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ABSTRACT

Habitat features associated with species niches are commonly used as biodiversity proxies. Such proxies usually
describe habitat diversity and have seldom been evaluated in a forestry context. As demands on forests to
mitigate climate change and biodiversity loss increase, Conservation Value Assessments (CVAs) based on habitat
diversity are increasingly utilised to guide conservation and resource extraction decisions. In central Sweden, we
investigated the effectiveness of two widely used CVA protocols that assess forest habitat diversity to determine
their ability to predict the occurrence of red-listed species for conservation prioritisation. We found that the
tested CVAs effectively predicted the occurrence of red-listed wood-inhabiting bryophytes and fungi but were
less effective for epiphytic and epixylic lichens or for predicting the occurrence of red-listed species across these
three taxo-ecological groups. For red-listed bryophytes and fungi, we were able to identify ecological transition
points where the probability of species occurrence had its most rapid increase. In addition, we identified
threshold values above which the probability of finding one red-listed species was higher than not finding any
red-listed species. These findings define conservation priority zones, which can guide prioritisation and resto-
ration targets. Moreover, our study clearly shows that sites occupied by red-listed species had higher local species
richness of non red-listed species in the same organism group. In conclusion, CVAs based on habitat diversity are
valuable for identifying and prioritising areas for conservation of certain taxo-ecological groups, broader
biodiversity assessments require complementary approaches to encompass the full taxo-ecological diversity in
forests.

1. Introduction

biodiversity loss, robust assessments are needed to identify which forests
should be prioritised for biodiversity conservation.

The majority of terrestrial biodiversity on Earth is found in forest
ecosystems. Anthropogenic pressure has over time greatly impoverished
these ecosystems through habitat destruction, fragmentation and
degradation, posing a significant threat to forest biodiversity (Pimm
et al., 2014; Watson et al., 2018). Today forests face mounting societal
demands to simultaneously support both socioeconomic development
and maintain ecological integrity, often leading to tensions between
production and conservation goals (Hogbom et al., 2021; Svensson et al.,
2020). To balance these competing demands on forests, and to halt
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The theoretical foundation for setting conservation goals is closely
linked to the concept of ecological thresholds. Environmental drivers
can exceed critical thresholds, triggering abrupt shifts in ecosystem
structure and function (Graham et al., 2015; Hughes et al., 2013). In
forest ecosystems, for example, species richness or the likelihood of
occurrence for a certain species may increase once habitat heterogeneity
surpasses a critical threshold, whereas low heterogeneity often supports
fewer species (Hekkala et al., 2023; Miiller and Biitler, 2010). These
dynamics reflect ecological discontinuities, meaning that there are
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non-linear transitions between ecosystem states, rather than simple,
linear species-habitat relationships (Ben-Hur and Kadmon, 2020; Hol-
ling, 1973). Specific resources, such as particular deadwood types, can
shape community composition by enabling the persistence of highly
specialised species that depend on them. However, further increase in an
already existing resource may have diminishing effects, showing a
saturation pattern with limited additional influence on community
structure. Studying ecological discontinuities is valuable not only for
identifying thresholds that signal risks of undesired shifts or collapses,
but also for recognizing transitions towards positive shifts, insights that
are instrumental for guiding conservation strategies (Angeler et al.,
2016).

To maintain biodiversity both at the regional and local scale, prac-
titioners around the world use a wide array of indicators or proxies to
identify forests of high biodiversity, something we in this study refer to
as Conservation Value Assessments (CVAs). CVAs assume that an
increasing amount and diversity of resources and niches within a habitat
lead to an increase in the number of species (Stein et al.,, 2014).
Although the basic assumptions of CVAs derive from species-habitat
relationships in intact habitats (Fahrig, 2013; Stein et al., 2014), they
are still implemented in settings of altered habitat (such as forest
managed for timber and pulp production). In Europe, proxies of forest
habitat diversity, including both habitat amount and variation are
widely used to measure biodiversity despite lacking scientific evaluation
(Gao et al., 2015). As one example, the Index of Biodiversity Potential
(IBP), a widely used CVA in Europe developed to identify forests of high
conservation value by combining stand structures of known importance
to biodiversity, can act as a proxy for biodiversity potential, but may
require complementary species-based inventories for more detailed
inference (Zeller et al., 2022). In one study, a commonly used CVA
designed to capture habitat diversity and richness effectively predicted
species richness and the abundance of sessile species of conservation
concern in boreal forests (Hekkala et al., 2023). However, the same CVA
failed to explain variation in soil fungal communities (Kyaschenko et al.,
2025), highlighting potential limitations in how well such assessments
capture less visible or belowground biodiversity. Despite these limita-
tions, many CVA methods are used to prioritise areas for conservation,
where sites with the highest habitat diversity score is interpreted as
being the most diverse and thus have the highest likelihood of sup-
porting species of conservation concern. Typically, CVAs are applied at
the scale of entire forest stands (usually 2-20 ha), with the goal of
identifying areas to set aside for maintaining viable populations of rare
and red-listed species. Yet, because these species rarely occupy entire
stands uniformly, this raises a key question: can CVAs be adapted to
work at finer spatial scales, allowing not only the identification of which
stands to protect, but also pinpointing the specific areas within the
stands that hold the greatest conservation concern?

