
ORIGINAL ARTICLE

When the forest dies: the response of forest soil
fungi to a bark beetle-induced tree dieback
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Coniferous forests cover extensive areas of the boreal and temperate zones. Owing to their primary
production and C storage, they have an important role in the global carbon balance. Forest
disturbances such as forest fires, windthrows or insect pest outbreaks have a substantial effect on
the functioning of these ecosystems. Recent decades have seen an increase in the areas affected by
disturbances in both North America and Europe, with indications that this increase is due to both
local human activity and global climate change. Here we examine the structural and functional
response of the litter and soil microbial community in a Picea abies forest to tree dieback following
an invasion of the bark beetle Ips typographus, with a specific focus on the fungal community. The
insect-induced disturbance rapidly and profoundly changed vegetation and nutrient availability by
killing spruce trees so that the readily available root exudates were replaced by more recalcitrant,
polymeric plant biomass components. Owing to the dramatic decrease in photosynthesis, the rate of
decomposition processes in the ecosystem decreased as soon as the one-time litter input had been
processed. The fungal community showed profound changes, including a decrease in biomass
(2.5-fold in the litter and 12-fold in the soil) together with the disappearance of fungi symbiotic with
tree roots and a relative increase in saprotrophic taxa. Within the latter group, successive changes
reflected the changing availability of needle litter and woody debris. Bacterial biomass appeared to
be either unaffected or increased after the disturbance, resulting in a substantial increase in the
bacterial/fungal biomass ratio.
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Introduction

Northern coniferous forests cover extensive areas,
including boreal forest biomes, as well as high-
altitude montane regions and high-latitude tempe-
rate forests, providing a wide range of ecological and
socio-economic services (Chapin et al., 2012). These
forests have an important role in global carbon
cycling, as they store substantial amounts of C in
soil organic matter or biomass (Myneni et al., 2001;
Ruckstuhl et al., 2008). Coniferous forests are
viewed as an important global C sink (Bradshaw
et al., 2009), and their functioning is thus poten-
tially highly important for the global carbon balance
as affected by climate change (Soja et al., 2007).

Forest disturbances are fundamental drivers of
terrestrial carbon cycle dynamics (Adams et al.,
2010). They can differ substantially in their extent

and nature, including the most severe events such as
large-scale forest fires, windthrows or insect pest
outbreaks. Such disturbances often have enormous
impacts on the landscape and on ecosystem func-
tioning. Outbreaks of phloem-feeding insects (for
example, the bark beetle Ips typographus and the
mountain pine beetle Dendroctonus ponderosae)
reduce ecosystem productivity through tree
mortality (Hicke et al., 2012) and may cause large
forest areas in both North America and Europe to
change from a sink to a substantial source of carbon
(Okland and Bjornstad, 2006; Kurz et al., 2008).

Repeated large-scale insect-induced disturbances
are historically documented (Schelhaas et al., 2003).
However, recent evidence indicates that the
frequency of these disturbances has tended to increase
due to a combination of several factors. Changes in
climate and hydrology, in combination with human
influence on the size, structure and composition of
forests or soil acidification, have all made forests
more susceptible to insect attacks (Schelhaas et al.,
2003; Breshears et al., 2009; Seidl et al., 2011).

Despite the recent focus on the study of forest
disturbances in terms of C- and N-cycle fluxes
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(Hartmann et al., 2012; Moore et al., 2013), other
interesting aspects of these disruptive changes in
ecosystem development continue to raise little
research interest. This neglect also extends to the
response of the soil microbial community, which
has a substantial role in mediating the C and N
cycles in the soil. Bark beetle attacks stop the flow of
photosynthates to the soil via plant roots within one
season, an effect that is comparable, to a consider-
able degree, to tree girdling. Girdling experiments
have demonstrated that approximately one-half of
the soil respiration in a coniferous forest is driven by
photosynthate allocation belowground (Högberg
et al., 2001). This process is largely mediated by
ectomycorrhizal (ECM) fungi symbiotic with tree
roots. In coniferous forests, these fungi represent up
to one-third of total microbial biomass (Högberg and
Högberg, 2002) and contribute significantly to the
production and composition of dissolved organic
carbon (DOC) and to C immobilization belowground
(Clemmensen et al., 2013). Tree girdling thus
decreases DOC production in soil by tens of percents
(Giesler et al., 2007); at a later stage, ECM fungi
disappear (Yarwood et al., 2009).

Field studies from areas of tree dieback produced
by insect invasions also exhibit decreases in soil
respiration as the result of the termination of
photosynthate allocation (Moore et al., 2013). For
this reason, it can be assumed that ECM fungi will
disappear from disturbed forests, as demonstrated
by girdling experiments. However, the extensive
defoliation and the death of tree roots should
increase the amount of substrate available for
saprotrophic microorganisms, particularly fungi.
These microorganisms may benefit from the newly
available resources as well as from the decreased
competition with ECM fungi, whose presence in the
soil has been shown to decrease the rate of organic
matter decomposition (Ekblad et al., 2013). It is
important to investigate the possible substitution of
saprotrophic taxa for ECM fungi in terms of
abundance and the rate at which such a substitution
can occur. An additional important area of investi-
gation is the effect of the switch from photosynthate-
driven to composition-driven soil functioning on
nutrient availability in the ecosystem. All of this
information can help us to understand the ecosys-
tem-wide responses of forests to disturbances that
represent a serious environmental concern.

