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Abstract

Forestry is an important industry in Sweden, but threatens ecological values within forest
ecosystems. Due to the variety of species and their respective sensitivities to environmental
factors, beetles can be used to illustrate differences between managed and natural forests. Beetles
were collected from rotationally managed and unmanaged fire-regenerated forests on a scale of
time since disturbance, and subsequently identified. Beetle abundance, species richness, and red-
listed species richness were all higher on the unmanaged fire chronosequence. Basal area and
deadwood diversity were drivers of species richness. Based on these results, smaller scale
considerations to nature could improve conditions within the stands throughout the rotation,
namely an increase in deadwood abundance and diversity. In addition, Swedish forest
management needs to shift from the current methods of clearcutting and even-aged management to
continuous cover methods of harvest that better mimic natural disturbance regimes. In general,
more forest needs to be protected, across age classes, and the managed landscape should be
planned with respect to biodiversity.

Keywords: Beetle diversity, Swedish forest management, Conservation, Red-listed species,
Chronosequence, Nature reserves
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1. Introduction

1.1 Importance of forestry in Sweden

The Swedish landscape is dominated by forest, comprising approximately two
thirds of the nation’s land area (Roberge et al., 2020). Of these 28 million
hectares, 23.6 million hectares are ‘productive forest,” meaning forest that is able
to produce more than one cubic meter of wood per hectare per year and is
therefore legally allowed to be managed for the production of timber products
(Roberge et al., 2020). Forestry accounts for 9 — 12 % of the Swedish economy
(Roberge et al., 2020), and provides valuable, renewable resources. In light of
climate change, forest products provide eco-friendly alternatives to fossil fuels for
many uses, for example in the manufacturing of consumer goods and fuel for
bioenergy. In addition, forest growth sequesters carbon.

1.2 Swedish rotational forestry

Sweden has one of the world’s most intensive forest management systems
(Kyaschenko et al., 2022). The dominant method of Swedish forest management
is rotational forestry, where the majority of stands are even-aged monocultures
(Roberge et al., 2020). Historically, forests were renewed by natural disturbances
such as fire, windthrow, or insect outbreaks. However, these natural factors,
specifically fire, have been repressed and replaced by clearcutting (Ostlund et al.,
1997; Hekkala et al., 2014). The soil is mechanically scarified before seedlings
are planted, the method through which 84% of new stands are regenerated
(Roberge et al., 2020). Planted stands often consist of a high density of a single
tree species, although naturally regenerated vegetation can contribute additional
species diversity. Approx. 10 to 15 years after establishment, the dense stand is
thinned (called pre-commercial thinning or PCT) to improve growth of the crop
trees. This may be done twice (Skogskunskap, 2024).

Commercial thinning (furthermore called thinning), where removed trees can
earn revenue, is done when the stand has reached certain heights, at approx. 30
years, to ensure that the remaining crop trees grow to have the highest possible
value (StoraEnso, n.d.). This is done one to three times before final harvest. The
dominant harvest method is clearcutting, when almost all of the trees are removed
from the stand. The rotation length, the amount of time between each felling,
ranges from 65 years as the legal minimum in northern Sweden to 140 years,
when forests are considered old-growth (Skogskunskap, 2024), although there is
no upper limit on how old of a forest can be harvested.



1.3 Environmental considerations in Swedish forestry

Nature considerations in forests vary at the discretion of the forest owner, and
have increased in the last 30 years (Kyaschenko et al., 2022). The 1993 Swedish
Forest Act puts environmental considerations and timber production as equal in
importance (Nylund, 2010), but gives forest owners ‘freedom under
responsibility’ (Roberge et al., 2020). This means that certain actions are required
by law, but the majority of decisions are at the discretion of the land owner
(Roberge et al., 2020). These laws extend the length of the rotation, for example
reforestation requirements and minimum harvest ages (Skogsstyrelsen, 2023).
Forest owners can also choose to become certified, whether through PEFC or FSC
(Roberge et al., 2020). Certifications have strong market incentives and provide
guidelines that actors must follow in order to stay certified, for example at final
harvest the retention of high stumps, buffer zones, and at least 10 trees per hectare
(PEFC, 2024). Additional stronger considerations to nature, including continuous
cover forestry, are less common despite the scientific knowledge of the ecological
benefits (Sténs et al., 2019; Hertog et al., 2022).

1.4 Importance of protecting Swedish forests

Swedish forests provide more than just timber products to society. These are
known as ecosystem services and support human life, whether provisioning like
clean water, wild game, and berries, or regulating such as air purification. Other
ecosystem services are supporting, as in pollination and photosynthesis, or
cultural, such as recreation and aesthetics. However, there are often tradeoffs
between these and the production of timber products, as forests dominated by
rotational management often do not have the same range of ecosystem services as
a natural forest, especially when compared with old growth (Jonsson et al., 2020).
The importance of protecting biodiversity lies in these ecosystem services, that
biodiversity is necessary for these systems to function as they should (Cardinale et
al., 2012). Of the ‘productive’ Swedish forests, 11% are protected from
management (Roberge et al., 2020).