Species occurrences are not the only elements that show a patchy
distribution in forest landscapes; the forests themselves are often highly
fragmented by forestry operations. In Sweden, for example, the land-
scape is dominated by intensively managed forests, with scattered
patches of protected or voluntarily set-aside stands. This has led to a
situation where today, around 30 percent of all species on Sweden’s
national red list are strongly, negatively affected by forestry (SLU Art-
databanken, 2020). To mitigate the negative impacts of forestry on
biodiversity, a multi-scale conservation approach is commonly applied
within the managed landscape. This includes measures such as retaining
trees (both individually and in groups) during final felling and setting
aside small stands for conservation (Felton et al., 2020). It could be
argued that the multi-scale approach to forest management in Sweden
has resulted in segregated forest types along a gradient of forest
degradation, with young managed forests, retention patches and
set-asides. Such fragmentation can cause aggregations of species groups
of varied habitat specialisations in these three forest types. In the context
of forest degradation, this means that we can expect that generalist
species, which are less affected by forestry, may thrive in both degraded
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and intact stands whereas specialist species that are negatively affected
by forestry would be confined to intact forest stands, e.g., Nordén et al.,
(2013).

Most species communities consist of a few dominant generalist spe-
cies and numerous rare species with narrow ranges, small population
sizes and specific habitat preferences (Magurran and Henderson, 2003;
Rabinowitz, 1981). Because rare species are more prone to extinction,
habitat destruction and simplification caused by anthropogenic pres-
sures — such as forestry — pose a significant threat (Harnik et al., 2012;
IUCN, 2024). This is evident in the large amount of forest dwelling
species that are threatened due to lack of specific habitat such as various
types of deadwood (Hyvarinen et al., 2019; IUCN, 2024; SLU Artdata-
banken, 2020). Therefore, increasing habitat diversity may enhance the
occurrence probability of species with narrow habitat range or
requirements.

Habitat diversity in forests describes the number of ecological niches
and structures found in a given area. Structures such as canopy struc-
ture, affect light availability and microclimatic conditions on a site (De
Frenne et al., 2021), which in turn affect understory vegetation (Esseen
and Ekstrom, 2023; Mestre et al., 2017; Van Couwenberghe et al., 2011).
Furthermore, the occurrence of old trees is important for many epiphytic
species (Brunialti et al., 2010; Fritz et al., 2009). Old trees are also more
likely than young trees to develop tree-related microhabitats (TReMs)
(Asbeck et al., 2021), an indicator of biodiversity that has been
increasingly implemented in Europe (Larrieu et al., 2018). Especially old
and large habitat trees, including TReM-bearing habitat trees, have been
found to hold special significance for threatened biodiversity (Biitler
et al., 2013). In Sweden, habitat trees are defined as meeting any
number of the following criteria: be old and large living trees, have
specific bark or canopy structures, or have occurrence of cavities, pol-
yporous fungi or bird nests (Swedish Forest Agency, 2020). Additionally,
deadwood amount and diversity are important for deadwood-dependent
beetles and fungi (Blasi et al., 2010) whereas lichens and bryophytes
found on deadwood are also affected by the quality of the substrate
(Caruso and Rudolphi, 2009; Larsson Ekstrom et al., 2023). Forests with
a high diversity of such habitats are typically located in more natural,
unmanaged forests where we also find species that are not found in
managed forests to the same degree, like red-listed species (Rudolphi
et al., 2014, Hekkala et al., 2023).

In a comprehensive multi-taxon species survey in boreal Fenno-
scandia, encompassing managed forests along a gradient of ecological
degradation and intactness (young forests, retention patches and set-
asides), we aim to evaluate the effectiveness of two commonly used
Conservation Value Assessments (CVA)s to identify small-scale habitats
within forest stands occupied by red-listed species. We investigate
cryptogam species belonging to three taxo-ecological groupings: wood-
inhabiting fungi, epiphytic and epixylic lichens and epixylic bryophytes.
Cryptogams represent essential components of forest biodiversity and
function and serve as important indicators for conservation efforts
(Hylander and Jonsson, 2007). These CVAs are based on systematic
searches for forest structural components and stand characteristics
describing diversity of habitats important for biodiversity. The presence
of each feature (such as amounts and types of deadwood, habitat trees
etc.) in the CVAs are recorded giving a score of habitat diversity. As
these CVAs could be subjectively biased, we evaluate them in parallel to
more conventional, detailed measurements of forest habitat diversity,
so-called Conservation Value Measurements (CVMs) where we measure
features such as deadwood amounts and types, habitat trees etc. We also
seek to identify ecological conservation priority zones to guide practical
conservation using CVAs. We hypothesise that: CVAs will be effective in
predicting the occurrence and absence of red-listed species, as indicated
by good model fits (H1). This is because CVAs are expected to capture
information about both ecologically important resources and their di-
versity, while simultaneously reflecting aspects of forest continuity,
factors known to be critical for the habitat requirements of red-listed
species (SLU Artdatabanken, 2020). We also expect CVAs to perform
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equally as well as detailed CVMs in predicting the occurrence of
red-listed species. Further, we hypothesise: (H2) A conservation priority
zone (Fig. 1), categorised by a higher than 50 % occurrence probability
of red-listed species, can be identified. However, where this zone lies in
terms of CVA score may vary across taxo-ecological groups due to dif-
ferences in ecological requirements. We also hypothesise (H3) that a
transition point can be identified along the CVA scale, marking where
habitat enhancement measures for species conservation could be effec-
tively initiated. This transition point is expected to correspond to where
the curve steepness increases most in the likelihood of detecting
red-listed species with each incremental step on the CVA scale. Forests
below this point along the CVA scale could then be considered to have
lower conservation value, with a correspondingly low probability of
red-listed species occurrence. In such areas, forestry operations would
therefore be associated with a lower risk of negatively impacting habi-
tats critical for these species. To investigate the relationship between
single occurrences of red-listed species and overall richness, we also
hypothesised that (H4): Plots with a single occurrence of red-listed
species will be characterised by overall higher species richness.

