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Norway spruce (Picea abies, (L.) H.Karst) monocultures have been widely planted across Europe to meet timber
demands, yet their resilience to climate change remains uncertain compared to natural mixed broadleaved
forests. This study examines the long-term carbon sequestration potential, soil COz and CHa fluxes, and microbial
community dynamics in a Norway spruce monoculture and a mixed forest under increasing drought and
disturbance pressures in Central Europe. Using a three-year monitoring program combined with long-term tree-
ring analysis (2000-2023), we quantified seasonal and annual biomass increments, soil respiration patterns, and
microbial diversity shifts. The results indicate that the severe drought of 2022 significantly reduced growth rates
and soil CO: efflux in the monoculture, whereas the mixed forest maintained more stable growth and soil
respiration. Thereafter, bark beetle outbreaks in 2023 led to rapid mortality and salvage clear-cutting in the
spruce stand, triggering a sharp increase in soil COz emissions and a temporary decline in CHs4 oxidation, though
CHa uptake recovered within a year—contrary to previous studies suggesting prolonged suppression. Microbial
community analysis revealed a higher proportion of ectomycorrhizal fungi in the mixed forest, while saprotrophs
dominated in the spruce stand, influencing soil carbon dynamics. These findings highlight the greater resilience
of mixed forests to climate stressors and suggest that the increasing vulnerability of spruce monocultures could
lead to long-term carbon losses. The study underscores the need for diversified forest management strategies that
enhance climate resilience and carbon sequestration stability.

1. Introduction

Climate warming has recently accelerated (IPCC, 2023), and the
frequency of extreme climatic events, such as heatwaves and droughts,
has increased over the past few decades (Chiang et al., 2021). In the
changing climate, forest ecosystems must adapt to new environmental
conditions to continue providing essential ecosystem services, including
timber production and mitigating climate change by sequestering at-
mospheric carbon dioxide (CO3) (Jandl et al., 2019). Globally, forests

play a critical role in mitigating warming by absorbing carbon (C) from
the atmosphere (Grassi et al., 2017). However, over the past two cen-
turies, forest management has not contributed to cooling the atmosphere
(Naudts et al., 2016). Between 1750 and 1850, large areas of Europe’s
primary forests were converted into agricultural land, with coniferous
species predominantly used for subsequent reforestation efforts (Naudts
et al., 2016). Norway spruce has been widely planted outside its natural
range, often replacing the original broadleaf and mixed forests across
Europe (Spiecker et al., 2004). However, in recent years, spruce
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monocultures have been experiencing large-scale bark-beetle outbreaks
across Europe (Hlasny et al., 2021; Pirtskhalava-Karpova et al., 2024)
and increased climate vulnerability (Arend et al, 2021). Such
large-scale disturbances, often followed by salvage-cut logging, can lead
to significant C emissions from soils and reduce methane (CH,4) uptake
by altering methanotrophic communities (Ho et al., 2016). However, the
long-term comparative impact of these forest types on C sequestration
and greenhouse gas (GHG) fluxes remains insufficiently quantified,
especially under extreme climatic conditions.

Soils store more than 50 % of ecosystem C in temperate forests and
are essential to the global forest C sink (Georgiou et al., 2022; Pan et al.,
2011). Soil CO3 emissions from heterotrophic respiration represent the
largest terrestrial C source to the atmosphere (Nissan et al., 2023). While
the amount of CO3 released from soils roughly equals the input from
vegetation returning to the soil (Lehmann and Kleber, 2015), respiration
tends to slightly exceed net primary production due to additional con-
tributions from plant roots and mycorrhizae (Schlesinger and Andrews,
2000). Human activities, such as land use change and forest manage-
ment, have disrupted the balance between inputs and emissions in soils,
leading to increased soil C emissions. Forest disturbances, which have
intensified due to climate change in recent centuries (Seidl et al., 2017,
2014), are key contributors to this C cycle imbalance. These distur-
bances can result in the loss of up to 60 Mg ha™! of soil organic carbon
(SOC), with carbon-rich soils experiencing higher losses than
carbon-poor soils (Mayer et al., 2024). Soil respiration is primarily
driven by soil temperature and water content (Hursh et al., 2017).
Extreme weather events, such as droughts and disturbances, can
significantly alter these factors, influencing C release from soils (Mayer
et al.,, 2017) by affecting soil microbial diversity and activity
(Saez-Sandino et al., 2023). However, most research focuses on above-
ground C storage, while the effects of extreme droughts and disturbances
on soil respiration and CH4 uptake remain unclear (Mayer et al., 2024).
Due to the high costs and time requirements, the extent of drought—and
disturbance-induced soil C fluxes and emissions remains insufficiently
quantified across diverse forest ecosystems and management practices.
While microbial diversity influences soil C dynamics, comparative
studies on microbial structure in monoculture vs. mixed forests remain
limited (Saez-Sandino et al., 2023).

Methane (CH,) is the second most important anthropogenic green-
house gas after CO; in terms of radiative forcing (Saunois et al., 2016),
with an effect approximately 84 times greater than CO, over 20 years
(IPCC, 2013). Temperate forest soils are generally net sinks of CH4
(Dlugokencky et al., 2011), but this uptake has declined over the past
three decades (Ni and Groffman, 2018). Although forest soils act as a net
sink of CHy4, their uptake capacity may decrease with increasing pre-
cipitation and soil moisture (Feng et al., 2020). Methanotrophs in the
soil oxidise CH4 to CO9 under optimal soil moisture and porosity con-
ditions, but this process is inhibited when soils become waterlogged.
Methanogenic organisms can survive extended periods of drought and
oxidised soils and become active under damp, anoxic conditions. Several
factors influence CHy4 uptake in forest soils, but the combined effects of
drought, disturbances, and forest management are not yet fully under-
stood due to their complexity. Moreover, it is well established that
clear-cutting reduces CH4 uptake (Wu et al., 2011), yet previous studies
suggest a slow recovery over several years.

Extreme weather events reduce C assimilation, transfer to roots, and
input to soil microorganisms, ultimately affecting soil microbial struc-
ture and respiration (Kang et al., 2022). However, these impacts have
largely been neglected in the national greenhouse gas (GHG) inventories
of forest soils (Makipaa et al., 2023). Therefore, it is crucial to quantify
the effects of disturbances, droughts, and forest management on soil CO»
and CHjy fluxes to better understand the role of forest soils in C dynamics
under rapidly changing environmental conditions.

Many studies have demonstrated the benefits of mixed forests for
drought resistance and productivity stability, but fewer studies quantify
their long-term C sequestration advantage compared to spruce
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monocultures. Studies like Pretzsch and Schiitze (2009) and Pretzsch
et al. (2014) have focused on aboveground biomass production, but the
impact on belowground C stocks and soil respiration remains unclear.