1.5 Swedish beetle diversity

Swedish forests are home to a vast diversity of species, of plant, lichens, fungi,
bryophytes, and animals, including almost 5,000 species of beetles (SLU
Artdatabanken, 2025d). Beetles, order Coleoptera, vary greatly between species to
form many different guilds based on life strategies and feeding behavior. They
feed on a variety of substrates, examples being wood, leaves, seeds, scat, and
fungi, even other beetles (Crowson, 1981). There is as much variety in the
substrates in which female beetles will lay their eggs (Crowson, 1981). These



eggs later hatch and become larvae, which can have different food needs than
adult beetles of the same species (Crowson, 1981). Beetle habitat also varies, even
within forests, examples being in deadwood or on the ground (Crowson, 1981).

In summary, depending on the species and life stage, beetles can be dependent
on fire and deadwood, and are impacted by light levels, tree species richness,
forest structure, and time since disturbance, among other factors (Crowson, 1981;
Hekkala et al., 2014; Hagglund et al., 2020; Heikkala et al., 2016; Djupstrom et
al., 2008). Because of these sensitivities, beetles can be used as an indicator of
biodiversity (Hekkala et al., 2014). They have adapted to fill many roles in forest
ecosystems, and community analysis can be used to illustrate changes in forest
conditions (Martikainen ef al., 2000). Forestry is the main reason that species in
general end up on the red list in Scandinavia, and of all groups, beetles are the
most numerous on the list (Hekkala ez al., 2014).

1.6 Habitat requirements

Forest management impacts the forest in more ways than just harvest. The habitat
qualities of rotationally managed and natural forests differ for the entire rotation
length. In contrast to managed stands, natural forests typically have multiple
layers of vegetation, a variety of tree species of varying ages, an abundance of
deadwood of different species, sizes, and decay classes, higher light levels, and
more gaps (Hagglund et al., 2020). These are the types of differences that are
reflected through changes in community composition (Martikainen et al., 2000).

Disturbance, especially fire, can have large impacts on beetle communities.
Many beetle species have adapted to fire being present in the landscape, and are
attracted to the smell of smoke, as it indicates sunny environments and a large,
unclaimed amount of habitat in the fresh deadwood (Heikkala et al., 2016;
Hégglund et al., 2020). In addition, fire creates many structures, including snags
and charred wood, that many of these species are reliant on (Hekkala et al., 2014).
The lack of fire in the landscape as well as the decreased amount of deadwood
and broadleaf tree species in Swedish forests have all been cited as reasons for
why beetle species are threatened (Martikainen et al., 2000).

Deadwood is proven important when it comes to beetle abundance and species
richness, as both habitat and a food source (Seibold ef al., 2016). Natural
disturbances, whether fire, wind throw, or pest attack, leave massive and diverse
amounts of deadwood in the forest (Simili et al., 2002). In addition to the
immediate deaths, these natural disturbances wound trees, allowing for a
continuous, diverse supply of deadwood as the wounded trees die over time
(Heikkala et al., 2016). Obviously, the vast majority of the potential substrate is
removed from clear cuts, and regeneration measures (i.e. soil scarification)
destroy existing deadwood (Siitonen, 2001). Old growth forests typically have 60-
90 m* deadwood per ha (Siitonen, 2001), but managed Swedish forests often have
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only a tenth of this (Joelsson et al., 2018), as well as lower diversity of deadwood
substrates (Djupstrom et al., 2008). At minimum, a century must pass before these
dynamics are able to recover (Siitonen, 2001), just in time for the forest to be
harvested again.

Having monocultural conifer stands further impairs beetle diversity by
reducing the amount and diversity of broadleaf species present (Martikainen et al.,
2000). Certain beetle species are reliant on broadleaf tree species, either as food or
habitat, or on the deadwood that the trees create (Seibold ez al., 2016).

Light levels within the forest can also impact beetle diversity. Lower leaf area
index (LAI), meaning higher light levels, has been shown to benefit beetle
diversity (Seibold et al., 2016). Managed forest stands are typically darker as they
are denser for higher volume production (Kyaschenko ef al., 2022), and beetles
are more active on sunny, warm sites (Seibold et al., 2016).

While fire is often on a large scale, smaller-scale natural disturbances are also
important. Insects, wind, and snow can create gaps that are valuable beetle habitat
(Hagglund et al., 2020), and are common to older, unmanaged forests. These gaps
have higher light levels, are continuous sources of deadwood with high diversity,
and can increase forest structural variation as new regeneration, including
broadleaves, fills in (Hagglund et al., 2020).

Rotation forestry limits trees to only a small segment of their potential lifespan.
For context, Scots pine (Pinus sylvestris) can live for over 700 years, often
surviving multiple fire events (Hjort ef al., 2013). Forests are generally harvested
before the trees have the chance to attain large diameters (Siitonen, 2001), an
important factor in deadwood diversity for red-listed species (Seibold et al.,
2016). These early harvest ages are before the forest has developed a stable
natural deadwood supply (Joelsson et al., 2018), and before certain niche
deadwood structures can form. For example, old pines have the potential to
remain in the forest for an additional 300 years as deadwood (Naturhistoriska
Riksmuseet, 2024). Many natural processes do not fit into the limited amount of
years allotted to a forestry rotation (Heikkala ef al., 2016). In addition, red-listed
species favor microhabitats that are present in natural old growth (Niemeld, 1997;
Joelsson et al., 2018).