2. Material & methods
2.1. Study area

This study was conducted in the southern boreal zone of central
Sweden (Ahti et al., 1968) in the provinces of Halsingland and Varmland
(Fig. 2). The study areas are located in conventionally managed land-
scapes dominated by production stands planted with Norway spruce
(Picea abies (L.) H. Karst) and Scots pine (Pinus sylvestris L.) with some
elements of Birch (Betula pendula Roth. or B. pubescens Ehrh.) on mesic
and moist soil types. Through remote sensing and stand data derived
from the forest company Stora Enso AB, we identified multiple stands
that underwent final felling 20-30 years ago while also implementing
retention forestry, sensu Fedrowitz et al., (2014). Stands were selected
based on a combination of stand data screening and field visits. In both
regions, we identified three stand types: (1) Young forests: stands that

. Conservation priority zone

Development zone

. Forestry priority zone

@ Ecological transition point

@ Ecological threshold

Occurrenceoprobability

Habitat diversity

Fig. 1. Conceptual figure of H1, H2 and H3, visualising the occurrence prob-
ability of red-listed species along a gradient of habitat diversity. With an
effective CVA, sites lacking red-listed species will be H1) aggregated at the
lower end and sites occupied by red-listed species at the higher end of the
habitat diversity gradient producing a distinctive s-shaped curve. The green
circle indicates H2) the 50 % threshold above which forests have a higher
chance to be of high conservation value. The yellow circle indicates H3) an
ecological transition point where a certain habitat diversity score marks where
the curve steepness increases most corresponding to the occurrence probability
of red-listed species. The purple zone is a priority zone for forestry, charac-
terised by lower conservation values. The orange zone make up the develop-
ment zone where the occurrence probability of red-listed species rapidly
increase with habitat diversity. The turquoise zone is the conservation priority
zone representing forests with high habitat diversity exhibiting high occurrence
probabilities of red-listed species.
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were clear-felled 20-30 years ago and subsequently regenerated through
soil scarification followed by planting of coniferous seedlings; (2)
Retention patches: groups of trees retained during final felling within
the now young forest stands. These patches had to be large enough to
accommodate a circular sample plot with a 20 m radius; and (3)
Set-asides: voluntary conservation areas exempt from conventional
forestry, either to preserve existing values or allow the development of
future ones (Gustafsson and Perhans, 2010). Set-asides were preferably
located within 500-2000 m of the young stands, though in some cases
suitable areas had to be identified outside this range. To ensure an even
distribution of tree species composition across stand types within each
region, we selected sites accordingly. An initial assessment of species
composition was made using forest company databases, but final site
selection was based on interpretation of aerial photographs. Study plots
were selected to ensure that, within each forest type and region, there
was a comparable gradient in conifer dominance, spanning from Nor-
way spruce- to Scots pine-dominated stands.

We included 40 young forest plots, 40 retention plots within the
same stand as the young forest plots, and 40 set-aside plots, totalling 120
plots. Twenty plots of each forest type were located in Halsingland and
20 in Varmland (Fig. 2).

2.2. Species inventories

We set up a 20-m radius circular sample plot in the centre of each of
the 120 plots.

Within each sample plot, we surveyed wood-inhabiting polyporous
and a selection of corticioid fungi, hereafter fungi; epiphytic and epi-
xylic lichens, hereafter lichens; and epixylic bryophytes, hereafter
bryophytes.

Fungi were inventoried on standing and lying deadwood using the
following methodology. We inventoried three small diameter (5-15 cm)
lying dead trees and three small diameter (5-15 cm at breast height
(DBH)) of standing dead trees for each common tree species (Norway
spruce, Scots pine and Birch). Thereafter, we inventoried all standing
dead trees with a DBH > 15 cm and all lying dead trees with a DBH
>15cm and a length > 1.3 m. If fewer than three lying dead trees
> 15 cm were found within the core 20-m radius plot, additional lying
dead trees were sought for within the entire plot to reach a total of three
lying dead trees. All standing dead trees were inventoried up to two
metres height for occurrences of fungi.

For lichens, the surface of a subset of living trees and all dead
standing trees with a minimum height of 1.3 m were inventoried up to
two metres in height. First, we inventoried three living trees with a DBH
of 5-15 cm for each common tree species (Norway spruce, Scots pine
and Birch). Secondly, we inventoried seven trees with a DBH > 15 cm
for each common tree species. If less than three living trees with a DBH
of 5-15 cm were present within the plot, larger trees were chosen, and if
less than seven trees with a DBH > 15 cm occurred, smaller trees were
chosen, always aiming for a minimum of ten living trees per plot.

