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Abstract

Large-scale industrial forestry is a threat to biodiversity and imposes long-lasting changes
to many forested biomes. Preserving forests as reserves is an important component of the
strategy for safeguarding forest biodiversity. Yet, the selection of forests of high biodiver-
sity value is usually based on proxies (i.e., subsets of aboveground habitat characteristics)
rather than on direct assessments of species occurrences. This approach is based on the
assumption that the diversity and community composition of all organism groups are well
represented by the assessed habitat characteristics. We investigated how conservation value,
assessed according to common practices based on aboveground habitat heterogeneity, cor-
responded to the abundance, richness, and community composition of 12 taxonomic and
ecological groups of soil fungi across northern and southern Swedish forests. Overall, the
assessed conservation value reflected the abundance, diversity, and community compo-
sition of deadwood-associated saprotrophs well, likely because they depend directly on
the availability of the structures that the assessment is based on. However, the conserva-
tion assessment value failed to capture the overall variability for most of the soil-dwelling
fungal guilds. Although the assessed value was positively associated with the diversity of
ectomycorrhizal fungi, root-associated Ascomycota, and saprotrophic Basidiomycota in
the southern region, no such association was evident in the northern region. Soil fertil-
ity was the best predictor of the variation in community composition in all fungal guilds.
The relative abundance and diversity of most saprotrophic guilds increased as soil fertil-
ity increased, whereas root-associated guilds decreased as soil fertility increased. Current
methods for assessing conservation value captured only specific subsets of soil fungi, and
the predictability of capturing fungal diversity varied depending on the region. To more
comprehensively preserve soil fungi, assessment methods should incorporate additional
environmental parameters, especially those linked to fungal community composition, such
as soil fertility.
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INTRODUCTION

In natural forests, disturbances, such as windstorms, wild-
fires, and pest outbreak, promote multistory and heterogeneous
stands, with variable tree species composition and large
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amounts of dead wood (Berglund & Kuuluvainen, 2021; Viljur
et al., 2022). In contrast, management for biomass production
results in even-aged stands with low habitat diversity, leading
to homogenization at the forest stand and landscape scales
(Pohjanmies et al., 2021). The simultaneous fragmentation and
loss of old-growth forest are additional threats to forest bio-
diversity (Berglund & Kuuluvainen, 2021; SLU Artdatabanken,
2020). A large part of the boreal biome is managed (Gauthier
et al., 2015), and Fennoscandia has a particularly long history of
management for wood production (Östlund et al., 1997; Linder
& Östlund, 1998), with small remnants of high-conservation-
value forests imbedded in an intensively managed forest
landscape (Svensson et al., 2019). Multiple small, high-value
forests are thought to be of special importance for maintaining
a well-connected network of high-biodiversity sites in managed
forest landscapes (Hansson, 2001, Laita et al., 2010, Timonen
et al., 2010). Reliable methods to identify and map areas of high
conservation value is thus key to effective preservation of future
biodiversity (Asamoah et al., 2021; Leclère et al., 2020) and an
important measure to meet the United Nations post-2020 global
biodiversity framework (CBD, 2022).

Because a comprehensive assessment of biodiversity is rarely
possible, biodiversity proxies are often used to help identify
valuable forests for conservation. Such proxies can be based on
habitat characteristics (Bunce et al., 2013; Luque & Vainikainen,
2008); tree microhabitats (Paillet et al., 2018); structural com-
ponents, such as occurrence of dead wood (Esseen et al., 1997,
Hekkala et al., 2023); indicator taxa (Gustafsson, 2000; Pearson,
1994); or measures that combine many variables (Drakenberg
& Lindhe, 1999, Hekkala et al., 2023, Larrieu et al., 2021). In
a recent study across mature boreal forest stands in Sweden,
a score based on a wide range of aboveground habitat hetero-
geneity characteristics yielded a consistent positive relationship
with species richness of defined groups of lichens, bryophytes,
macrofungi, and vascular plants (Hekkala et al., 2023). However,
it is still largely unknown whether aboveground and below-
ground biodiversity covaries across habitats and landscapes
(Gao et al., 2015; Thakur et al., 2020), and it is uncertain whether
current methods used to assess conservation values can fur-
ther the protection of the functionally important, but yet largely
unknown, belowground diversity of fungi.

The fungal kingdom is extremely species rich, with approxi-
mately 144,000 species named and classified globally and around
2000 new species described per year (Niskanen et al., 2018).
Fungi are also functionally diverse and mediate multiple ecosys-
tem processes. In boreal forest soils, free-living saprotrophic
fungi and root-associated mycorrhizal fungi are the dominant
fungal guilds (Lindahl et al., 2007). Saprotrophic fungi are the
main decomposers of dead organic matter in the form of woody
debris and plant litter. Mycorrhizal fungi are symbiotic partners
of trees and understory shrubs and form mycelial connec-
tions with plant roots, which facilitates plant access to water
and nutrients (Smith & Read, 2008). In return, mycorrhizal
fungi receive sugars directly from their plant partner, typically
15–30% of net primary production (Smith & Read, 2008),
and they play important roles for release and sequestration of
organic matter in forest soils (Clemmensen et al., 2013; Frey,
2019).