The aim of this study was to describe the
development of the size and structure of fungal
communities in forest litter and soil after the
disturbance of a coniferous forest represented by
the invasion of the bark beetle I. typographus and to
link these changes in the fungal communities with
the changes observable in vegetation, soil and litter
chemistry and decomposition. The bark beetle is
endemic under stable conditions, but massive
outbreaks occur under suitable climatic conditions
following windthrow disturbances (Bouget and
Duelli, 2004). Under such conditions, the bark

beetle can cause a rapid defoliation of Norway
spruce (Picea abies) followed by the dieback of all
mature trees, often over very large areas (Okland and
Bjornstad, 2006). Historically, Central Europe has
experienced repeated bark beetle invasions
(Svoboda et al., 2012). The recent massive spread
of the bark beetle in the montane spruce forests of
the Bohemian Forest following previous wind-
throws has allowed us to identify the area having a
high probability of future bark beetle invasion and to
obtain a time course of observations covering the
most rapid stages of ecosystem development prior to
and following the tree dieback.

The cessation of photosynthesis by trees should
result in the disappearance of the ECM fungi
associated with the tree roots unless the fungi
temporarily switch to saprotrophic growth. We
hypothesize that the release of inhibition by ECM
fungi with the increased input of foliar and root
litter promote the growth of saprotrophic fungi and
result in higher enzyme activity in the years
following a disturbance.

Materials and methods

Study area and sample collection
The study area was located at the highest altitudes
(1260–1300m) of the Bohemian Forest mountain
range (Central Europe; 48146.83 N, 13150.38 E) and
was originally covered by an unmanaged Norway
spruce (P. abies) forest. The mean annual tempera-
ture is 5.5 1C and the mean annual precipitation is
1030mm. The bedrock is composed of granites, and
the soil types in this area are primarily podzols with
a thick layer of organic horizon (Kopáček et al.,
2002). The area was chosen in the spring of 2008 for
study because it was the last remaining healthy
spruce stand in its general area. A future bark beetle
(I. typographus) invasion from the surrounding
areas and consequent tree dieback was considered
highly probable.

The bark beetle outbreak occurred in July–August
2008. The outbreak caused the shedding of all tree
foliage in August–September and the consequent
dieback of all of the trees (Figure 1). To follow the
mid-term effects of the disturbance without the
potentially confounding effects of seasonal varia-
tion, sampling was conducted in late May during
2008–2012, approximately 1 month after snowmelt
at the main study site (Site A). Three 4.5-cm soil
cores were collected from each of six plots (4m2

each). Litter and organic soil horizon material were
separately pooled for each plot. After the removal of
the roots, litter material was cut into 0.5-cm pieces
and mixed; soil material was passed through 5-mm
sterile mesh and mixed. Samples for DNA extraction
were stored at � 80 1C and those for chemical
analyses at � 20 1C. Samples for enzyme assays
were stored at 4 1C and analyzed within 48h.
Phospholipid fatty acid (PLFA) analyses were
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performed immediately on fresh samples. Addi-
tional study sites (Sites B and C) were sampled in
May 2008, 2010 and 2012 to provide data from a
larger area. The sampling was performed as
described above and soil and litter samples were
analyzed for microbial biomass content using PLFA
and enzyme activity. Each of the study sites
represented an area of 1–2 km2 to represent the bark
beetle outbreak of the year 2008 that affected
B60 km2. The estimate of the affected area and
numbers of dead and live adult trees in the years
2007 and 2009 were calculated from aerial photos
provided by the Czech Office for Surveying, Map-
ping and Cadastre (www.cuzk.cz).

Soil analysis
Dry mass content was measured after drying at
85 1C, and pH was measured in distilled water
(1:10). The analysis of the chemical composition of
litter and soil was performed as described pre-
viously (Šantrůčková et al., 2006). Briefly, available
phosphorus (PO4) was determined after extraction
with oxalate, and water-extractable carbon (DOC)
and nitrogen (DN) compounds were extracted from
samples in cold water. The values of these compo-
nents were determined on a TOC analyzer For-
macsHT (Skalar, Breda, the Netherlands); the
content of NH4 and NO3

� was measured using a
flow injection analyzer Tecator 5042 (Foss, Hillerød,
Denmark).

Enzyme assays for laccase, Mn-peroxidase, endo-
cellulase, endoxylanase, b-glucosidase, a-glucosidase,
cellobiohydrolase, b-xylosidase, N-acetylglucosamini-
dase (NAGase) and phosphatase were performed in
soil homogenates (Štursová and Baldrian, 2011).

Microbial biomass was analyzed based on the
PLFA content. PLFAs were extracted with
chloroform–methanol–phosphate buffer and sub-
jected to alkaline methanolysis, and free methyl

esters were analyzed with GC-MS (Šnajdr et al.,
2008). Fungal biomass was quantified based on
18:2o6,9 content, and bacterial biomass was quanti-
fied as the sum of bacteria-specific PLFAs (Bååth
and Anderson, 2003).

Amplicon pyrosequencing of fungal communities
Total DNAwas extracted from 250mg of litter or soil
material using a method modified from Sagova-
Mareckova et al. (2008); three samples per
horizon and season were used. The extracted DNA
was cleaned with a Geneclean Turbo Kit (MP
Biomedicals, Solon, OH, USA). DNA yield and
purity were checked with an ND1000 instrument
(NanoDrop, Wilmington, DE, USA).