Bryophytes were inventoried on a subset of lying dead trees, only
including species utilising lying deadwood as substrate. All lying dead
trees with a diameter > 15 cm were inventoried and at least five trees
with a diameter < 15 cm per common tree species (Norway spruce,
Scots pine and Birch) were randomly sought after for bryophytes.

All species inventories were performed by taxonomic experts within
a specific organism group.

2.3. Conservation value assessments

We performed two different CVA methods, which will be referred to
as Conservation value assessments (CVA) 1 and 2, and one Conservation
value measurement (CVM) within each plot. Both CVA methods are
commonly used within commercial forestry in assessments of a forest’s
habitat diversity and conservation value (see below).

Conservation Value assessment 1 (CVA 1)
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Fig. 2. Map showing the locations of the plot centres in Sweden.

The CVA 1 method developed by Skogsbiologerna AB is tailored to
measure the conservation value of any forest by capturing the forest’s
complexity and habitat diversity (Drakenberg and Lindhe, 1999). This
method is widely used in Sweden but also in other European and North
American countries (B. Drakenberg pers. comm.). Previous studies have
shown this method to be effective at predicting conservation values
connected to deadwood (Huo et al., 2023) and species of conservation
concern (Hekkala et al., 2023). Across an entire forest stand, the assessor
searches for the occurrence of 50 stand characteristics typical to
different forest types such as boulders, steep inclination, signs of natural
processes such as fire or tree succession and structures such as dead trees
and habitat trees. The occurrence of each feature is then noted on a score
sheet that gives a final score ranging from O to ca 30 (Table A.3), a
so-called Habitat Heterogeneity Score (Hekkala et al., 2023).

Conservation Value assessment 2 (CVA 2)

We also performed the CVA used by the forest company Stora Enso
AB which we will refer to as CVA 2. This method is based on assessing
stand and structural characteristics and natural processes, like the CVA 1
method. Instead of scoring each individual feature, however, a score
from 1 to 4 is given for a total of 14 categories of features on, for
example, deadwood quality, with 4 indicating trivial or lacking said
feature and 1 being the highest score possible. A certain number of 1’s or
2’s within selected categories then nominates the forest stand to be
exempt from forestry, reaching Woodland Key Habitat (WKH) status
(Table A.4). In our survey, we continued to assess each category even
after the WKH threshold, resulting in a score similar to the CVA 1 (see
above) although inverted, meaning that lower scores indicate a higher
habitat diversity.

Both CVA methods were developed to be used across an entire stand,
only using sample plots to calculate the number of structures, whereas
we performed these assessments only within our 20-m radius plots. This
limits the assessment of certain features, such as surrounding bodies of
water. To control for this while retaining comparability between the
methods, we omitted plots that were obviously affected by such features
adjacent to the plots. For further details, see Tables A.3 and A.4.

The same assessor conducted the assessment in all plots.

Conservation Value Measurement (Forest Structure)

We included measurements of habitat features connected to species

for two reasons: because CVAs may be subjectively biased due to
observer bias and because we also wanted to compare the outcomes of
the CVAs to habitat availability for red-listed forest-dwelling species. To
this end, we devised a Conservation Value Measurement, CVM; a habitat
diversity metric using detailed measurements of forest substrate and
environmental data, used to calculate a habitat diversity index. This
CVM serves as a third alternative to the two CVAs.

All standing dead trees with a DBH > 5 cm and a height > 1.3 m, and
all lying deadwood with a length > 1.3 m and a diameter > 10 cm at the
thickest end, were inventoried within the 20-m radius plots. For stand-
ing deadwood, we recorded the DBH, height, and tree species. For lying
deadwood, we measured the diameter, length, and tree species to esti-
mate volume and decay stage following Siitonen (2001). Furthermore,
all habitat trees within the 20-m radius plot were recorded following the
classification of the Swedish Forest Agency (2020). The percentage of
wet-to-moist ground cover (i.e., shallow groundwater, vegetation
dominated by Sphagnum spp.) was estimated and the plot’s inclination
was assessed by measuring the elevation difference between the highest
and lowest points within the plot using an inclinometer. For living trees,
we placed a 7-m radius circular sample plot at the centre of each 20-m
radius plot where we measured all trees with a height > 1.3 m noting
tree species and DBH.

In order to calculate the CVM index, we performed a Principal
Component Analysis (PCA) using the prcomp function including plot-
level total number of habitat trees (nvtree), number of unique habitat
tree types (nvtreediv), total basal area (ba), basal area of deciduous
(Decba) and coniferous (Conba) trees, total deadwood volume (DW),
deciduous (Decdw) and coniferous (Condw) deadwood volumes, incli-
nation (incl) and soil moisture (moist). We then extracted the first two
axes of the PCA to serve as the CVM habitat diversity index (Fig A.1).
However, during the analysis, we determined that the second PCA axis
was not relevant since it produced poor models (p = >0.3, Area-
UndertheCurve (AUC) < 0.6) and therefore excluded it from further
analysis, thus only using the first PCA axis.

2.4. Analysis

All statistical analyses were done in R version 4.3.2 (R Core Team,
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2021).

A commonly used method suitable for detecting ecological thresh-
olds is logistic regression (Miiller and Biitler, 2010). Ecological studies
using logistic regression usually focus on the point where the probability
of a given response variable is 50 percent or higher. Another cut-off
point, commonly used in medicine, is the Youden Index, which is used
to find an optimal point balancing sensitivity and specificity of the
model and could be used to identify an transition point initiating a
transition towards the threshold of high probability (Aoki et al., 1997;
Fluss et al., 2005).