The inclusion of fungi in forest conservation has lagged
behind that of most other organism groups (Heilmann-Clausen
& Vesterholt, 2008). Red-listed and rare species are generally
surveyed in the field, although the cryptic nature of below-
ground mycelia and ephemeral production of sporophores
challenges the detection and identification of fungal species
(Molina et al., 2011; Parker, 2010). Nevertheless, the specific
habitat requirements of many fungi make them useful as indi-
cators of conservation values (Heilmann-Clausen et al., 2015).
For instance, specialized deadwood-inhabiting fungi can be indi-
cators of forests with high conservation values (Jonsson &
Siitonen, 2012). Certain macrofungi, such as Ramaria spp., can
be useful indicators of old-growth forest ecosystems (Smith
et al., 2002). For other ecological groups of soil fungi, such as
litter saprotrophs, molds, yeasts, and pathogens, their relation to
traditional conservation value is poorly understood.

Progress in DNA technologies has greatly advanced species
identification and biodiversity monitoring from environmental
samples. The diversity and composition of fungal communi-
ties can be assessed directly using DNA-based metabarcoding
(Frøslev et al., 2019), and this approach has been used to
investigate how fungal communities are related to a variety
of biotic and abiotic factors (Kivlin et al., 2014; Kyaschenko,
Clemmensen, Karltun, et al., 2017; Sterkenburg et al., 2015;
Thomson et al., 2015). Soil fertility (Sterkenburg et al., 2015),
host-tree identity (Krah et al., 2018), forestry-related distur-
bances (Kyaschenko, Clemmensen, Hagenbo, et al., 2017), and
past forest fragmentation (Raimbault et al., 2004) have been
identified as important determinants of fungal diversity and
community composition in forests. The effects of habitat size,
amount, and connectivity on large vertebrates and vascular
plants in forests and grasslands are rather well studied (Bengts-
son et al., 2000; Brudvig et al., 2009; Fahrig, 2003; Kimberley
et al., 2021; Lawrence et al., 2018; Ridding et al., 2023), but the
relative importance of local habitat quality, forest continuity, and
landscape-scale coverage of near-natural forests for soil fungal
communities is less well known (Heilmann-Clausen et al., 2017).

We investigated whether boreal forest conservation value,
as assessed based on aboveground forest structures (Hekkala
et al., 2023), correlates with abundance, richness, and commu-
nity composition of the major fungal guilds in the topsoil as
assessed by DNA-based methods. We also examined whether
soil fertility, tree species composition, and stand- and landscape-
level tree continuity correlate with these fungal variables or
modify their relationships with conservation value. Integrated
evaluation of relationships with assessed conservation value and
environment can inform improvement of conservation assess-
ment methods. Our study is based on 74 mature coniferous
forests across northern and southern boreal regions. These
forests represented a wide range of assessment scores or con-
servation values. The northern region is less affected by forestry
because it has a shorter history of industrial forestry and a
larger portion of old-growth forest compared with the southern
region.

We expected that the abundance, species richness, and com-
position of fungal guilds in the topsoil would be reflected
in our assessed conservation values. Given that conservation
value mainly reflects aboveground characteristics, we expected
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strong (positive, for richness) relationships for fungal guilds that
depend directly on assessed aboveground structures, such as
deadwood-dependent saprotrophs and root-associated (includ-
ing mycorrhizal) fungi, and weak relationships for soil- and
litter-saprotrophic fungi that depend less directly on above-
ground structures. We also expected that relationships between
assessed conservation value and the abundance, species rich-
ness, and community composition of assessed taxonomic and
ecological fungal groups would be stronger in the southern
than in the northern boreal forest, as previously found for
aboveground species diversity (Hekkala et al., 2023).

METHODS

Study sites and assessment of conservation
value

A total of 74 coniferous-dominated (more than 65 % basal
area of Scots pine [Pinus sylvestris] and Norway spruce [Picea

abies]), mature (>65 years old in the southern region, n = 36,
and >75 years old in the northern region, n = 38), 2-ha forest
stands were selected to represent a wide range of conservation
values across the Swedish forest landscape (Figure 1). These
ranged from uniform forests with presumed low conservation
values to heterogeneous forests with presumed high conser-
vation values (Appendix S1). The sampling covered southern
and northern regions of boreal forest to capture areas that vary
greatly in climate (Ahti et al., 1968), silvicultural histories (Josef-
sson & Östlund, 2011; Linder & Östlund, 1998), and the extent
of reserves and remnants of natural forest in the surrounding
landscape (Svensson et al., 2019). To ensure we considered a
broad range of conservation values, half the stands included
were woodland key habitats, presumably representing medium
to high conservation values, and the other half were production
forests, presumably representing low to medium conservation
values. We ensured even distribution of woodland key habitats
and production forests across both regions based on infor-
mation from the forest company Sveaskog AB and from the
publicly available database on woodland key habitats in Swe-
den, curated by the Swedish Forest Agency (https://kartor.
skogsstyrelsen.se/kartor/). In addition to tree species composi-
tion (coniferous dominated), we used information on soil type,
slope, field vegetation type, and occurrences of boulders to fur-
ther select sites in accordance with the following predefined
criteria. To avoid extreme soil characteristics that might not
represent the typical soils of the region, we deliberately omit-
ted stands in steep terrain, wet sites on peaty soils (peat layer
>30 cm), dry sites (indicated by lichen-rich vegetation types),
and boulder-rich sites. The sites included for study were thus
all on well-drained to mesic soils, with understory vegetation
spanning from Vaccinium–Empetrum to Vaccinium–Myrtillus types.