In this study, we examine long-term growth trends in tree species and
their responses to drought events, exploring how these factors
contribute to C sequestration and storage in above-ground biomass in
Norway spruce monocultures and mixed stands. We place the seasonal
drought responses of tree growth in the context of long-term growth
trends and investigate how drought influences soil CO5 and CHy4 fluxes
by altering temperature, water availability, and, indirectly, tree growth.
The study utilises data from a three-year root-exclusion experiment
conducted as part of the European-wide Horizon 2020 project, HoliSoils
(https://holisoils.eu/).

In this study, we specifically seek to:

i) Assess differences in soil C fluxes (COz2 and CH4 uptake) between
the two forest types, Norway spruce monoculture and mixed forest,
particularly under drought conditions. We hypothesise that the total soil
CO2 efflux is more resilient in mixed forests during drought, while
spruce monocultures show a sharper decline.

ii) Evaluate how drought and disturbances (e.g., bark beetle out-
breaks) impact resilience and aboveground C sink in spruce mono-
cultures compared to mixed forests. We hypothesise that mixed forests
exhibit more resilience by stable C sequestration rates in aboveground
biomass than spruce monocultures, which are expected to be more
vulnerable to decline in C sink under climate stress.

iii) Analyse microbial community differences in relation to forest
type and management practices, focusing on their role in soil respiration
and CHa4 oxidation.

iv) Investigate the post-disturbance effects of a clear-cut in a spruce
monoculture on soil CO: emissions and CHa uptake recovery. We
hypothesise that CHa uptake is higher in mixed forests and less affected
by clear-cutting than spruce stands, where oxidation rates initially
decrease.

2. Material and methods
2.1. Site description

The research area was established in central Slovakia (N:48.6737, E:
19.6792) as a test site for the European-scale Horizon Europe project
titled Holistic management practices, modelling and monitoring for
European forest soils (HoliSoils, https://holisoils.eu/). We established
two sites to test the effects of forest management on soil CO, and CHy
fluxes (Fig. 1A, B): 1) The first site was a mixed-species stand in a buffer
zone of the Dobro¢ primary forest declared as a nature reserve in 1913
and with minimal management, it was left to develop without active
management thus can be considered as close to nature management; 2)
the second site was a Norway spruce monoculture established by
planting 70 years ago and regularly managed by thinning from below
(one thinning per decade, rotation period of 100 years). The last thin-
ning before the clear-cut was done in 2019, removing approx. 5 % of the
growing stock. These two stands are located right next to each other at
950 m a.s.l. on a productive site with deep Dystric Cambisol.

The mixed stand is formed by five species, European beech (Fagus
sylvatica, L.) — 43 %, silver fir (Abies alba, Mill.) — 25 %, Norway spruce
(Picea abies, (L.) H.Karst) — 14 %, Sycamore maple (Acer pseudoplatanus,
L.) - 13 %, and Common ash (Fraxinus excelsior, L.) — 5 % (the per-
centage calculated from tree basal area). The monoculture is formed by
100 % of Norway spruce.

In 2023, the Norway spruce monoculture faced a bark-beetle
outbreak, and after all the spruce trees died, the trees were harvested
by clear-cutting in September (Fig. 1C). The forest residues (tops and
branches) were haphazardly left on site.


https://holisoils.eu/
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Fig. 1. A) Mixed stand in the buffer zone of Dobro¢ primary forest; B) 70-years-old spruce monoculture planted next to the mixed stand (before clear-cut); C) the
clear-cut in the spruce stand after the bark-beetle invasion in 2023 (dead trees harvested in September 2023); D) and F) vertical and horizontal structure, respec-
tively, of the mixed stand; E) and G) vertical and horizontal structure, respectively, of the spruce stand (before clear-cut).

2.2. Measurements of soil CO, and CHy4 fluxes

Carbon dioxide (CO5) and methane (CHy) fluxes from the soil were
measured biweekly since August 2021 using the LI-COR LI-7810 CHy/
CO4/H20 Trace Gas Analyzer (LI-COR Biosciences GmbH) connected to
a dynamic non-transparent chamber (30 cm diameter, 21 cm height)
equipped with a small fan for air mixing. The chamber was manually
placed airtight on the soil within a pre-cut 2 cm deep ridge along its
circumference and connected via tubing to the trace gas analyzer. Gas
concentrations were recorded every second for three minutes, with
linearity continuously monitored. Flux calculations were based on the
stable portion of the data, specifically from 30 seconds after measure-
ment initiation to 15 seconds before completion (Zhao, 2019). We
conducted a total of 2800 CO, and CH4 measurements over the three
years of the study. Five months prior to the first measurement, we
applied a root exclusion method (RE) to separate the heterotrophic (Rh)
and autotrophic (Ra) respiration and to quantify their contribution to
the total soil respiration (Rt) (Diaz-Pinés et al., 2010). We established 40
measurement points (16 trenched and 24 untrenched/control), i.e. 20
points in each stand. The root exclusion (trenching) was done by
inserting a geotextile fabric to a depth of 50 cm to prevent the ingrowth
of tree roots (Diaz-Pinés et al., 2010). The size of the trenching plots of
2 m? minimised the boundary effects of the root prevention fabric on
GHG flux measurements. It allowed the collection of soil samples for
microbiology on a 0.3 x 1 m stripe and the placement of sensors to
monitor soil microclimate. When establishing trenching plots, the
woody roots were cut. In the laboratory, roots were separated into
diameter categories, and the root biomass was estimated (Table S1). We
installed sensors inside and outside the trenching plots at 5-10 cm soil
depths to continually measure soil temperature, soil water potential and
volumetric water content (see Section 2.5 for more details). Gas fluxes
were measured using a 21.7 L non-transparent dynamic chamber
equipped with a small fan for air mixing. The chamber was manually

placed airtight on the soil within a pre-cut 2 cm deep ridge along its
circumference and connected via Teflon tubing to a LI-COR LI-7810
(CH4/C0O2/H20) or LI-7820 (N20/H20) trace gas analyser. Gas con-
centrations were recorded every second for three minutes, with linearity
continuously monitored. Flux calculations were based on the stable
portion of the data, specifically from 30 seconds after measurement
initiation to 15 seconds before completion (Zhao, 2019).

2.3. Soil physical and chemical analyses

Soil samples were collected along the soil profiles in 10-cm intervals.
The samples were air-dried, gently crushed, and sieved through a 2 mm
mesh in the laboratory. Soil pH was measured potentiometrically in
water suspension (1:2.5; w:v) after 24 h. The combustion method was
used to determine the concentration of organic C and total nitrogen
using the equipment LECO CHN 828. The soil texture was determined
through sedimentation analysis, employing the pipette method.

Soil organic C stock (SOC, [Mg ha™']) was computed by summing up
the SOC of the eight 10-cm layers. SOC in the ith layer was estimated by
the following equation:

n
S0C =" BD; x SOCC; x d; x (1 —cf;) x 10000

i=1

Where BD; is soil bulk density [Mg m_g], SOCC; is SOC concentration
[%], d; is the thickness [m], and cf; is the volumetric fraction of coarse
fragments [%] in the ith layer from the total of n = 8 soil layers.The
constant 10000 is used for conversion of m? to hectares.