To address H1), we used logistic regression (glm, family=binomial,
link=logit) to test for relationships between the occurrence of at least
one threatened and red-listed species and our CVAs and CVM. We
considered the within-plot occurrence of (at least one) species listed as
red-listed (NT, VU, EN or CR) and threatened (VU, EN or CR according to
the Swedish national red-list status) as the response variable (SLU Art-
databanken, 2020). Due to the limited number of occurrences of
threatened species, we did not distinguish between taxo-ecological
groups. As we had sufficiently many occurrences of red-listed species,
we conducted separate analyses for red-listed species of fungi, bryo-
phytes and lichens. We found that the CVA 1 and CVA 2 methods and the
CVM were highly correlated (> 0.7), so we modelled them separately
and compared Akaike Information Criterion (AIC) values to identify the
best models. We also modelled plot type separately from the CVAs and
the CVM. We omitted the model containing red-listed fungi and plot type
due to rank-deficiency (young forests did not contain any red-listed
fungi). We considered models with the lowest AIC and within 2 AIC
units of that model to be the best, see Table 1. We also validated each
model using Mcfadden’s pseudo-R2 value, package pscl (Jackman et al.,
2015) and AUC value, package pROC (Robin et al., 2011). We consid-
ered models with McFadden’s pseudo-R2 values > 0.2 and AUC values
> 0.8 to be of good fit and acceptable for threshold calculations (Hosmer
et al., 2013; McFadden, 1979).

Table 1
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For H2), we set the cut-off value for the threshold at 50 percent
probability, determined as the point where the curve reaches 50 percent,
including the 95 % confidence interval (CI).

To address H3), i.e., to test for transition points beyond which the
probabilities of species occurrence rapidly increase, we calculated the
Youden Index and identified the point with the greatest index value
(Fluss et al., 2005).

To address H4), evaluating if the occurrence of a single, red-listed
species could function as a surrogate for general biodiversity, we
tested for differences in species richness between plots with or without
the occurrence of a single, red-listed species, due to non-normality in the
data, we used Mann-Whitneys U test. This analysis was conducted for all
red-listed species combined, and for individual organism groups.

3. Results

In total, we found 456 species, of which 49 were classified as na-
tionally red-listed (38 NT, 10 VU, 1 EN) in Sweden. For red-listed li-
chens, Alectoria sarmentosa and Chaenotheca subroscida constituted 48 %
and 19 %, respectively, of the total number of occurrences of red-listed
lichens in the study, respectively (Table A.1). For red-listed fungi,
Phellinidium ferrugineofuscum and Rhodofomes roseus accounted for 45 %
and 12 % of the total occurrences of red-listed fungi (Table A.1).
Crossocalyx hellerianus and Lophozia ascendens constituted 64 % and
20 % of the total number of red-listed bryophyte occurrences in the
study, respectively (Table A.1). Seventy-nine percent of the red-listed
lichen occurrences were found on living trees and 21 % on dead trees.

Thirteen out of the 120 plots were occupied by one or more threat-
ened (VU, EN, CR) species. Ten of these 13 plots were set-asides, two
were retention patches and one was a young forest (Table A.2).
Furthermore, 58 out of 120 plots hosted one or more red-listed (NT, VU,
EN, CR) species (Table A.2). Among the 58 plots with red-listed species,
33 were set-asides, 19 were retention patches and 6 were young forests

Model results with the predictors CVA 1, CVA 2, CVM and Forest Type (Young forest, Retention and Set-aside). Response variables are: occurrence of at least one
threatened species, red-listed species, red-listed lichens, red-listed fungi and red-listed bryophytes. For each model, we also show McFadden’s pseudo-R2 value for
explained variance, Area Under the Curve (AUC) and OR = Odds ratio. Models of good fit (AUC > 0.8 and McFadden’s pseudo-R2 value > 0.2) are highlighted in grey.

Response variables Predictors OR 95 % CI p-value AIC Pseudo-R2 AUC

All threatened species CVA'1 1.2 1.08,1.35 < 0.001 73.67 0.154 0.742
CVA 2 0.86 0.77, 0.95 0.003 77.08 0.112 0.716
CVM 0.66 0.50, 0.85 0.002 76.38 0.121 0.746
Forest Type 0.002 76.22 0.147 0.759
Young forest — —
Retention 2.05 0.19, 45.3
Set-aside 13 2.30, 245

All red-listed species CVA'1 1.17 1.08,1.28 < 0.001 153.23 0.102 0.712
CVA 2 0.86 0.79, 0.93 < 0.001 153.1 0.103 0.713
CVM 0.6 0.45, 0.77 < 0.001 150.85 0.117 0.719
Forest Type < 0.001 132.27 0.240 0.800
Young forest — —
Retention 5.13 1.85, 16.0
Set-aside 26.7 8.72, 96.3

Red-listed lichens CVA1l 1.11 1.04, 1.20 0.0039 159.59 0.055 0.658
CVA 2 0.89 0.82, 0.95 0.001 156.88 0.072 0.674
CVM 0.7 0.55, 0.87 0.002 157.34 0.069 0.673
Forest Type < 0.001 144.04 0.162 0.748
Young forest — —
Retention 5.13 1.85, 16.0
Set-aside 13.2 4.66, 43.0