We assessed conservation value based on the habitat hetero-
geneity score (Hekkala et al., 2023), developed by a consultant
company AB Skogsbiologerna (Drakenberg & Lindhe, 1999),
which is the most commonly used method for assessing for-
est conservation value in Sweden. The method is based on a

systematic search for structural components and stand charac-
teristics important for biodiversity according to a score sheet
with 50 features per forest type (Appendix S1). The presence
of each feature, such as amounts and types of dead wood,
understory vegetation, and indications of natural disturbance
dynamics (e.g., signs of past wild fires, such as fire scars), was
recorded on the score sheet. The scores can theoretically sum
to 50, but the sum rarely exceeds 30 (Drakenberg & Lindhe,
1999). The mean conservation values in the northern and south-
ern regions were 17 (SE 1.15) (range 4–34) and 14 (0.97) (range
3–27), respectively. Further details on the conservation value
assessment are in Hekkala et al. (2023).

Stand- and landscape-level forest continuity

In each stand, we sampled tree ring increment cores (at 1.3 m
height) from the 2 oldest pines and the 2 oldest spruce trees
(visually judged). We used the maximum tree age estimated
from tree ring counts as a proxy for stand-level tree continu-
ity (i.e., this was the proxy for minimum duration of tree cover
at the site, rather than forest age, which cannot be assessed
in near-natural forests). We used the total area of old-growth
forest (>120 years old), estimated in 2018 from national satel-
lite images, forest monitoring, and logging data, within a 2-km
radius around each 2-ha study site as a proxy for landscape-level
forest continuity. These data were obtained from Kärvemo et al.
(2021).

Tree species composition

We placed multiple belt transects (4-m wide and 20-m long)
systematically throughout the 2-ha study site to survey a total
area of 0.2 ha (Hekkala et al., 2023). We measured diameter
at breast height (dbh) for all living trees with dbh >4.5 cm in
each transect and used the measurements to calculate the basal
area of Scots pine, Norway spruce, and 2 birch species (Betula

pendula and Betula pubescens) for each site. Because all the sites
were conifer dominated and the basal area of the Norway spruce
and Scots pine was strongly negatively correlated (R2 = −0.63,
p < 0.001), the basal area of Norway spruce (square meters per
hectare) was used as a proxy for tree species composition to
avoid multicollinearity among predictors.

Soil sampling

We collected soil samples in September 2019. In each of the 74
forest sites, 60 soil cores with a diameter of 3 cm were systemat-
ically sampled along transects. Sampling points were separated
by 10 m throughout the 2-ha plot. We sampled to a maximum
depth of 30 cm (corresponding to the deepest organic soils) and
included the complete sample volume for organic soils. For soils
with an organic layer of <30 cm, we included the entire organic
horizon and the uppermost 5 cm of mineral soil. For sam-
pling points on rocks, we sampled any material present on top,

 15231739, 2025, 4, D
ow

nloaded from
 https://conbio.onlinelibrary.w

iley.com
/doi/10.1111/cobi.70012 by Sw

edish U
niversity O

f A
gricultural Sciences, W

iley O
nline L

ibrary on [23/09/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://kartor.skogsstyrelsen.se/kartor/
https://kartor.skogsstyrelsen.se/kartor/


CONSERVATION BIOLOGY 4 of 17

FIGURE 1 Study sites in northern (38 sites) and southern (36 sites) Swedish boreal forest.

adhering strictly to the same area sampled in all stands. Large,
green plant parts were removed, but the litter layer and any dead
wood pieces were kept in the sample. The 60 cores from each
site were pooled to a composite sample and frozen at −20◦C
within 4–8 h. The composite sample was weighed and homog-
enized in frozen condition in a custom-made mill, and a 100-g
subsample was used to determine pH in 1:3 soil:water volume
slurry with a 744 pH meter (Metrohm). A 100-g subsample was
freeze-dried and homogenized in a ball mill to a fine powder.
Subsamples of the freeze-dried and milled samples were used to

extract DNA (see below) and determine organic matter content
from mass loss on ignition (6 h at 550◦C) and carbon and nitro-
gen concentration with an elemental analyzer (Flash EA 2000;
Thermo Fisher Scientific).

DNA extraction and amplification

Depending on the soil organic matter content, we extracted
DNA from 50–450 mg of dried and milled soil aliquots with
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the NucleoSpin Soil kit (Macherey-Nagel) and checked the qual-
ity of the extracted DNA with Nanodrop. Library preparation
by polymerase chain reaction (PCR) amplification, purification,
and pooling of samples for sequencing of the fungal ITS2 region
was performed as described by Clemmensen et al. (2023) and
Castaño et al. (2020). Adaptor ligation and Pacific Biosciences
sequencing on 4 Sequel I SMRT cells were performed by Upp-
sala Genome Center (SciLifeLab). We archived sequence data at
NCBI-SRA (PRJNA1103361).

Sequence analyses

Sequences were quality filtered and clustered using the
SCATA pipeline (https://scata.mykopat.slu.se/). Sequences of
<150 bases were removed, after which the remaining sequences
were screened for primers (requiring 90% match) and sam-
ple tags (requiring 100% match). Sequences with an average
amplicon quality score of <20 or with a score of <3 at any posi-
tion were removed. Sequences were compared pairwise with
USEARCH (Edgar et al., 2011) and clustered into species-level
clusters with single-linkage clustering with a minimum similarity
of 99% to the closest neighbor required to enter a cluster.

