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A R T I C L E  I N F O

Keywords:
Boreal forest
Conservation planning
Goodyera repens
Orchid
Species distribution model
Species of conservation concern

A B S T R A C T

Predicting species occurrence across landscapes is fundamental to conservation planning, yet many approaches 
rely on costly field data. We developed and validated a model for predicting the occurrence of Goodyera repens, a 
threatened orchid associated with old-growth coniferous forests and legally protected in Sweden. Using 4805 
plots from the Swedish National Forest Inventory (2013–2022), we modelled occurrence probability with logistic 
regression based on three predictors derived from publicly available geodata: basal area, soil moisture, and 
proportion of old forest in the surrounding landscape. Basal area had the strongest positive effect on occurrence 
(β = 1.01, ΔAIC = 61.5), followed by proportion of old forest (≥80 years) within 100 m (β = 0.61, ΔAIC = 30.5), 
while soil moisture had a negative effect (β = − 0.37, ΔAIC = 5.5). Model validation in southeastern Sweden 
using 227 independent records from the Swedish Species Observation System yielded an AUC of 0.88, with 
predicted probabilities at validation locations nearly 12 times higher than at random background points. The 
model also performed well for other conifer-associated species of conservation concern (AUC = 0.79), suggesting 
it captures general characteristics of high-quality conifer forest habitat. Performance was comparable in inde
pendent validations in central and northern Sweden (AUC = 0.91 for G. repens and 0.77 for indicator species), 
demonstrating geographic transferability. Our results show that simple geodata-based models can effectively 
predict the distribution of declining old-forest specialists, offering a cost-effective tool for habitat screening and 
forest management decisions in production landscapes.

1. Introduction

Global biodiversity loss continues at an unprecedented rate, with 
current extinction rates estimated to be 100–1000 times higher than 
natural background rates (IPBES, 2019). Habitat degradation and land- 
use changes serve as primary drivers of ecosystem disruption and species 
decline worldwide (Maxwell et al., 2016). Forest ecosystems, which 
harbour approximately 80% of terrestrial biodiversity, are particularly 
affected by anthropogenic activities that homogenize once- 
heterogeneous landscapes into structurally uniform stands (FAO, 
2020; Paillet et al., 2010).

The ability to predict species occurrence across landscapes is 
fundamental to conservation planning and effective responses to 
biodiversity loss (Margules and Pressey, 2000; Guisan et al., 2013). 
Species distribution models can guide the identification of suitable 
habitat, inform land-use decisions, and help prioritize areas for protec
tion or management interventions (Edenius and Mikusiński, 2006; Elith 
and Leathwick, 2009; Franklin, 2010). However, many predictive 

approaches rely on detailed field data or complex environmental vari
ables that are costly to obtain and difficult to apply at large scales 
(Guisan and Thuiller, 2005). In contrast, models based on openly 
available geodata—such as remotely sensed forest attributes and na
tional land cover databases—offer a practical alternative that can be 
applied across entire regions at minimal cost (He et al., 2015; Lehtomäki 
et al., 2015). Such approaches are particularly valuable for threatened 
species in production landscapes, where rapid assessment tools are 
needed to inform forestry planning and ensure compliance with con
servation legislation (Pecchi et al., 2019; Mikkonen et al., 2023).

The need for efficient prediction tools is pressing in boreal forests, 
which represent nearly one-third of global forest cover and provide 
essential ecosystem services including timber production, climate 
regulation, carbon sequestration, and biodiversity maintenance, though 
the demand for wood products is itself a primary driver of biodiversity 
loss in these forests (Gauthier et al., 2015; Bradshaw et al., 2009). 
Intensive forestry practices have substantially simplified these land
scapes, resulting in altered microclimates and diminished refuges for 
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species sensitive to environmental change (Gustafsson and Perhans, 
2010; Halpern, 1989; Heithecker and Halpern, 2007). Species depen
dent on old-growth forest characteristics—including stable microcli
mates, structural complexity, and ecological continuity—are 
particularly vulnerable to habitat loss caused by modern forestry oper
ating on rotations that prevent forests from developing mature charac
teristics (Nordén et al., 2014; Lindenmayer et al., 2006). In 
Fennoscandia, intensive forestry has led to significant declines in old- 
growth forests and associated biodiversity (Kouki et al., 2001; Kuulu
vainen et al., 2015). In Sweden, approximately 18% of forest-associated 
species are classified as threatened or near-threatened on the Swedish 
Red List (SLU ArtDatabanken, 2026), with many populations declining 
and becoming increasingly fragmented. Previous studies have demon
strated negative effects of logging across various taxonomic groups, 
including vascular plants, bryophytes, lichens, and fungi (Bergman 
et al., 2025, 2026; Hylander and Weibull, 2012; Johansson et al., 2018; 
Dahlberg et al., 2001; Lõhmus and Kull, 2011).