The primers ITS1/ITS4 (White et al., 1990) were
used to amplify the ITS1 region, the 5.8S ribosomal
DNA and the ITS2 region of the fungal ribosomal
DNA. A two-step PCR amplification using compo-
site primers containing multiplex identifiers
(Baldrian et al., 2012) was performed to obtain
amplicon libraries for 454-pyrosequencing. In the
first step, each of three independent 25-ml reactions
per DNA sample contained 2.5 ml of 10� polymer-
ase buffer, 1 ml of each primer (0.01mM), 0.5 ml of
PCR Nucleotide Mix (10mM) and 0.25 ml of poly-
merase (2U ml�1; Pfu DNA polymerase:OmniTaq
DNA polymerase, 1:24). The cycling conditions
were 94 1C for 5min; 35 cycles of 94 1C for 1min,
60 1C for 1min and 70 1C for 1min; followed by 70 1C
for 10min. The pooled PCR products were purified
using a MinElute PCR Purification Kit (Quiagen,
Hilden, Germany). The product of the first PCR was
used as a template for the second PCR. In the second
step, one 50-ml reaction per DNA sample contained
5ml of 10� polymerase buffer, 1.5 ml of dimethyl-
sulphoxide for PCR, 0.4 ml of forward fusion primer
(ITS1, tag sequence, 454-specific sequence), 0.4 ml of
reverse fusion primer (ITS4, 454-specific sequence),

2008 2010 2012

Figure 1 Montane P. abies forest at Site A before (spring 2008) and after a tree dieback caused by a bark beetle invasion in summer 2008.
After 2 years, the dead trees were still covered with bark and retained most of their branches (2010). Four years after the initial damage,
much of the dead wood and bark had fallen to the ground (2012).
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1922

The ISME Journal

www.cuzk.cz


1ml of PCR Nucleotide Mix, 1.5 ml of polymerase
(2U ml�1; Pfu DNA polymerase:Dynazyme DNA
polymerase, 1:24) and 100ng of template DNA.
The cycling conditions were 94 1C for 5min; 10
cycles of 94 1C for 1min, 62 1C for 1min and 72 1C for
1min; followed by 70 1C for 10min. PCR products
were purified using Agencourt AMPure XP
(Beckman Coulter, Beverly, MA, USA). The concen-
tration of PCR products was quantified using the
Qubit 2.0 Fluorometer (Life Technologies, Carlsbad,
CA, USA), and an equimolar mix of PCR products
from all samples was prepared. The mixture of PCR
products was separated by electrophoresis and gel
purified using the Wizard SV Gel and PCR Clean-Up
System (Promega, Madison, WI, USA), followed by
purification using Agencourt AMPure XP and a
MinElute PCR Purification Kit to remove primer-
dimers. The amplicons were subjected to sequen-
cing on a GS Junior sequencer (Roche, Basel,
Switzerland).

Bioinformatic analysis
The pyrosequencing data were processed using the
pipeline SEED 1.1.2 (Větrovský and Baldrian, 2013).
Pyrosequencing noise reduction was performed
using the Denoiser 0.851 (Reeder and Knight,
2010), and chimeric sequences were detected using
Uclust 3.0 (Edgar et al., 2011) and deleted.
Sequences shorter than 380 bases were removed.
All remaining sequences were shortened to 380
bases and clustered using Usearch 5.2 (Edgar, 2010)
at a 97% similarity level. Consensus sequences were
constructed for each cluster, and the operational
taxonomic units were constructed by clustering
these consensus sequences at 97% identity
(Lundberg et al., 2012). The closest hits were
identified using the PlutoF pipeline (Tedersoo
et al., 2010); non-fungal sequences (o1%) were
discarded. Sequence data have been deposited in
the MG RAST public database (http://metagenomic-
s.anl.gov/, data set number 4528531.3).

Diversity and statistical analysis
The Shannon–Wiener Index and the amount of the
most abundant operational taxonomic units that
represented 80% of all sequences were used as
diversity estimates, providing combined informa-
tion on species richness and evenness. These
estimates were calculated for a data set containing
1000 randomly chosen sequences per sample.
Because the abundances of sequences correspond-
ing to fungal taxa varied widely, abundance data
were normalized with a square root transformation
and statistical analyses applied to these transformed
data. Because the majority of taxa were represented
by a very small number of reads and because such
read counts have been demonstrated not to be
technically reproducible (Lundberg et al., 2012),
only the taxa with higher relative abundances

(X0.5% in X3 samples) were tested for temporal
changes in abundance and used in a principal
component analysis along with the environmental
variables. The pipeline SEED (see above) was used
for data pre-processing and diversity calculations,
and Statistica 7 (Statsoft, Tulsa, OK, USA) was used
for statistical analyses. A one-way analysis of
variance with a Fisher’s least significant difference
post hoc test was used to analyze the statistical
significance of differences among groups of samples.
Pearson correlation coefficients and t-values were
calculated for linear regressions. Differences and
correlations at P o0.05 were considered to be
statistically significant.

Results

Ecosystem development following the bark beetle
invasion
The bark beetle invasion occurred in July–August
2008 and the sampling at Site A thus covered the
spring immediately preceding the event and four
additional seasons after the event. The bark beetle
invasion caused the shedding of all foliage in
August–September 2008, resulting in the immediate
termination of tree photosynthesis and followed by
the dieback of all trees except small seedlings; such
seedlings were rare in the study area (Figure 1). In
the following years, the trees started to lose small
twigs and bark. Later, beginning in the third year
(2011), stem and root decay caused frequent wind-
throws and stem breaks induced by wind. This
process caused deadwood to accumulate on the
forest floor. Beginning in 2010, the loss of tree
shading caused the gradual development of the
understory, with increases in grasses (Deschampsia
flexuosa, Calamagrostis sp.), bilberry (Vaccinium
myrtillus) and fern cover and the increasing estab-
lishment of spruce seedlings (Figure 1). Owing to
the loss of tree cover, maximal soil temperatures,
especially in summer, were expected to increase, but
the trend was insignificant due to high year-to-year
variation. The soil temperatures before the late May
sampling period were affected only slightly (data
not shown). The moisture content did not show any
consistent development, ranging from 74% to 77%
in the litter and from 68% to 79% in the soil.

