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Abstract

Deadwood is a key component of forest ecosystems, but there is limited information on how it influences forest soils. Moreo-
ver, studies on the effect of thinning-derived deadwood logs on forest soil properties are lacking. This study aimed to investi-
gate the impact of thinning-derived deadwood logs on the soil chemical and microbial properties of a managed spruce forest
on a loamy sand Podzol in Bavaria, Germany, after about 15 years. Deadwood increased the soil organic carbon contents by
59% and 56% at 0—4 cm and 8—12 cm depths, respectively. Under deadwood, the soil dissolved organic carbon and carbon to
nitrogen ratio increased by 66% and 15% at 0—4 cm depth and by 55% and 28% at 8—12 cm depth, respectively. Deadwood
also induced 71% and 92% higher microbial biomass carbon, 106% and 125% higher microbial biomass nitrogen, and 136%
and 44% higher p-glucosidase activity in the soil at 0—4 cm and 8-12 cm depths, respectively. Many of the measured variables
significantly correlated with soil organic carbon suggesting that deadwood modified the soil biochemical processes by alter-
ing soil carbon storage. Our results indicate the potential of thinned spruce deadwood logs to sequester carbon and improve
the fertility of Podzol soils. This could be associated with the slow decay rate of spruce deadwood logs and low biological
activity of Podzols that promote the accumulation of soil carbon. We propose that leaving thinning-derived deadwood on
the forest floor can support soil and forest sustainability as well as carbon sequestration.
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Introduction

Forests constitute about 30% (4-5 billion hectares) of the
earth’s terrestrial area, providing many essential ecosystem
services (Keenan et al. 2015; Bastin et al. 2017). Globally,
forests contain approximately 860 Pg carbon (C), which
equates to nearly 50% of the total organic C in terrestrial
ecosystems (IPCC 2007; Wei et al. 2014). This highlights
the remarkable capacity of forest soils to act as a sink and
source of carbon dioxide (CO,) that regulate global CO,
dynamics and C sequestration (Bonan 2008; Neruda et al.
2010). Total soil C stocks compose about 60% of the eco-
system C stock in temperate forests (Pan et al. 2011), dem-
onstrating its importance for the ecosystem balance and
functioning in temperate regions like Europe. For instance,
maintaining and enhancing forest soil C stocks support soil
C cycling, fertility, water availability, biodiversity, and forest
productivity (Page-Dumroese and Jurgensen 2006; Mayer
et al. 2020).

Alterations to inputs of soil organic matter (SOM) and
the loss of C affect the soil C balance. Such modifications
can be natural (e.g., wildfire and pests) or anthropogenic
(e.g., land use and management) (Nave et al. 2010; Zhang
et al. 2015; James and Harrison 2016). Forest thinning is
a management practice that selectively removes trees to
increase the availability of resources to the remaining trees
to improve their growth and productivity. Thinning regu-
lates forest structure, reduces the risk of wildfires, enhances
timber production, and increases forest resilience to environ-
mental disturbances (Makinen and Isomaki 2004; Sohn et al.
2016; Wang et al. 2017a, b). Despite these benefits, thinning
decreases C stocks of forest soils due to reduced litter and
root exudate inputs and increased rates of SOM mineraliza-
tion (Vesterdal et al. 1995; Jandl et al. 2007; Laganiere et al.
2010; Moreno-Fernandez et al. 2015; Zhang et al. 2018;
Mushinski et al. 2019). Specifically, thinning increases the
risk of C and nutrient limitations in coarse-textured soils of
low fertility (e.g., Podzol) compared to fine-textured fertile
soils (Morris 1997; Page-Dumroese et al. 2010).

Thinning leads to reductions in deadwood (e.g., tree
logs and branches) remaining on the forest floor, because
thinned trees are removed for biofuel or industrial purposes
(Page-Dumroese et al. 2010; Powers et al. 2011; Zhou et al.
2013). This can further increase the scarcity of deadwood in
managed Central European forests compared to unmanaged
forests (Ministerial Conference on the Protection of For-
ests in Europe, 2015). Deadwood, particularly as logs, is an
important habitat and source of nutrients for many soil- and
wood-inhabiting organisms, such as insects and fungi (Grove
2002; Perreault et al. 2020). Deadwood-derived C can enter
soil as dissolved organic matter through infiltrating water
(i.e., by precipitation) or as fragments through bioturbation
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(i.e., by insects and worms) influencing various soil prop-
erties, such as organic matter, pH, microbial biomass, and
enzyme activity (Krzyszowska-Waitkus et al. 2006; Kap-
pes et al. 2007; Allison and Martiny 2008; Ma et al. 2014).
Studies show that organic C and nutrients are higher in soils
under deadwood (Goldin and Hutchinson 2013; Bade et al.
2015; Stutz et al. 2017), while others demonstrate no or
even negative changes in the concentration of soil C and
nutrients under deadwood (Spears et al. 2003; Kahl et al.
2012; Zalamea et al. 2016). Retaining deadwood on soil is
seldom incorporated into forest management plans due to the
inconclusiveness of past research (Magnusson et al. 2016;
Gonzalez-Polo et al. 2013; Stutz and Lang 2017) and lim-
ited understanding, especially in European temperate forest
ecosystems (Lombardi et al. 2013).