Red-listed fungi CVA'1 1.26 1.14,1.42 < 0.001 84.93 0.228 0.838
CVA 2 0.8 0.71, 0.88 < 0.001 85.81 0.22 0.837
CVM 0.45 0.31, 0.61 < 0.001 74.39 0.329 0.910

Red-listed bryophytes CVA'1l 1.32 1.18, 1.52 < 0.001 70.89 0.290 0.853
CVA 2 0.78 0.69, 0.87 < 0.001 75.13 0.245 0.829
CVM 0.56 0.41, 0.73 < 0.001 78.60 0.208 0.825
Forest Type < 0.001 81.68 0.197 0.789
Young forest — —
Retention 2.05 0.19, 45.3
Set-aside 18.8 3.43, 351
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(TableA.2). The average CVA 1 score was 9.8 + 0.9 in set-asides, 7 &+ 0.7
in retention patches and 2 + 0.3 in the young forests (Table A.2). For
CVA 2, the respective scores were 54 + 0.8 for set-asides, 57.8 + 0.8 for
retention patches and 63 £+ 0.2 for young forests (Table A.2). The
average CVA 1 score was 8.3 + 0.7 for plots occupied by one or more
red-listed species and 4.4 + 0.5 for plots unoccupied by red-listed spe-
cies (TableA.2). For CVA 2, the respective scores were 56.2 + 0.8 and
60.2 + 0.6 (Table A.2).

3.1. H1 - suitability of CVAs

For red-listed fungi and bryophytes, both CVAs and the PCA-based
CVM produced models of good fit (AUC > 0.8, pseudo-R2 > 0.2), sug-
gesting these tools are useful for identifying habitats with high conser-
vation value. For red-listed lichens, neither the CVAS nor the PCA-based
CVM produced models of good fit (Table 1). The PCA-based CVM was
the strongest predictor for fungi (AUC=0.9) and CVA 1 was the best for
bryophytes (AUC=0.85) (Fig. 3, Table 1). Although the models pre-
dicting the occurrence of all threatened species did not meet the criteria
for good fit (AUC < 0.8, pseudo-R2 <0.2), CVA 1 was the best predictor
for the occurrence of threatened species (AUC=0.74) (Fig. 3, Table 1).
Plot type was the best predictor for red-listed species overall (AUC=0.8)
and for red-listed lichens (AUC=0.75), (Fig. 3, Table 1).
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3.2. H2 & H3 - transition points and thresholds

The transition point at which the development zone started and
where it reached the threshold varied between organism groups. We
found the transition point for CVA 1 to be between 4 and 5 for red-listed
fungi and between 8 and 9 for red-listed bryophytes (Fig. 4). The 50
percent threshold for CVA 1 was reached between scores 15 and 16 with
the 95 % CI reaching 50 percent between scores 13 and 21 for both red-
listed fungi and bryophytes (Fig. 4). For the CVA 2 method, the transi-
tion point was between 56 and 57 for red-listed fungi and 54 and 55 for
red-listed bryophytes (Fig. 4). The 50 percent threshold was reached
between 48 and 49 for both red-listed fungi and bryophytes with the
95 % CI between 42 and 51 (Fig. 4).

3.3. H4 - relationship between red-listed species occurrence and species
richness

Plots occupied by one or more red-listed species were characterised
by significantly higher species richness, for all species combined and for
each individual species group (Mann-Whitney U test, Fig. 5).
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Fig. 3. Predicted conditional means and their 95 % confidence interval for CVM, CVA 1 and CVA 2 predicting the occurrence of at least one threatened species, red-
listed species, epiphytic and epixylic red-listed lichens, wood-inhabiting red-listed fungi and epixylic red-listed bryophytes. All response variables are binary (0—1)
but are visualised with added jitter for clarity. Horizontal dashed line = threshold at 50 % occurrence probability. Regression lines with a 95 % CI smoothed with the
geom_smooth function of the ggplot2 package for visualization only.
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colours, with added jitter for clarity. Ecological priority zones (fields) are shown with different colours. Regression lines with a 95 % CI smoothed with the geo-

m_smooth function of the ggplot2 package for visualization only.
4. Discussion

This study provides novel insights regarding the ability to assess local
habitat diversity and the occurrence of red-listed forest species by
providing further evidence for widely used CVA protocols lacking suf-
ficient scientific evaluation (Gao et al., 2015).

The forests in our study represent a gradient of ecological forest
degradation, detectable in their habitat diversity and occupancy by red-
listed and threatened species in declining order from set-asides to
retention patches to young forests. All the methods tested in our study
efficiently predicted the occurrence of red-listed fungi and bryophytes,
but not of red-listed lichens, overall red-listed species or threatened
species. Despite slight differences, the CVA methods used in this study
performed similarly well to the detailed CVM and thus likely manage to
pinpoint similar structures of ecological importance, while failing at
others. Although there may be observer bias in CVAs (Gosselin and
Larrieu, 2020) which we did not account for in this study, the similar
results between CVAs and the detailed CVM measurements suggest
reliable assessments. We identified conservation priority zones using
CVA scores, and that the development zone differed between red-listed
bryophytes and fungi. The threshold for the conservation priority zone
was reached at the same CVA score for both organism groups, without
finding a zone where occurrence probability plateaus. This score of
15-16 is similar to the threshold found in Hekkala et al., (2023) of 16-17
for species richness, even though they used other methods to determine
a threshold. Due to poor model fit, we did not proceed with identifying

