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The biodiversity crisis calls for immediate restoration of deteriorated and rare habitat. Due to fire suppression
and intensive forest management, boreal pine forests of high conservation value are exceptionally rare. Despite
decades of restoration research in boreal forests, relatively few studies have evaluated multi-taxon biodiversity
response of restoration measures in pine forests. In a Scots pine experiment, we investigated biodiversity patterns
of wood-inhabiting fungi and beetles a decade after restoration (prescribed burning and deadwood creation) and
forest management (harvest with varying retention). We found that fungi and beetles develop differently and
have distinct preferences in deadwood originating from restoration. Standing deadwood supported more species
for beetles and lying deadwood for fungi and for both taxa, standing and lying deadwood harboured different
species assemblages. Burned deadwood displayed less variable assemblages than unburned deadwood for both
organism groups. We found that, after a decade, deadwood type and not harvest with different retention levels
better explained diversity patterns of wood-inhabiting beetles and fungi in pine forests. Pine forests are naturally
prone to recurring disturbances creating open light conditions. Pine-associated species are therefore likely
resistant to disturbance as long as a variety of deadwood resources are present. To accommodate multiple taxa, a
variety of substrate and environment types is required. Beetles benefit from standing deadwood while fungi
benefit from lying deadwood. To support assemblages with both rapid and slow turnover rates, a combination of
recurring restoration and leaving restored stands in the adjacent landscapes is required.

1. Introduction conservation goals (Gongcalves et al., 2021; Nic Lughadha et al., 2020).

Against this background, the United Nations (UN) has declared the

Natural habitats have been used and modified by humans for a long
time, resulting in the loss and degradation of species and habitats. In
parallel with climate change, the global decline of biodiversity is one of
the greatest challenges for humankind. During the last 40 years the
global population of vertebrates has declined by 60 percent (Grooten
and Almond, 2018) and the extinction rate is calculated to be 100 times
faster than the background extinction rate (Ceballos et al., 2015). For
insects, which represent extremely high diversity and provide essential
ecosystem services, several studies suggest large global declines (Conrad
et al., 2006; Hallmann et al., 2017, p. 75; Lister and Garcia, 2018;
Sanchez-Bayo and Wyckhuys, 2019). For fungi, however, despite
constituting most life on earth, few studies have evaluated global trends
in fungal biodiversity and they are generally underrepresented in
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2020's as the Decade of Ecosystem restoration (United Nations Envi-
ronment Agency, 2019). The UN thus pinpoint the need for ecosystem
restoration to reach the sustainable development goals. Ecological
restoration theory is generally based on the assumption that it is efficient
to mimic natural processes and disturbances to support biodiversity
(Lindenmayer et al., 2006). Restoration efforts often return some ele-
ments of prior biotic conditions, but success is reliant on both natural
recolonization and species interactions (Hagglund et al., 2015; Hjaltén
et al., 2017). It is established that burning, tree retention and deadwood
creation has profound positive effects on wood-living assemblages
(Hjaltén et al., 2017; Johansson et al., 2007, 2010; Olsson et al., 2011;
Rudolphi et al., 2014), including both rare species (Hagglund et al.,
2015; Hjaltén et al., 2012) and functional diversity (Heikkala et al.,

Received 17 September 2024; Received in revised form 31 October 2024; Accepted 17 November 2024

Available online 24 November 2024

0301-4797/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:albin.larsson.ekstrom@slu.se
www.sciencedirect.com/science/journal/03014797
https://www.elsevier.com/locate/jenvman
https://doi.org/10.1016/j.jenvman.2024.123416
https://doi.org/10.1016/j.jenvman.2024.123416
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jenvman.2024.123416&domain=pdf
http://creativecommons.org/licenses/by/4.0/

A. Larsson Ekstrom et al.

2016b), suggesting that burning and tree retention favor species asso-
ciated with open habitat and fresh deadwood through environmental
filteringHowever, burning has long lasting effects and might favor e.g.,
beetle predators and red-listed fungi to a larger extent than mere
deadwood creation (Heikkala et al., 2016a; Olsson and Jonsson, 2010).
In contrast, organism groups such as bryophytes may be disfavored by
burning (Espinosa del Alba et al., 2021).

In Sweden, many species are directly or indirectly impacted by the
loss and degradation of natural habitats as an effect of intensive land
use, including forestry (SLU Artdatabanken, 2020). Swedish silviculture
is among the most efficient and technically developed in the world,
having a significant impact on the forest ecosystem. The implementation
of even-aged forestry by clear-cutting has during a few decades trans-
formed the forest landscape with consequences for biodiversity
(Axelsson and Ostlund, 2001). Many forest associated species are
negatively affected by forestry, as a result of lack of natural distur-
bances, deadwood and old trees (Gibb et al., 2005; Paillet et al., 2010;
Siitonen, 2001) and the dominance of dense, homogenous and relatively
young stands (Hedwall and Brunet, 2016; Stokland et al., 2012). To
counteract these negative effects, conservation measures have been
intertwined into Swedish forest management since the mid 1990's and a
significant number of studies has evaluated the efforts (Felton et al.,
2020; Johansson et al., 2013). However, there are still knowledge gaps,
especially considering which amounts and qualities of considerations
are needed, their spatial distribution and their long-term effects on
biodiversity. In addition, most studies have been conducted in Norway
spruce (Picea abies (L.) H. Karst) forest and pine forests remain in need of
further studies.

Scots pine (Pinus sylvestris L.) forests have been especially heavily
exploited for centuries through selective felling, tar production and
collecting of fire wood (Ostlund et al., 1997). During the last century,
fire suppression and clear felling at moderate age has reduced the area of
pine forest with high conservation values (Niklasson and Granstrom,
20005 Nitare, 2000). As a result of these structural changes, wood living
species composition has changed and species that prefer deadwood of
smaller diameter, earlier decay stages and species that are generalists, i.
e. with wide habitat niches, benefit (Nordén et al., 2013; Seibold et al.,
2015) while rare, specialised species associated with old or large
diameter dead pines have been disfavored (Weslien et al., 2011). To
maintain viable populations of these species, habitat restoration is
necessary (Nitare, 2000). Old pine forests conservation values depend
on management history, continuity and landscape context with many
conservation values associated with forest fires (Kouki et al., 2012).
Prescribed burning is used to reintroduce fire in the managed landscape
but there is also a demand to develop alternative methods to restore
natural values in large areas of pine forests where burning is hard to
perform or where restoration for nature conservation and timber pro-
duction occur in the same stand. The development and evaluation of
such methods including various levels of tree retention are thus urgently
needed. Trees of Scots pine can become hundreds of years old, dead
pines can stand for centuries and burned wood, slowly grown trees and
tar-impregnated wood are important substrates for biodiversity in old
pine forest (Larsson Ekstrom et al., 2023; Nirhamo et al., 2024).
Restoration of such substrates might include burning but also full or
partial debarking or cutting of trees. Although some of these restoration
measures have proven beneficial for red-listed species and both fire and
green tree retention have positive effects on deadwood assemblages
(Hagglund and Hjaltén, 2018; Heikkala et al., 2016a) and functional
diversity (Heikkala et al., 2016b), there is still a need to evaluate
different ways of deadwood creation in combination with variable levels
of retention, especially in relation to the performance of the most
vulnerable species.

Wood-inhabiting beetles and fungi together provide essential
ecosystem processes such as wood decomposition and nutrient cycling
(Lofroth et al., 2023). Both groups are affected by forestry-induced
deadwood deficits and are prominently featured on the national
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red-lists of Sweden and Finland (Hyvarinen et al., 2019; SLU Artdata-
banken, 2020). Due to their sensitivity to environmental change, they
are focal groups for conservation efforts although taxa-specific studies
could lead to contradictory management implications. Increasingly,
studies have shown that due to differing ecologies in terms of temporal
turnover and habitat associations, there is a need to study several or-
ganism groups simultaneously (Karvemo et al., 2021). Therefore, in this
study, we have sampled wood-inhabiting beetles and fungi from the
same substrates. Species communities of beetle and fungi may respond
differently to disturbance such as fire, thus developing along different
temporal trajectories. Fire leads to rapid changes to community
composition and immediate increase to beetle richness, while fungi, may
after an initial decrease, rebound and may take up to 10 years after fire
before e.g., overall richness increases and more than 10 years before
red-listed species are benefitted (Fredriksson, 2021; Hagglund et al.,
2020; Penttila et al., 2013; Suominen et al., 2015). Relatively few studies
span more than a few years following deadwood enrichment and pre-
scribed burning, but beetles and fungi clearly develop on different
temporal scales. Fredriksson et al. (2020) found that the initially high
beetle richness had decreased but that changes to beetle community
composition could still be seen a decade after fire. Deadwood deficits in
the landscape limits dispersal of species and local deadwood volumes
have proven to be important dispersal sources for both beetles and fungi
(Edman et al., 2004; Larsson Ekstrom et al., 2021; Olsson et al., 2011).
The relative influence of local deadwood volumes is also mediated by
the environment surrounding the substrate with canopy openness
strongly influencing beetle diversity while e.g., less exposed logs typi-
cally support many fungal species (Johansson et al., 2017; Lindhe and
Lindelow, 2004; Seibold et al., 2016a, 2016b).