1.7 Purpose of this thesis

Numerous studies have examined how individual stages of boreal forest
management impact beetle diversity (i.e. Heikkala et al., 2016; Hekkala et al.,
2014; Simila, 2001; Martikainen et al., 2000; Djupstrom et al., 2008) and have
highlighted the importance of natural disturbance regimes (Hagglund et al., 2020).
However, no study has compared beetle diversity of all of the stages of managed
forests with the full age range of fire-renewed stands. This is important to know to
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be able to fully understand how rotational forestry differs from nature, and what
consequences these management actions can have on biodiversity.

This thesis examines the impact of rotational forestry on beetle diversity. As

forests change through time in many ways, these changes, called environmental

factors, will be evaluated to determine which most strongly influence the
observed patterns in beetle communities and diversity. We compare two

contrasting chronosequences in northern Sweden - one of typical management (1-
109 years since disturbance) and one of unmanaged post-fire regeneration (4-375
years since disturbance).

The predictions are as follows:

1.

The unmanaged chronosequence will generally have higher beetle
abundance as well as higher total species and red-listed species richness
(Similé et al., 2002).

On the unmanaged chronosequence, species richness will be lowest in
middle-aged stands. Disturbance will benefit diversity, especially red-
listed species (Hiagglund et al., 2020; Martikainen et al., 2000). Old
growth will also have higher diversity and more red-listed species
(Niemeld, 1997; Joelsson et al., 2018). The managed chronosequence
will have highest species richness in the oldest stands (Hekkala ez al.,
2014).

The most influential driver of beetle diversity will be deadwood, with
either higher abundance or diversity of the substrate corresponding with
higher beetle diversity (Djupstrom et al., 2008; Martikainen et al.,
2000). Higher broadleaf presence is also predicted to be a driver
(Martikainen et al., 2000). Leaf area index will also have an influence,
with higher light levels corresponding with high richness (Seibold et
al., 2016). In middle-aged and older stands, the presence of gap
dynamics will be a driver (Hagglund et al., 2020).
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2. Methods

2.1 Study area

The data was collected in boreal forests in northern Sweden (Figure 1). The sites
were chosen to fit two chronosequences, meaning a collection of stands that are as
similar as possible on a scale of time since disturbance, one representing typical
rotational management and the other unmanaged post-fire naturally regenerated
forests. Each chronosequence was comprised of 18 one-hectare stands. Time since
disturbance varied from 1 - 109 years on the rotational management
chronosequence, and from 4 - 375 years on the unmanaged fire chronosequence,
disturbance intervals that are representative of these types of forests (Roberge et
al., 2020; Carcaillet et al., 2007). All but two of the fire stands were results of
wildfire; the exceptions were prescribed burns. To have as comparable stands as
possible, except for the difference in disturbance and time since disturbance, only
mesic sites were chosen, as site conditions have a strong influence on vegetation
and species present.

Latitude

Jokkmokk "
66.5°N >
66°N A

& e
L]
o ¢°
o
-] o0®° 5 Q0 o
- o Arvidsjaur
65.5°N 2 °
© Managed Stands
@ Unmanaged Stands
A\ Centroid Managed Stands °
A Centroid Unmanaged Stands
II°E 19°E 21°E
Longitude

Figure 1: Map of the stands. Credit: Vincent Buness (2024), used with permission.

2.2 Beetle sampling

Beetles were collected using window traps (Figure 1), specifically IBL-2 screen
traps from Codimex. Two traps were placed in each stand, one 20 meters north of
the plot center and one 20 meters south. The northernmost trap was set in north —
south orientation and the other in east — west orientation, in order to account for
different wind directions. Exact placement was between two trees, or two stakes
in the case of clearcut, aligning with a corridor through the vegetation in order to
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increase the success of the traps. The top of the trap was approximately two
meters from the ground. Propylene glycol was used in the traps to preserve the
collected specimens.

Figure 2: Photo of a beetle trap and placement on the sampling plot. Credit: Vincent
Buness (2024), used with permission.

The traps were emptied twice, once in early July and once in early August,
corresponding with the duration of peak beetle activity in northern Sweden, from
the beginning of June until early August. Unfortunately, stand F121 was
vandalized so only 35 of the stands will be used in this analysis.

Samples were taken back to the lab and were processed, sorting out beetles
from debris and other insects for ease of identification. The samples were then
sent to an expert for species identification, which followed the Artdatabanken
nomenclature (SLU Artdatabanken, 2025d).

2.3 Environmental data

As this project is part of a larger investigation of biodiversity and the impact of
management using the two chronosequences (Buness et al., 2025), data was
available for many environmental factors. Table 1 shows which of these were
selected for use in this analysis, and Figure 2 shows the relationship between
these variables and time for each chronosequence. Deadwood diversity was a
Shannon index calculated using which tree species the deadwood originated from,
size class (diameter), and decay stage.

Table 1: Chosen environmental variables.

Type of data Metric

Deadwood Total volume
Diversity

Basal area BA total
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Figure 3: Relationship between environmental variables and time since disturbance for
each chronosequence. Each graph shows a calculated GAM with the respective
environmental variables as the explained variable and time since disturbance as the
predictor, and treatment as the categorical variable (Wood, 2011). Every x axis shows
time since disturbance. The y axis differs in each plot to explain the environmental factor
illustrated. Color indicates treatment, with red representing the unmanaged fire
chronosequence and blue the managed. Graphed using ggplot2 in R-Studio (Wickham,
2016). Statistics in appendix Table 1.

2.4 Data analysis

Data analysis was done in R-Studio version 4.4.2 (R Core Team, 2024). Some aid
in fixing code was sourced from ChatGPT OpenAl. Species data was aggregated
to stand level for the entire sampling period.