After we identified and removed nonfungal sequences with
the support of a neighbor-joining tree (7% of the total reads),
we manually assigned all clusters that accounted for more than
0.25% of the sequences in any sample to species hypothe-
ses in the UNITE database at 99% similarity (Kõljalg et al.,
2013; Nilsson et al., 2019). Using this cutoff, we assigned the
most abundant 767 fungal clusters (hereafter referred to as
species), together representing 86.7% of the sequences, to taxo-
nomic or ecological groups (Appendix S1). We included a large
data set from Swedish National Soil Inventory (Lindahl et al.,
2021) directly in the clustering process in SCATA to facilitate
taxonomic identification and assignment of fungal species to
ecological groups. Although clusters may sometimes map to
more than one species, we used them as a proxy of species
because the 99% threshold is a rather conservative approach
that minimizes the lumping of species, and variation in the
threshold usually has a negligible effect on the outcomes of
analyses (Botnen et al., 2018).

All identified fungal species were first categorized into the
2 major taxonomic groups Ascomycota (group 1) and Basid-
iomycota (group 2) (Appendix S2). We further assigned fungal
species to the following 4 ecological groups: root Ascomycota
(associated with living roots, e.g., ericoid mycorrhizal fungi and
root endophytes, including species in Archaeorhizomycetes)
(group 3) and ectomycorrhizal fungi (mostly Basidiomycota,
some Ascomycota) (group 4). The sum of groups 3 and 4
resulted in group 5: root-associated fungi (associated with liv-
ing roots). Free-living fungi were classified as saprotrophic
Ascomycota (associated with plant litter) (group 6), sapro-
trophic Basidiomycota (associated with plant litter) (group
7), and wood saprotrophs (dead-wood dependent) (group 8).
Groups 6–8 were summed to create group 9, saprotrophs (fungi
associated with plant litter). Other groups (group 10) were
yeasts (species in Microbotryomycetes and Tremellomycetes,

Basidiomycota, and Saccharomycetales, Ascomycota), molds
(species in Mortierellales, Mortierellomycota, and Mucorales,
Mucoromycota, and some species in Eurotiales, Hypocre-
ales, and Capnodiales, Ascomycota) (group 11), and pathogens
(some species in Sordariomycetes and Leotiomycetes, Ascomy-
cota, and one species in the genus Athelia, Basidiomycota)
(group 12). Relative abundances of fungal species were calcu-
lated for each sample by division of reads assigned to a specific
fungal species by the total fungal reads in the sample (Appendix
S3).

Statistical analyses

To avoid losing valid data, we did not rarefy the data based on
minimum read counts per sample. Instead, we included total
fungal reads as an explanatory variable in all analyses to account
for variation in sequencing depth per sample, but this had very
little effect on the results. Both the association of the conserva-
tion value with relative abundance (out of total fungal amplicons
[transformed to the square root]) and species richness were
tested using linear models implemented with the lm function
from the base R package for the 12 taxonomic and ecological
groups (hereafter referred to as fungal groups). The associa-
tion with conservation value was tested first with region as an
additional predictor and then with and without the region as
an interaction term with conservation value. The best fitting
model was selected based on the Akaike information criterion
(AIC) in the AICcmodavg package (Mazerolle, 2023). In the
same way, we tested the associations between each fungal group
(relative abundance and richness) and the following environ-
mental variables: spruce basal area, stand- and landscape-level
forest continuity, and soil fertility (expressed as the first axis
ordination scores of a principal component analysis [PCA] of
soil pH and C:N ratio [Appendix S4]). We tested these associ-
ations again with and without region and the interaction with
region. Thus, we used PCA to handle collinearity of soil pH
and C:N ratio (p < 0.001, r = −0.61), both related to soil
fertility.

Due to clear effects of region, we built separate linear models
for the 2 regions, testing all relations between each fungal group
(relative abundance and richness) and conservation value and
environmental variables (fertility, spruce basal area, stand- and
landscape-level continuity). All 2-way interactions between con-
servation value and the environmental variables were included
to test context dependencies of relationships with conservation
value in each region.

In all cases, the best fitting models (per fungal group) were
selected based on lowest AIC in the AICcmodavg package
(Mazerolle, 2023). Correlation matrices of the 5 explanatory
variables were inspected across all 74 sites and for the 2 regions
separately (Appendix S5). Collinearity between explanatory vari-
ables was checked with variance inflation factor (VIF) analysis;
a threshold of 2 was applied to identify potential multicollinear-
ity (vif function in the car package) (Fox & Weisberg, 2019).
Model fit was evaluated by examining the residuals for normality
and homoscedasticity. The effect sizes and confidence intervals
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for the best fitting models were illustrated using the dotwhisker
package (Solt & Hu, 2021). All analyses were performed in R
4.1.2 (R Core Team, 2022).