The aim of this study is to assess the effects of prescribed burning and
harvest with varying levels of green tree retention, combined with
deadwood creation, on successional pathways of wood-inhabiting bee-
tles and fungi in pine forests after a decade. We use a large-scale field
experiment and sample beetle and wood fungal assemblages in dead-
wood derived from the experiment and investigate a, p and y-diversity of
both taxa. We expect diversity patterns and assemblage composition to
differ between substrate types after a decade, with beetles and fungi
exhibiting different patterns. Additionally, we anticipate that sur-
rounding stand treatments may mediate these substrate associations.

More specifically, at substrate level we expect that:

1) For fungi, we expect more species and different assemblage compo-
sition in burned compared to unburned substrates (Penttila et al.,
2013; Suominen et al., 2015). We expect logs to support more species
and have a different assemblage composition compared to standing
deadwood, due to the more stable and favourable microclimate near
the ground (Boddy and Heilmann-Clausen, 2008; Lindhe et al.,
2004).

For beetles, burned substrates are expected to support fewer species
and have more similar assemblages compared to unburned sub-
strates. This is due to drying out of the cambium, which leads to a
homogenisation of deadwood at the later stages of decay (Wikars,
2002). We also expect richness to be similar between standing and
lying deadwood, but that the assemblages will differ (Hjaltén et al.,
2010; Rothacher et al., 2023).

2

—

For stand level effects, we expect that:

3

-

For fungi, we expect that stand treatments producing large amounts
of deadwood will support more species than treatments with lower
deadwood amounts. This expectation arises from knowledge that
stands with large deadwood amounts have been shown to support a
more diverse local species pool, positively influencing local dispersal
and colonization (Edman et al., 2004; Olsson et al., 2011). We also
expect burned stands to support more species than unburned stands,
due to the generally higher richness in burned substrates (Olsson and
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Jonsson, 2010; Suominen et al., 2015). Lastly, we expect the
assemblage composition will differ between burned and unburned
stands, but not between retention levels in unburned stands
(Berglund et al., 2011; Suominen et al., 2015).

4) For beetles, we expect similar richness patterns as for fungi regarding
treatments producing large amounts of deadwood to positively
influencing the local species pool and richness (Larsson Ekstrom
et al., 2021). We expect that the assemblage composition to differ
distinctly between burned and unburned stands, but to be similar
between high and low retention levels.

2. Material and methods
2.1. Study design

This study was conducted in Effarésen, Dalarna County (Fig. 1) in the
southern boreal zone of Sweden (Ahti et al., 1968). The area is domi-
nated by homogenous Scots pine (Pinus sylvestris L.) stands with occa-
sional occurrences of Norway spruce (Picea abies (L.) H. Karst) and
birches (Betula pendula Roth & Betula Pubescens Ehrh). Dwarf shrubs
(Vaccinium vitis-idaea L. and Vaccinium myrtillus L.) and lichens (Cladonia
spp.) dominate the ground vegetation. The forest stands are on
dry-mesic soils broken off by small islands of Sphagnum peat mires and
open water bodies. The forest stands are most likely regenerated
following a wildfire in 1888, traces of which can be seen in the form of
fire-scarred old living trees and old charred deadwood. The stands have
since been managed for production through commercial thinning with
almost all stands being fertilized approximately 30 years ago and have
not been clear-cut. In the winter of 2012-2013, 24 forest stands
amounting to 140 ha were randomly allocated subject to several
experimental treatments. Altogether there were eight treatments
including 1) a control with no treatment; 2) harvest with 3% retained
trees; 3) harvest with 10% retained trees; 4) harvest with 30% retained
trees; 5) harvest with 50% retained trees; 6) deadwood enrichment; 7)
harvest with 50% retained trees followed by prescribed burning; 8)
prescribed burning with no harvest (Table 1). Each treatment was
replicated in three stands ranging from 2.3 to 13.8 ha in size. The
retained trees in the harvested, unburned stands were then divided into
four equal parts; 1) green tree retention of solitary trees or groups of
trees; 2) creation of high-stumps of ca 3 m height; 3) tree-felling to
create logs; 4) bark-peeling of trees with the purpose of creating fire
scars, most trees since died. This means that a fourth of the retained trees
were left as green tree retention, the rest was turned into deadwood so
that e.g., 50% retention resulted in 12.5% green tree retention. Pre-
scribed burning took place in May and September 2013 (Santaniello
et al., 2016). Information on the number of substrates counted in
2012-2013 within square 1-ha plots in the centre of each stand to serve
as background data can be found in Table A1.

2.2. Substrate and species inventory

We sought for pine deadwood, created at the time of the experi-
mental treatment in each stand; therefore omitting the control treat-
ments, since no deadwood was created there and the general volumes of
pre-existing deadwood was very low. This resulted in 21 stands included
in the study in each stand. We aimed to find five logs, five high-stumps of
~3 m height and five standing dead trees derived from the experiment.
This means that we sampled substrates created by harvester in the un-
burned stands, hereafter created deadwood. In the burned stands, we
sampled trees killed by fire, hereafter burned deadwood. This resulted in
six substrate types: High-stump (created), n = 75, High-stump (burned),
n = 30, Snag (created), n = 73, Snag (burned), n = 30, Log (created), n
= 75 and Log (burned), n = 30 (Table 1). For high-stumps in the burned
stands, we sought after snags with broken off tops to compare to the
harvester-created high-stumps. In a few cases, we could not find five of
each deadwood type in a stand, and then we sampled all substrates of
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that type. As the low retention stands had retention patches, we aimed
for a clustered sampling in all stands, sampling substrates close to each
other when possible. We prioritised substrates located at the centre of
each stand when possible (on average 0-50 m between substrates), but
in some stands with few substrates such as burned stands (distance be-
tween substrates 0-195 m) and 3 to 10 percent retention stands (dis-
tance between substrates 0-217 m), the sampling was more scattered.

We captured beetles emerging from deadwood with emergence traps
and retrieved information on wood-inhabiting fungi from DNA
sequencing of wood samples. Emergence traps enclose a part of the
substrate in polypropylene weed barrier cloth sealed with a wire
(Hjaltén et al., 2012). The traps covered ~30 cm and were placed
around 0.5-1.5 m from the bottom of the substrate. At the top of each
trap, a white (250 ml) plastic bottle was attached, filled to one third with
70 percent propylene glycol and a small amount of detergent to decrease
surface tension. All beetles were then identified to species level by a
taxonomic expert.

For fungi, we extracted samples by drilling ~10 cm into the wood of
each substrate at two places around the substrate, at the same location as
the emergence traps. We pooled the two samples from each substrate in
the field. We first removed the bark and the outer cambium layer with a
knife before drilling, sterilizing both the drill bit and the knife with a gas
burner between each individual sample. The samples were then stored in
a freezer at —20° °C before sample preparation. The samples were freeze
dried and placed into Eppendorf tubes. The samples were then processed
and DNA was extracted. A negative extraction control sample was added
to measure reagent purity and cross-contamination levels. Primers fITS7
and ITS4 were used for the construction of high-throughput amplicon
sequencing (Ihrmark et al., 2012; White et al., 1990). Low abundance
taxa with less than two read counts were removed. Bioinformatics fol-
lowed Kaunisto et al. (2020). Taxonomic assignment was done using the
UNITE fungi database 9.0 with SINTAX in VSEARCH (Abarenkov et al.,
2023; Edgar, 2016; Rognes et al., 2016). Unique reads were denoised
and clustered into zOTU’s (zero-radius OTU). The DNA analysis com-
pany Bioname carried out the molecular workflow as turnkey service
from sample to the bioinformatics and final data.

2.3. Analysis

We performed all analyses in the statistical software R (R Core Team,
2021).

To investigate richness in individual substrates (a-diversity), we used
GLMM'’s with Poisson distribution and stand ID as random factor, and
for fungal zOTU’s we included total sequencing depth as a second
random factor, using the Ime4 package (Bates et al., 2015). The models
were then evaluated using diagnostic plots. For pairwise comparisons
we used emmeans with sidak adjusted p-values (Lenth et al., 2019). We
calculated conditional and marginal coefficients of determination to
quantify the variation explained by the models using the MuMIn pack-
age (Barton and Barton, 2015).

For p-diversity, we pooled data for each substrate type per stand
performed BETADISPER on a Jaccard distance matrix for fungal zOTU’s
and a Bray-Curtis distance matrix for beetles followed by an ANOVA to
compare median distances to the species community centroid. We used
permutest with 99 permutations for pairwise comparisons.