One species for which simple geodata-based predictive tools would 
be particularly valuable is Goodyera repens (L.) R. Br., a small evergreen 
orchid associated with old-growth coniferous forests. The species occurs 
primarily in mature, conifer-dominated stands with high basal area, 
well-developed moss carpets, and stable microclimate, and exhibits high 
sensitivity to clear-cutting and other interventions that reduce stand 
density (Johansson et al., 2025, 2026; Lõhmus and Kull, 2011). In 
Sweden, G. repens is classified as Vulnerable (VU) on the Red List (SLU 
ArtDatabanken, 2026) and is legally protected since 1992 under suc
cessive Swedish species protection legislation (currently SFS 2007:845), 
which prohibits intentional damage or removal of individuals. This legal 
status can halt planned logging operations where populations occur, 
making G. repens a contentious topic in forest management debates 

(Johnson, 2014; Widenfalk and Weslien, 2009). Recent research has 
documented a 66% decline in G. repens occurrence across Swedish for
ests over the last 30 years (Johansson et al., 2026) and stands containing 
the species shown to harbour more species of conservation concern than 
randomly selected stands, likely because G. repens shares habitat re
quirements with many other old-forest specialists (Johansson et al., 
2025). Despite the species' ecological and legal significance, efficient 
landscape-scale methods for predicting its occurrence remain 
underdeveloped.

The aim of this study was to develop and validate an occurrence 
model for G. repens using explanatory variables derived exclusively from 
publicly available geodata, enabling model predictions to be generated 
across the landscape without access to restricted datasets. Specifically, 
we assessed whether basal area, soil moisture, and the proportion of old 
forest in the surrounding landscape can predict the species' occurrence 
probability. We evaluated model performance using independent 
occurrence records and tested whether the model can also predict the 
occurrence of other species of conservation concern, to assess its broader 
utility for conservation planning in managed boreal forests.

2. Methods

2.1. Study species

Goodyera repens (L.) R. Br. is a small, evergreen orchid (Fig. 1f) with a 
circumpolar distribution across the boreal and hemiboreal regions of 
Europe, Asia, and North America. The species reproduces both vegeta
tively through rhizomes and sexually via wind-dispersed seeds. Like 
many orchids, G. repens depends on mycorrhizal fungi not only for 
germination but throughout its life cycle, receiving both carbon and 

Fig. 1. Predicted occurrence probability of Goodyera repens across forest land in Östergötland county, southeastern Sweden (a), with independent validation records 
(purple triangles: G. repens; black circles: other species of conservation concern) from the Swedish Species Observation System (Artportalen). Panel (b) shows the 
location of the study area within Europe; panels (c–e) show zoomed-in examples of predicted probabilities and validation records; and panel (f) shows G. repens with 
its evergreen leaf rosette and flowering inflorescence. The prediction model was developed using occurrence records from the Swedish National Forest Inventory 
covering the main distribution of G. repens in Sweden (Johansson et al., 2026), with all explanatory variables derived from publicly available geodata. Europe 
basemap: © OpenStreetMap contributors, © CARTO. Photos: V. Johansson.
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nitrogen from its fungal partners even as a photosynthetic adult 
(Cameron et al., 2006). Goodyera repens primarily associates with sap
rotrophic rhizoctonia-forming fungi (Tulasnella and Ceratobasidium) that 
decompose organic matter in the forest floor (Liebel et al., 2015), 
making the species dependent on the stable microclimate and well- 
developed humus layers characteristic of mature coniferous forests. 
Throughout its range, G. repens is typically found in mature coniferous 
forests with old-growth characteristics (Widenfalk and Weslien, 2009; 
Lõhmus and Kull, 2011; Johnson, 2014).