We used detrended correspondence analysis (DCA) to visu-
alize fungal community composition within and across both
regions. We used canonical correspondence analysis (CCA) to
test whether fungal community composition differed between
regions. We further investigated relationships between con-
servation value and total and group-wise fungal community
composition in each region. The best predictors of commu-
nity composition in each region (soil fertility and spruce basal
area) were identified using CCAs with forward selection of
environmental variables. Similarly, we used CCAs with forward
selection procedure to test the potential effect of the interac-
tion between the conservation value and selected environmental
variables on community composition. Correlations between
community composition and stand- and landscape-level conti-
nuity were tested on the total data set, but because they were
not significant, these explanatory variables were excluded from
further analyses. To reduce the influence of the most frequent
species, relative abundances were transformed to the square
root (i.e., Hellinger transformed) for ordination analyses, and
p values were adjusted by Holm correction for multiple com-
parisons. All ordination analyses were performed in CANOCO
5 (Microcomputer Power).

RESULTS

Fungal communities

Sequence clustering resulted in 4548 fungal species (283,722
reads) with an average of 3822 (ranging between 1279 and
9889) high-quality reads per sample. Most of the fungal reads
belonged to Ascomycota (65% on average), followed by Basid-
iomycota (15%), Mucoromycota (4.3%), Mortierellomycota
(1.6%), and fungal species with another phylum-level classifi-
cation (0.4%) (Appendix S3). Among Ascomycota, the most
common classes were Leotiomycetes (35% on average), Archae-
orhizomycetes (9%), Dothideomycetes (9%), Eurotiomycetes
(8%), and Sordariomycetes (3%). Among Basidiomycota, the
most common classes were Agaricomycetes (12% on aver-
age), Tremellomycetes (2%), and Microbotryomycetes (1%)
(Appendix S3).

Regional differences in fungal communities

The relative abundance of most soil fungal guilds differed
between the 2 regions (Figure 2a; Appendix S3). The relative
abundances of ectomycorrhizal fungi, molds, and yeasts were
higher in the southern region, and the relative abundances of
all other saprotrophic fungal guilds were higher in the north-
ern region (p < 0.005 for all) (Appendix S6). Root-associated
Ascomycota made up the largest community fraction (45%) in
both regions (Figure 2a; Appendix S6). Species richness dif-
fered in corresponding ways between the 2 regions, except that

richness of saprotrophic Basidiomycota and wood saprotrophs
(as well as total Basidiomycota) was highest in the southern
region (i.e., opposite to their relative abundance), and molds
and yeast had similar richness in the 2 regions (Appendix S6).
Fungal community composition at species level also differed
between the regions for both the total community and indi-
vidual taxonomic and ecological groups (Figure 2; Appendix
S7).

Associations of fungal communities with
conservation value

Conservation value was generally not related to the relative
abundance and richness of taxonomic and ecological groups of
soil fungi (Figure 3a; Appendix S6). Wood-saprotrophic fungi
increased in relative abundance and richness with increasing
conservation value, whereas the relative abundance of molds
and yeasts, and richness of yeasts, decreased with conserva-
tion value. Contrary to expectations, the root-associated groups
did not uniformly relate to conservation value across all sites.
The richness of root-associated Ascomycota overall declined
with increasing conservation value (Figure 3a; Appendix S6).
However, there were clear regional dependencies, as indicated
by interactions between conservation value and region, par-
ticularly regarding the richness of ectomycorrhizal fungi and
saprotrophic Basidiomycota. These dependencies observed at
finer fungal groups extended consistently to broader groupings,
encompassing total Basidiomycota and total root-associated
fungi (Figure 3a; Appendix S6).

Accordingly, in the northern region, richness of ectomycor-
rhizal Basidiomycota (and total root-associated fungi) declined
with increasing conservation value (Table 1). The relative abun-
dance of ectomycorrhizal fungi was not directly associated with
the conservation value in any region, but in the northern region,
the relationship with the conservation value became stronger
with increasing spruce basal area and decreasing soil fertility
(Table 1).

When regions were analyzed separately, the richness of
saprotrophic Basidiomycota was positively associated with the
conservation value in the north. Further, in the northern region,
the relationship between richness and the conservation value
became stronger at higher soil fertility. Similarly, in the south-
ern region, the relationship between the relative abundance of
saprotrophic Basidiomycota and the conservation value was
more pronounced in forests with higher soil fertility (Table 1).

The richness and relative abundance of wood saprotrophs
and saprotrophic Ascomycota were also unrelated to conser-
vation values when regions were analyzed separately. The rela-
tionship between the relative abundance of wood saprotrophs
and conservation value weakened with increasing landscape
continuity in the southern region (Table 1).

The relative abundance of yeasts and molds was negatively
associated with the conservation value across both regions
(Appendix S6), but this relationship was mainly due to a neg-
ative relationship in the northern region (Table 1), although
molds also depended on soil fertility and landscape continuity
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FIGURE 2 Regional differences in (a) relative abundance of major fungal taxonomic (shaded boxes) and ecological groups (unshaded boxes) and (b)
species-level fungal community composition (DCA, detrended correspondence analysis) in soil in northern (green; n = 38) and southern (purple; n = 36) Swedish
boreal forests as determined by DNA sequencing of ITS2 markers (*, significant differences between regions in relative abundance of taxonomical and ecological
groups; boxes, the interquartile range [IQR]; horizontal lines inside boxes, median value; whiskers, the smallest and the largest value within 1.5 times the IQR; circles
with dashed borders, woodland key habitats; other circles, production forests; black arrows, variables significantly correlated with fungal community composition
across all forests; gray arrows, variables that did not correlate with fungal community composition). Relative abundances were transformed to the square root prior
to analyses.
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9 of 17 KYASCHENKO ET AL.