We also investigated differences in assemblage composition among
deadwood types and stand treatment with PERMANOVA, visualised by
NMDS with 999 permutations. For PERMANOVA, BETADISPER and
NMDS we used the vegan package, pooling data to each substrate type
per stand for convergence (Oksanen et al., 2022). For the identification
of indicator species for substrate types and stand treatments, we used the
multipatt function in the indicspecies package with 999 permutations
(De Caceres et al., 2016).

For y-diversity, we produced sample-based species accumulation
curves using the iNEXT package

with trap and wood-core as samples (Hsieh et al., 2016).
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Sweden

Fig. 1. Location of the study area in the inset map (red dot) in Dalarna (highlighted county border), central Sweden. Highlighted areas in map are stand borders and
red dots are substrate positions. Orthophoto in the background from Lantmateriet (2021).
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Table 1
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Description of stand treatments and substrate types including stand sizes.

Name Stand size  Treatment Substrate types
(ha)
ncC 4.1 & 4.2 & Untreated control None (Not part of study)
5.6
2) Ret3 5.3 & 6.6 & Felling with 3% retention and High-stump (created, n = 14) = High-stumps cut at 3 m height by harvester & Snag (created, n =13) =
13.8 deadwood enrichment Standing trees killed by bark-peeling from harvester & Log (created, n = 15) = Whole trees felled by
harvester
3) Ret10 6.2 & 7.4 & Felling with 10% retention and High-stump (created, n = 15) = High-stumps cut at 3 m height by harvester & Snag (created, n =15) =
7.7 deadwood enrichment Standing trees killed by bark-peeling from harvester & Log (created, n = 15) = Whole trees felled by
harvester
4) Ret30 5.8 & 5.8 & Felling with 30% retention and High-stump (created, n = 15) = High-stumps cut at 3 m height by harvester & Snag (created, n =15) =
10.1 deadwood enrichment Standing trees killed by bark-peeling from harvester & Log (created, n = 15) = Whole trees felled by
harvester
5) Ret50 3.9 & 5.6 & Felling with 50% retention and High-stump (created, n = 15) = High-stumps cut at 3 m height by harvester & Snag (created, n =15) =
8.5 deadwood enrichment Standing trees killed by bark-peeling from harvester & Log (created, n = 15) = Whole trees felled by
harvester
6) NS 4.5 & 4.8 & No felling with 100% retention and High-stump (created, n = 15) = High-stumps cut at 3 m height by harvester & Snag (created, n =13) =
6.2 deadwood enrichment Standing trees killed by bark-peeling from harvester & Log (created, n = 15) = Whole trees felled by
harvester
7) Burn50 3&5.5&  Prescribed burning following 50%  High-stump (burned, n = 15) = Broken trees killed by fire, usually 3-5 m & Snag (burned, n = 14) =
5.6 felling Standing trees killed by fire & Log (burned, n = 15) = Trees killed by fire then fallen
8) Burn100 2.3 & 2.8 & Prescribed burning with no felling ~ High-stump (burned, n = 15) = Broken trees killed by fire, usually 3-5 m & Snag (burned, n = 13) =
3.2 Standing trees killed by fire & Log (burned, n = 15) = Trees killed by fire then fallen
3. Results species and twelve individuals were categorised as red-listed according

to the national red-list of Sweden (SLU Artdatabanken, 2020).

In total, we sampled 314 substrates, but because some traps broke we

only have species information on beetles from 256 of the substrates.
Fungal sampling resulted in 1272 zOTU’s, out of which 208 were
determined to species level. From the emergence traps, we caught 1423
individuals and 102 species of saproxylic beetles. For beetles, five
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Fig. 2. Boxplots of species richness (a-diversity) between substrates of fungal zOTU’s A) and beetles C) and between treatments of fungal zOTU’s B) and beetles D).
(B) = Trees died from prescribed burning. (CR) = Trees died from harvester head. High-stump = ~3m high-stumps. Snag = Standing dead trees. Log = Lying dead
trees. Burn100 = Prescribed burning with no harvest. Burn50 = Prescribed burning with harvest, 50% retention. NS = Deadwood enrichment. Ret3 = Final harvest
with 3% retention. Ret10 = Final harvest with 10% retention. Ret30 = Final harvest with 30% retention. Ret50 = Final harvest with 50% retention. Letters indicate
significantly similar or dissimilar estimated marginal means based on compact letter display.
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Fig. 3. NMDS plot visualising assemblage composition of fungi and beetles between deadwood and treatment types. Filled ellipsoids visualize the assemblage
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trees. Burn100 = Prescribed burning with no harvest. Burn50 = Prescribed burning with harvest, 50% retention. NS = Deadwood enrichment. Ret3 = Final harvest
with 3% retention. Ret10 = Final harvest with 10% retention. Ret30 = Final harvest with 30% retention. Ret50 = Final harvest with 50% retention.

between substrate types except for created snags that displayed slightly
lower richness than the other substrate types (Table A2, Fig. 2a). For
beetles, logs displayed a lower local richness than snags and high-
stumps, although with no differences between burned and unburned
substrates (Table A2, Fig. 2c).

3.1.2. p-diversity and assemblage composition

Assemblage composition of fungal zOTU’s differed significantly be-
tween most deadwood types according to the PERMANOVA, with
deadwood type explaining 17% of the variation (p = 0.001) and
assemblage centroids only overlapped between burned snags and high-
stumps (Fig. 3a). zOTU’s in different created deadwood types displayed
highly distinct assemblages while the burned deadwood types were
more similar (Fig. 3a). We also found differences in g-diversity between
substrate types for fungal zOTU’s (p = 0.01, Table A3, Fig A1). Pairwise
comparisons revealed that burned substrates were characterized by a
lower fg-diversity than their unburned, created counterparts for fungi
(Table A3, Fig Al). Created logs had the greatest s-diversity and burned
high-stumps the lowest (Table A3, Fig Al). For beetles, deadwood type
explained 27% of the variation in assemblage composition in the
(PERMANOVA, p = 0.001) (Fig. 3c). Upon visual inspection of the
NMDS-plot, deadwood manipulation (burned or created) did not seem to
influence assemblages, but the types (high-stumps, snags and logs) dis-
played distinct assemblages for beetles (Fig. 3c). Also for beetles, g-di-
versity differed between substrates (p = 0.01, Table A3, Fig Al). There
was no difference in p-diversity between burned and unburned sub-
strates (Table A3, A1). Instead, logs had a greater g-diversity than high-
stumps and snags, but the two latter were similar in pg-diversity
(Table A3, Fig Al).

In total, 123 fungal zOTU’s and 11 beetle species were identified as
indicator species for substrate types with a 0.05 significance level

(Table A4).

For burned substrates, including combinations of the three types, we
identified 55 zOTU’s for fungi and the following species for beetles:
Sericus brunneus, Megatoma undata, Phloeonomus punctipennis and Ani-
sotoma glabra (Table A4).

Our analysis shows that 28 fungal zOTU’s were identified for the
created deadwood types and there were no beetle indicator species for
created high-stumps, snags and logs (Table A4).

We found 49 fungal zOTU’s to be associated to standing deadwood
and for beetles, the following species: Sericus brunneus, Megatoma
undata. Anisotoma glabra, Xylita laevigata, Ampedus balteatus, Ampedus
nigrinus, Arhopalus rusticus and Melanotus castanipes (Table A4).

For lying deadwood, we found 29 fungal zOTU’s as indicator species
and for beetles, one indicator species, Phloeonomus punctipennis
(Table A4).

3.1.3. y-diversity

We found that the overall number of fungal zOTU’s was greatest in
both burned and created logs (Fig. 4a). Created snags and high-stumps
had the lowest number of zOTU’s and overlapped with burned high-
stumps (Fig. 4a). None of the rarefaction curves for fungal zOTU’s
showed signs of reaching an asymptote, why comparisons between
overlapping trajectories may be uncertain (Fig. 4a & b).

Contrary to the fungal zOTU’s, the trajectories of beetles showed
signs of reaching a plateau, indicating a more complete sample, espe-
cially for created deadwood (Fig. 4c & d). Created deadwood had higher
amounts of species than the burned deadwood with created high-stumps
supporting the highest number of species and created logs lower number
of species (Fig. 4c).
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Fig. 4. Sample-based rarefaction curves displaying fungal zOTU and beetle richness in deadwood and treatment types. The Y-axis represents observed (full line) and
extrapolated (dashed line) richness to twice the observed sampling effort. X-axis represents the number of sampling units, which is number of DNA-samples for fungi
and emergence traps for beetles. Error bars are at 95% CI. (B) = trees killed by prescribed burning. (CR) = trees killed by harvester. High-stump = ~3 m high-stumps.
Snag = standing dead trees. Log = Lying dead trees. Burn100 = Prescribed burning with no harvest. Burn50 = Prescribed burning with harvest, 50% retention. NS =
Deadwood enrichment. Ret3 = Final harvest with 3% retention. Ret10 = Final harvest with 10% retention. Ret30 = Final harvest with 30% retention. Ret50 = Final

harvest with 50% retention.
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3.2. Stand treatment

3.2.1. a-diversity

We found no initial difference in substrate-level richness between
stand level treatments for neither organism groups (Table A2, Fig. 2b &
d).