Species richness for each chronosequence was calculated by summing the
number of different species found in each stand. The relationship between species
richness and time since disturbance was evaluated by fitting a generalized additive
model (GAM) to the data. This was done using the mgev package (Wood, 2011).
Time since disturbance was the predictor and total species richness the explained
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variable, using treatment as a categorical variable to have a separate smoothed (k
= 5) curve for each chronosequence. Summary statistics were calculated.

The data set was filtered for red-listed species, to get the red-listed species
richness for each stand. This was the number of different red-listed species found
in each stand. The Swedish Red List is created by SLU based on the IUCN Red
List Criteria to evaluate the extinction risk of species (SLU Artdatabanken, 2020).
All species not denoted least concern were considered red-listed. The method of
model creation was the same as for total species richness.

In order to visualize which stands had similar beetle assemblages, non-metric
dimensional scaling (NMDS) was run using the function metaMDS from the vegan
package (Oksanen et al., 2025). The matrix used was the initial beetle data of
identified individuals present in each stand. The result was plotted using ggplot2
(Wickham, 2016). Using the function envfit, the significant environmental drivers
were added to the NMDS plot as vectors to show the relationships of these factors
with the stands. The significance of the vectors, of whether these correlated with
the distribution of the stands, was calculated. Management classes were added to
the stand, categorizing the stands by the typical actions done in forests of
comparable ages (Roberge et al., 2020; Skogskunskap, 2024; StoraEnso, n.d.).
The red-listed species were also plotted, based on their coordinates calculated in
the NMDS, to show their relationship with the stands.

A linear model combined the calculated species richness metric as the
explained variable with the environmental data in Table 1 as predictors to find
which of the environmental factors could be drivers of species richness. Initially
the model was run with all of the environmental variables (Table 1) and
subsequently reduced based on the summary statistics to identify variables that are
significant (p < 0.05) in the model to find the best fit and avoid overfitting. The vif
function from the car package (Fox & Weisberg, 2019) was also used to test for
collinearity between predictors. The plot function was used to identify influential
outliers, and as one stand, M2, was outside Cook’s distance lines, it was removed
to improve model quality. Two predictors remained significant in the resulting
model.

A separate linear model identified drivers of red-listed species richness, using
the same procedure as for drivers of total species richness.
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3. Results

3.1 Beetle abundance and species richness

In total, 6,465 individuals from 372 species were identified. The unmanaged fire
chronosequence had 3,888 individuals from 300 species, and the rotational
management chronosequence had 2,577 individuals from 266 species.

While time since disturbance did not have a significant influence on species
richness for either chronosequence, nor was the difference between the two
chronosequences significant (Table 2) immediately after disturbance (t = 0),
general trends can nonetheless be observed (Figure 3). Both chronosequences saw
the highest species richness at the middle of the respective rotation length, and the
unmanaged fire chronosequence had higher species richness overall.

Species Richness

100

Management
5 — Fire

= = Managed

Mumber of species (per stand)
L]

ma
o

0 100 200 300
Time

Figure 4: Relationship between species richness and time for each chronosequence.
Based on the calculated GAM, time since disturbance is on the x axis and the number of
species per stand on the y. Color indicates treatment, with red being the unmanaged fire
chronosequence and blue the managed.

Table 2: Generalized additive model results for total species richness by chronosequence
type (M: rotational management chronosequence, F: unmanaged fire chronosequence).
Significant p values < 0.05.

Term type  Term Estimate/ SE/ t-/ F-value  p-value
edf Ref.df
Parametric Intercept 69.103 5.031 13.735 1.9e-14
Fvs M -25.891 25.115 -1.031 0.311
Smooth s(Time):F 1.679 2.076 0.668 0.553
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s(Time):M 1.441 1.693 0.137 0.892
Model Adjusted 1 0.158 - - -
summary  Deviance 26 - - -

explained (%)

n 35 - - -

3.2 Red-listed species

Red-listed species were found in 28 of the stands, a total of 107 individuals from
27 species. The unmanaged fire chronosequence had 20 species, and the rotational
management chronosequence had 15.

Time since disturbance was not significant with relation to the number of red-
listed species, nor did the chronosequences differ significantly (Table 3).
However, for the unmanaged chronosequence, a general trend was observed of
more red-listed species with an increase in time since disturbance (Figure 4). The
managed chronosequence had a decrease in red-listed species richness with time.

The unmanaged chronosequence had higher red-listed species richness overall.
Redlisted Species

S

Management
= Fire

—— Managed

Number of redlisted species {per stand)
o

Time

Figure 5: Relationship between red-listed species richness and time for each
chronosequence. Based on the calculated GAM, time since disturbance is on the x axis
and the number of red-listed species per stand on the y. Color indicates treatment, with
red being the unmanaged fire chronosequence and blue the managed.

Table 3: Generalized additive model results for red-listed species richness by
chronosequence type (M: rotational management chronosequence, F: unmanaged fire
chronosequence). Significant p values < 0.05.