The massive input of litter in the autumn of 2008
and the cessation of photosynthetic C allocation
following the tree dieback resulted in profound
changes in litter and soil chemistry. In the litter, the
highest DOC level was observed in the season
following the heavy litterfall and then decreased
by approximately one-half. Soil mineral nitrogen
increased substantially but showed a 2-year delay
after the dieback (Figure 2). In particular, nitrates
increased in the litter from 3.1 mg g� 1 to 23-66 mg g�1

and in the soil from 4.6 mg g�1 to 16–36 mg g�1. This
increase was accompanied by a decrease in organic
N, which peaked in 2009 in both the soil and the
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litter. In both horizons, the C/N ratio of the water-
extractable compounds decreased from an initial
10–12 to 5–6 at the end of the study. Phosphates
decreased significantly over time in both litter
(P ¼ 0.018) and soil (P ¼ 0.044). Both litter and soil
were strongly acidic, with mean pH 4.13±0.17 for
litter and 4.22±0.23 for soil. No significant changes
of pH in time were observed.

The total microbial biomass did not change
significantly in the litter, whereas it decreased
slightly over time in the soil (P ¼ 0.021). Bacterial
biomass did not show significant changes over the
study period. Fungal PLFAs in the litter decreased
significantly over time (P ¼ 0.039), from 43 mg g�1

before the tree dieback to 17 mg g�1 in 2012, resulting
in an increase in the bacterial/fungal biomass ratio
(P ¼ 0.001) from 0.9 to 2.3. In the soil, fungal PLFAs
also decreased significantly over time (P ¼ 0.002).
The PLFAs decreased from 17 to 4mg g�1 within 1
year and continued to decrease, reaching 1.3 mg g�1

in 2012; the bacterial/fungal biomass ratio increased
six-fold (P ¼ 0.007; Figure 2).

The activity of extracellular enzymes involved in
decomposition exhibited two alternative patterns,

which were similar in the litter and the soil. The
enzymes decomposing starch (a-glucosidase), plant
oligosaccharides (b-glucosidase and b-xylosidase)
and fungal biomass (NAGase), as well as exocellu-
lase and phosphatase, were high just before and
after the tree dieback and decreased to 20%–50% of
these values in the next 3 years (Figure 2). Those
enzymes involved in the decomposition of the more
recalcitrant plant polymers, including crystalline
cellulose (endocellulase), xylan (endoxylanase) and
lignin (laccase and Mn-peroxidase), peaked 1 or 2
years after the tree dieback, and their activity also
decreased in later years.

At a larger scale represented by all three study
sites, the density of live trees dropped from
334±11ha�1 in 2007 to 1±1ha�1 in 2009 with a
concurrent increase of dead tree densities from
13±4 to 320±23 ha�1. The difference of 27±9
ha� 1 trees represents those trees that fell down.

The trends in microbial biomass content and
composition were generally in line with the obser-
vations at Site A. Most importantly, the fungal
biomass content decreased either within 2 years
after tree dieback (in soil) or within 4 years (in litter)
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while the total microbial biomass and bacterial
biomass either remained unchanged or increased,
depending on study site. This resulted in a decrease
of fungal/bacterial biomass ratio (Supplementary
Figure 1). Also the relative composition of
the microbial community was consistent among
the three study sites and clearly different among the
years of sampling. In both the litter and soil, samples
collected before tree dieback were separated from
the later samples along the first PC1 axis, coinciding
with the difference in the share of fungal biomass
and activity of multiple extracellular enzymes. The
effects of dry mass content and pH were both
insignificant (Supplementary Figure 1). Except for
phosphatase and endocellulase in the soil, all
enzyme activities decreased during the 4 years
following tree dieback (Supplementary Figure 1).

Response of the fungal community to the bark beetle-
induced tree dieback
The fungal community in the stable spruce forest
before the bark beetle invasion was species-rich. The
diversity was similar among horizons, with a
Shannon Index of B3.0 at the sampling depth of
1000 sequences. Community evenness was low,
with the top 10 operational taxonomic units repre-
senting 460% of all sequences (Supplementary
Tables 1 and 2). Neither diversity nor community
evenness changed substantially during the follow-
ing years. Typically, 15–35 operational taxonomic
units represented the bulk of the sequences (80%) in
each sample. The initial litter community, however,
exhibited a higher abundance of ascomycetes (40%)
and a lower abundance of the basidiomycetes (45%)
than the soil (25% and 58%, respectively).

In addition to the abovementioned decrease in
fungal biomass and the increase in the bacterial/
fungal biomass ratio, the composition of the fungal
community also exhibited profound, successive
changes following the tree dieback. In the litter,
the initial community was primarily represented by
sequences belonging to the basidiomycetous orders
Atheliales (18%), Cantharellales (8%), Agaricales
(6%), Russulales (6%), the ascomycetous order
Helotiales (22%) and the Mortierellomycotina
(14%) (Figure 3). Following the tree dieback, the
community changed so that the Helotiales,
Eurotiales and Agaricales represented the bulk of
the community in 2009. In contrast, the orders
including root symbiotic fungi decreased dramatically.
These orders included the Cantharellales (2.4%),
Russulales (0.9%), Telephorales (0.4%) and Athe-
liales (0.2%). In the subsequent three springs, the
Agaricales and the Helotiales remained dominant,
whereas purely ECM orders showed a further
decrease. In 2011 and 2012, the sequences assigned
to the order Lecanorales, comprising lichenized
fungi, increased significantly to 4–9% (Figure 3).

In the soil, the initial community was dominated
by the basidiomycetes, especially from the orders

Atheliales, Russulales and Thelephorales, where
ECM taxa prevail; ascomycetes were represented
by the sequences of Helotiales and Pezizales; and
Mortierellomycotina were also frequent (Figure 3).
Within a year after the tree dieback, the abundance
of the Basidiomycota decreased from 58% to 20%,
with concomitant increases in the Ascomycota
(43%) and Mortierellomycotina (36%). Despite the
tree dieback, the abundance of the ECM Russulales
remained high. The abundance of the Ascomycota
peaked at 76% in 2010 but later decreased with the
establishment of the basidiomycetous saprotrophs of
the orders Agaricales and Filobasidiales and also
with the increase in the Mortierellomycotina. The
ECM orders of Russulales, Thelephorales and
Atheliales were virtually absent in 2012.