The soil is a deep Dystric Cambisol, with physicochemical and
textural properties similar in both the mixed stand and the Norway
spruce monoculture (Table 1).
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Table 1

Soil physicochemical properties.
Variable Mixed Spruce
pH H20 4.2 4.0
N (%) 0.24 0.23
C (%) 2.3 2.47
C/N 9.4 9.9
Sand (%) 45 47
Silt (%) 41 39
Clay (%) 139 14.2
Stoniness (%) 5-50 5-50
Depth of soil organic layer (cm) 3.7 4.95

2.4. Tree and stand characteristics

We conducted a tree inventory on an area of 2700 m? (30 x 90 m) in
each stand. We measured tree DBH and top height for all trees. A height-
diameter (HD) model was developed using the Weibull growth function
(Yang et al., 1978) in the “ForestFit” R package (Teimouri et al., 2020):

Height = 1.3 + b, (1 — EXP( — b,DBH™) ) (Eq. 1)

Where b; — bs are regression parameters to be estimated.

2.4.1. Long-term tree growth

All trees surrounding the soil CO; and CH4 flux measurement points
were sampled for tree ring analysis. Tree ring width (TRW) sampling
from 11 trees in the mixed stand and 14 trees in the spruce stand was
conducted in 2023. One core sample per tree (Bosela et al., 2014) was
extracted from trees surrounding trenching plots. The standard
dendrochronological procedure was applied to process and analyse the
tree-ring data (Cook and Kairiukstis, 2013).

We reconstructed past tree DBH between 2000 and 2022 using the
TRW samples and the DBH measured during inventory. We limited the
reconstruction period to 22 years to minimise the effects of thinning and
tree mortality in the stands. We applied the HD model (Eq. 1) to estimate
past tree height and used national volume functions (Gschwantner et al.,
2019; Petras and Pajtik, 1991) to estimate the volume of trees (including
tree components such as the stem, branches, and foliage). We further
used species-specific wood density (Eggleston et al., 2006) to transform
the tree volume into dry biomass.

2.4.2. Seasonal tree growth

In the close vicinity of the soil CO, and CH4 flux measurement points,
six trees of spruce in the spruce monoculture (with average DBH of
38.8 cm), and three of beech (average DBH=51.8 cm) and two of silver
fir (average DBH=44.9 cm) in the mixed stand were equipped with band
dendrometers DRL26D (EMS Brno, s.r.o0.) in 2021 to continually monitor
changes in stem radius in a half-hourly resolution. Tree water deficit was
extracted from the continual measurements using the zero growth (ZG)
concept (Zweifel et al., 2016) using the “DendroAnalyst” R package
(Aryal et al.,, 2020). We identified three phases of circumference
changes: shrinking, swelling, and growth. Using the growth phase, we
calculated annual radial growth by cumulating growth increments.

We generalised the annual growth of trees by using the Richards
growth function (Richards, 1959):

Cumulative growth = A/(l +BEXP(—k(t—M)) )% (Eq. 2)

Where:

A - is the upper asymptote, representing the maximum annual cu-
mulative growth

B - is a scaling parameter

k - is the growth rate parameter

M —is the DOY at the inflection point, where the growth rate changes
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v — is a shape parameter that influences the flexibility of the curve

t — time (day of year - DOY)

To simplify the estimation of so many parameters, we replaced the
parameters B and v by 0.5 and estimated the asymptote, growth rate and
DOY at the inflection point:

Cumulative growth = A/(l + 0.5EXP( —k(t—M)) )01? (Eq. 3)

2.4.3. Below-ground biomass

For each trenching plot, we measured the dry matter of all roots by
sampling roots from one long side of the plot, i.e., in the space of
200 x 30 x 50 cm. All roots were dried at 60 °C until they reached a
constant weight. The roots were then split into size categories: 0-2 mm,
2-5mm, 5-10 mm, 10-20 mm, and > 20 mm. The dry matter was
weighted with a precision of 1/100 g.

2.5. Climate data

2.5.1. Long-term monthly data

Long-term, monthly-resolved climate data for 1961-2023 were
sourced from the nearest climatological station in Lom nad Rimavicou
(1.8 km from the study site), administrated by the Slovak Hydromete-
orological Institute. Data include monthly mean air temperature, pre-
cipitation sums, and relative humidity. We further calculated climatic
water balance (CWB) by subtracting precipitation and potential evapo-
transpiration estimated using the Thornthwaite equation (Skvarenina
etal., 2004; Thornthwaite, 1948). The long-term climate data were used
to analyse the long-term growth trends in the spruce and mixed stands.

2.5.2. Hourly climate data

In June 2021, a weather station (Minikin RTHi and precipitation
gauge with small event recorder Minikin ERi, manufactured by EMS
Brno) was placed in the vicinity of the test site to continually monitor air
temperature, humidity, precipitation, and solar radiation at an hourly
resolution. Moreover, Minikin THi sensors were installed in each stand
to monitor forest microclimate (air temperature and humidity). Air
vapour pressure deficit (VPD) was calculated based on minimum and
maximum daily temperature and relative humidity.

2.5.3. Soil water potential and moisture content

Soil water potential (SWP) was continually measured inside and
outside the trenching plots using a MicroLog SP3 system with sensors
embedded in Delmhorst Gypsum blocks (EMS Brno). Similarly, volu-
metric soil water content was measured using a MicroLog V3A system
with sensors SM100 (EMS Brno).

2.6. Soil microbial diversity

Soil samples were collected inside and outside the four trenches (two
in spruce monoculture and two in the mixed forest), one year after the
trenches were established. In each trenching plot, a transect of five soil
cores was established inside and outside of the trenching plot. Soil corers
of 4 cm diameter were used. Soil cores in a transect were spaced 15 cm
apart, resulting in a transect of soil cores approximately 80 cm long.
Material from five soil cores representing the top 10 cm of soil after litter
removal was combined to obtain a composite sample. The soil was
thoroughly mixed and sieved through a 5-mm sieve.