Term type Term Estimate/ SE/ t-/ F-value  p-value
edf Ref.df
Parametric Intercept 2.3007 0.4660 4.937 2.57e-5
FvsM -0.6724 0.8040 -0.836 0.409
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Smooth s(Time):F 1 1 0.468 0.499

s(Time):M 1 1 0.169 0.684
Model Adjusted 12 -0.0449 - - -
summary  Deviance 4.73 - - -

explained (%)

n 35 - - -
3.3 NMDS

The relationship of the stands with each other based on beetle assemblages was
plotted via NMDS (Figure 5). The stress value was 0.224. The fact that the stands
had two different treatments was not clearly reflected in the clustering of the data.
Instead, time since disturbance was a significant influence on the distribution of
the stands (Table 4). All vectors of beetle metrics were statistically significant and
correlated, meaning that the stands with high species richness, red-listed species
richness, and total abundance had similar beetle assemblages. This can be
observed with the size of the points as well, that stands with high total species
richness seem to cluster, namely F98, F137, and F229.

Of the environmental factors, total basal area, LAI, structure, and the deep gap
fraction were significant (Table 4). Deadwood vectors correspond with the vectors
of beetle metrics, although not significantly (Figure 5). Vectors for total basal
area, total height, and LAI were associated with time. Higher gap fractions and
broadleaf percentages corresponded with species assemblages of younger
managed stands. Stands with multiple layers had similar species assemblages to
old fire stands.
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NMDS of Classed Sites including Full Environmental Factors

0.8

Richness

Redlisted

Abundange

0.4

dﬂs

M3g O
dvkoodDiversity o W13

Management & Age Class
° F_PCT(0-30)
@ F_Thin (30-65)
F_Harvest (65-140)

o
o~ I} O W24 ®* F_Old growth (140 +)
& 9 Fre Fs o M_PCT (0-30}
F22!
g Structure THtaDeadviRe Y oidye ©  W_Thin (30-65)
o & = °  M_Hanvest (65-140
% 0.0 BA_Total HBA - em o M_Harvest (85-140)
: = s 5 @ P road Mib
H_tot_P ‘ 5 710 & UeepGapFraction ] i
@ mz2 Species Richness
Fapg ® w1 - @
n1.09 Pros. @ Fifanaged O 50
i M7 F31
Lal fine Fas3 O 75
Fs6b . O
® @ 100
142 M1a
@
04 M6
@
194
1102
L
-1.0 -0.5 0.0 05 1.0
NMDS Axis 1

Figure 6: NMDS of beetle assemblages in each stand with environmental vectors. NMDS
was run to illustrate which stands were similar based on which beetles (both amount and
species) were present. Stands from the unmanaged fire chronosequence are in red and
the managed chronosequence in blue, and labelled with stand names. The opacity of the
points indicates time since disturbance, classifying the stands based on typical
management actions possible at each stage. The size of the points shows total species
richness in the stand. The arrows provide insight into which ways the different factors
correlate with the position of the stands. Black arrows represent beetle metrics. Gray
solid arrows represent environmental factors. Gray dashed arrows are chronosequence
types. The length of the arrows correspond to the rr? values (Table 4), and therefore how
correlated that vector is with the distribution of the stands. The statistical significance of
the arrows is shown in Table 4 with p values.

Table 4: Vector statistics (envfit). Significant p values (< 0.05) mean that the variable is
correlated with the distribution of the stands based on species assemblages.

Variable 2 p-value
Richness 0.5319  0.001
Redlisted 0.3490 0.001
Abundance 0.3135  0.004
Time 0.3326  0.004
Fire 0.1012  0.197
Managed 0.1012  0.197
DeadwoodDiversity 0.0521  0.456
BA Total 0.5409  0.001
TotalDeadwoodVolume  0.0202  0.721
Per Broad 0.0563 0416
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LAI 0.5906  0.001
Structure 0.7552  0.001
DeepGapFraction 0.4831 0.001

3.4 Environmental drivers

3.4.1 Possible drivers of total species richness

The environmental factors that were identified as most influential were deadwood
diversity and total basal area (Figure 6, Table 5). Higher basal area (p = 0.0013)
and more diverse deadwood (p = 0.0311) both correlated with higher species
richness. The model explained 30 % of variance.
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Figure 7: Environmental drivers of species richness. Based on the linear model, these are
total basal area and deadwood diversity. The x axis in each graph shows the driver, and
the y axis shows total species richness. Color indicates chronosequence type, with red
being the unmanaged fire chronosequence and blue the managed.

Table 5: Linear model results for the environmental drivers of total species richness.
Significant p values < 0.05.

Predictor Estimate SE t-value  p-value Adjusted 12
(Intercept) 26.9740 9.6018  2.809 0.0085 -
Deadwood diversity  11.5247 5.1035  2.258 0.0311 -

Total basal area 0.9665 0.2732  3.538 0.0013 -

(Model summary) - - - 0.0013 0.3084
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3.4.2 Possible drivers of red-listed species richness

There were no statistically significant linear model results that showed a

correlation between any environmental factors and red-listed species richness
(Table 6).

Table 6. Linear model results for the environmental drivers of red-listed species richness.
Significant p values < 0.05.