FIGURE 3 Linear model coefficients of soil fungi in relation to (a) conservation value, (b) soil fertility, (c) spruce basal area, (d) stand continuity, and (e)
landscape continuity across 74 Swedish boreal forests (filled circles, ecological groups; open diamonds, taxonomic groups; *, significant main effects of explanatory
variables; †, significant main effects of region; ‡, interaction with region [north = 0, south = 1]; ‡ on the right of each fungal group, positive effects; ‡ on left side of
each fungal group, negative effects; whiskers, 95% confidence intervals). Correlations between conservation value and fungal guild relative abundance and species
richness visualized in (a) corresponds to the statistical results reported in Appendix S6.

(Table 1). In the southern region, the relationships of yeasts and
molds with the conservation value depended on spruce basal
area and stand- and landscape-level continuity (Table 1).

The relative abundance and richness of root-associated
Ascomycota were not directly related to conservation values
across regions. However, in the southern region, the relation-
ships between conservation value and the relative abundance
of root-associated Ascomycota (and total root-associated fungi)
were negatively related to stands with higher soil fertility and
longer tree continuity (Table 1). Pathogens were not directly
related to the conservation value in any of the regions, but
the interactions with the environmental parameters suggest that
some relationships depended on soil fertility, as well as stand-
and landscape-level continuity.

Conservation value was associated with total fungal commu-
nity composition at species-level across all 74 stands (Figure 4).
However, in the northern region (when analyzed alone), the
conservation value appeared unrelated to community compo-
sition, both across the entire fungal community and for all
individual fungal groups (Figure 4a,b; Appendix S8). When con-
servation value was tested in CCAs, alongside other potential
predictors (soil fertility, spruce basal area, and their interac-
tions with conservation value), the conservation value explained
part of the community variation in several fungal groups. How-
ever, this was mainly contingent on soil fertility level (for total
root-associated fungi, ectomycorrhizal fungi, wood sapro-
trophs, and pathogens) or spruce basal area (for all fungi, total
root-associated fungi, and yeasts) (Appendix S9). Conversely,
in the southern region, the conservation value explained a sig-
nificant proportion of community composition of the entire
community and of all fungal groups individually (Figure 4c,d;
Appendix S8). When analyzed together with fertility and spruce
basal area as potential explanatory variables in the south-
ern region, conservation value still explained a significant
proportion of community composition of total Ascomycota,
yeasts and pathogens, without interactive dependencies on the
other factors. However, for most fungal groups, relationships
with the conservation value depended on soil fertility (for all
fungi, Basidiomycota, all root-associated fungi, ectomycorrhizal
fungi, all saprotrophs, saprotrophic Basidiomycota, and molds)
and spruce basal area (for ectomycorrhizal fungi) (Figure 4;
Appendix S9).

Associations between fungal communities and
forest characteristics

Across all 74 stands, the associations among the relative abun-
dances and richness of fungal groups and soil fertility and
spruce basal area paralleled their associations with conserva-
tion value but with more and much stronger significant effects

(Figure 3a–c). Basidiomycota (both saprotrophic and ecto-
mycorrhizal) were positively associated with soil fertility and
spruce basal area, whereas root-associated Ascomycota and
yeasts were negatively associated with soil fertility and spruce
basal area (Figure 3b,c). Only the richness of wood-dependent
saprotrophs was positively associated with stand-level tree con-
tinuity (Figure 3d). In contrast, the richness of root-associated
fungi (Basidiomycota) was negatively associated with landscape
continuity (Figure 3e).

When tested across all forests (Figure 3b,c), and separately
in each region (Table 1), the relative abundance of Basidiomy-
cota was positively and that of Ascomycota negatively associated
with soil fertility (northern region) or spruce basal area (south-
ern region) because these groups made up the majority of the
reads and thus had complementary responses. In the south-
ern region, all saprotrophic groups, molds, and pathogens were
positively associated with soil fertility, whereas the relative abun-
dance of root-associated Ascomycota was associated negatively
with fertility (Table 1; Figure 3b,c). Root-associated fungi were
negatively associated with stand continuity in the northern
region (Table 1; Figure 3e).

In the separate analyses of the 2 regions, forward selection
of explanatory variables also demonstrated that soil fertility
explained the largest share of variation in community compo-
sition in all fungal groups (Appendix S9). Spruce basal area
was the second most important predictor of fungal commu-
nity composition across all sites (Figure 4) and for the regions
separately (Appendix S9). Overall, stand and landscape conti-
nuity were the least important explanatory variables of fungal
abundance, richness, and community composition (Figure 4;
Table 1).

The 2 variables, soil fertility and spruce basal area, were posi-
tively correlated across all plots (p = 0.007, r = 0.59) and within
regions (p < 0.001, r = 0.77 in the northern region; p = 0.002,
r = 0.49 in the southern region) (Appendix S5).