2.6.1. DNA extraction and sequencing

Total genomic DNA was extracted from 8 soil samples using a
modified Miller method (Sagova-Mareckova et al., 2008). DNA was
extracted in duplicates from 0.25 g of freeze-dried soil. The duplicates
were cleaned using Geneclean Turbo Kit (MP Biomedicals) and pooled
before subsequent PCR.
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PCR amplification of the fungal ITS2 region from DNA was per-
formed using primers fITS7 and ITS4 (Ihrmark et al., 2012), and the V4
region of bacterial 16 S rRNA was amplified using the primers 515 F and
806 R (Caporaso et al., 2012); both the forward and reverse primers
were barcoded. PCR was performed in triplicate for each sample. Each
PCR reaction contained 5 pl of 5x buffer for Q5 High-Fidelity DNA po-
lymerase (New England Biolabs, Inc.), 5 pul of 5x Q5 HighGC Enhancer
(New England Biolabs, Inc.), 0.5 pul of 10 mM PCR Nucleotide mix
(Bioline), 1.5ul of 10 mg ml—1 BSA (GeneON), 0.25pul of the Q5
High-Fidelity DNA polymerase (New England Biolabs, Inc.), 1 ul of each
10 pM forward and reverse primer (Sigma-Aldrich), 9.75 ul of H20, and
1 pl of the template DNA. The PCR conditions for the fungal ITS2 region
were: initial denaturation for 5 min at 94°C; 30 cycles of 30 s at 94°C,
30 s at 56°C, 30 s at 72°C, followed by an extension at 72°C for 7 min.
The PCR conditions for the bacterial 16S rRNA region were: initial
denaturation for 4 min at 94°C; 25 cycles of 45 s at 94°C, 60 s at 50°C,
75 s at 72°C, followed by an extension at 72°C for 10 min. The resulting
amplicons were purified using MinElute Kit (Qiagen), pooled, and li-
braries prepared with the TruSeq DNA PCR-Free Kit (Illumina) were
sequenced in-house on the Illumina MiSeq (2 x 250-base reads).

2.6.2. Microbial data analysis

Sequence data were processed using the SEED 2.0 pipeline
(Vetrovsky et al., 2018). A fastq-join (Aronesty, 2013) was used to join
the pair-end reads. Quality filtering was performed with a mean quality
score of 30 as a cutoff. Before further processing, the ITS2 region was
extracted using ITSx v1.0.8 (Bengtsson-Palme et al., 2013). Following
the removal of chimeric sequences, the remaining sequences were
clustered at a 97 % similarity level using UPARSE implemented within
USEARCH (Edgar, 2013). The most abundant sequence for each opera-
tional taxonomic unit (OTU) was chosen as the representative sequence,
and BLASTn was used for identifications against relevant databases:
UNITE v10 for fungi (Abarenkov et al., 2024) and Silva v138.1 (Quast
et al, 2013) for bacteria. Sequences identified as non-fungal or
non-bacterial were discarded. Putative ecology categories were assigned
to fungal OTUs based on their genus identification using FungalTraits
(Polme et al., 2020).

2.6.3. Soil enzymatic activities

Enzyme assays (MUFC - Cellobiohydrolase, MUFG - p-Glucosidase,
MUFL - p-Galactosidase, MUFN — Chitinase, MUFP - Acid Phosphatase,
MUFX - B-Xylosidase, MUFY - Lipase, MUFaG - a-Glucosidase) were
performed in soil homogenates as previously described (Stursova and
Baldrian, 2011). A 0.25 g of freeze-dried soil was homogenised in so-
dium acetate buffer (pH 5.0) for total enzyme activity assays. Specific
substrates were added to the soil slurry, and the enzyme activities were
assessed by measuring fluorescence. The reactions were incubated in
multiwell plates at 40°C, with fluorescence measurements taken from 5
to 125 min using a microplate reader (Infinite, TECAN, Austria) at
excitation and emission wavelengths of 355 nm and 460 nm, respec-
tively. Enzymatic activities, after blank subtraction, were quantified
using MUF standard curves.

2.6.4. Microbial biomass

Approximately 2g of each sample were extracted using a
chloroform-methanol-phosphate buffer mixture (1:2:0.8) following the
methods of (Bligh and Dyer, 1959) and (Shajdr et al., 2008). Internal
standards were added before extraction. The chloroform fraction was
filtered and evaporated, and the total lipid extracts were fractionated
into neutral, glyco-, and phospholipid fractions. The phospholipid
fraction was further processed using trimethylchlorosilane-methanol
derivatisation. Phospholipid fatty acid (PLFA) methylesters were ana-
lysed by gas chromatography, identifying different fatty acids by
comparing retention times with standards. Specific fatty acids were used
as proxies for fungal biomass (18:2w6,9) and bacterial biomass (sum of
various fatty acids). Total PLFA content represented total microbial
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biomass (Frostegard et al., 1993; Joergensen, 2022; Welc et al., 2012).
2.7. Above-ground litter collection

In 2023, six circle-shaped litter collectors with a size of 0.28 m? were
installed in the spruce and mixed stands to estimate the annual litter fall
(including foliage and branches). However, the bark-beetle disturbance
prevented us from estimating the yearly litter fall for the spruce stand.
The litter in the mixed stand was collected three times throughout the
year, and the samples were dried at 60 °C until they reached a constant
weight. The dry matter was weighted with a precision of 1/100. The
total above-ground annual litterfall dry matter (DM) in 2023 amounted
to 7.4 + 2.3 Mg ha™! yr! in the mixed stand. We then considered half of
the dry matter to be carbon.

2.8. Statistical analyses

2.8.1. Long-term growth trends

The long-term growth trends were analysed using the stand above-
ground biomass chronologies estimated from TRW samples (see Sec-
tion 2.4 — Long-term tree growth). The trends in AGB increments since
2000 were tested using the linear least-squares regression.

2.8.2. Effects of drought on seasonal tree growth

To quantify the effects of soil microclimate and air vapour pressure
deficit on daily tree water deficit, we used linear mixed-effects models
employing the R function “lmer” in the “lme4” package (Bates et al.,
2015). To account for trees’ different responses to SWP at varying levels
of VPD, we used the interaction between the two in the model. In
addition, Species (Norway spruce, European beech, and silver fir) were
added to the interaction term to account for varying SWP x VPD terms
among species. Considering varying responses of individual trees to the
explanatory factors due to factors not measured in the study, we added
the random intercept and slope of the effect of SWP in the model (Eq. 4).

TWDnini = By + B1SWPnaxi + B, VPD; + BsSpecies; + B4 (SWPaxi
X VPD;) + f35 (SWPmax, x Species;) + B (VPD;
x Species;) + B; (SWPpax; X VPD;

x Species;) + b + b1 jSWPpax; + & (Eq. 4)
Where:

TWDyin,i— the minimum stem water deficit in mm for observation i

Po — the fixed intercept

BL,52,53,54,55,56,7 — fixed-effect coefficients

SWPpqy i — the maximum soil water potential for observation i (Mpa).

VPD; — the vapour pressure deficit for observation i

Species; — the categorical species variable

boj and by j - the random intercept and random slope associated with tree
ID j (IDtree), accounting for within-tree correlation

¢&; — the residual error term

2.8.3. Effects of soil temperature and moisture on CO2 and CHy fluxes

The Wilcoxon test was used to compare mean CO, and CHy fluxes
between the mixed and spruce stands during the study period.

A mixed-effects generalised additive model was used to quantify the
effects of soil temperature (Tsoj) and soil moisture (SWC) on the CO, and
CH4 fluxes and to estimate the annual C and methane emissions. The
“gam” function in “mgcv” R package (Wood, 2003; Wood et al., 2016)
was used to model the effect of the interaction between soil temperature
and moisture separately in spruce and mixed stands. We added the ID of
points (IDpoint) as a random effect to account for repeated measure-
ments at individual measurement points.