2.2. Modelling occurrence probability based on open geodata

Occurrence data for Goodyera repens were obtained from the Swedish 
National Forest Inventory (NFI; Fridman et al., 2014), a nationwide 
field-based monitoring programme conducted on permanent circular 
sample plots (10 m radius) systematically distributed across Sweden. 
The inventory records a long list of forest variables and species, but in 
this study we used only the occurrence data (presence/absence) of 
G. repens, since our aim was to build a model based solely on publicly 
available predictors. Plot coordinates are not publicly available for 
confidentiality reasons. Our analysis used data covering the primary 
distribution of G. repens in Sweden (Johansson et al., 2026) over a 10- 
year period (2013–2022), resulting in 4805 inventory plots. For plots 
with multiple inventories, only the most recent was retained.

Three predictor variables, basal area, forest age, and soil moisture, 
were derived from openly available geodata at 10 × 10 m resolution, 
matching variables shown to be important for explaining the occurrence 
of the species in more detailed analyses (Johansson et al., 2025). First, 
basal area (m2/ha) was obtained from the Swedish Forest Agency's 
nationwide raster (Skogsstyrelsen, 2025), which is modelled from 
airborne laser scanning data combined with National Forest Inventory 
plot measurements as training data. Second, soil moisture index was 
obtained from the Swedish National Land Cover Database (NMD). This 
wall-to-wall topographic index combines Depth to Water and a Soil 
Topographic Wetness Index, derived from a high-resolution elevation 
model integrated with soil data, providing a continuous estimate of soil 
moisture conditions across Sweden (Klein, 2019). For each NFI plot, 
values were extracted using a 10 m buffer around the plot centre. Third, 
the proportion of old forest in the surrounding landscape was calculated 
from tree age rasters for pine (Pinus sylvestris L.) and spruce (Picea abies 
(L.) H. Karst.), provided by the Swedish University of Agricultural Sci
ences (SLU Skogsdatalabbet, 2025). These are wall-to-wall modelled 
raster data combining NFI plot measurements with satellite imagery, 
rather than direct field measurements. The two age rasters were com
bined by taking the maximum value for each pixel, representing the age 
of the oldest coniferous trees present. This raster was converted to a 
binary raster where pixels above an age threshold were assigned 1 and 
younger pixels 0. The proportion of old forest was then calculated as the 
focal mean within a circular moving window. Different age thresholds 
(60–130 years) and buffer radii (100–5000 m) were tested, and the 
combination resulting in the lowest AIC (≥80 years within 100 m) was 
selected (Appendix A, Fig. A1). The 100 m radius represents the smallest 
scale tested, as smaller radii would largely overlap with the focal stand 
itself rather than capture the surrounding landscape context.

Occurrence probability was modelled using logistic regression 
(generalised linear model with binomial distribution) with the pres
ence/absence (1/0) of G. repens as the response variable and basal area, 
soil moisture, and the proportion of old (≥80 years) forest in the sur
rounding landscape as predictors. Each predictor was first evaluated 
individually against a null model, and all three improved model fit. They 
were then combined in a multivariate model, where AIC-based selection 
retained all three as their removal would have increased AIC by more 
than 2 units. ΔAIC values in Table 1 indicate the relative contribution of 
each predictor in the full model. The fitted model was then used to 
predict G. repens occurrence probability across the landscape at the 10 ×
10 m resolution of the predictor rasters.

2.3. Model validation and transferability

Model performance was evaluated using 928 independent occur
rence records of Goodyera repens from the Swedish Species Observation 
System (SLU ArtDatabanken, 2025) from a 10,000 km2 in south-eastern 
Sweden (the county of Östergötland, Fig. 1a). To ensure spatial inde
pendence, occurrence points were thinned to a minimum distance of 
400 m, which is twice the distance at which 100 m buffers used for 
calculating proportion old forest (see below) no longer overlap. This 
resulted in 227 spatially independent validation points (Fig. 1). Model 
discrimination was assessed using the Area Under the Receiver Oper
ating Characteristic Curve (AUC), comparing predicted probabilities at 
occurrence locations with 2320 random background points. AUC values 
range above 0.8 indicate good performance.