DISCUSSION

Forest conservation value as a predictor of
belowground fungi

We found that the assessed conservation value overall did
not reflect the variation in most of the studied fungal guilds.
Across all investigated forests, only the abundance and rich-
ness of wood-dependent saprotrophs were positively associated
with the conservation value, whereas the abundance of molds
and yeasts and the richness of yeasts and root-associated
Ascomycota were negatively associated with conservation val-
ues. Other groups, such as ectomycorrhizal fungi, saprotrophic
fungi, and pathogens, did not relate significantly to assessed
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FIGURE 4 Example plot of detrended correspondence analysis (DCA) of (a, c) fungal communities and the (b, d) most abundant 190 fungal species in soil in
northern (a, b) (n = 38) and southern (c, d) (n = 36) Swedish boreal forests (dots, samples; soil fertility, an index based on ordination scores on the first axis of a
principal component analysis of pH and soil C:N ratio; circles with dashed borders, woodland key habitats; circles with solid borders, production forests; circle size,
proportional to average relative abundance of the species across all sites; arrows, correlation between the environmental variables and the ordination axes; arrow
length, relative magnitude of correlations; position of arrow in the ordination space, direction of the correlations; black arrows, variables that correlate significantly
with fungal community composition; gray arrows, variables do not correlate significantly with fungal community composition, as reported in Appendices S8 & S9).

conservation values across all our studied forests. The positive
association of wood saprotrophs with the assessed conserva-
tion value was most likely related to the positive effect of
the substrate heterogeneity and amount of dead wood on the
diversity of wood-decaying fungi (Hoppe et al., 2016; Stenlid
et al., 2008; Tomao et al., 2020). Similarly, forest naturalness
(a combined measure of dead wood volume, number of cut
stumps, and canopy tree age) has been found to correlate
positively with the overall diversity of wood-inhabiting fungi
(Purhonen et al., 2021). Consistent with our expectations, the
composite nature of the assessed conservation value, encom-
passing multiple aboveground structures, likely accounts for the
contrasting associations observed for different fungal groups.
These findings suggest that the most commonly used conser-
vation assessment methods may be insufficient for selecting
forests that protect highly diverse soil microbiomes, particularly
in boreal forests.

Context dependencies of fungal relations with
conservation value

We found a clear regional difference in relationships between
assessed conservation value and richness, abundance, and com-
munity composition for most fungal groups. In particular,
species richness of major fungal groups (Basidiomycota, ecto-
mycorrhizal and saprotrophic fungi) was positively associated
with the assessed conservation value, but only in the south-
ern region. Community composition of all fungal guilds also
correlated with the assessed conservation value in the south-
ern region, but not in the northern region. Southern forests
have higher overall tree species diversity and productivity, which
allows them to support a higher fungal diversity. This is mainly
due to large variation in soil conditions and nutrient availability,
which may strengthen the relationship between assessed con-
servation value and fungal diversity relative to more uniform
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13 of 17 KYASCHENKO ET AL.

northern forests that contain higher proportions of conifer-
ous trees. Further, the observed regional differences could be
related to differences in management history because the south-
ern region is characterized by a longer history of intensive
forest management and the northern region has a relatively
shorter history of intensive management and a greater share
of remaining seminatural forests (Östlund et al, 1997; Linder
& Östlund, 1998; Josefsson & Östlund, 2011; Svensson et al.,
2019). Our results suggest that belowground fungi are more
heavily affected by forest management practices in the south.
In the north, where fewer forests have been clearcut, below-
ground fungi remain less affected, which may explain weaker
associations with aboveground structures.

We also found that the correlation between assessed con-
servation value and species richness and relative abundance
of many of the fungal groups was contingent on environ-
mental parameters. Richness of saprotrophic Basidiomycota
(in both regions) and abundance of molds (in the northern
region) correlated positively with conservation value, partic-
ularly in more fertile sites (Table 1), because increasing soil
fertility creates extra resources and potentially greater niche het-
erogeneity. Greater natural soil fertility has been associated with
more complex fungal community assemblages and increased
diversity among fungal guilds (Guo et al., 2020; Nguyen
et al., 2016). This relationship may be particularly significant
in generally nutrient-poor boreal forest landscapes, potentially
explaining the positive associations with fertility observed in our
study.

Soil fertility explained more of the overall variation in rela-
tive abundance, species richness, and community composition
than the assessed conservation value for all fungal guilds. The
relative abundance and species richness of almost all fun-
gal guilds were associated with soil fertility, but the direction
of associations varied among fungal groups and regions. In
particular, the relative abundance of Ascomycota (driven by
root-associated species) decreased as soil fertility increased,
whereas the relative abundance of Basidiomycota (particularly
saprotrophic species), yeasts, and pathogens increased as soil
fertility increased (Table 1). Soil fertility is one of the most
important edaphic variables that relates to fungal community
composition, even within fungal guilds (e.g., Sterkenburg et al.,
2015). In the boreal forest, Ascomycota are usually more abun-
dant in nutrient-poor and more acidic forest soils, whereas both
saprotrophic and ectomycorrhizal Basidiomycota tend to domi-
nate in forest soils with larger pools of available nitrogen and
less acidic soils, likely driven by the higher tree productivity
there (Clemmensen et al., 2015; Grau et al., 2017; Siciliano et al.,
2014; Sterkenburg et al., 2015; Tedersoo et al., 2014). Our results
are consistent with this pattern; Ascomycota and Basidiomy-
cota responded in opposite directions to soil fertility (in the
northern region) and (the tightly correlated) spruce basal area
(in the southern region). Further, abundance and richness of
saprotrophic fungi were positively associated with soil fertility,
although mainly in the southern region. This may be related to
reduced belowground carbon allocation by trees under higher
soil fertility, resulting in decreased dominance of ectomycor-

rhizal fungi relative to saprotrophic fungi in the soil fungal
community (Högberg et al., 2003; Kyaschenko, Clemmensen,
Karltun, et al., 2017; Sterkenburg et al., 2015).