COy; = f(Toouni, SWC;,Site;) +bj+&; (Eq. 5)

Where:
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CO,; - the response variable, representing soil CO: flux at observa-
tion i

Sf(Tsoii, SWC,;, Site;) —a smooth function of soil temperature (Ts;) and
soil water content (SWC), with smoothing varying by site (Site)

bj — a random effect associated with measurement point IDpoins
capturing repeated measurements at the same location

The same model structure was applied to test the difference between
trenched and untrenched plots (Treatment) separately in mixed and
spruce stands:

COz‘i = f(Tsoil_i, SWCl Treatmenti) + bj + & (Eq 6)

The “plot_diff” function in the “itsadug” R package (van Rij et al.,
2022) was used to plot the differences along the soil temperature
gradient.

2.8.4. Analysis of microbial community structure

The "vegan" (Oksanen et al., 2024) and "phyloseq" (McMurdie and
Holmes, 2013) packages were used for fungal and bacterial diversity and
community composition analyses. Fungal and bacterial community
compositions were visualised by nonmetric multidimensional scaling
(NMDS) based on Bray—Curtis distance using the “metaMDS” function
from the vegan package on the Hellinger-transformed OTU matrices.

3. Results
3.1. Quantification of forest stand characteristics

Stand density, average tree DBH and height, stand basal area, and the
above- and below-ground stand biomass were estimated (Table 2).
Despite the stand basal area being larger in the spruce compared to the
mixed stand, the above-ground biomass (AGB) is more prominent in the
mixed stand because of the higher wood density of the broadleaved
species and the occurrence of large broadleaved trees with DBH larger
than 60 cm which at lower density have large branches.

3.2. The climate change of the site

Climate warming on the study site has been pronounced since the
1990s compared to the reference period of 1961-1990, exceeding the
reference mean by more than 2°C in the recent decade (Fig. 2). Although
annual precipitation totals have not changed since 1961, climatic water
balance due to increased evapotranspiration shows continually drying
climate limiting available water to plants. There have been multiple
years of extreme drought with CWB dropping below —250 mm, such as
2000, 2003, 2008, and 2022. An extreme drought, such as that in 2022,
occurred after more than ten years (Fig. 2).

3.3. Effects of warming and drought events on long-term and seasonal tree
and stand growth

The long-term changes in the above-ground tree biomass suggest that
spruce growth significantly decreased since 2000 (Fig. 3). In contrast,
the mixed stand did not experience long-term growth changes in the
same period. Spruce trees significantly reduced their perimetral growth
during the dry years since 2000, with 2022, the year before the bark
beetle outbreak, being the worst year for spruce growth ever. Seasonal
measurements of circumference changes showed that spruce trees

Table 2
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reduced the stem water due to drought (especially the 2022 drought) the
most (Fig. 4A). Despite the drought being most potent in 2022, the cu-
mulative annual growth of fir and beech trees didn’t differ between the
study years (Fig. 4B). This was, however, not the case for spruce, when
the cumulative perimetral growth decreased in 2022 compared to 2021.

The linear mixed-effects model of tree water deficit showed the soil
water potential and air vapour pressure deficit to be the main factors
driving tree water transport (Table 3). These two variables and their
interaction explained 54 % of the total variability in TWD. The total
variability explained by the model was 66 %, suggesting that individual
responses of trees to spatial variability in microclimate are likely due to
varying competition among trees. Of the three species, spruce experi-
enced the strongest response to SWP and VPD, suggesting its higher
vulnerability to drought than fir and beech (Fig. 5).

3.4. Soil C stocks and effects of drought and disturbances on soil CO2 and
CHj fluxes

The 2022 drought significantly reduced total soil CO fluxes in the
Norway spruce stand, reaching a quarter to half of that in the mixed
stand during the late spring and early summer period (Fig. 6A). The
differences were found insignificant for the heterotrophic respiration,
which suggests that the total respiration was affected by the significantly
reduced growth and root respiration of Norway spruce trees during the
drought period (Fig. 4A). The oxidisation of CHy in the soil was strongly
reduced during the same drought period in 2022, however, the differ-
ences between the spruce and mixed stands were much lower (insig-
nificant in most cases).

After the clear-cut in September 2023 following the bark-beetle in-
vasion, the total soil COy respiration significantly increased in the
Norway spruce stand and remained significantly higher up to the last
measurement. The higher CO, fluxes result from an increased soil
temperature and moisture, and an increased decomposition of roots.
SWP remained close to zero values (soil saturated with water) in the
spruce stand after clear-cut, but went up in the mixed stand, indicating a
decrease in available water. The heterotrophic respiration was not
significantly different between the forest types before the clear-cut,
suggesting trees’ vital role in total soil respiration (Fig S1). However,
after trees were removed, the heterotrophic respiration increased in the
clear-cut. While oxidation of CH4 was reduced considerably immedi-
ately after the clear-cut in 2023, it fully recovered in 2024.

The mixed GAM model of CO;, fluxes suggests that temperature is the
most important explanatory variable (Fig. 7). The significant interaction
term of soil temperature and moisture indicated that soil moisture
affected CO; fluxes, but only at higher temperatures and much lesser
intensity compared to temperature (Fig. S1).

The mixed GAM model was used to extrapolate the CO, fluxes and,
after conversion to C mass, estimate total annual soil C emission in the
mixed stand and spruce monoculture in 2022 and 2023 (for these years,
we had full-year measurements of CO, and soil microclimate) (Fig. 9).
Despite the 2022 drought reduced the soil respiration at a higher in-
tensity in the spruce than mixed stand, the total annual C emissions were
not significantly different, reaching between 7 and 8 Mg ha lyr~!. We
estimated the yearly above-ground litter biomass input (including fo-
liage and branches) to the soil to be around 3.65 + 0.6 Mg Cha 'yr ! in
the mixed stand (not available for the spruce stand due to the bark-
beetle outbreak and clear-cut). Thus, the litter input to the soil is half

Stand characteristics (DBH — median tree breast-height diameter, H — median tree height, BA — stand basal area, AGB — above-ground biomass (including stem, stem

top, and branches, without foliage)).

Site Age Stand density DBH H Merchantable volume BA AGB Branches Foliage
yr Nha™! cm m m® ha m?ha™! Mg ha™! Mg ha! Mg ha!

mix 150 278 42 32 794 48 467 86 9

spruce 70 433 42 37 983 60 361 16 20
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Fig. 2. Long-term variation in climate variables using data from a nearby climate station (Lom nad Rimavicou, 1.8 km from the Dobroc site). Temperature and
precipitation anomalies were calculated to vary around the mean of the reference period of 1961-1990. Climate water balance (CWB) was estimated using the
Thornthwaite equation to compute potential evapotranspiration. The grey shaded area highlights the period after 2000, which was used to analyse mean tree AGB
increment trends.