The assignment of sequences to fungal genera
allowed us to analyze the trends in the abundance of
fungal ecophysiological groups. In the litter, sapro-
trophic taxa dominated throughout, but their dom-
inance increased significantly after the tree dieback
and reached 75–80%. This increase was accompa-
nied with a marked decrease in root symbiotic fungi,
from 41% in the initial community to o10% in the
later years. The final years of observation saw an
increase in lichen-forming fungi, whose sequences
increased to 410% of the total (Figure 4). On the
level of individual genera, 58% of all taxa exhibited
significant changes in sequence abundance. Four
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patterns of occurrence were evident. The abundance
of the saprotrophic Mortierella and of Cadophora
and Meliniomyces, mycorrhizal symbionts of bilber-
ries, was steady over time but variable. The ECM
genera Tylospora, Russula and Piloderma decreased
more or less rapidly after the tree dieback. The
abundance of the third group of fungi (for example,
Thysanophora, Phialocephala, Chalara, Pezizella,
Xenochalara and Powellomyces), peaked tempora-
rily, earlier or later after the tree dieback. With the
exception of the root endophyte Phialocephala,
most of these fungi are saprotrophs. The final group
of fungi tended to increase in the later years. This
group included saprotrophs (Omphalotus, Venturia
and Ductifera), lichen-forming fungi (Caloplaca,
Cladonia and Pseudevernia) and an arbuscular
mycorrhizal taxon (Septoglomus) (Figure 4,
Supplementary Table 3).

In the soil, the increase in saprotrophs and
decrease in root symbionts was relatively gradual.
Nevertheless, the abundance of saprotroph
sequences increased from 43% to 485%, whereas

that of the root symbionts decreased from 58% to
o15% from 2008 to 2012 (Figure 4). The fungi
whose sequence abundance did not show significant
changes comprised saprotrophic taxa and the root
symbionts of bilberries, Cadophora and Melinio-
myces. ECM tree symbionts decreased with time,
either immediately after the tree dieback (Tomen-
tella, Tylospora and Piloderma) or later (Russula and
Cenococcum). Certain saprotrophs (Thysanophora
and Pezizella) and dark septate endophytes (Ace-
phala and Phialocephala) peaked during the course
of the ecosystem change, whereas the abundance of
sequences of other saprotrophs, for example,
Mycena and Cryptococcus, increased with time
(Figure 4, Supplementary Table 3).

A principal components analysis showed a clear
shift of the initial fungal community in the litter,
from a high presence of ECM taxa to decomposer-
dominated communities in the early and later stages
of post-disturbance development in 2009–2010 and
2011–2012, respectively. The seasons immediately
before and after the tree dieback were characterized

Mortierella

Caloplaca

Leptodontidium

Tylospora

Omphalotus

Venturia

Ductifera

Russula

Chalara

Sympodiella

Piloderma

Marasmius

Cryptococcus

Pseudaleuria

Troposporella

Spirosphaera

Mycena

Monographella

Septoglomus

Oidiodendron

Lac

PME

PLFAF

PLFAB

DOC

DN

B/F

-1.0 -0.5 0.0 0.5 1.0

PC1 : 20.7%

-1.0

-0.5

0.0

0.5

1.0

P
C

2 
: 1

3.
9%

Mortierella

Caloplaca

Leptodontidium

Tylospora

Omphalotus

Venturia

Ductifera

Cadophora

Russula

Allantophomopsis

Chalara

Sympodiella

Piloderma

Marasmius

Cryptococcus

Pseudaleuria

Sphaerobolus

Gyoerffyella

Xenochalara

Troposporella

Spirosphaera
Hyaloscypha

Mycena

Monographella

Septoglomus

Thelebolus

Neofusicoccum

Oidiodendron

Lac

PME

PLFAF

PLFAB

DOC

DN

C/N

B/F

2008

2009
2010

2011

2012

EC

Norg

NAG
bG

PO4

Nmin

ClavulinaVerrucaria

Rhodotorula

Thysanophora
Pezizella

Xenopolyscytalum

Meliniomyces

Nolanea

Heyderia

Pseudevernia

Powellomyces

Helgardia
Cladonia

Lyophyllum
Penicillium

Sorocybe

Cladophialophora

Phialocephala

Rhizophydium Scleroconidioma

Cryptococcus

Tylospora

 Cadophora

 Nadsonia

Acephala

 Phialocephala

           Pseudeurotium

 Meliniomyces
 Resupinatus

Mycena

 Cenococcum

Thysanophora
 Neofabraea

 Lecythophora

 Nolanea  Geomyces

 Lyophyllum

 Hyaloscypha

Pezizella

Trichosporon

Oidiodendron

Piloderma

 Collophora

Lac   bGNAG

PME

PLFAF

PLFAB
DOC

DN

Nmin

Norg

C/N

B/F

-1.0 -0.5 0.0 0.5 1.0

PC1 : 19.2%

-1.0

-0.5

0.0

0.5

1.0

P
C

2 
: 1

5.
9%

Cryptococcus

Tylospora

 Cadophora

 Nadsonia

Acephala

 Phialocephala

           Pseudeurotium

 Meliniomyces
 Resupinatus

Mycena

 Cenococcum

Thysanophora
 Neofabraea

 Lecythophora

 Nolanea  Geomyces

 Lyophyllum

 Hyaloscypha

Pezizella

Trichosporon

Oidiodendron

 Cladonia

Piloderma

 Collophora

Lac   bGNAG

PME

PLFAF

PLFAB
DOC

DN

Nmin

Norg

C/N

B/F

2008

2009

PO4

EC
2010

2012

2011

Hyphodontia

Tomentella

Russula

Leptodontidium

Pseudaleuria

Penicillium

Mortierella

2008 2009 2010 2011 2012
0

20

40

60

80

100

Saprotrophs

Mycorrhizal

Lichens
Root endophytes

R
el

at
iv

e 
ab

un
da

nc
e 

(%
)