conservation or forestry priority zones for threatened species or for
combinations of red-listed taxa. For forest types, we found that young
forest sites were characterised by low habitat diversity scores and a low
number of plots occupied by red-listed species. In contrast, retention and
set-asides were positioned along both the development and conservation
priority zone of habitat diversity scores with increasing number of plots
occupied by red-listed species. Further, we showed that CVAs efficiently
capture the local habitat diversity important for certain species, but they
may not be efficient in capturing habitat diversity important for all or-
ganism groups. Our results show that habitat diversity scores within
certain priority zones can be useful for guiding conservation prioritisa-
tion efforts, but their application should be tailored to specific taxa and
forest contexts. We also showed that sites occupied by red-listed species
support a higher overall species richness than sites without these spe-
cies, considering our study organism groups. Red-listed species can thus
be used as surrogates for overall biodiversity, but this relationship may
differ between taxa and location (Pearman and Weber, 2007;
Sverdrup-Thygeson, 2001; Télle et al., 2023).

4.1. Local patches of conservation concern

Aligning with H1, we show that the CVAs effectively capture local
habitat diversity for deadwood-inhabiting bryophytes and fungi but are
less effective for lichens. This aligns with Gao et al. (2015), which
showed evidence for a relationship between wood-living fungal richness
and deadwood volume. Deadwood volume is also important for epixylic
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Fig. 5. Box plots of species richness in forest plots with presence or absence of a red-listed species. A) Richness of all species groups on the y-axis and presence or
absence of all red-listed species on the x-axis. B) Richness of epixylic bryophyte species and presence or absence of red-listed epixylic bryophyte species. C) Richness
of epiphytic and epixylic lichen species and presence or absence of red-listed epiphytic and epixylic lichen species. D) Richness of wood-inhabiting fungi species and
presence or absence of red-listed wood-inhabiting fungi species. The p-values are based on Mann-Whitney U tests.

bryophytes, although this can be counteracted by sensitivity to climatic
factors (Kropik et al., 2021; Rudolphi and Gustafsson, 2011; Taborska
et al., 2020). Based on these findings, we infer that the CVAs used in this
study are efficient at capturing habitat diversity connected to deadwood
structure. Both CVA methods proved to be reliable indicators for the
occurrences of fungi and bryophytes. Yet the CVA 1 generally performed
slightly better than the CVA 2 and the CVM only outperformed CVA 1 for
red-listed fungi. Together with the results of Hekkala et al. (2023) which
was done on a scale of 2 ha, this demonstrates that CVAs can effectively
assess conservation values from local- to stand scales, particularly for
those capturing conservation values associated with deadwood
structure.

Although we found support for H1, CVAs were not effective pre-
dictors of habitat diversity important for red-listed species overall or for
red-listed lichens. This contrasts with the findings of Hekkala et al.
(2023), who found that CVA 1 performed well in predicting the richness
of all red-listed species. This discrepancy may be due to a scarcity of
threatened species present in our data. In addition, the patterns were
driven by species with a Near Threatened (NT) status, meaning that our
results do not represent threatened species. For threatened species,
which are of greatest conservation concern, the fifty percent threshold
may be too conservative and thus risk jeopardizing the survival of those

species at highest extinction risk. However, due to lack of threatened
species in our data, we could not analyse variable threshold levels. Even
though we recorded all species present, species inventories for fungi and
bryophytes were limited to deadwood substrates, whereas lichens were
inventoried on both dead and living trees, and an overwhelming ma-
jority of the lichens were recorded on living trees. The CVA methods we
used may be biased towards deadwood and poor at capturing variation
in other structural components. An example of this is in detailed de-
scriptions of decay stages and microclimatic conditions for deadwood
but the general lack of different TReMs for habitat trees. Nevertheless,
the PCA-based CVM, which included several commonly measured
structural variables, also performed poorly in predicting lichen occur-
rences. This emphasises the complexity of predicting biodiversity using
indices or simplified metrics.

Tree age is an important structural feature for epiphytic lichens
(Brunialti et al., 2010; Fritz et al., 2009; Gao et al., 2015). In Europe,
research gaps have been found in the relationship between habitat trees
bearing TReMs and the actual occurrence of certain species (Asbeck
et al., 2021). In the CVAs used in our study, we used the Swedish defi-
nition of a habitat tree, encompassing trees with and without actual
TReMs provided they meet a number of requirements for inclusion (see
introduction; Swedish Forest Agency, 2020). Habitat trees in Sweden
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have not been scientifically validated, and it could be that the re-
quirements for inclusion are too low to indicate actual occurrence of, e.
g., red-listed species. However, our results suggest that the inclusion of
the broadly defined habitat trees may be inefficient at capturing the
prevalence of age-related structures important for epiphytic lichens. The
lack of predictability of our measured habitat diversity scores for lichens
highlights the importance of identifying the driving factors of
taxon-specific biodiversity. In contrast, Hekkala et al. (2023), found that
richness of lichens of conservation value was rather well predicted by
CVA 1, better than by tree age —related variables. This is probably due to
the higher number of species included in their study, compared to our
focus on red-listed species alone.