3.2.2. p-diversity and assemblage composition

Differences in fungal assemblage composition was explained to 13%
by stand treatment (PERMANOVA, p = 0.001) with overlapping as-
semblages in retention felling treatments and NS stands slightly sepa-
rating from the lower retention treatments (Fig. 3b). In addition, both
burned treatments displayed distinct assemblage composition compared
with retention felling and deadwood enrichment, but assemblages were
similar between burn treatments (Fig. 3b). There was no significant
relationship between stand treatment and g-diversity for fungal zOTU’s,
p = 0.15 (Table A3, Fig. 3b).

Stand treatment explained 12% of the difference in beetle assem-
blage composition but was non-significant (PERMANOVA, p = 0.08),
with assemblage centroids overlapping between treatments (Fig. 3d).
Stand treatment did not have a significant effect on p-diversity for
beetles (p = 0.96, Table A3, Fig. 3d).

For fungi, 25 zOTU’s but no beetle species were identified as indi-
cator species for burned stands (Table A5). For unburned stands, six
zOTU’s and one beetle species (Holobus apicatus) were identified as in-
dicator species (Table A4).

3.2.3. y-diversity
Overall, richness overlapped between stand level treatments for both
fungi and beetles (Fig. 4).

4. Discussion

This study provides novel insight into decadal effects of forest
management and restoration on deadwood biodiversity. Due to the large
quantity of short-term studies and the relatively few studies on long-
term, including decadal, effects, management decisions may be biased
towards short-term effects (Koivula and Vanha-Majamaa, 2020). How-
ever, forest management and restoration may have decadal if not
centennial effects on biodiversity (Bader et al., 1995; Dynesius et al.,
2021; Fredriksson, 2021; Larsson Ekstrom et al., 2024; Ramberg et al.,
2023). In addition, taxa-specific studies may also lead to decisions that
favor one taxonomic group and disfavours another (Bunnell and Hug-
gard, 1999). Our main findings show that there are taxa-specific re-
sponses to deadwood position and manipulation. This strongly suggests
that forest management and restoration need to diversify its imple-
mentation by creating and maintaining various types and positions of
deadwood to support multiple taxa.

4.1. Deadwood type

For fungi, we expected that, firstly, burned substrate would support
more species and different assemblages than unburned substrate and
secondly, that lying deadwood would support more species and different
assemblages than standing deadwood. We found support for these pre-
dictions in most cases except for species richness between burned and
unburned substrates and a-diversity between standing and lying dead-
wood, which did not differ.

Prescribed burning led to a homogenisation of fungal assemblage
composition between deadwood positions (logs and snags), compared to
unburned deadwood types that displayed more distinct assemblages and
greater f-diversity. For burned deadwood we had fewer samples which
could also contribute to the lower g-diversity. However, the assemblage
composition in burned deadwood still differed from unburned wood,
complementing species assemblages found in unburned wood. Inter-
estingly, we also found that burned deadwood displayed more indicator
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species for both taxa compared to created deadwood. This could be due
to burned substrate assemblages being less variable, thus frequently
occurring species are more likely to be strong indicators. This further
strengthens that burned deadwood contributes with complementary
diversity. Burning alters the physical properties and chemical compo-
sition of deadwood, which in turn alters competitive outcomes in fungal
species communities, filtering out fire-sensitive and favouring fire-
resistant species (Carlsson et al., 2012; Edman and Eriksson, 2016).
Burned deadwood serves as unique substrates that host many specialist
species, some of which are red-listed due to current day’s general lack of
wildfires. Red-listed species in particular respond positively to fire
(Olsson and Jonsson, 2010; Ramberg et al., 2023) and although most of
the zOTU’s in this study are not determined to species level and several
species and genera in the study lack general ecological information, the
clearly distinct assemblages between burned and unburned substrate
indicate a clear specialisation of species. The fungal assemblages on the
experimental deadwood of this study will most likely continue to
develop for several decades (Penttila et al., 2013; Ramberg et al., 2023).

Lying deadwood hosted more fungal species overall and distinct
assemblages from standing deadwood types although standing dead-
wood displayed more indicator species. Microclimatic conditions
determine initial species colonization and subsequent community suc-
cession for wood-inhabiting fungi (Boddy and Heilmann-Clausen,
2008). Deadwood microclimate is more stable close to the ground, e.
g., around logs, leading to lower environmental stress for many fungal
species. This would explain the higher richness and different species
assemblages of fungi in logs compared to standing deadwood, as is seen
in several other studies (Boddy and Heilmann-Clausen, 2008; Lindhe
et al., 2004; Uhl et al., 2022). The greater species pool found in dead-
wood logs as well as variation in soil moisture would also lend the op-
portunity for a greater variability between substrate, as shown in the
greater f-diversity and fewer distinct indicator species of created logs.

We expected beetle assemblage composition on burned deadwood to
be more homogenized in terms of g-diversity and depauperate in terms
of species richness and that standing deadwood would support species
communities that differ from lying deadwood. We found strong support
for these predictions in lower y-diversity and p-diversity of burned
substrates compared to their unburned counterparts although the
assemblage composition was similar. Even though we sampled fewer
burned substrates the rarefaction curves trajectory suggests that this
would hold true even for greater sampling.

Earlier studies have shown clearly distinct assemblages between
burned and unburned sites early in succession but that assemblages
become more similar with time although not on substrate level
(Fredriksson et al., 2020). As we investigate species assemblages after a
decade, potential differences e.g., between burned and unburned wood
have disappeared or gone undetected, although differences in richness
may remain and certain species may favor burned substrates as seen in
the indicator species. Fresh deadwood offers resources to a great number
of early successional cambium feeders. By burning the deadwood
however, this resource is highly ephemeral and may lead to depauperate
assemblages due to a more rapid turnover of specialised species with
assemblages between burned and unburned substrate becoming less
distinct with time (Gutowski et al., 2020; Hekkala et al., 2014; Toivanen
and Kotiaho, 2007). Our results should be seen in the light of earlier
studies investigating also early responses. Thus, in order to support early
successional species and specialised species, it is essential to ensure the
availability of fresh deadwood, both burned and unburned, in adequate
volumes across the landscape (Hekkala et al., 2014).

The main differences in assemblage composition were shown be-
tween deadwood position for beetles, with standing deadwood types
also hosting more indicator species and species overall than lying
deadwood, contrary to fungal richness patterns and according to our
expectation. Where fungal species may thrive in low-stress environ-
ments, disturbance-favoured saproxylic beetles thrive in exposed mi-
croclimates with warm temperatures (Hagglund et al., 2020; Seibold
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et al., 2016b). Standing deadwood is less affected by ground moisture
and is more exposed to sunlight, creating a warmer and drier climate,
favouring many beetle species. While standing deadwood supports more
species overall for beetles and logs for fungi, different deadwood types
display distinct assemblages. Therefore, a variety of substrates is
required to support the full species pool in our study.

Our results show that burning led to a homogenisation of species
assemblages overall, but in different ways for the two taxa. For fungi, the
variability between assemblages in burned deadwood was smaller than
in cut wood, but assemblage composition differed also between burned
substrates (logs and snags). For beetles, assemblage composition did not
differ between burned and unburned deadwood after a decade, although
we know that there are initial differences between burned and unburned
substrates at least for spruce (Hagglund and Hjaltén, 2018; Wikars,
2002). We confirm that saproxylic beetles respond positively to snags
that provide sun-exposure and warm conditions whereas
wood-inhabiting fungi thrive in logs with a more damp and protected
microclimate closer to the ground. Created logs displayed more variable
species communities for both taxa. This could be because the more
variable microclimate supports a greater range of species whereas
standing deadwood is closer to the limit of microclimatic stressors,
filtering out potential variability. Thus, a variety of burned and un-
burned substrates at different positions are required to fulfil the needs of
deadwood inhabiting beetle and fungi biodiversity.