Predictor Estimate SE t-value  p-value Adjusted 12

(Intercept) 1.1254 0.8072  1.394 0.173 -
Deadwood diversity ~ 0.7315 0.5682  1.287 0.208 -
Percent broadleaves  0.0056 0.0534  0.105 0.917

(Model summary) - - - 0.3634 0.0029
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4. Discussion

4.1 Management negatively impacts beetle diversity

The results show that rotational management has an impact on beetle communities
in Northern Swedish boreal pine forests. Abundance, total, and red-listed species
richness were all found to be higher on the unmanaged fire chronosequence,
which confirms the first prediction. These findings are in accordance with Simila
et al. (2002), who also found higher abundance and species richness in
seminatural forests of varying ages when compared to managed forests. This can
be attributed to the differences between the two forest types, as observed in Figure
2. The trends in species richness are mirrored in both treatments, but match the
length of the respective chronosequence. The higher natural values in the
unmanaged chronosequence, as illustrated by the environmental factors in Figure
2, are enabling those stands to accumulate higher species richness and to maintain
it longer. The negative impact of management on diversity is especially clear with
the trends in red-listed species richness over time (Figure 4). While unmanaged
stands increased in red-listed species richness over time, managed stands
decreased, highlighting that older managed stands have decreased habitat quality
when compared with natural forests.

The trend of highest total species richness observed in middle-aged stands for
both chronosequences (Figure 3) is however contrary to expectations. Rather, as
in the second prediction, Hagglund ef al. (2020) saw high species richness the first
10 years after fire or even clearcut due to fresh substrates that subsequently
declined to pre-disturbance levels. It was also expected that the older forests
would have higher diversity. This differing result, of highest species richness in
middle-aged stands, is likely showing that there is some other driver of beetle
diversity that is more significant than time since disturbance.

NMDS results did not show a clear difference between the two
chronosequences (Figure 5). This means that while the unmanaged fire
chronosequence had higher beetle abundance and species richness, the overall
community assemblages were relatively similar between the two treatments. Time
since disturbance had a bigger impact on which species were present in the stands.
Using the assemblages to identify potential drivers, stands with high beetle
diversity have similar assemblages to stands with high deadwood abundance and
diversity.
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4.2 Dirivers of beetle diversity

Deadwood is important for beetle diversity

As predicted, deadwood had a significant impact on total species richness (Figure
6). While diversity was modelled as most significant, it is likely that deadwood
diversity and abundance covaried. The importance of deadwood diversity for
beetle diversity is likely due to the variety of niches that comes with higher
deadwood diversity allowing for a larger variety of species in a stand (Djupstrom
et al., 2008; Seibold et al., 2016). The result of higher species richness following
more diverse deadwood in the unmanaged forests (Figures 2 & 3) was also
observed in Djupstrom et al. (2008). Broadleaf presence was not a driver as
predicted, but could have covaried with deadwood diversity, possibly showing
that the main impact that broadleaves have on forest beetle diversity is their
contribution to deadwood diversity.

The linear model result of higher species richness following higher deadwood
diversity matches the result of Martikainen et al. (2000), where having more
diverse deadwood increased species richness. In addition, the trends in deadwood
diversity (Figure 3) are typical of a managed forest, with middle-aged stands
having the smallest amount of deadwood diversity (Heikkala et al., 2016). It is
proven that diverse deadwood is important for beetle diversity and the low
amounts seen in middle-aged stands are therefore not likely supportive of high
species richness (Seibold et al., 2016). Therefore, it is possible that another factor
not included in the model, could have caused the peak in total richness at the
middle-aged stands. This unmeasured factor could be productivity, as Himéldinen
et al. (2024) found that more productive stands had higher biodiversity.

If existing scientific knowledge about the relationship between deadwood and
beetle diversity was to be applied to management recommendations, calling for
more deadwood in the forest can facilitate higher deadwood diversity and thereby
beetle diversity. Having more diverse habitat creates more niches for a variety of
species, and more habitat facilitates larger population sizes (Seibold ef al., 2016;
Siitonen, 2001).

Basal area impacts beetle diversity

Basal area was also a significant environmental driver of total species richness
(Figure 7), which was not predicted. Mirroring the trend of species richness
(Figure 4), basal area was highest in the middle of the time range for the
unmanaged stands, and highest just before harvest in the managed stands (Figure
3). Basal area, a metric representing the volume of wood present in a stand, is not
generally considered to be connected to beetle diversity. If it was, the expectation
would be that a low basal area, and therefore lower LAI, which was predicted,
causing a brighter forest would in turn have higher diversity (Seibold et al., 2016).
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Joelsson et al. (2018) also identified basal area as a significant factor, and
found that the result was driven by the differences between older forests and clear
cuts, due to the lack of tree cover. They found that the beetle assemblages were
significantly different on clear cuts when compared to older forests. Basal area
also corresponded with the directional clustering of the oldest stands in Figure 6,
meaning that the species that correspond with high basal area stands are present in
these old stands, rather than clearcut sites, so this likely coincides with the results
of Joelsson et al. (2018). This shows that while many qualities of the forest have
the potential to influence beetle diversity, these factors are negligible if forest is
not actually present.

4.3 Rotational forestry’s divergence from natural
forests

Rotational forestry does not replicate natural disturbances

While rotational forest management has been argued to replicate natural
disturbances, often citing the increase in light levels and the subsequent
opportunities for regeneration (Hagglund et al., 2020), the differences between the
chronosequences from time = 0 shows that this is not the case. This was also seen
in boreal Canada, where species assemblages differed significantly following
harvest compared with post-fire, differences that persisted for 30 years post-
disturbance (Hammond et al., 2017). One clear explanation of this difference is
the lack of deadwood following harvest. In order to keep this valuable substrate
when harvesting, managers should work to leave more deadwood on clearcuts,
whether as slash (Ranius et al., 2014) or existing deadwood to preserve decay
classes (Siitonen, 2001).