In this study, we did not consider the importance of the surrounding
landscape in explaining local biodiversity patterns, which could have
influenced our results (Karvemo et al., 2021). The relative importance of
local and landscape scales is a central question in biodiversity studies
(Tscharntke et al., 2012). The amount and quality of available habitat in
the surrounding landscape is important in explaining diversity patterns
of deadwood-dependent lichens and fungi as well as red-listed lichens on
living trees (Hamalainen et al., 2023; Nordén et al., 2018; Rudolphi and
Gustafsson, 2011). Hence, future research should evaluate the perfor-
mance of CVAs across different landscape settings, including gradients
of availability of potential source habitats for red-listed species.
Assessing the reliability of CVAs in various forest landscape contexts
could provide valuable insights regarding the habitat diversity and the
thresholds that are necessary to support red-listed species in different
forested landscapes. In addition, due to potentially scale-specific re-
sponses (Angelstam et al., 2003; Fahrig, 1998), CVAs should also be
evaluated at different spatial scales such as local-to-landscape scale.
Regarding site-specific variation such as productivity, we assume that by
selecting several plots of similar soil condition and tree species
composition (within a gradient of moist-mesic and spruce-pine), we
capture the potential differences in site-specific conditions.

4.2. Priority zones

We found partial support for H2 and H3, as sites with low habitat
diversity scores generally lack red-listed species, and beyond the
development zone, the occurrence probability reached 50 percent for
red-listed fungi and bryophytes. However, we did not identify areas
where the occurrence probability of red-listed species plateaued. This
could be due to, e.g., lacking old-growth forests, (set-asides are situated
in landscapes with some history of management) or the scale of sam-
pling. Young forest plots were clustered below the development zone
and were characterised by low habitat diversity scores. In fact, only one
young forest plot harboured threatened fungi or bryophyte species
(Fig. 4). Retention and set-asides were scattered more evenly along the
development and conservation priority zone. This means that the stud-
ied young forests were clearly poorer in terms of habitat diversity and
red-listed species occupancy, whereas retention patches and set-asides
represented both a development and conservation priority zone of
increasing red-listed species occupancy, but below the plateau of
consistent occurrence of red-listed species. Given the high proportion of
young forests in today’s forested areas in both Sweden (Skogsdata,
2024) and Finland (Korhonen et al., 2021), this emphasises the need for
increasing habitat diversity, especially of such habitats or structures that
are rare and of importance for red-listed species.

Thresholds can be used to both identify tipping points defining the
state beyond which a given ecological mechanism collapses or develops
in an unfavourable trajectory, as well as points above which a system
develops along a favourable path (Angeler et al., 2016). The transition
point we identified in CVA scores, beyond which the development phase
begins, can be used to identify and pinpoint locations where conserva-
tion may have the greatest relative effect. For example, an increase of
the CVA 1 score from O to 4 increases the occurrence probability of
red-listed fungi from 3 percent to 6 percent whereas an increase of the
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score from 4, which is the transition point, to 8 increases the probability
from 6 percent to 15 percent. The incremental gain thus becomes greater
beyond the transition point, highlighting its potential importance for
targeted conservation action. The 50 percent threshold value can be
used to prioritise between moderate and high conservation value (below
or above the threshold). These insights help identify zones where posi-
tive development starts and where it reaches a threshold of conservation
importance. Conversely, the same principle could be applied to indicate
zones where negative ecological development or deterioration starts,
coinciding with low habitat diversity (or CVA scores) and low occur-
rence probabilities of red-listed species. We cannot discern these posi-
tive and negative feedback mechanisms, since studying the actual
addition or removal of habitat diversity structures would be required,
but this zoning can still be used to guide conservation efforts. Below the
transition point, areas can be seen as priority zones for forestry opera-
tions with a lower risk of causing harm to red-listed biodiversity.
Meanwhile, the development and conservation priority zones can guide
conservation efforts. The development zone represents less habitat
diverse forests where, e.g., restoration can have potentially positive ef-
fects, whereas the conservation priority zone may correspond to forests
with existing conservation values that need maintaining.

4.3. Red-listed species as indicators of overall species richness

We find support for H4; plots occupied by one or more red-listed
species are also characterised by a greater total richness combined and
separated for each organism group. This could be explained by the plots
occupied by red-listed species also having greater habitat diversity
scores, providing structures for a wide range of species, a relationship
found in several previous studies, e.g., (Hekkala et al., 2023; Larrieu
et al., 2019; Zeller et al., 2022). Our results thus provide support for the
indicator value of red-listed cryptogams for overall cryptogam richness.

5. Conclusion

We show that conservation value assessments (CVAs) based on
habitat diversity are effective at predicting the occurrence of red-listed
fungi and bryophyte associated with deadwood. These assessments
performed as well as, or even better than, a habitat diversity index
derived from detailed measurements of forest structure. In addition,
these assessments can effectively pinpoint conservation priority zones
where the probability of species occurrence increases and reaches a
threshold along a gradient of estimated conservation value or habitat
diversity. Such priority zones represent critical points where changes in
habitat diversity will significantly influence the occurrences of red-listed
species. However, for threatened species that are poorly covered in our
data, a higher threshold may be warranted. While promising, the CVAs
presented here require further evaluation. Assessing and incorporating
the influence of the surrounding landscape is highly important. More-
over, additional environmental variables or data points need to be
included as the ones used here could not confidently explain the
occurrence probability of lichens and threatened species. To better
capture forest biodiversity, future studies should also include other or-
ganism groups not covered here.
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