Model transferability was evaluated using independent occurrence 
records of 42 conifer-associated species of conservation concern (Nitare, 
2019) from the Swedish Species Observation System (SLU ArtData
banken, 2025) across Östergötland. Species were selected based on their 
ecological association with spruce and pine forests, including mycor
rhizal fungi, wood-decay fungi, lichens, bryophytes, vascular plants, and 
saproxylic insects (Appendix A). To ensure spatial independence, 
occurrence points were thinned to a minimum distance of 400 m, and a 
maximum of five records per species were retained to prevent common 
species from dominating the validation. This resulted in 126 spatially 
independent validation points from 34 species (Fig. 1). Model discrim
ination was assessed using the Area Under the Receiver Operating 
Characteristic Curve (AUC). This threshold-independent metric assesses 
the model's ability to distinguish between presence records and back
ground locations, where an AUC of 0.5 indicates performance no better 
than random and 1.0 represents perfect discrimination (Swets, 1988). 
Specifically, we compared the predicted probabilities at independent 
occurrence locations with 1260 random background points (pseudo- 
absences) to characterize the model's performance across the landscape 
(Elith et al., 2006).

To further assess model transferability across a larger geographic 
gradient, we evaluated the model on independent occurrence data from 
central and northern Sweden, in the counties of Västmanland, 
Hälsingland and Ångermanland (spanning latitudes 59.3◦ to 64.4◦ N). 
Occurrence records of G. repens and of the conifer-associated indicator 
species were obtained from the Swedish Species Observation System 
(SLU ArtDatabanken, 2025). Occurrence points were thinned to a min
imum distance of 400 m, following the same procedure as in the 
Östergötland validation. For G. repens, we randomly subsampled 500 
occurrence points and 5000 random background points. For the indi
cator species, a maximum of five records per species were retained 
(resulting in 162 occurrence points) and these were compared against 
1620 random background points (10:1 ratio). Model discrimination was 
assessed using AUC in both cases.

3. Results

The occurrence probability of Goodyera repens increased with basal 
area and the proportion of old forest within 100 m, and decreased with 
soil moisture (Fig. 2, Table 1). Basal area had the strongest positive ef
fect, followed by proportion of old forest (≥80 years) within 100 m, 

Table 1 
Parameter estimates from the final occurrence model for Goodyera repens. Esti
mates are standardized coefficients. SE = standard error; ΔAIC = increase in 
Akaike Information Criterion when removing each variable from the full model; 
NMD = the Swedish National Land Cover Database.

Variable Estimate (β) SE z p ΔAIC

Basal area (m2/ha) 1.01 0.13 7.63 <0.001 61.5
Proportion old forest (100 m) 0.61 0.10 5.78 <0.001 30.5
Soil moisture index (NMD) − 0.37 0.14 − 2.63 0.009 5.5
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while soil moisture index had a weaker negative effect. The best model 
(lowest AIC) used an age threshold of 80 years and a buffer radius of 100 
m (Appendix A, Fig. A1). Variable importance, assessed by the increase 
in AIC when removing each variable from the final model, indicated that 
basal area contributed most to model fit (ΔAIC = 61.5), followed by 
proportion old forest (ΔAIC = 30.5) and soil moisture index (ΔAIC =
5.5).

3.1. Model validation

Predicted occurrence probabilities at locations where Goodyera 
repens had been reported in Swedish Species Observation System (Fig. 1a 
with zoomed-in examples in Fig. 1c–e) were approximately 12 times 
higher than at random points across the landscape (median 0.040 vs 
0.0034; Fig. 3a). The model achieved an AUC of 0.88. Across all forest 
pixels in Östergötland, the predicted occurrence probability followed a 
heavily right-skewed distribution, with a median of 0.003 and a mean of 
0.009. Predicted probabilities exceeding 0.05 and 0.1 were restricted to 
3.3% and 1.1% of the pixels, respectively.

Predicted occurrence probabilities at locations where conifer- 
associated species of conservation concern had been reported were 
approximately 5 times higher than at random points (median 0.016 vs 

0.0033; Fig. 3b). The model achieved an AUC of 0.79.
Predictive performance was comparable to that in Östergötland 

(Fig. A2) and consistent across the three northern regions. For G. repens, 
AUC ranged from 0.89 to 0.93 (Västmanland: 0.93, Hälsingland: 0.89, 
Ångermanland: 0.91), and for indicator species from 0.75 to 0.81 
(Västmanland: 0.81, Hälsingland: 0.75, Ångermanland: 0.77).