Stand replacing fire also allows the forest succession path to naturally start
over, favoring broadleaf species in a way not done by managed forestry
(Hagglund et al., 2020). These young post-fire stands are missing on the
landscape level, with most forests in these age classes being managed and many
reserves focusing on old growth. However, there are different beetle species
assemblages in these young post-fire forests that also need protecting, as they are
not supported by young managed stands or old-growth (Gran & Gotmark, 2021;
Similé et al., 2002). By taking existing young forests, restoring them with fire,
and creating new nature reserves, these younger post-fire stands will once again
be present in the landscape, while being more cost-effective for land owners
interested in set asides as young stands have a lower net present value than old
forests (Lundstrom et al., 2011).

There is the added impact of fire itself being absent from the ecosystem, as it
provides specific structures that some beetle species are reliant on (Hekkala et al.,
2014), although fire is already beginning to be restored to the landscape in the
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form of controlled burns. While this analysis did not show a significant
relationship between gaps or structure as predicted, these smaller scale
disturbances seen in unmanaged forests are important. Management actions to
mimic this are already in place, namely PCT and thinning, although those are
done with different motivations and are homogenous on the stand scale. In order
to continue to execute these actions but also with respect to biodiversity,
broadleaves should be left (Roberge et al., 2020) and light levels within the forest
should be considered to create true gaps, even if this has not been proven by these
results. Instead of clearcutting, harvesting can better replicate natural disturbances
with continuous cover methods (Kyaschenko et al., 2022), as completely stand-
replacing disturbances are naturally not as dominant as formerly believed
(Kuuluvainen, 2009). Part of the ability of certain species to recover after a
disturbance is the continuity of host trees (Siitonen, 2001), and Joelsson et al.
(2018) found that species assemblages in uneven-aged managed stands were
similar to those of mature or old forests.

Rotational forestry prevents old growth

Rotational forestry harvests the forest before it has the opportunity to develop old
growth characteristics. While richness peaked before the end of the managed
chronosequence, the unmanaged fire chronosequence did not hit peak species
richness until after it became classified as old growth, after 140 years (Figure 4).
These later years are crucial for species, often red-listed, that are reliant on old
growth structures and continuous, undisturbed habitat. This is shown in Figure 5
as the amount of red-listed species continues to increase well after the
management stands would have been harvested, proving the second prediction
that older stands would have more red-listed species. Many red-listed species,
such as Pytho abieticola, Epuraea oblonga, and Atomaria abietina (Appendix
Figure 1; SLU Artdatabanken, 2025a/b/c), are reliant on undisturbed habitat,
hence the importance of having continuous unmanaged forests. In order to better
benefit red-listed species in managed forests, broadleaves can be prioritized,
deadwood can be left, and fire can be reintroduced (Hekkala et al., 2014; Simili et
al., 2002). In addition, longer rotation lengths can be used and specific old-growth
structures can be preserved throughout the rotation (Bauhus ez al., 2009).
However, the reality is that some species are simply incompatible with rotational
forest management (Niemeld, 1997; Joelsson ef al., 2018).

4.4 Uncertainty and further research opportunities

Some uncertainty arises when considering that the traps could have caught visitors
to the stands, meaning that the beetles trapped are not necessarily actively
reproducing in these forests (Niemeld, 1997). Similar reports have larger data sets
(ie., Djupstrom et al., 2008; Heikkala et al., 2016), so the smaller data set used in
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this analysis could be the cause of issues in convergence and model reliability.
One of the reasons for the small data set was errors by lab personnel missing the
smallest beetle species when cleaning the samples. A larger data set would likely
have a larger amount of red-listed species, which could be used to create a more
accurate linear model of drivers of red-listed species richness, as this data set was
too small to get a result. Some environmental variables may have been missed as
the ordination (Figure 6) was not able to be fully explained by the included
variables. Further opportunities for research lie in the species assemblages, in
conclusions that can be drawn from the data and trends based on which species or
guilds were present in which stands. In addition, a landscape-scale consideration
of management intensity should be attempted, as beetles are mobile and are not
limited to these specific stands. This larger perspective could provide insight into
the impacts of landscape degradation by management in comparison to the
contributions that the patches of remaining natural forest make to biodiversity.

4.5 Implications for the future of Swedish forests

As shown, intensive forestry is a threat to biodiversity (Djupstrom et al., 2008).
The rotational forests that replace the natural counterparts differ greatly,
degrading and reducing habitat (Figure 3, Djupstrom et al., 2008). Clearcutting
and the building of forest roads fragment habitat, isolating species. The forest that
remains does not have the same structures and processes of a natural forest
(Figure 3, Héagglund et al., 2020).

In general, more forest should be preserved and formally protected with the
remaining natural forest (Swedish urskog) as the priority. While setting aside
forest is important, this is likely insufficient to reverse the decline in biodiversity
(Hagglund et al., 2020). Abandoned forests that have previously been intensively
managed do not have the same habitat qualities as natural forests. Allowing for
natural disturbance or even working to ecologically restore the forest can improve
the habitat quality (Heikkala et al., 2016). While this thesis has focused on
beetles, these factors illustrated impact the whole of the forest taxa, as the
ecosystem is interconnected.