4.2. Stand-level treatment

Stand level-treatment did not seem to influence the number of spe-
cies for either organism group although the greater amount of deadwood
derived from high-retention stands would affect species densities.
Treatment also had a much lower explanatory power for assemblage
composition than substrate type, especially for beetles, although burned
stands clearly differed from unburned stands for fungi. This may come as
a surprising result given that the significant effects retention has been
shown to have on microclimate (Zhang et al., 2024). A potential
explanation could be that pine forests are typically much lighter and
sun-exposed than, for example spruce forests. The relative difference in
climatic conditions between a standing forest and a clearcut may thus be
smaller in pine forests than spruce forests. This could partially explain
the lack of stand-level treatment differences we see in our results. In
addition, species associated to pine forests are typically adapted to
various types of disturbance, rendering them well adapted to stand-level
disturbances (Stokland and Larsson, 2011). It seems that in the
short-term, a variety of resources is more important to local production
of beetles and the occurrence of wood-fungi than the local surrounding
environment in pine forests. Earlier studies have shown the importance
of land-use history and composition of the surrounding landscapes for a
range of organisms (Bergmark et al., 2024; Hamalainen et al., 2023;
Kouki et al., 2012; Nordén et al., 2013), a highly important factor that
we do not address in this study. The majority of retained trees was also
turned into deadwood, resulting in only a fourth of the trees retained
being alive as described in the Methods section. This means that the
treatments all created somewhat open light conditions. The experi-
mental setup with stand treatments being adjacent in a fairly small
landscape (~140 ha) might also saturate potential differences between
stands due to pine forests and those species associated with pine being
prone to disturbance, resulting in spillover effects.

For fungi, there is slight separations of species assemblage centroids
from low to high retention levels. In addition, the species accumulation
curves were steep; indicating that addition of more samples (substrates)
would increase the number of species. This suggests that the stand-level
deadwood amount would influence species assemblages to a small de-
gree, but the number of species to a large degree. Even if we do not find
that stand-level treatment has an immediate effect on substrate-level
species richness for fungi, substrates (samples) have an additive effect,
i.e., stands with large amounts of deadwood substrates support more
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species overall. This is seen in the steep rarefaction curves, meaning that
adding more samples will lead to the discovery of new species, why we
suggest that local sources of dispersal are highly important for wood
fungi (Edman et al., 2004; Olsson et al., 2011). We thus find partial
support for our expectation 3. Contradicting our 3) expectations how-
ever, there is slight separation in assemblage centroids between high
and low retention levels and no difference in fungal species richness
between burned and unburned stands.

We do not find support for our expectation 4. For beetles, there was
large overlaps in both species richness and assemblage composition for
stand-level treatments, and we found a saturation of sample-based
species accumulation curves. This suggests that as long as the specific
deadwood type is present, the immediate addition of deadwood in the
stand does not affect number of species or the assemblage composition.
However, although the species richness and assemblage were unaffected
by stand treatment, the fact that more substrates are generated in high
retention levels, would have a positive effect on the overall species
density (Hjaltén et al., 2012).

5. Conclusion

Our results clearly show that artificially created deadwood types
differ in diversity patterns between deadwood-inhabiting fungi and
beetles proving to be more influential to our results than stand-level
treatment, 9-10 years after tree death. Beetles and fungi that rely
upon deadwood have successional pathways that operate on different
temporal scales for the two organism groups. Deadwood of varying
manipulation (burned or created) and position (standing or lying) have
complementary effects for several organism groups and all deadwood
types are essential in order to support deadwood biodiversity. The effect
of disturbance-induced light conditions from the stand-level treatments
does not seem to affect pine-associated species as long as a variety of
substrate remain. For fungi especially, the local amount of substrate has
an additive effect to species richness. Forest management needs to
provide a wide array of substrate types in restoration action in adequate
densities. The implementation of varied retention and restoration efforts
in form of creation of different deadwood types is long overdue. Plan-
ning of restoration needs to address spatiotemporal aspects that differ
between organism groups. For many beetle species with rapid turnover,
re-occurring intervals of disturbance such as fire is required in the
adjacent landscape (Hekkala et al., 2014). For fungi with a slower
development as well as specialist beetle species requiring long-lasting
substrate, restored stands rich in deadwood need to be exempt from
re-occurring disturbance for some time (Lindman et al., 2022; Penttila
et al., 2013; Wikars, 2004). This places high demands on the spatio-
temporal planning of stand allocated to restoration action in the forest
landscape.
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Fig. Al. Boxplots visualising distance to the community centroid (results from betadisper, vegan package) between substrate types and treatment types for both
taxonomic groups.

Table Al

Number of substrates per hectare following the experimental treatments in 2012-2013. These substrates were counted within square 1-ha plots in the centre of each
stand to serve as background-data and was not part of any analysis of this study. Cut high-stumps and felled logs are substrates created by harvester in the experiment.
Bark-peeling of trees was done by harvester and were alive in 2012-2013 but has since died. Green trees are retained living trees. Snags were dead standing trees
already present.

Stand name Treatment Cut high-stump Bark-peeled tree Log Green tree Felled log Snag
DS-3p Felling with 3% retention and deadwood enrichment 13 8 51 11 7 9
ETO-3p Felling with 3% retention and deadwood enrichment 9 8 21 17 7 3
TM-3p Felling with 3% retention and deadwood enrichment 5 2 21 5 2 7
ETV-10p Felling with 10% retention and deadwood enrichment 9 6 22 17 12 5
KS-10p Felling with 10% retention and deadwood enrichment 10 7 43 32 17 24
TM-10p Felling with 10% retention and deadwood enrichment 15 11 10 26 17 10
DS-30p Felling with 30% retention and deadwood enrichment 31 23 16 48 24 1
ETO-30p Felling with 30% retention and deadwood enrichment 20 24 12 61 35 7
ETV-30p Felling with 30% retention and deadwood enrichment 17 26 11 37 32 4
Eff-50p Felling with 50% retention and deadwood enrichment 32 46 5 93 46 5
ETO-50p Felling with 50% retention and deadwood enrichment 37 38 19 74 46 13
KS-50p Felling with 50% retention and deadwood enrichment 54 67 22 135 107 9
ds-ns No felling with 100% retention and deadwood enrichment 117 126 110 249 361 33
Eff-NS No felling with 100% retention and deadwood enrichment 86 95 11 135 208 6
eto-ns No felling with 100% retention and deadwood enrichment 101 101 18 208 244 10
ds-b50p Prescribed burning with 50% felling 0 25 180 11 7
eto-b50p Prescribed burning with 50% felling 1 0 29 153 7
ETV-B50p Prescribed burning with 50% felling 1 11 113 8 4

(continued on next page)
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Table A1 (continued)

Stand name Treatment Cut high-stump Bark-peeled tree Log Green tree Felled log Snag
DS-B Prescribed burning with no felling 0 0 17 464 19 6
etv-b Prescribed burning with no felling 0 0 20 570 0 8
ks-b Prescribed burning with no felling 0 0 24 315 0 29
ds-k Untreated control 0 0 88 648 0 44
etv-k Untreated control 0 0 15 269 0 12
ks-k Untreated control 0 0 51 714 0 113
Table A2

Output tables from GLMM’s with fungal zOTU and beetle richness as response variables and deadwood type or stand treatment as explanatory variables. For
deadwood type, high-stump (burned) is the intercept and for stand treatment Burn100. Results from emmeans pairwise comparisons are presented in Fig. 2.

glmer(Richness(zOTU) ~ Deadwood type+(1|Stand)+(1|Sequencing depth), poisson)

Predictors Estimates SE z-value p-value
Intercept 3.1028 0.07733 40.125 <2e-16
High-stump (created) —0.07405 0.09236 —0.802 0.4227
Log (burned) 0.09142 0.09454 0.967 0.3336
Log (created) —0.01631 0.09158 -0.178 0.8586
Snag (burned) 0.06271 0.09399 0.667 0.5046
Snag (created) —0.23317 0.09265 —-2.517 0.0118
Random effects Variance SD

Sequencing depth 0.091514 0.30251

Stand 0.008646 0.09298

Observations No of obs: 310 Groups: 21

Marginal R2 0.074

Conditional R2 0.712

glmer(Richness(beetle) ~ Deadwood type-+(1 |Stand), poisson)

Predictors Estimates SE z-value p-value
Intercept 1.421124 0.09396 15.125 <2e-16
High-stump (created) 0.008419 0.110664 0.076 0.939355
Log (burned) —0.563299 0.159959 —3.522 0.0004
Log (created) —0.684502 0.140742 —4.864 1.15E-06
Snag (burned) —0.008232 0.132855 —0.062 0.950593
Snag (created) —0.109276 0.115837 —0.943 0.345497
Random effects Variance SD

Stand 0.00122 0.03492

Observations No of obs: 256 Groups: 21

Marginal R2 0.21

Conditional R2 0.214

glmer(Richness(zOTU) ~ Treatment-+(1|Stand)+(1|Sequencing depth), poisson)

Predictors Estimates SE z-value p-value
Intercept 3.14724 0.07069 44.524 <2e-16
B50 0.01346 0.10021 0.134 0.8932
NS —0.12582 0.10094 —1.246 0.2126
Ret10 —0.19814 0.10222 —1.938 0.0526
Ret3 —0.06277 0.10231 -0.614 0.5395
Ret30 —0.24961 0.10166 —2.455 0.0141
Ret50 —0.12089 0.1009 -1.198 0.2309
Random effects Variance SD

Sequencing depth 0.09859 0.31399

Stand 0.00577 0.07596

Observations No of obs: 310 Groups: 21

Marginal R2 0.052

Conditional R2 0.714

glmer(Richness(beetle) ~ Treatment+(1|Stand), poisson)

Predictors Estimates SE z-value p-value
Intercept 1.29473 0.08276 15.644 <2e-16
B50 —0.04196 0.11829 —0.355 0.7228
NS —0.23121 0.13695 —1.688 0.0914
Ret10 0.05018 0.11786 0.426 0.6703
Ret3 0.04505 0.1216 0.37 0.711
Ret30 —0.03104 0.11873 —0.261 0.7938
Ret50 —0.09603 0.1216 -0.79 0.4297
Random effects Variance SD

Stand 0 0

Observations No of obs: 256 Groups: 21

Marginal R2 0.024

Conditional R2 0.024
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Table A3

Journal of Environmental Management 372 (2024) 123416

Result output from PERMANOVA and BETADISPER with subsequent Permutest for fungal zOTU’s and beetles for deadwood type and stand treatment.