No previous studies evaluated the impact of thinning-
derived deadwood logs on forest soil properties. Former
studies were concerned with deadwood from trees that col-
lapsed by natural phenomena or manually placed deadwood
of different decay classes (e.g., Chang et al. 2017; PerSoh
and Borken 2017; Stutz et al. 2017). An innovative and
applied forest management practice can be the retention of
deadwood derived from thinning operations on forest soils.
This study aimed to investigate the impact of deadwood from
forest thinning on the soil chemical and microbial properties
of an acidic Podzol with loamy sand texture after prolonged
time (~ 15 years). The main hypothesis of this study was that
thinning-derived deadwood significantly increases the SOC
content, microbial biomass, and enzyme activity.

Materials and methods
Study site and field design

The study site is a managed 55 years old spruce (Picea
abies) forest located at Kulmbach, Bavaria, Germany
(50°6'30" N and 11°29'12" E) with an altitude of 360 m
above sea level and a north-facing slope of 30° (Fig. 1A).
The average annual temperature and cumulative precipita-
tion are 9.1 °C and 957 mm, respectively. The soil is classi-
fied as Podzol (Federal Institute for Geosciences and Natu-
ral Resources, Germany) with a loamy sand texture (US
soil taxonomy). The forest had been thinned in 2006 and
downed spruce deadwood logs had been randomly distrib-
uted throughout the forest floor. Four deadwood logs (n=4)
of similar length (~ 80 cm), diameter (~60 cm), and decay
class that were in complete contact with the forest floor were
selected. We selected deadwood logs positioned perpendicu-
lar to the slope to avoid any redundant accumulation of water
and litter on one side (Fig. 1B). After removing the organic
layer, intact soil samples were taken from the mineral hori-
zon under the center of each deadwood log (deadwood)
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Fig. 1 The studied thinned spruce forest located in Kulmbach, Bavaria, Germany (A), the perpendicular position of the deadwood log and the
organic soil layer underneath (B), and white-rot fungi on the deadwood log shown by the red ellipse (C)

and at a distance of 3 m from the deadwood log (control)
at 0—4 cm and 8-12 cm depths. The control samples were
taken at a distance of 3 m from the deadwood logs to avoid
any influence of deadwood and its derivates. Samples were
taken from the two different depths to represent the impact
by direct contact (0—4 cm) and by translocation of substrates
(8-12 cm). Soil sampling was performed in April 2021 using
100 cm? (25 cm? x4 cm) metal rings. Before analysis, soil
samples were sieved (<2 mm) and stored in polyethylene
bags at 4 °C.

White-rot fungi were visually identified on all selected
deadwood logs (Fig. 1C). The decay class of the deadwood
logs was determined by the “pocket-knife”” method (Lachat
et al. 2014). The selected deadwood logs had a moderate
decay class, meaning that a pocket knife easily penetrated
with fibers, but not across. Moss and fern were the dominant
vegetation on the forest floor.

Laboratory analyses

The soil pH and electrical conductivity (EC) were deter-
mined at a 1/2.5 (w/v) soil-to-water ratio. The soil total C
and total nitrogen (N) were measured by dry combustion
using an Elemental Analyzer (Euro EA —CN, Eurovector,
Pavia, Italy). Due to the absence of carbonates and low soil
pH, the total C was considered soil organic carbon (SOC).
The soil microbial biomass carbon (MBC) and microbial
biomass nitrogen (MBN) were determined by the fumiga-
tion-extraction method (Brookes et al. 1985; Wu et al. 1990).
Briefly, two portions of 15 g soil were taken from the soil

samples. One portion was fumigated for 24 h at 25 °C with
50 ml ethanol-free chloroform (CHCIl;). Then, the fumi-
gated and non-fumigated soil portions were extracted with
60 mL 0.5 M K,SO, (potassium sulfate), filtered, and frozen.
After thawing, C and N in the frozen extracts were meas-
ured by the multi N/C 2100 (Analytik Jena, Germany) auto-
mated analyzer. MBC was calculated as ExC/0.45, where
ExC = (extractable C from fumigated samples)—(extractable
C from non-fumigated samples) (Wu et al. 1990). MBN
was ExN/0.54, where ExN = (extractable N from fumigated
samples) — (extractable N from non-fumigated samples)
(Brookes et al. 1985). K,SO, extractable C from fumigated
samples was taken as the index for dissolved organic carbon
(DOC) (Wu et al. 1990; Nazari et al. 2020).