Forestry is still necessary; therefore, the current methods need to be updated to
further accommodate ecological values. Stands must be able to be used for timber
production while also providing habitat (Felton et al., 2020). Ideally, the even-
aged protocol would be mostly left behind in favor of uneven-aged, multi-story
silvicultural practices (Joelsson ef al., 2018), namely continuous cover forestry
(Kyaschenko et al., 2022). If a clearcut is to be done, care should be taken to
mimic a stand replacing fire as much as possible — leaving large amounts of
deadwood, damaged trees, and unique structures (Niemeld, 1997; Heikkala et al.,
2015). However, a balance needs to be found between benefiting biodiversity
while still respecting the economy of the forest owner (Seibold et al., 2016).
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These actions should be planned in order to create a matrix of old growth,
managed stands, and fire-regenerated forests within dispersal range of species and
with decent connectivity on a landscape scale (Heikkala ef al., 2016). By ensuring
that all types of forests and disturbances are represented on the landscape level,
both spatially and temporally, the different species will be able to maintain both
source and sink populations (Niemeld, 1997; Gibb et al., 2013). Only by having a
landscape perspective is it possible to balance profiting from the forest with
preserving ecological values, which are necessary to sustain our way of life.
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5. Conclusion

Forestry is an important and necessary industry in Sweden. However, as shown
through results and literature, rotational forest management negatively impacts
beetle diversity, as it alters habitat quality in the forest. Natural forests need to be
protected and the conditions within managed forests need to be improved in order
to ensure species richness and biodiversity for the future. These actions should be
done on a landscape scale and with variety in order to successfully facilitate beetle
diversity while staying considerate of economic practicalities. The modern forest
landscape is dominated by humans, but the biodiversity that society is so reliant
on is threatened by these actions. In order to sustain forest use for the future, some
control has to be given back to nature and its disturbance regimes.
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Appendix

NMDS of Classed Sites including Full Environmental Factors and Redlisted Species
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Appendix Figure 1: NMDS of beetle assemblages in each stand with environmental
vectors and red-listed species plotted. NMDS was run to illustrate which stands were
similar based on which beetles (both amount and species) were present. Stands from the
unmanaged fire chronosequence are in red and the managed chronosequence in blue,
and labelled with stand names. The opacity of the points indicates time since disturbance,
classifying the stands based on typical management actions possible at each stage. The
size of the points shows total species richness in the stand. The arrows provide insight
into which ways the different factors correlate with the position of the stands. Black
arrows represent beetle metrics. Gray solid arrows represent environmental factors.
Gray dashed arrows are chronosequence types. The length of the arrows correspond to
the rr?2 values (Table 4), and therefore how correlated that vector is with the distribution
of the stands. The statistical significance of the arrows is shown in Table 4 with p values.
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Appendix Table 1: Statistics of GAMs for graphing environmental data.

Type of Metric Term type Term Estimate SE/ t-/ F- p-value
data / edf Ref.df value
Deadwood Total Parametric  Intercept 77.810 8.737 8.906 7.17e-10
volume Fvs M -57.705 14.925 -3.866  0.0006
Smooth s(Time):F 2.425 2.938 3.195 0.0487
s(Time):M 1.000 1.000 0.001 0.9720
Model Adjusted R? 0.467 - - -
summary  Deviance 53.6 - - -
explained (%)
n 35 - - -
Diversity Parametric Intercept 1.6975 0.1279 13.270  4.24e-14
Fvs M 0.2626 1.3535 0.194 0.847
Smooth s(Time):F 1.088 1.170 0.445 0.600
s(Time):M 1.868 2.053 1.088 0.494
Model Adjusted R? 0.315 - - -
summary  Deviance 394 - - -
explained (%)
n 35 - - -
Basal Area BA total Parametric Intercept 19.6003  2.1749 9.012 6.23e-10
Fvs M 0.1726 12.2698  0.014 0.989
Smooth s(Time):F 2.276 2.776 2.703 0.0615
s(Time):M 1.527 1.786 8.937 0.0012
Model Adjusted R? 0.479 - - -
summary  Deviance 55.2 - - -
explained (%)
n 35 - - -
% Broad Parametric Intercept 6.7952 3.3441 2.032 0.0512
Fvs M -0.3062  16.5621  -0.018  0.9854
Smooth s(Time):F 1.000 1.000 0.228 0.637
s(Time):M 1.445 1.698 0.994 0.377
Model Adjusted R? 0.0020 - - -
summary  Deviance 10.6 - - -
explained (%)
n 34 - - -
Leaf Area  LAI Parametric  Intercept 0.9497 0.0901 10.545  2.27e-11
Index Fvs M 0.1611 0.6693 0.241 0.812
Smooth s(Time):F 2.669 3.192 2.462 0.0015
s(Time):M 1.702 1.939 17.210  1.46e-5
Model Adjusted R? 0.625 - - -
summary  Deviance 68.5 - - -
explained (%)
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35
0.8768
-0.6796
1.000
1.984
0.725
75.7

35
0.1487
0.2163
1.972
1.932
0.489
56.3

35
17.0408
-5.7166
1.000
1.924
0.81
83.2

35

0.0310
0.7931
1.000
2.025

0.0131
0.2170
2.368
2.005

0.6887
8.3582
1.000
2.094

28.280
-0.857
0.31
36.27

11.315
0.997
1.329
12.564

2e-16
0.398
0.582
2e-16

3.57e-12
0.327
0.2541
0.0002

2e-16
0.499
0.147
2e-16
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