PERMANOVA zOTU Deadwood type

Substrate type
Residual

Total
Betadisper

Groups
Residuals

Df
5

57
62

Df
5
57

SumOfSqs
3.786
18.209
21.995

Sum Sq
0.037402
0.048476

Permutest (observed diagonal, permuted above diagonal)

High-stump (burned)
High-stump (created)
Log (burned)

Log (created)

Snag (burned)

Snag (created)

PERMANOVA beetle Deadwood type type

Substrate type
Residual

Total
Betadisper

Groups
Residuals

High-stump (burned)

3.75E-02
2.28E-01
2.03E-06
6.85E-01
1.85E-02

Df
5

56
61

Df
5
56

High-stump (created)

8.00E-02

6.72E-01
2.16E-04
1.05E-01
9.59E-01

SumOfSqs
5.1871
14.1415
19.3286

Sum Sq
0.31546
0.59549

Permutest (observed diagonal, permuted above diagonal)

High-stump (burned)
High-stump (created)
Log (burned)

Log (created)

Snag (burned)

Snag (created)

High-stump (burned)

PERMANOVA zOTU Treatment type

Treatment
Residual
Total
Betadisper

Groups
Residuals

High-stump (created)

Permutest (observed diagonal, permuted above diagonal)

Retl10
Ret3
Ret30
Ret50
B100
B50
NS

PERMANOVA beetle Treatment type

Treatment
Residual
Total
Betadisper

Groups
Residuals

Permutest (observed diagonal, permuted above diagonal)

Ret10
Ret3
Ret30
Ret50
B100
B50
NS

0.63
0.64355632
0.00592908 0.00550224
0.00205763 0.00060368
0.60447312 0.92658339
0.07728769 0.11533817
Df SumOfSqs
6 2.8571
56 19.1375
62 21.9946
Df Sum Sq
6 0.016159
56 0.08383
Ret10 Ret3

0.49
0.433229
0.371286 0.988716
0.187473 0.76181
0.035274 0.23742
0.023461 0.230181
0.887507 0.474323
Df SumOfSqs
6 2.3734
55 16.9552
61 19.3286
Df Sum Sq
6 0.04028
55 1.45361
Retl0 Ret3

0.58
0.46071
0.75648 0.61664
0.76756 0.5527
0.39808 0.94544
0.8835 0.56959
0.4976 0.85407

R2
0.17214
0.82786
1

Mean Sq
0.0074805
0.0008505

Log (burned)
2.70E-01
6.90E-01

1.92E-03
3.95E-01
6.17E-01

R2
0.26837
0.73163
1

Mean Sq
0.063092
0.010634

Log (burned)
0.01
0.01

0.95635142
0.01639557
0.04357855

R2
0.1299
0.8701

Mean Sq
0.0026932
0.001497

Ret30
0.42
1

0.705179
0.172555
0.151314
0.404852

R2
0.12279
0.87721
1

Mean Sq
0.0067134
0.0264293

Ret30
0.75
0.65

0.96369
0.53832
0.88699
0.6764

F value
2.3704

F value
8.7958

Log (created)
1.00E-02
1.00E-02
1.00E-02

1.68E-05
7.67E-05

F value
4.1082

F value
5.9332

Log (created)
0.02
0.01
0.96

0.0076812
0.01694218

F value
1.3934

F value
1.7991

Ret50
0.19
0.76
0.66

0.260763
0.237933
0.19229

F value
1.2832

F value
0.254

Ret50
0.79
0.6
0.97

0.46057
0.90851
0.58096

p-value
0.001

p-value
0.01

Snag (burned)
6.60E-01
9.00E-02
3.80E-01
1.00E-02

6.66E-02

p-value
0.001

p-value
0.01

Snag (burned)
0.66
0.95
0.03
0.01

0.2355925

p-value
0.001

p-value
0.15

B100
0.05
0.25
0.16
0.26

0.90517
0.032483

p-value
0.078

p-value

B100
0.51
0.98
0.52
0.5

0.50714
0.7652

Snag (created)
0.02

1

0.59

0.01

0.06

Snag (created)
0.08
0.14
0.05
0.02
0.29

B50
0.02
0.24
0.17
0.32
0.91

0.019018

B50
0.9

0.67
0.88
0.91
0.54

0.62689

NS

0.92
0.41
0.42
0.18
0.03
0.01

NS

0.54
0.87
0.65
0.56
0.87
0.66
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Table A4

Indicator species for each deadwood type including combinations. Only significant (p = 0.05) species displayed. A = Sample estimate of probability of species
belonging to the deadwood type. B = Sample estimate of the probability of finding the species in the deadwood type. For fungi, the assigned name is displayed which is
either species level (full name) or genus level (spp.).