2008 2009 2010 2012
0
2
4
6
8

10
12
14
16
18

Tylospora
Piloderma
Thysanophora
Phialocephala
Caloplaca
Omphalotus

2008 2009 2010 2012
0

20

40

60

80

100

Saprotrophs

Mycorrhizal

Lichens

Root endophytes

R
el

at
iv

e 
ab

un
da

nc
e 

(%
)

2008 2009 2010 2012
0
4
8

12
16
20
24
28
32
36 Tomentella

Tylospora
Mortierella
Leptodontidium
Cryptococcus
Mycena

Litter Soil

2011 2011 2011

Figure 4 Principal component analysis of the relative abundances of fungal ITS sequences corresponding to dominant fungal genera in
the litter and soil of a P. abies forest before and after a tree dieback caused by a bark beetle invasion. Sampling season loadings and
environmental variables are indicated. All genera with X0.5% abundance in X3 samples were considered. Fungal genera with
significant differences in abundance among years are underlined. Root symbiotic fungi are indicated in green, root endophytes in black
and lichens in gray. DN, dissolved N; C/N, C/N ratio; bG, b-glucosidase; EC, endocellulase; Lac, laccase; NAG, N-acetylglucosaminidase;
PME, phosphatase; PLFAB, bacterial PLFA; PLFAF, fungal PLFA; B/F, bacterial/fungal biomass ratio. Bottom panels show relative
abundances of ecophysiological groups of fungi and selected fungal genera; data represent means (standard errors omitted for clarity).

Response of forest fungi to tree dieback
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by high fungal biomass, a high content of DOC and
organic N and a rapid decomposition of organic
matter, whereas the late stages saw an increased
abundance of bacteria and higher content of forms of
mineral nitrogen (Figure 4). The fungal community
composition in the soil in 2009 was similar, to a
degree, to that in the undisturbed forest, with
several of the ECM fungi still present. This composi-
tion was associated with high enzyme activity and
the presence of organic N. In the following 3 years,
the enzyme activity was substantially lower, and the
bacterial/fungal biomass ratio was considerably
higher. The inorganic forms dominated in the N
pool. Root-associated fungi were largely replaced by
saprotrophs (Figure 4).

Discussion

The tree dieback after insect invasion resulted in a
complex transformation of the forest ecosystem; in
this particular event, an area of 460 km2 was
affected. More than 84% living trees were killed by
Ips sp. (represented in 95% byl I. typographus) in an
area of 45 km2 including all trees in and within
200m of the Site A and the percentages were similar
for the whole impacted area (Vacek and Krejčı́,
2009). The tree cover of the pure spruce stands was
reduced from 40% before the outbreak (typical for
this ecosystem) to zero in late 2008; the abundance
of spruce seedlings was o1% (Anna Lepšová,
unpublished data). The responses to disturbance
comprised several levels of ecosystem properties
including vegetation development, resource avail-
ability and chemistry. These complex changes were
reflected in the level of decomposition processes,
microbial abundance and community composition
over time (Table 1). Although the data on fungal
community composition were available only from a
limited area of replicated plots within the study site
A, the analysis of microbial biomass content and
composition and enzyme activities at two additional
sites indicate that the observed trends were con-
sistent over a large area.

Tree dieback, as the primary result of the insect
invasion, affected the ecosystem within one year,
causing both the termination of photosynthesis and
needle shedding. Needle litter represents the bulk of
litterfall in P. abies forests. However, although the
yearly input typically ranges between 400 and
700 gm�2, the bark beetle attack at a nearby site
caused an input of 2.6 kgm� 2 (Kaňa et al., 2013).
Furthermore, although senescent needles have a C/
N ratio of 56, fresh needles that are shed by infected
trees have a C/N ratio of 43 (Kopáček et al., 2010).
This component represents a considerable input of
organic matter available to litter-inhabiting decom-
posers. The input of dead organic matter from fine
roots is another immediate – yet slightly slower –
result of tree dieback. The stock of P. abies fine roots
(o2mm) in Europe is reported to range from 50 to

300 gm�2, with the estimated annual production/
mortality exceeding one-half of this standing pool
(Brunner et al., 2013). Accordingly, the root litter
input is substantially less than the needle input, and
a one-time dieback would correspond to less than
twice the mean annual input of root necromass.

As a response to the one-time litter input, the DOC
content in the litter increased 1 year after the tree
dieback. The DOC content in the soil decreased, and
this change might be a result of the decreased
photosynthate allocation. This finding is consistent
with the decrease in DOC production in a spruce
stand in the year following tree girdling (Ekberg et al.,
2007). Over a longer time scale, tree dieback results
in a prolonged decrease in photosynthate allocation
belowground, as well as in the production of root and
aboveground litter, because production by the trees
cannot be offset by the productivity of the ground
vegetation. Indeed, DOC and soil respiration were
found to decrease in forests infested with mountain
pine beetle within five years after a tree dieback
(Moore et al., 2013). In the current study, we observed
a decrease in decomposition, measured as the
activity of extracellular enzymes, in the years
following the dieback. The earlier decrease in the
enzymes decomposing easily available substrate and
the later activity of endolytic hydrolases of poly-
saccharides and ligninolytic enzymes indicates that
enzyme activity is driven by the changing composi-
tion of the initial litter input. The same pattern can be
observed during sequential decomposition of litter
(Šnajdr et al., 2011a). The decrease in ligninolytic
enzymes in the later stage could also be caused by the
inhibitory effect of high NO3

� (Waldrop and Zak,
2006; Bárta et al., 2010).