4. Discussion

Our study demonstrates that the occurrence of Goodyera repens can 
be predicted with good accuracy using publicly available geodata. The 
model achieved an AUC of 0.88, indicating ‘excellent’ discriminatory 
ability according to the classification by Swets (1988). Furthermore, the 
predicted occurrence probabilities at independent validation locations 
were nearly 12 times higher than at random background points, con
firming the model's high precision in identifying suitable habitat across 
the landscape. Moreover, the model showed acceptable transferability to 
other conifer-associated species of conservation concern (AUC = 0.79), 
with predicted probabilities approximately 5 times higher at occurrence 
locations of than at random points, suggesting that it captures general 
characteristics of high-quality conifer forest habitat.

Predicting species distributions efficiently across large areas remains 
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Fig. 2. The occurrence probability of Goodyera repens in relation to a) basal area, b) proportion of old forest (≥80 years) within 100 m, and c) soil moisture. 
Predictions are from a binomial GLM (parameter estimates are shown in Table 1) with other variables held at their mean values. Shaded areas represent 95% 
confidence intervals.

Fig. 3. Predicted occurrence probability at independent validation locations compared to randomly sampled background locations. (a) Validation against Goodyera 
repens occurrences from Artportalen (n = 227) compared to random points (n = 2270). (b) Validation against 36 conifer-associated species of conservation concern 
from Artportalen (n = 126) compared to random points (n = 1860). AUC = Area under the receiver operating characteristic curve.

V. Johansson et al.                                                                                                                                                                                                                             Biological Conservation 320 (2026) 111915 

4 



a central challenge in conservation biology, particularly in production 
landscapes where land-use decisions must balance economic and 
ecological objectives (Margules and Pressey, 2000; Guisan et al., 2013). 
While species distribution models have become essential tools for con
servation planning, their application is often constrained by the need for 
detailed environmental data that are costly or difficult to obtain at 
relevant scales (Guisan and Thuiller, 2005; Elith and Leathwick, 2009). 
Our results show that publicly available relatively simple raster data on 
forest structure can provide sufficient predictive power for practical 
applications, even for a species with specialized habitat requirements. 
This finding supports the growing recognition that remotely sensed data 
can complement or even substitute for field-based measurements in 
distribution modelling (He et al., 2015). The approach is readily trans
ferable to other regions with similar geodata infrastructure and could 
potentially be applied to other forest-dwelling species with known as
sociations to stand structure and forest age.

Basal area emerged as the strongest predictor of G. repens occurrence, 
consistent with field-based studies identifying it as the most important 
predictor across models of occurrence, colonization, and extinction 
(Johansson et al., 2026). High basal area creates closed-canopy condi
tions that maintain stable humidity (Vesala et al., 2005) while reducing 
competition from light-demanding species (Reich et al., 2012; Hekkala 
et al., 2023). However, high basal area alone is probably not sufficient to 
identify suitable G. repens habitat, as the general densification of 
Swedish forests has increased basal area without compensating for the 
loss of old-growth characteristics that accumulate only with stand age 
(Johansson et al., 2026; Kyaschenko et al., 2022). Truly suitable stands 
therefore combine high basal area with mature forest structure, 
including well-developed moss layers and stable microclimatic condi
tions that this orchid requires (Johansson et al., 2026). The positive 
effect of proportion old forest within 100 m likely reflects both stand 
structure and landscape context. A high proportion of surrounding old 
forest indicates that occurrences are situated within larger, continuous 
forest patches rather than at edges, reducing exposure to wind, desic
cation, and microclimatic fluctuations that negatively affect forest 
interior specialists. Additionally, proximity to existing populations may 
facilitate colonization, although the species' extremely low colonization 
rates, only 0.7% over approximately 10 years (Johansson et al., 2026), 
suggest that edge effects on habitat quality may be more important than 
dispersal limitation at this spatial scale. The small radius at which this 
variable was most predictive (100 m) has practical implications for 
retention forestry, suggesting that maintaining larger, contiguous old 
forest patches could be more effective than preserving small, isolated 
remnants (Gustafsson et al., 2012; Fedrowitz et al., 2014). The 80-year 
threshold that best predicted occurrence is biologically meaningful in 
the context of Swedish forestry, where current rotation periods typically 
range from 65 to 100 years (Felton et al., 2017). Forests ≥80 years are 
unlikely to have been clear-cut, and have therefore had time to develop 
the closed canopy, continuous moss layers, and stable humidity that 
G. repens depends on, features also reflected in the strong basal area 
effect. The negative relationship between soil moisture and occurrence 
probability reflects the species' preference for mesic conditions. G. repens 
is typically associated with well-drained coniferous forests with feather 
moss carpets, avoiding waterlogged sites where Sphagnum mosses 
dominate (Lõhmus and Kull, 2011). However, soil moisture had a 
notably weaker effect than basal area (ΔAIC = 5.5 vs 61.5 for basal 
area), suggesting that G. repens is relatively tolerant of moisture varia
tion as long as the broader stand conditions are suitable.