Soil fertility is a well-known mediator of fungal community
composition (Guo et al., 2020; Sterkenburg et al., 2015), fungal
decomposition, and nutrient cycling activities in soils (Brab-
cová et al., 2018; Hagenbo et al., 2022; Mayer et al., 2023).
Our results confirm the crucial role of soil fertility for fungal
community composition and diversity across boreal landscapes.
Understanding fertility–fungal relationships can help predict the
impact of forest management practices and conservation efforts
on ecosystem function and conservation value. Our observa-
tions suggest that conservation value primarily relates to fungal
community composition under higher soil fertility levels. More-
over, soil fertility overall predicted more of the variation in
fungal richness and community composition than conservation
value across the boreal forest landscape, despite the study being
specifically designed to assess forests with a diverse range of
conservation values rather than representing the boreal forest
in general.

Weak associations between fungal variables and
stand- and landscape-level continuity

Surprisingly, we found no correlation between stand- and
landscape-level continuity and fungal community composition
for any fungal groups, although we used a rather simple proxy
for stand continuity. Ecological continuity is used to describe
attributes that persist in a stand over a prolonged period, such
as understory vegetation, old trees, and dead wood of cer-
tain quality, which takes decades or centuries to develop. In
Fennoscandia, such attributes are considered to be one of
the key criteria for selecting sites to be set aside to protect
biodiversity (Nilsson et al., 1995). Studies of effects of local
forest continuity on fungi have mainly investigated the diver-
sity and community composition of wood-inhabiting fungi, and
stand-level continuity is of limited significance for this fun-
gal guild (Nordén et al., 2014; Saine et al., 2018). However,
the need for further landscape-scale studies investigating the
effects of ecological continuity on fungi has also been empha-
sized (Sverdrup-Thygeson & Lindenmayer, 2003), as supported
by our results. Ectomycorrhizal fungal species are often con-
sidered more sensitive to changes in continuity in tree cover
compared with other fungal groups (Peay & Bruns, 2014), and
a meta-analysis (Spake et al., 2015) suggests that it may take,
on average, 90 years for disturbed forests to regain old-growth
levels of ectomycorrhizal fungi richness. However, studies of
continuity effects vary with regard to the type of disturbance
or management action, which complicates comparisons with
our tree age continuity value. At the same time, the concept of
ecological continuity has been criticized because it may underes-
timate the complexity of the history of forests (Bradshaw et al.,
2015). In particular, the diversity of insects, fungi, lichens, and
bryophytes has been associated with the frequency of natural
forest disturbances, amounts of dead wood, or the number of
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deciduous trees in coniferous forests, rather than stand con-
tinuity (Bradshaw et al., 2015: Hekkala et al, 2023; Ohlson
et al., 1997; Rudolphi & Gustafsson, 2011). This supports the
view that forest continuity per se may be less important for
high biodiversity of fungi or even correlate negatively with fun-
gal diversity (Kiesewetter & Afkhami, 2021) because habitat
diversity is rather maintained by dynamic processes (Bradshaw
et al., 2015; Groven et al., 2002; Nordén & Appelqvist, 2001;
Sverdrup-Thygeson & Lindenmayer, 2003).

Fungal conservation is challenging due to high species diver-
sity, multiple ecological strategies, a large number of rare or
poorly known species, and the limited understanding of fun-
gal habitat requirements. Although aboveground diversity of
a subset of macrofungi of conservation concern could be
predicted well based on conservation value (Hekkala et al.,
2023), our results highlight the limitations of such measures
when it comes to the highly diverse, belowground, cryptic
biodiversity. Among all fungal guilds, only the richness and
relative abundance of wood-dependent saprotrophs were pos-
itively associated with the conservation value assessment scores
across the entire set of 74 investigated forests. Instead, all 12
taxonomic and ecological groups were more related to soil
fertility and spruce basal area, particularly in the northern
region.

Further, we observed contrasting community composition of
all fungal groups in the 2 regions, and the assessed conservation
value was clearly associated with the variation in community
composition of all fungal groups in the southern but not in
the northern region. Thus, our results draw a complex pic-
ture of how well assessed conservation values represent soil
fungi. The complexity may depend on differences in soil fer-
tility, host tree dominance, regional differences in management
history and climate, and the particular fungal groups of interest.
Our findings highlight the need for a better understanding of the
interactions among edaphic factors, stand- and landscape-level
continuity, host specificity, and plant effects on root-associated
fungi beyond classification into broad ecological groups that
provide limited resolution for the responses of individual taxa
(Kia et al., 2017; Maciá-Vicente et al., 2023; Semchenko et al.,
2022). Furthermore, that we found species in our study through
DNA metabarcoding does not guarantee that they are repro-
ductively successful. If the goal is to comprehensively assess and
preserve the abundance and diversity of fungal communities in
boreal forest, it is crucial that current conservation assessment
tools be broadened to also consider other factors, such as soil
fertility and tree species identity.
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