Because chitin is a major component of fungal cell
walls, the activity of chitinolytic NAGase has
frequently been found to reflect contributions of
fungal biomass to mycelial turnover and interspecific
interactions (Šnajdr et al., 2008, 2011b). Higher
chitinase levels have also been reported from soils
containing ECM mycelial mats compared with non-
mat soils (Kluber et al., 2011). In this case, the
NAGase decrease most likely indicates a decrease in
fungal biomass, especially that of the ECM fungi.
Contrary to our expectations, the disappearance of
ECM fungi did not lead to increased decomposition
by the saprotrophic community. The reduction in
competitive pressure from the ECM fungi thus
appears to be less important than the combined
effect of reduced litter and photosynthate allocation.
As is the case for ligninolytic activity, the develop-
ment of the fungal community could be inhibited by
a high mineral N content, as documented in
N-saturated boreal forests (for example, Högberg
et al., 2007). These results indicate that enzyme
activity is driven primarily by the availability of
easily decomposable compounds. These compounds
were soon depleted, and the decrease in enzyme
activity, along with fungal biomass, over time
confirms the importance of fungi in decomposition.
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In terms of the C balance in the entire ecosystem,
it is important to note that tree dieback also
terminates C storage via the accumulation of root-
derived carbon immobilized in fungal mycelia. The
importance of this process in deeper soil has
recently been demonstrated (Clemmensen et al.,
2013). Consequently, the C storage potential of the
ecosystem is expected to diminish.

The tree dieback also produced changes in the
litter and soil N and P pools. Although the total
nitrogen availability increased, as demonstrated by
the decrease in the C/N ratio of water-extractable
compounds, organic N was soon replaced by
mineral nitrogen compounds. This finding is con-
sistent with observations of the increase in NO3

� and
NH4

þ in a range of soils two years after a bark beetle
attack (Kaňa et al., 2013). The termination of
photosynthate flow caused by the girdling of spruce
trees was also found to increase microbial N
mineralization in organic soil and increase the
content of both ammonium and nitrate (Zeller
et al., 2008). Finally, tree dieback in a nearby area
also increased base saturation and decreased Al
availability in topsoil (Kaňa et al., 2013). The extent
of these changes and their effects on soil micro-
organisms, are, however, unclear.

The total microbial biomass in the litter did not
show significant changes during the study period.
On the basis of the mean estimate of the PLFA/
fungal biomass ratio (Baldrian et al., 2013), the
fungal biomass in the litter decreased from
3.7mg g�1 to 1.5mg g�1, most likely due to the
disappearance of ECM fungi. A more rapid and
pronounced decrease in fungal biomass occurred in
the soil, where fungal biomass decreased from the
initial 1.2mg g�1 to 0.11mg g� 1. This result demon-
strates the importance of photosynthate allocation
for soil fungi. The extent of biomass decrease may
indicate that, in addition to the ECM root symbionts,
the photosynthates may also largely sustain the
fungal soil saprotrophs. The same finding was
recently reported from a deciduous forest, where
photosynthate allocation during summer increased
the biomass of both ECM and saprotrophic fungi
(Vořı́šková et al., 2014). Bacterial biomass showed
either no significant change or an increase (in the
litter of Sites B and C), and the bacterial/fungal
biomass ratio thus increased substantially, indicat-
ing the lesser dependence of bacteria on (or the
lesser access to) photosynthate-derived C.

Fungal community composition responded
to ecosystem disturbance in a complex way

Table 1 Trends in the properties of a P. abies forest ecosystem during the four years following a tree dieback caused by a bark beetle
invasion

Vegetation
Old trees Immediate dieback shortly after bark beetle invasion (Jonášová and Prach, 2004)
Seedlings Initially low, increase with time due to reduced shading, especially on deadwood (Jonášová and Prach, 2004)
Undergrowth Initially low, increase with time due to reduced shading (Jonášová and Prach, 2008)

Resources
Photosynthesis Tree photosynthetic allocation stops immediately after bark beetle invasion, initially low production of

undergrowth increases in time
Leaf litter Immediate increase in stock due to one-time litterfall during bark beetle invasion
Root litter Increase in stock due to tree dieback shortly after bark beetle invasion
Woody litter Slow input of fine debris in the first 2 years (twigs, bark), rapid input of coarse wood since 3 years after tree

dieback

Chemistry
Carbon Balance shifts rapidly from photosynthate-derived readily decomposable C to recalcitrant plant material

(litter, wood), no significant trends in DOC content
Nitrogen No change in dissolved N; organic N decrease in soil since 2 years after tree dieback. Increase of inorganic

forms of N (NO3
� in litter, NH4 in soil)

Phosphorus Decrease of PO4

Stoichiometry C/N decreases significantly in litter, marginally in soil

Decomposition Decomposition outweighs photosynthetic assimilation switching the ecosystem from a C-sink to C-source
Soil respiration Predicted to decrease with decreased allocation of photosynthates belowground (Högberg et al., 2001; Moore

et al., 2013)
Enzyme activity Activity remains high in the year following tree dieback, substantial decrease afterwards