The model's ability to predict occurrences of other conifer-associated 
species of conservation concern suggests that the environmental vari
ables captured—basal area, proportion old forest, and soil moistur
e—represent fundamental characteristics of high-quality conifer forest 
habitat that benefit multiple taxa (Jokela et al., 2018). The 34 indicator 
species used for validation included fungi, bryophytes, lichens, and 
vascular plants, among which many depend on mature forest conditions 
with structural complexity (Nordén et al., 2013; Nirhamo et al., 2025). 

The lower but still acceptable AUC (0.79) compared to the focal species 
validation (0.88) is expected, as these species have varying habitat re
quirements and ecological niches. Nevertheless, this finding indicates 
that the model has broader conservation utility beyond G. repens alone, 
potentially serving as a general tool for identifying high-value conifer 
forest habitats.

A key strength of this study is the use of entirely open geodata, 
making the approach reproducible and scalable across Sweden and 
potentially other Nordic countries with similar data infrastructure (He 
et al., 2015; Lehtomäki et al., 2015). The Swedish Forest Agency's basal 
area raster and the National Land Cover Database provide standardized, 
nationally consistent data that enable large-scale habitat mapping 
without the need for costly field surveys. This is particularly valuable 
given the ongoing decline of G. repens populations (Johansson et al., 
2026) and the need for efficient tools to identify remaining habitat. The 
model provides a practical tool for prioritizing areas for field verification 
and conservation attention (Guisan et al., 2013; Mikkonen et al., 2023). 
Given that field surveys for G. repens are time-consuming and the species 
can be difficult to detect without systematic searching, geodata-based 
predictions can help focus survey efforts on locations with higher 
occurrence probability. This is particularly relevant in the context of 
forest management planning, where identifying potential G. repens 
habitat before logging operations could help avoid conflicts and ensure 
compliance with species protection legislation (Pecchi et al., 2019). The 
demonstrated transferability to other conifer-associated species further 
enhances the model's practical value, as high-scoring areas may harbour 
multiple species of conservation concern (Edenius and Mikusiński, 
2006).

Whether this approach would perform equally well in other parts of 
G. repens' wide European range remains an open question. The model 
would likely transfer well to other Fennoscandian countries (Norway, 
Finland) with similar boreal forest ecosystems, production forestry, and 
open geodata. However, in more diverse temperate or mountain forest 
landscapes of Central and Southern Europe, where G. repens may be 
constrained by additional factors such as soil chemistry (Tsiftsis et al., 
2012), additional predictors may be required.

In conclusion, our results demonstrate that open geodata can predict 
G. repens occurrence with sufficient accuracy to be useful for conserva
tion planning. The model's transferability to other conifer-associated 
indicator species suggests it captures general characteristics of high- 
quality conifer forest habitat, extending its utility beyond the focal 
species. The importance of basal area and surrounding old forest con
firms findings from field-based research and reinforces that this spe
cies—and other old-growth specialists—are fundamentally dependent 
on mature forest conditions that are systematically removed under 
current forestry practices. As the decline of old-growth specialists con
tinues in managed boreal forests (Johansson et al., 2026; Gustafsson 
et al., 2025), efficient tools for habitat identification will become 
increasingly critical for conservation efforts.
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Mikkonen, N., Leikola, N., Lehtomäki, J., Halme, P., Moilanen, A., 2023. National high- 
resolution conservation prioritisation of boreal forests. For. Ecol. Manag. 541, 
121079. https://doi.org/10.1016/j.foreco.2023.121079.

Nirhamo, A., Aakala, T., Kouki, J., 2025. Forest biodiversity in boreal Europe: species 
richness and turnover among old-growth forests, managed forests and clearcut sites. 
Biol. Conserv. 306, 111147. https://doi.org/10.1016/j.biocon.2025.111147.
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