A B stat p- Indicator Organism Assigned name
value group
0.7442  0.6667  0.704  0.002 High-stump (burned) Fungi Athelia_decipiens
0.8824 0.5 0.664  0.009 High-stump (burned) Fungi Cryptodiscus_pini
0.8421  0.3333  0.53 0.02 High-stump (burned) Fungi Femsjonia_peziziformis
0.8421  0.3333  0.53 0.027 High-stump (burned) Fungi Infundichalara spp.
1 0.3333 0.577 0.023 High-stump (burned) Fungi Mariannaea_camptospora
1 0.3333 0.577 0.023 High-stump (burned) Fungi Oidiodendron spp.
1 0.3333 0.577 0.024 High-stump (burned) Fungi Phialocephala spp.
1 0.5 0.707  0.001 High-stump (burned) Fungi Piskurozyma spp.
0.7143  0.3333  0.488 0.049 High-stump (burned) Beetle Megatoma undata
0.6383 1 0.799  0.001 High-stump (burned) Beetle Sericus brunneus
1 0.3182  0.564  0.022 High-stump (burned) & High-stump (created) Fungi Sistotrema_brinkmannii
1 0.2727  0.522  0.044 High-stump (burned) & high-stump (created) Fungi Umbilicaria spp.
0.8826  0.7442 0.81 0.008 High-stump (burned) & High-stump (created) & Log (burned) & Log (created) Fungi Carcinomyces spp.
0.8785 0.5814 0.715  0.027 High-stump (burned) & High-stump (created) & Log (burned) & Log (created) Fungi Umbilicaria spp.
0.9302 0.8367 0.882  0.008 High-stump (burned) & High-stump (created) & Log (burned) & Log (created) &  Fungi Phialocephala spp.
Snag (burned)
0.9594 0.8367 0.896  0.001 High-stump (burned) & High-stump (created) & Log (burned) & Log (created) &  Fungi Phialocephala spp.
Snag (burned)
0.9272  0.4706  0.661 0.012 High-stump (burned) & High-stump (created) & Log (burned) & Snag (burned)  Fungi Colacogloea spp.
0.8678 0.7647 0.815 0.003 High-stump (burned) & High-stump (created) & Log (burned) & Snag (burned) Fungi Vexillomyces_verruculosus
0.8485 0.7059 0.774  0.006 High-stump (burned) & High-stump (created) & Log (burned) & Snag (burned)  Fungi Rhinocladiella spp.
0.9 0.5 0.671 0.02 High-stump (burned) & High-stump (created) & Log (burned) & Snag (burned)  Fungi Oidiodendron spp.
0.9237  0.898 0.911  0.013 High-stump (burned) & High-stump (created) & Log (burned) & Snag (burned) &  Fungi Exophiala spp.
Snag (created)
0.9246  0.9592 0.942 0.001 High-stump (burned) & High-stump (created) & Log (burned) & Snag (burned) &  Fungi Hamamotoa_lignophila
Snag (created)
1 0.5306 0.728  0.003 High-stump (burned) & High-stump (created) & Log (burned) & Snag (burned) &  Fungi Capturomyces_luteus
Snag (created)
0.8871 0.7907 0.838 0.011 High-stump (burned) & High-stump (created) & Log (created) & Snag (burned)  Fungi Infundichalara spp.
0.7553 0.5714 0.657 0.019 High-stump (burned) & High-stump (created) & Snag (burned) Fungi Phaeotremella_foliacea
0.9902 0.9762 0.983  0.001 High-stump (burned) & High-stump (created) & Snag (burned) & High-stump Beetle Xylita laevigata
(created)
0.9838  0.881 0.931  0.001 High-stump (burned) & High-stump (created) & Snag (burned) & High-stump Beetle Ampedus balteatus
(created)
0.9506  0.881 0.915  0.001 High-stump (burned) & High-stump (created) & Snag (burned) & High-stump Beetle Ampedus nigrinus
(created)
1 0.7857 0.886  0.001 High-stump (burned) & High-stump (created) & Snag (burned) & High-stump Beetle Arhopalus rusticus
(created)
1 0.5952 0.772  0.001 High-stump (burned) & High-stump (created) & Snag (burned) & High-stump Beetle Melanotus castanipes
(created)
0.8962 0.9302 0.913 0.001 High-stump (burned) & High-stump (created) & Snag (burned) & Snag (created)  Fungi Tremella_encephala
0.9012 0.5814 0.724  0.027 High-stump (burned) & High-stump (created) & Snag (burned) & Snag (created)  Fungi Sydowia_polyspora
0.8861 0.75 0.815  0.001 High-stump (burned) & Log (burned) Fungi Coniochaeta spp.
0.8609 0.4231 0.604 0.034 High-stump (burned) & Log (burned) & Log (created) Beetle Scaphisoma agaricinum
0.8743  0.7576  0.814  0.001 High-stump (burned) & Log (burned) & Log (created) & Snag (burned) Fungi Carcinomyces spp.
0.8938 0.4545 0.637 0.036 High-stump (burned) & Log (burned) & Log (created) & Snag (burned) Fungi Peniophorella_praetermissa
0.8615 0.6364 0.74 0.017 High-stump (burned) & Log (burned) & Log (created) & Snag (burned) Fungi Peniophorella_praetermissa
1 0.5 0.707  0.002 High-stump (burned) & Log (burned) & Log (created) & Snag (created) Fungi Ascocoryne_albida
0.9551 0.6111 0.764  0.001 High-stump (burned) & Log (burned) & Snag (burned) Fungi Crumenulopsis_pinicola
0.9524  0.2778 0.514  0.038 High-stump (burned) & Log (burned) & Snag (burned) Fungi Crumenulopsis_pinicola
0.9375 0.2778  0.51 0.039 High-stump (burned) & Log (burned) & Snag (burned) Fungi Crumenulopsis_pinicola
0.7692  0.5556  0.654  0.01 High-stump (burned) & Log (burned) & Snag (burned) Fungi Exidia_saccharina
0.8134 0.6111  0.705  0.003 High-stump (burned) & Log (burned) & Snag (burned) Fungi Exophiala spp.
0.7355 0.7778 0.756  0.02 High-stump (burned) & Log (burned) & Snag (burned) Fungi Exophiala spp.
0.7288 0.8889  0.805 0.001 High-stump (burned) & Log (burned) & Snag (burned) Fungi Fomitopsis spp.
0.8848 0.7222 0.799 0.001 High-stump (burned) & Log (burned) & Snag (burned) Fungi Gyromitra_tianshanensis
0.8558 0.8889 0.872 0.001 High-stump (burned) & Log (burned) & Snag (burned) Fungi Oidiodendron_griseum
0.8989 0.7222 0.806  0.001 High-stump (burned) & Log (burned) & Snag (burned) Fungi Stereum_sanguinolentum
0.7634  0.8889  0.824  0.001 High-stump (burned) & Log (burned) & Snag (burned) Fungi Talaromyces_rademirici
0.9492 0.3889 0.608 0.009 High-stump (burned) & Log (burned) & Snag (burned) Fungi Talaromyces_rademirici
0.9047 0.8485 0.876  0.001 High-stump (burned) & Log (burned) & Snag (burned) & Snag (created) Fungi Exophiala spp.
0.793 0.4762  0.615 0.014 High-stump (burned) & Log (created) Fungi Hypogymnia_physodes
1 0.2857  0.535 0.03 High-stump (burned) & Log (created) Fungi Cerinomyces spp.
0.9231 0.3333  0.555 0.033 High-stump (burned) & Log (created) & Snag (burned) Fungi Ascocoryne spp.
0.9608 0.5962 0.757  0.008 High-stump (burned) & Log (created) & Snag (created) Fungi Phaeotheca spp.
0.7282  0.5833  0.652  0.009 High-stump (burned) & Snag (burned) Fungi Cladosporium spp.
0.7579  0.5833  0.665  0.001 High-stump (burned) & Snag (burned) Fungi Cosmospora spp.
0.8658  0.3333  0.537  0.024 High-stump (burned) & Snag (burned) Fungi Dacrymyces_lacrymalis
0.7843 0.5833 0.676  0.002 High-stump (burned) & Snag (burned) Fungi Genolevuria spp.
1 0.3333 0.577  0.009 High-stump (burned) & Snag (burned) Fungi Infundichalara spp.
0.7767  0.3333  0.509  0.05 High-stump (burned) & Snag (burned) Fungi Infundichalara_microchona

(continued on next page)
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Table A4 (continued)