Microbial biomass No change in litter, slight decrease in soil

Fungal community Decrease of fungal biomass accompanied by the increase of bacterial/fungal biomass ratio
Tree root symbionts Most ECM fungi disappear within 1 year, only some persist longer
Ericoid mycorrhiza Present throughout
Arbuscular mycorrhiza Appearance in the late stage with the development of grass undergrowth
Root endophytes Present throughout, the increase in the year after dieback may be due to decomposition of dead roots
Soil and litter saprotrophs Increase in relative abundance with time; their community Undergoes successional changes: early

decomposers are gradually replaced
Wood decaying fungi Predicted to increase on deadwood, appearance in litter increases in the late stage with accumulating

deadwood
Lichenized fungi Relative abundance in litter increases with accumulating woody litter
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(Table 1). The ECM symbionts of tree roots
disappeared either immediately (for example,
Piloderma, Tylospora) or within the first 2–3 years.
The long persistence of Cenococcum sequences in
soil may be due to the persistence of its sclerotia.
In contrast, the relatively high abundance of
Russula sequences 2 years after tree dieback may
be associated with its potential ability to grow
saprotrophically. Because the fungus has been
reported to harbor genes for exocellulase and
lignin-degrading class II peroxidase (Bödeker
et al., 2009; Štursová et al., 2012), it may be able
to decompose the structural polymers of dead
spruce roots. Because the mycelial mats of ECM
fungi, for example, Piloderma, harbor a specific
community of fungi and bacteria distinct from the
non-mat soil (Kluber et al., 2011), the disappear-
ance of ECM mats most likely affects a wider
spectrum of other taxa. Although the ECM
fungi disappeared, the genera Cadophora and
Meliniomyces, forming ericoid mycorrhiza with
the roots of bilberries and grasses, remained
abundant because their plant hosts were not
affected. The increased abundance of Septoglomus,
an arbuscular mycorrhizal fungus, in the late
phases could have been supported by the increasing
grass cover but also by the decrease in phosphate
availability.

Dark septate endophytes represent another group
of fungi associated with roots, represented in this
study primarily by the genera Phialocephala and
Acephala. The ecology of dark septate endophytes
is relatively less well known than that of other root-
associated fungi. The effects of DSEs on spruce
range from neutral to negative and are strain-
dependent (Tellenbach et al., 2011; Reininger
et al., 2012). The relative increase in dark septate
endophytes 1 year after the tree dieback may
indicate their use of dead spruce roots as a
substrate for growth. Phialocephala was also found
in the roots of D. flexuosa (Tejesvi et al., 2013), a
grass species that was found to increase in the
disturbed area.

An apparent succession of individual sapro-
trophic fungal taxa was initiated by the massive
initial input of litter during the bark beetle invasion
(Figure 4). The genera Thysanophora and Chalara,
which peaked 1 year after the forest disturbance,
have been shown to inhabit spruce needles and to
produce a broad range of enzymes acting on spruce
litter, including endocellulase (Žifčáková et al.,
2011). These genera are thus well suited for initial
litter decomposition. Later phases were character-
ized by increases in the large cord-former Mycena
and the yeast-like Cryptococcus, typical soil sapro-
trophs. The appearance of Omphalotus and
Ductifera, primarily wood-associated saprotrophs,
in the litter after 3 years had elapsed, had a clear
connection with their spread through the environ-
ment from the decaying deadwood accumu-
lating on the forest floor. The increase in the

lichen-forming fungi Caloplaca, Cladonia and
Pseudevernia most likely had a similar cause,
although these fungi are also present in the litter of
undisturbed spruce forests (Baldrian et al., 2012).

That substrate properties and fungal commu-
nities were similar in both litter and soil in the final
2 years may indicate that the extent of ecosystem
change will gradually decrease. However, the
process of forest regeneration after disturbance is
only beginning, and further changes will follow. In
the coming years, the decomposition of deadwood
and of rhizodeposits of underground vegetation
will be a major source of C in the ecosystem. It will
also promote the establishment of spruce seedlings
on decaying spruce logs, a process typical of this
ecosystem (Bače et al., 2012) because seedling
development on this substrate is not subject to
competitive inhibition by undergrowth vegetation
(Jonášová and Prach, 2004). The emergence of
spruce seedlings will make the re-establishment
of spruce ectomycorrhiza possible, although the
ECM fungal biomass on young trees is initially low
and has a specific composition (Wallander et al.,
2010). Because the rate of ECM fungal development
will be retarded by the high level of mineral
N availability, saprotrophs will represent the
dominant group of fungi, but only for a short
period of several years.

This study demonstrates that an insect-induced
disturbance of the forest ecosystem that rapidly and
profoundly changed the vegetation cover and activ-
ity was also associated with profound changes in
microbial community structure and activity, espe-
cially of soil fungi. The decrease in fungal biomass
and the disappearance of fungi symbiotic with tree
roots, as well as the successive changes in the
saprotrophic fungal community, resulted from
changes in nutrient availability. These changes
occurred because readily available root exudates
were replaced by more recalcitrant, polymeric plant
biomass components. Owing to the dramatic
decrease in photosynthesis, the rate of decomposi-
tion processes in the ecosystem decreased as soon as
the one-time litter input was processed. Interest-
ingly, the abundance of bacteria appeared to be
unaffected or even increased following the
disturbance.
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Bååth E, Anderson TH. (2003). Comparison of soil fungal/
bacterial ratios in a pH gradient using physiological
and PLFA-based techniques. Soil Biol Biochem 35:
955–963.
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Vořı́šková J, Brabcová V, Cajthaml T, Baldrian P. (2014).
Seasonal dynamics of fungal communities in a
temperate forest soil. New Phytol 201: 269–278.
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Štursová M, Baldrian P. (2011). Effects of soil properties
and management on the activity of soil organic
matter transforming enzymes and the quanti-
fication of soil-bound and free activity. Plant Soil
338: 99–110.

Štursová M, Žifčáková L, Leigh MB, Burgess R, Baldrian P.
(2012). Cellulose utilization in forest litter and soil:
identification of bacterial and fungal decomposers.
FEMS Microbiol Ecol 80: 735–746.
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