Site = mix - - spruce

y=-94+0.058x R};=-0.03
404

o

=

()]

=<

S 30

[0

e

o

g — /\/\ Yl A
= 204 \)l

0

Q

g

C

©

()

= .

2000 2005 2010 2015 2020

Year

Fig. 3. Long-term changes in the average tree above-ground biomass increment in the spruce monoculture and mixed stand. The regression lines indicate changes
after 2000, similar to our earlier study (Bosela et al., 2021).

of that emitted from the soil. The increased C emission in 2023 was 2022.
mainly due to the bark-beetle outbreak and clear-cut in September, but We estimated the total C stock in the upper 80 cm organic soil layer
also to more favourable climate conditions for decomposition than in to be 125 Mg ha! in the spruce and 135 Mg ha ™! in the mixed stand,
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Fig. 4. A) Tree water deficit (TWD, solid lines with confidence intervals) and soil water potential (SWP, solid lines with dots); and B) annual perimetral growth and

growth rate of beech, fir and spruce trees in 2021, 2022, and 2023.

Table 3

Results of the linear mixed-effects model with tree water deficit (TWD) as the
dependent variable and soil water potential (SWP), air vapour pressure deficit
(VPD) and species as explanatory variables.

Model parameters Estimate Std. df tvalue p-value
Error
(Intercept) —0.0320 0.0717 11 —0.446 0.665
SWPmax —0.0778 0.0727 11 —1.07 0.307
VPD —0.0267 0.0452 3530 -0.59 0.555
species(Fir) —0.0194 0.1140 11 -0.17 0.868
species(Spruce) —0.2040 0.0880 11 —2.313 0.042
SWPmax: VPD —0.0676 0.0633 3530 —1.069 0.285
SWPmax: species —0.1060 0.1160 11 —0.918 0.378
(Fir)
SWPmax: species —0.4150 0.0897 12 —4.629 < 0.001
(Spruce)
VPD: species(Fir) 0.0091 0.0742 3530 0.122 0.903
VPD: species —0.1510 0.0565 3530 —2.681 0.007
(Spruce)
SWPmax: VPD: —0.1590 0.1010 3530 —1.568 0.117
species(Fir)
SWPmax: VPD: —0.3020 0.0816 3530 —3.697 < 0.001
species(Spruce)
Random effects:
Groups Name Variance Std. Corr
Dev.
ID Tree (Intercept)  0.01318 0.1148
SWPmax 0.0126 0.1123 0.14
Residual 0.05894 0.2428

R-squared marginal = 0.54, R-squared conditional = 0.66

representing 35 % of the above-ground biomass in the spruce and 29 %
in the mixed stand.

The below-ground biomass in the 50-cm depth was similar in both
stands, and it was estimated to be 12.3 Mg ha-1 in the spruce and 13.8
Mg ha-1 in the mixed stand. However, the share of fine roots from the
total root biomass differed between the stands, amounting to 15 % in the
spruce and 29 % in the mixed stand.

The species richness of microbial communities seemed not to differ
between the mixed old-growth forest and Norway spruce monoculture
(Fig. S2). However, the species composition of microbial organisms
differed, with ectomycorrhizal fungi (EcM) being dominant in the mixed
and saprotrophic fungi prevailing in the spruce stand. Expectedly, root

exclusion treatment changed the species composition of fungi, with EcM
fungi being dominant in the plots where roots were present. Saprotrophs
prevailed inside the trenching plots from where roots were excluded
(Fig. 8). The bacteria community structure did not differ between spruce
and mixed stands, either between non-trenched and trenched (roots and
autotrophic respiration excluded) plots. However, Actinobacteriota,
more drought-sensitive, tended to be more frequent in the spruce stand.

4. Discussion

4.1. Comparison of C sequestration and resilience between monocultures
and mixed forests

Norway spruce was the most adversely affected by drought in 2022,
exhibiting the highest tree water deficit and the lowest annual cumu-
lative growth among the three studied species. This aligns with its
known isohydric behaviour, where it minimises hydraulic failure risks
by closing stomata and reducing sap flow earlier than European beech
and silver fir (Ulrich and Grossiord, 2023). An irrigation experiment in
Germany revealed that both spruce and beech responded similarly to
drought conditions, but spruce displayed a significantly delayed recov-
ery after irrigation, indicating better acclimation of beech to drought
(Motte et al., 2023). Beech, unlike spruce, quickly restores its turgor loss
point after watering, leading to faster recovery of stomatal conductance
and resilience (Hesse et al., 2023).

In our study, the earlier decline in soil water content in the spruce
monoculture during the 2022 drought (Fig. S3) supports the hypothesis
that beech and beech-dominated mixed forests are less water-intensive
than spruce. Additionally, our results indicated a long-term decline in
spruce growth rates since 2000, consistent with previous large-scale
studies across the Carpathian Arc (Bosela et al., 2021) and other re-
gions (Yue et al., 2011). A drought experiment demonstrated that
repeated drought severely reduced xylem sap flow in spruce, with
incomplete recovery even two years after drought exposure, a pattern
not observed in beech (Gebhardt et al., 2023). This is likely due to
beech’s anisohydric nature, which favours C gain over water conserva-
tion. Despite its anisohydric tendencies, beech exhibits a moderate
transpiration rate and conservative water use compared to spruce
(Leuschner, 2020). The declining growth in spruce monocultures could
lead to significant net C losses over multiple decades.
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Fig. 6. A) CO, and CHy fluxes in the study period with soil water potential (SWP) in the control plots (total soil respiration) and B) in the trenching plots (het-
erotrophic soil respiration). The whiskers represent the 95% confidence intervals of the point estimates. Wilcoxon test was used to test the differences between mixed
and spruce stands, and the asterisks indicate the significance level (* - 0.05, ** - <0.01, *** - <0.001). Light blue rectangles indicate drought periods in 2022 and
2024, and the red rectangles indicate the period after the clear-cut in 2023.

The productivity of the spruce monoculture in our study dropped has a needle longevity of 5-6 years (Reich et al., 1996), meaning foliage
below that of the mixed stand, signalling a reduction in C sequestration recovery takes longer (Zweifel et al., 2020). This lower recovery ca-
potential for spruce-dominated forests under future climate warming pacity likely contributed to the long-term growth decline observed in
and drying scenarios. While drought reduces the leaf area and water our study. The delayed recovery of spruce may also be linked to its lack
demand for both spruce and beech (Jacobs et al., 2021), beech and fir of vessels, which restricts water transport velocity in the xylem (Hesse
can recover fully when conditions improve. Spruce, on the other hand, et al., 2023).
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In 2023, following the severe drought of 2022, the spruce mono-
culture was invaded by bark beetles, leading to a clear-cut in September
2023. The beetle outbreak was likely exacerbated by the reduced vitality
and resin exudation of spruce caused by water stress (Netherer et al.,
2015).

