our importance indices and all the studied PAs (Fig. S9). As a comparison, 
Ordonez et al. (2014) studied the projected effects of climate and land-use change in the United States from 2001 to 2050 and observed 
high variability in the combined speed of climate and land-use change. The authors identified certain areas which were severely 
exposed to high climate velocities, contrasting rates of change between climate and land-use change, but also areas which are most 
vulnerable due to combined pressures. Moreover, similarly to our results, Ordonez et al. (ibid.) found that climate velocities can show 
substantial variation between different climate variables. 

The red-listed species included in our data are likely to face accelerating negative climate-change impacts. Moreover, even the 
southerly distributed species, with edge populations in the studied PAs, potentially benefitting from future warming, such as certain 
herb-rich forest plant species, may have difficulties in shifting their populations northwards in an intensively managed landscape. 
Since a large proportion of known occurrences of the study species are situated in the PAs (see Table S3; for the EU Habitats Directive 
species, see Heikkinen et al., 2021), the combined effects of intensive land use and increased climate change and velocity may increase 
the extinction probability of red-listed species populations (see Oliver and Morecroft, 2014). 

4.2. Implications for conservation planning of boreal forests 

As harmful impacts of climate change and land use escalate, it is increasingly important to identify priority areas for conservation 
planning and management, where valuable elements of biodiversity are most vulnerable (Aycrigg et al., 2022; Barber et al., 2016; 
Mawdsley, 2011; Shrestha et al., 2021). High-latitude boreal environments are projected to experience substantial changes in their 
climatic conditions (ACIA, 2004; Elsen et al., 2020, 2022), including also PAs (Heikkinen et al., 2020; Kharouba and Kerr, 2010; Parks 
et al., 2022), potentially leading to losses of habitat and life zones (Elsen et al., 2022). Although the boreal biome includes some large, 
relatively intact areas, the boreal forests in Fennoscandia have faced intensive management with clear-cuttings, resulting in the 
replacement of old-growth forests and naturally regenerated forests by young managed production forests, causing fragmentation and 
loss of natural forest habitats (Koivula and Vanha-Majamaa, 2020; Mikusiński et al., 2021; Svensson et al., 2019; Ward et al., 2020). A 
key challenge for forest biodiversity conservation is that when the clear-cuttings are targeted at old-growth forests and managed but 
older-than-average forests (>120 years), they will be permanently converted into structurally homogenous forests with shortened 
rotational periods (ca. 50–70 years). This can significantly reduce the amount of potential habitat for species favouring old-growth 
forest conditions (Roberge et al., 2018; Tikkanen et al., 2006; Tremblay et al., 2018). 

Mawdsley et al. (2009) reviewed the potentiality of seven strategies for land and water protection and management applicable in 
the matrix or in the PAs themselves. As a starting point for improving the ability of species populations to persist in the PAs, there are 
two valid strategies for red-listed forest species in the network of boreal PAs: (i) facilitating resilience by improving the management 
and restoration of PAs and (ii) increasing the extent of PAs. In Finland, restoration measures have indeed played a key role in 
improving the ecological conditions of forested PAs. This is because some PAs, particularly in southern Finland, include previously 
commercially managed forests, which provide a limited amount of crucial characteristics to support red-listed species populations, 
such as large old trees, diverse vertical stand structure and dead wood (Junninen and Komonen, 2011; Koivula and Vanha-Majamaa, 
2020; Siitonen, 2001). 

However, in the era of climate change, forest restoration needs to increasingly consider ‘prestoration’ (restoration including 
anticipation of climate change) in addition to the earlier focus on ecological and habitat restoration, which concentrate more on 
recovering species assemblages and conditions of degraded environments (Mansourian, 2018). At the same time, decision makers are 
facing challenges concerning Fennoscandian boreal forests, as there are concurrent pressures to increase both biodiversity values and 
wood extraction (Eggers et al., 2022). To tackle these discrepancies, prioritisation based on the best available knowledge and (spatial) 
data is vital (Synes et al., 2015). Even though it is widely recognised that species would benefit from improving the matrix surrounding 
boreal PAs, making it more permeable for species as climate conditions change (Synes et al., 2015), projecting landcover changes at 
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landscape scales will, however, be hampered by forest ownership patterns (Duflot et al., 2022; Eggers et al., 2022). 
Ultimately, the drastic long-term projected changes in the high-latitude climatic conditions (Elsen et al., 2022; Heikkinen et al., 

2020) will produce high pressures on boreal forest species to shift their ranges northwards. Particularly in areas with a sparse PA 
network, this will drive species to disperse across human-impacted landscapes, where suitable habitat patches for red-listed forest 
species are in short supply and will very likely further decrease (Mikusiński et al., 2021; Määttänen et al., 2022; Svensson et al., 2019). 
Species that depend on shady forests with a humid microclimate and abundant coarse woody debris, including certain moss and 
hepatics species, specialised wood-inhabiting fungi and many epiphytic lichen species (Abrego et al., 2017b; Koivula and 
Vanha-Majamaa, 2020; Moen and Jonsson, 2003) are among the species most at risk due to excessive warming following clear-cutting 
(Greiser et al., 2018). 

Thus, promoting the movements of red-listed forest species requiring shady humid interior forest conditions across the matrix areas 
is clearly one priority in the climate-wise conservation planning for boreal forests. Such movements can be supported by the two 
strategies, i.e., by protecting corridors or stepping stones with microrefugia or otherwise designing new conservation and restoration 
sites. However, the foremost priority is protecting the remaining valuable mature and old-growth forests. A recent review by Komonen 
and Müller (2018) concluded that successful movements of many deadwood species, including red-listed forest species, to new areas 
may depend more on the availability of high-quality habitats appearing as suitable landing patches in the matrix, enabling colonisation 
and establishment of a new population than conservation planning focusing only on improving structural connectivity. 

5. Conclusions 

In Finland, boreal forest species that require old-growth and mature forest features in their habitat, are increasingly threatened by 
intensive forestry practices and climate change. We developed two red-listed species-observation-based indices to describe the con-
servation value of a PA. Around these valuable PAs, the magnitude of clear-cuts was highest in the largest 10 km and 1 km buffers and 
lowest in the near vicinity, 100 m buffer. Furthermore, the intensity of forestry practices was highest in the southern boreal vegetation 
zone. Under the RCP4.5 scenario, TJan, GDD5 and WAB conditions and velocities are generally correlated with land-use intensity, 
strengthening its negative effects on PAs, making southern boreal PAs the most exposed to combined threats. However, the strength 
and direction of these relationships varied between the different vegetation zones and topoclimatic variables. 

When designing effective climate-wise planning for red-listed boreal forest species, multiple elements need to be considered. 
However, the foremost critical starting point is the identification of the most valuable sites for these species in the PA network (and 
where necessary, also in the unprotected matrix) and the climate change and land use-based threats to them, as accomplished in this 
study. Important further steps in the process can then be built upon this baseline knowledge, particularly by linking the information 
with species habitat requirements and dispersal ecology, as well as analysing the potential of different conservation measures to 
mitigate the combined climate change and land use risks for the valuable agglomerations of red-listed species. Outputs from such a 
multistep process may then be used to improve the conservation status of many of the declining, red-listed boreal forest species. 
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