A B stat p- Indicator Organism Assigned name

value group
0.7692  0.75 0.76 0.001 High-stump (burned) & Snag (burned) Fungi Paratritirachium spp.
0.7663  0.4167 0.565  0.024 High-stump (burned) & Snag (burned) Fungi Unilacryma_bispora
0.7971 0.5 0.631  0.005 High-stump (burned) & Snag (burned) Beetle Anisotoma glabra
0.8516  0.4286 0.604  0.02 High-stump (burned) & Snag (created) Fungi Leuconeurospora spp.
1 0.3333 0.577 0.012 High-stump (burned) & Snag (created) Fungi Capturomyces_luteus
0.6352  0.5625 0.598  0.023 High-stump (created) Fungi Phlebiopsis_gigantea
0.6522  0.625 0.638  0.007 High-stump (created) Fungi Sistotrema_brinkmannii
1 0.25 0.5 0.049 High-stump (created) Fungi Dacrymyces spp.
0.8491 0.3125 0.515 0.046 High-stump (created) Fungi Vexillomyces_palatinus
0.8745 0.6486  0.753  0.004 High-stump (created) & Log (burned) & Snag (created) Fungi Exophiala_abietophila
1 0.4565 0.676  0.011 High-stump (created) & Log (created) & Snag (created) Fungi Phaeotheca spp.
1 0.5217 0.722  0.005 High-stump (created) & Log (created) & Snag (created) Fungi Vexillomyces_palatinus
0.976 0.6216  0.779  0.001 High-stump (created) & Snag (burned) & Snag (created) Fungi Sydowia_polyspora
1 0.3333 0.577 0.026 Log (burned) Fungi Archaeorhizomyces spp.
0.8333 0.5 0.645  0.008 Log (burned) Fungi Coniochaeta spp.
1 0.5 0.707  0.002 Log (burned) Fungi Coniochaeta spp.
0.8 0.5 0.632  0.008 Log (burned) Fungi Coniochaeta spp.
0.7299  0.8333 0.78 0.001 Log (burned) Fungi Crumenulopsis_pinicola
0.5797 0.5 0.538  0.029 Log (burned) Fungi Ditiola spp.
0.75 0.5 0.612  0.006 Log (burned) Fungi Ditiola_haasii
0.7273  0.8333 0.778  0.001 Log (burned) Fungi Fomitopsis spp.
0.7692  0.8333  0.801 0.001 Log (burned) Fungi Fomitopsis spp.
0.6667 0.6667 0.667 0.003 Log (burned) Fungi Fomitopsis spp.
0.6667 0.6667  0.667  0.003 Log (burned) Fungi Fomitopsis spp.
0.8333  0.3333  0.527  0.045 Log (burned) Fungi Trichaptum_fuscoviolaceum
1 0.3333 0.577 0.026 Log (burned) Fungi Trichaptum_fuscoviolaceum
1 0.3333 0.577 0.027 Log (burned) Fungi Trichoderma spp.
1 0.3333 0.577 0.027 Log (burned) Beetle Phloeonomus punctipennis
0.9372 0.4286  0.634  0.005 Log (burned) & Log (created) Fungi Hypogymnia spp.
0.7379 0.6667 0.701 0.004 Log (burned) & Log (created) Fungi Amyloporia_sinuosa
0.871 0.381 0.576  0.021 Log (burned) & Log (created) Fungi Cladophialophora spp.
1 0.2381  0.488  0.046 Log (burned) & Log (created) Fungi Sugiyamaella spp.
0.8669 0.3704 0.567 0.046 Log (burned) & Log (created) & Snag (burned) Fungi Hyaloscypha spp.
0.8027 0.4815 0.622  0.042 Log (burned) & Log (created) & Snag (burned) Fungi Hyaloscypha spp.
0.9207 0.3333  0.554  0.047 Log (burned) & Log (created) & Snag (burned) Fungi Hyaloscypha spp.
0.8871 0.4615  0.64 0.018 Log (burned) & Log (created) & Snag (burned) Beetle Atomaria umbrina
0.8392 0.3333 0.529 0.029 Log (burned) & Snag (burned) Fungi Hypochnicium_albostramineum
1 0.5 0.707  0.002 Log (burned) & Snag (burned) Fungi Taphrina spp.
0.7033 0.5 0.593  0.026 Log (burned) & Snag (burned) Fungi Tympanis_pini
0.8635 0.6296 0.737 0.001 Log (burned) & Snag (burned) & Snag (created) Fungi Pichia_holstii
1 0.4286 0.655 0.004 Log (burned) & Snag (created) Fungi Stereum_sanguinolentum
0.9091 0.5333 0.696  0.002 Log (created) Fungi Umbelopsis spp.
1 0.3333 0.577 0.007 Log (created) Fungi Helicogloea dryina
0.7138  0.4667 0.577  0.031 Log (created) Fungi Phaeotheca spp.
0.8649 0.3333 0.537 0.03 Log (created) Fungi Phialocephala spp.
0.6358 0.6 0.618 0.017 Log (created) Fungi Phaeococcomyces spp.
1 0.2667 0.516 0.021 Log (created) Fungi Tubulicrinis_borealis
0.6431 0.9333 0.775  0.001 Log (created) Fungi Phialocephala_melitaea
1 0.3333 0.577 0.016 Log (created) Fungi Skeletocutis_kuehneri
1 0.2667 0.516  0.014 Log (created) Fungi Phialocephala spp.
1 0.2667 0.516  0.014 Log (created) Fungi Phaeotremella spp.
1 0.2667 0.516  0.012 Log (created) Fungi Skeletocutis_kuehneri
0.613 0.6667 0.639 0.007 Snag (burned) Fungi Colacogloea spp.
1 0.3333 0.577 0.022 Snag (burned) Fungi Cryptococcus spp.
0.8333  0.3333  0.527  0.042 Snag (burned) Fungi Exidia_saccharina
1 0.3333 0.577 0.016 Snag (burned) Fungi Exidia_saccharina
1 0.3333 0.577 0.019 Snag (burned) Fungi Graphilbum_fragrans
1 0.3333 0.577 0.021 Snag (burned) Fungi Pycnora spp.
1 0.3333 0.577 0.017 Snag (burned) Fungi Umbelopsis spp.
1 0.3333  0.577 0.017 Snag (burned) Fungi Umbelopsis spp.
1 0.3333 0.577 0.017 Snag (burned) Fungi Umbelopsis spp.
0.7983  0.619 0.703  0.004 Snag (burned) & Snag (created) Fungi Lachnellula spp.
0.9655 1 0.983  0.001 Snag (created) Fungi Lachnellula spp.
1 0.2667 0.516  0.019 Snag (created) Fungi Rhinocladiella spp.
1 0.6 0.775  0.001 Snag (created) Fungi Lachnellula spp.
0.9 0.7333  0.812  0.001 Snag (created) Fungi Stereum_sanguinolentum
1 0.3333  0.577 0.017 Snag (created) Fungi Collophora spp.
0.8372  0.7333  0.784  0.001 Snag (created) Fungi Stereum_sanguinolentum
0.8387 0.7333  0.784  0.001 Snag (created) Fungi Tremella_encephala
0.9057  0.4667  0.65 0.002 Snag (created) Fungi Heterophaeomoniella_pinifoliorum
1 0.4 0.632  0.002 Snag (created) Fungi Lachnellula spp.
0.8283 0.8 0.814  0.001 Snag (created) Fungi Stereum_sanguinolentum
1 0.2667 0.516  0.011 Snag (created) Fungi Kurtzmanomyces spp.
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Indicator species for each stand treatment type including combinations. Only significant (p = 0.05) species displayed. A = Sample estimate of propability of species
belonging to the treatment type. B = Sample estimate of the probability of finding the species in the treatment type. For fungi, the assigned name is displayed which is

either species level (full name) or genus level (spp.).

A B stat p-value Indicator Organism group Assigned name

1 0.3333 0.577 0.012 B100 Fungi Infundichalara spp.
0.5625 0.5556 0.559 0.027 B100 Fungi Oidiodendron spp.
0.5333 0.7778 0.644 0.002 B100 Fungi Cosmospora spp.

1 0.4444 0.667 0.003 B100 Fungi Cladosporium spp.
0.5385 0.7778 0.647 0.013 B100 Fungi Cladosporium spp.

0.75 0.3333 0.5 0.047 B100 Fungi Phialocephala spp.

0.8 0.3333 0.516 0.045 B100 Fungi Infundichalara spp.
0.75 0.3333 0.5 0.043 B100 Fungi Acrodontium spp.
0.697 0.8889 0.787 0.001 B100 & B50 Fungi Oidiodendron_griseum
0.8824 0.5556 0.7 0.002 B100 & B50 Fungi Coniochaeta spp.
0.7805 0.7222 0.751 0.001 B100 & B50 Fungi Stereum_sanguinolentum
0.8571 0.4444 0.617 0.003 B100 & B50 Fungi Genolevuria spp.

1 0.4444 0.667 0.001 B100 & B50 Fungi Fomitopsis spp.

1 0.3333 0.577 0.016 B100 & B50 Fungi Taphrina spp.

0.9091 0.3889 0.595 0.012 B100 & B50 Fungi Fomitopsis spp.

0.75 0.7222 0.736 0.002 B100 & B50 Fungi Gyromitra_tianshanensis
0.8 0.4815 0.621 0.027 B100 & B50 & NS Fungi Ascocoryne_albida
0.8824 0.4815 0.652 0.005 B100 & B50 & NS Fungi Paratritirachium spp.
0.9 0.3333 0.548 0.043 B100 & B50 & NS Fungi Hypochnicium spp.

1 0.3333 0.577 0.019 B50 Fungi Stereum spp.

0.7368 0.8889 0.809 0.001 B50 Fungi Crumenulopsis_pinicola
0.7 0.5556 0.624 0.003 B50 Fungi Peniophora_pini
0.8889 0.5556 0.703 0.001 B50 Fungi Crumenulopsis_pinicola
0.8571 0.5556 0.69 0.001 B50 Fungi Crumenulopsis_pinicola
0.8182 0.5556 0.674 0.003 B50 Fungi Trapeliopsis spp.

0.625 0.5556 0.589 0.005 B50 Fungi Talaromyces_rademirici
0.8333 0.5556 0.68 0.001 B50 Fungi Fomitopsis spp.

0.8333 0.5556 0.68 0.001 B50 Fungi Fomitopsis spp.

0.8333 0.5 0.645 0.003 B50 & NS Fungi Crumenulopsis_pinicola
0.8 0.3333 0.516 0.047 NS Fungi Crumenulopsis_pinicola
0.7778 0.5556 0.657 0.024 Ret10 & B100 & B50 Fungi Exophiala spp.

0.9831 0.5926 0.763 0.039 Ret10 & Ret3 & Ret30 & B100 & B50 & NS Fungi Carcinomyces spp.
0.9467 0.7037 0.816 0.045 Ret10 & Ret3 & Ret30 & B100 & B50 & NS Fungi Exophiala spp.

1 0.3056 0.553 0.045 Ret10 & Ret3 & Ret30 & B50 Fungi Dacrymyces_capitatus
0.9444 0.7778 0.857 0.041 Retl0 & Ret3 & Ret30 & Ret50 & B100 & B50 Fungi Phialocephala spp.

1 0.5 0.707 0.039 Ret10 & Ret3 & Ret30 & Ret50 & B100 & NS Fungi Hyphodiscus_hymeniophilus
1 0.4444 0.667 0.014 Ret10 & Ret3 & Ret30 & Ret50 & NS Fungi Phaeotheca spp.

0.925 0.5556 0.717 0.046 Ret10 & Ret3 & Ret30 & Ret50 & NS Fungi Exophiala_abietophila
0.8333 0.5185 0.657 0.005 Retl0 & Ret30 & B100 Fungi Rhinocladiella spp.
0.9565 0.4167 0.631 0.017 Ret10 & Ret30 & B100 & B50 Beetle Sericus brunneus
0.9706 0.7111 0.831 0.001 Ret10 & Ret50 & B100 &B50 & NS Fungi Fomitopsis spp.

1 0.4444 0.667 0.001 Ret3 Beetle Holobus apicatus

1 0.2778 0.527 0.019 Ret3 & Ret30 Fungi Vexillomyces_palatinus
0.9697 0.6389 0.787 0.001 Ret3 & Ret30 & Ret50 & NS Fungi Vexillomyces_palatinus
0.8 0.5556 0.667 0.008 Ret30 & B100 & B50 Fungi Colacogloea spp.

1 0.3333 0.577 0.021 Ret50 Fungi Exophiala spp.

Data availability
Data will be made available on request.
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