Silver fir exhibited a less intense response to the 2022 drought than
spruce, consistent with recent findings (Bottero et al., 2021). Fir trees in
our study even showed slightly higher annual growth in 2022 compared
to other years, suggesting their ability to balance the dry period from
June to August (Fig. S3) or that the drought was not severe for fir, which
may have benefited from warmer conditions (Bottero et al., 2021;
Vitasse et al., 2019). As an evergreen species, fir likely extends its
growing season, starting photosynthesis as early as February or March
and continuing until late autumn (Bosela et al., 2014). Norway spruce’s
shallower roots and more vulnerable xylem can lead to an earlier drop in
gas exchange, cutting short the effective “extra” time (Lévesque et al.,
2013).

Sycamore maple and common ash, present in the mixed stand, have
been less studied regarding drought resistance and resilience. However,

10

recent research suggests these species exhibit low climate vulnerability
and long-term growth stability, contributing to the stable growth
observed in the mixed stand throughout the study period (Leuschner
et al., 2024). The limited sample size of the tree-ring series did not allow
us to analyse these species’ long-term growth and drought resistance in
detail.

All species in this study responded significantly to vapour pressure
deficit (VPD) in interaction with soil water potential (SWP), becoming
more sensitive to VPD at higher SWP levels. Increasing VPD typically
reduces stomatal aperture and conductance, curbing water loss and
limiting growth (Grossiord et al., 2020; Yuan et al., 2019). Spruce was
most vulnerable to this effect, a concern given the global rise in VPD and
its potential impact on vegetation growth (Yuan et al., 2019). If VPD
continues to rise under future warming, Norway spruce faces heightened
mortality risks and large-scale disturbances, especially near or beyond
its current distribution range (Honkaniemi et al., 2020).

Our findings demonstrate that while Norway spruce monocultures
initially provide high productivity, long-term C sequestration in mixed
forests is more stable, mitigating climate-related C losses. This suggests
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that forest management strategies favouring mixed compositions could
enhance long-term C storage.

4.2. Drought and disturbance impacts on soil CO2 and CHy fluxes

Heterotrophic respiration was the primary source of soil CO5 emis-
sions during the study period (Fig. S4), consistent with earlier findings
(Mayer et al., 2017). Notably, the extreme drought of 2022 (particularly
in May and June) reduced heterotrophic respiration’s contribution to
total forest floor respiration. In the spruce monoculture, heterotrophic
respiration accounted for nearly 100 % of total respiration due to
severely diminished tree growth (Fig. 4), which reduced autotrophic
respiration by roots—a trend not observed in the mixed stand.

Drought significantly decreased total and heterotrophic respiration
in both the mixed stand and spruce monoculture. This can be attributed
to reduced soil moisture, tree growth, and microbial activity (Akande
et al., 2023). Severe drought alters microbial community composition
and function, shifting the balance between autotrophic and heterotro-
phic respiration (Meng et al., 2021). However, our study only conducted
soil sampling for DNA analysis once in 2022, limiting our understanding
of microbial community shifts due to drought. Microbial communities
may tolerate periodic drought, with their activity being more affected
than species composition (Schimel, 2018).

Soil respiration significantly increased following the clear-cut caused
by the bark-beetle invasion, leading to a doubling of C emissions
compared to the mixed stand or the same period in the previous year.
This increase was likely driven by higher soil temperatures, soil mois-
ture, and root decomposition, which stimulated microbial activity and
litter breakdown (Mayer et al., 2024; Morehouse et al., 2008). While we
found soil moisture to strongly influence soil respiration, the effect was
more pronounced in the spruce monoculture, where soil drying began as
early as April (falling below 10 % of the soil’s full water capacity),
whereas it remained stable at around 20 % in the mixed stand until late
May, indicating faster and earlier transpiration of evergreen spruce trees
than species in the mixed stand (Rotzer et al., 2017). The earlier start of
transpiration in the spruce stand might be because spruce is evergreen
and thus can start photosynthesis earlier than broadleaved species
dominating the mixed stand. Moreover, the shallow root system of
Norway spruce cannot access water in the deeper layers of the soil later
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in spring, particularly following a mild winter.

Our findings contrast with those of a recent study in a temperate
forest in Germany, which found no significant contribution of soil
moisture to soil respiration variability (Jevon et al., 2023). The
discrepancy may be due to the extreme drought conditions during our
measurement period, which were absent in the German study.

We expected that CH4 uptake would be much lower after clear-
cutting than during the pre-harvest period (Wu et al., 2011) and lower
when compared to the mixed stand. We found that the uptake was
strongly reduced immediately after the clear-cut; however, it returned to
the same rates as in the mixed stand by the second year, 2024. The total
recovery of CH4 uptake in the second year does not align with other
studies from European temperate forests, which suggest that reduced
CH4 consumption may persist for a decade or longer (Wu et al., 2011).
However, it corroborates more recent post-harvest and post-fire studies
(Halim et al., 2024). Another study in Norway spruce stands reported
full recovery of CHy4 oxidation within 15-19 months (Saari et al., 2004),
which is consistent with our findings. The discrepancy in the duration of
CHa. uptake recovery compared to earlier studies may be attributed to
site-specific microbial adaptation, rapid changes in nitrogen cycling, or
improved soil aeration following clear-cutting, warranting further
investigation.

The reduced CH4 oxidation shortly after the clear-cut can be attrib-
uted to various confounding factors. Clearcutting may increase soil
mineral N contents, and NH and NOj3 could inhibit methane oxidation.
This reaction is usually short-term, which may explain why CH4 con-
sumption recovered in the second year after the clear-cut at our site
(Saari et al., 2004). However, increased N content does not explain the
long-term reduction in CH4 oxidation found in other studies (Wu et al.,
2011). Another factor affecting CH4 oxidation could be soil CH4 diffu-
sivity and O availability, which is influenced by soil water content
(Guckland et al., 2009). Higher soil moisture limits the activity of
methanotrophic microorganisms, thus reducing CH4 oxidation. There-
fore, the recovery of CHy4 uptake following disturbances will depend on
soil moisture conditions in subsequent years.

CH,4 uptake was found to be more sensitive to tree species than CO,
fluxes and tends to be higher in deciduous forests (Jevon et al., 2023).
Our study revealed that CO, fluxes and CH4 uptake were higher in the
mixed stand than the spruce stand, but the differences were only sig-
nificant during drought periods. Estimates of annual and seasonal totals
of soil C emissions did not show significant differences between the
mixed stand and spruce monoculture. Microbial activity and decompo-
sition strongly depend on soil organic C content, which, when low, can
limit enzyme production (Saez-Sandino et al., 2023). The relatively high
and similar soil organic C content in both the mixed and spruce stands
may explain the non-significant differences in soil respiration. The sig-
nificant differences observed during drought can likely be attributed to
soil moisture. Immediately after the clearcut, C emissions (from CO,
effluxes) rose higher than in the mixed stand and remained significantly
higher the following year, while sequestration dropped to nearly zero. In
contrast, an empirical study showed that windthrow did not affect total
soil CO4 efflux because an increase in heterotrophic respiration offset
reduced autotrophic respiration (Mayer et al., 2017).

In our study, increased respiration due to elevated soil temperature
and moisture, coupled with the decomposition of dead fine and coarse
roots after the clear-cut, significantly raised total soil respiration.
Furthermore, the enhanced growth of ground vegetation, due to
increased solar radiation and soil moisture on un-trenched plots, may
have contributed to the elevated soil respiration after the clear-cut (Zhao
etal., 2022). A decrease in the proportion of heterotrophic respiration in
total CO», effluxes immediately following the clear-cut (Fig. S4) supports
this hypothesis.

Unexpectedly, we found non-significant differences in annual and
seasonal totals of CO, effluxes and CH4 oxidation between the mixed
stand and spruce monoculture, which contrasts with findings from other
studies (Jevon et al., 2023). However, species identity was not found to
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be the primary driver of soil respiration; rather, different soil properties
and microbial communities shaped under various tree species played a
role (Lang et al., 2020; Saez-Sandino et al., 2023). We found no signif-
icant difference in soil acidity, C:N, soil depth, and soil texture (per-
centage of sand, silt and clay) between the spruce and mixed stands,
which allowed us to test the species effect rather than soil property ef-
fects. This may partly explain the similar CO; efflux and CH4 uptake.

A higher proportion of saprotrophic fungi was present in the spruce
stand, while the dominance of EcM fungi species in the mixed stand did
not lead to differences in soil respiration. The slightly higher C stored in
the mixed stand’s soil may have contributed to the marginally higher
(though not statistically significant) CO; fluxes and CH4 uptake
compared to the spruce monoculture, as the amount of C influences soil
microbial biomass and, consequently, soil respiration (Saez-Sandino
et al.,, 2023). Our results indicated higher microbial biomass in the
mixed forest compared to the spruce stand (Fig. S5), which may explain
the elevated CO5 fluxes at higher temperatures in the mixed forest
(Fig. S1). The spruce stand, being 70 years old, may not have had suf-
ficient time to substantially alter soil properties after replacing the
originally broadleaf-dominated forest. The dominance of ectomycor-
rhizal fungi in mixed forests suggests a more stable soil microbial
network, which may help sustain CHa oxidation and mitigate soil CO2
efflux under drought conditions (Saez-Sandino et al., 2023). In contrast,
the higher saprotrophic activity in spruce stands may accelerate organic
matter decomposition, potentially leading to higher C losses
post-disturbance.

4.3. Study limitations and future research directions

Several methods have been used to separate autotrophic and het-
erotrophic soil respiration, with the root exclusion method being one of
the most widely employed due to its relatively easy application (Chin
et al., 2023). However, soil disturbance, root decay following root cut-
ting, and changes in soil moisture and microbial community can in-
crease CO; fluxes within the trenching plots (Diaz-Pinés et al., 2010).
Many studies have reported higher soil respiration inside trenching plots
even after long periods following their installation (Chin et al., 2023),
limiting the accurate quantification of heterotrophic soil respiration.

In our study, we installed the trenching plots in April 2021 and began
measurements in August, after five months. The first measurement
revealed significantly lower soil CO5 respiration within the trenching
plots compared to the control plots, suggesting that the effects of soil
disturbance and root decay had diminished after five months. Microbial
analyses conducted during the study provide firm support, indicating a
significantly reduced proportion of EcM fungi and an increased pro-
portion of saprotrophs inside the trenching plots in both spruce and
mixed stands. To further minimise the effects of plot installation, we
quantified annual Rh and Rt for 2022 and 2023, i.e., one and two years
after root exclusion (RE) installation. However, repeated soil sampling
for DNA analyses would be necessary to understand how microbial
community changes impact soil CO2 and CHj4 fluxes.

Furthermore, root cutting and inserting a textile fabric to prevent
root regrowth into the trenching plot can lead to waterlogging, which
reduces heterotrophic respiration (Chin et al., 2023; Diaz-Pinés et al.,
2010). We used water-permeable textile fabrics to limit waterlogging
effects, allowing water to enter and exit while preventing root ingrowth.
Additionally, we avoided using permanent PVC collars. Instead, we
employed PVC collars with a larger diameter than the chamber to avoid
gas leaching out of or air entering the chamber. Since we used a LI-COR
gas analyser for CO5 and CH,4 flux measurements, we could continuously
monitor for any gas leaching during the measurements. In cases where
leaching occurred, we repeated the measurements.

While this study provides valuable insights into the resilience of
mixed forests and spruce monocultures, its findings are based on a single
site in Central Europe. However, a study comparing CO, effluxes be-
tween temperate coniferous and deciduous forests in Central Europe
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showed that site characteristics had little impact on soil respiration, with
soil temperature, moisture, and forest type being the dominant drivers
(Wunderlich et al., 2012). Our study’s long-term, continuous CO, and
CH4 effluxes monitoring using the root exclusion method was possible
only at a smaller spatial scale. Nonetheless, establishing a monitoring
network across diverse forest and soil types would be crucial to validate
our results in the future. Further, future research should expand across
different climatic regions and incorporate long-term post-clearcut CHa
monitoring to better understand methane oxidation recovery
mechanisms.

4.4. Conclusions and implications for forest management and climate
mitigation

Our study examined the effects of tree species composition and
Norway spruce clear-cutting on soil COy and CH4 fluxes. First, we
compared drought resilience and soil GHG fluxes of a mixed unmanaged
and a managed Norway spruce monoculture. The mixed stands consis-
tently showed higher CO; effluxes from the soil and CH4 uptake, espe-
cially during droughts. However, the differences in annual totals
between the mixed and spruce stands were not statistically significant.
This suggests that soil properties, microbial communities, and site-
specific conditions, rather than tree species alone, drive soil C dy-
namics. The tree growth of the mixed stand was not strongly affected by
drought periods, while the growth of Norway spruce showed a declining
trend and was vulnerable to bark-beetle invasion after an extremely dry
year.

Second, we analysed soil GHG fluxes after clear-cutting a Norway
spruce stand after a drought period and bark-beetle invasion. COq
emissions were initially elevated post-clearcut due to increased soil
temperatures, moisture, dead roots and vegetation decomposition. We
also found that CH4 uptake was significantly reduced immediately after
clear-cutting but recovered within two years, contrary to previous
studies suggesting more extended recovery periods.

The increasing vulnerability of spruce monocultures to climate
stressors such as drought and bark beetle outbreaks accelerates C losses
and highlights the need for forest management strategies that favour
mixed and resilient species compositions to maintain ecosystem services
like C sequestration. Thinning monocultures and transitioning toward
mixed stands may not only stabilise biomass production but also prevent
catastrophic C losses due to drought and bark beetle outbreaks. Future
research should focus on expanding long-term monitoring across
different soil types and forest ecosystems to better understand the
complex interactions between forest management, soil properties, and
greenhouse gas fluxes. Moreover, incorporating long-term post-clearcut
CH. monitoring will help better understand methane oxidation recovery
mechanisms.
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