The kinetics of -glucosidase, cellobiosidase, and chi-
tinase enzymes were determined using p-D-glucoside,
B-D-cellobioside, and N-acetyl-f-D-xylopyranoside
fluorogenic substrates, respectively (Sigma Aldrich,
Germany) following (Marx et al. 2005). Briefly, 1 g
soil was suspended in 50 mL distilled water, of which
50 pL suspension was pipetted in a 96-well microplate
(Thermo Fisher, Denmark). Then, 50 pL. MES buffer (pH
6.5) and 100 pL respective substrate solution were subse-
quently added to each well. The activity of each enzyme
was measured at 3-time points of 30, 60, and 120 min
using CLARIOstar plus (BMG LABTECH, Germany)
at the excitation and emission wavelengths of 355 nm
and 460 nm, respectively. Enzyme activities (V ,,,) were
denoted as released MUF (4 methylumbelliferone) in
nmol per g dry soil per hour (nmol MUF g~! soil h™})
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(Awad et al. 2012) and affinity constant for each enzyme
(K, expressed in pmol substrate per g dry soil (pmol
g~ ! soil). Low K, indicates high enzyme efficiency and
vice versa. To ensure the saturation concentrations of
fluorogenic substrates, enzyme activities over a range of
substrate concentrations from low to high (0, 10, 20, 30,
40, 50, 100, 200 pmol g_1 soil) were determined. Besides,
the linear increase in fluorescence over time during the
assay was properly checked and data, which was obtained
after 2 h, was used for further calculation (German et al.
2011). MUF concentrations of 0, 10, 20, 30, 40, 50, 100,
and 200 pmol were prepared to calibrate the measurement
in the same plate as well.

The Michaelis—Menten equation was used to determine
the parameters of the enzyme activity (V):

V max [S]
= T e))
Km + [S]
where V. is the maximum enzyme activity; K,, represents

the half-saturation constant, or the substrate concentration at
which the reaction rate equals V,,,./2; and S is the substrate
concentration at the active site of the enzyme. Both V., and
K,, parameters were obtained from the Michaelis—Menten

Eq. (1) using the nonlinear regression routine of Sigmaplot.

Statistical analyses

All data were analyzed by IBM SPSS Statistics for Win-
dows, version 25 (IBM Corp., Armonk, NY, United
States). Levene’s test and the Shapiro—Wilk test were used
to check for homogeneity of variances and normality of
the data, respectively. The data violating these assump-
tions were properly transformed. Significance of effects
of deadwood and soil depth were tested by two-factorial
analysis of variance (ANOVA) at the significance level

a=0.05. Pearson’s correlation test was used to detect sig-
nificant relationships between the measured soil variables
at a=0.01. The bar plots were designed using SigmaPlot
14.0 (Systat, San José, CA, United States).

Results
Soil chemical properties

The soil pH and EC ranged from 4.19-4.31 to
24.03-43.23 pS cm™!, respectively, and were not signifi-
cantly affected by deadwood at any depth (Table 1). Dead-
wood considerably increased the SOC by 59% and 56% at
0—4 cm and 8-12 cm depths, respectively, the enhancements
were however not statistically significant (Fig. 2A). The soil
total N was not significantly influenced by deadwood at any
depth (Fig. 2B). The SOC and total N contents were sig-
nificantly lower at 8—12 cm than at 0—4 cm depth. Under
deadwood, the ratio of SOC to total N (C:N) increased sig-
nificantly by 15% and 28% at 0—4 cm and 8—12 cm depths,
respectively, and decreased by depth (Fig. 2C). Dead-
wood significantly increased the soil extractable C by 66%
and 55% at 0—4 cm and at 8—12 cm depths, respectively
(Fig. 3A). However, the contribution of the extractable C
fraction to SOC content was significantly affected only
by depth rather than by deadwood, being 30% greater at
8—12 cm depth than at 0—4 cm depth (Fig. 2D).

Soil enzyme kinetics

Deadwood significantly increased the soil f-glucosidase
activity by 136% and 44% at 0—4 cm and 8-12 cm depths,
respectively (Fig. 3B). Deadwood significantly reduced the
chitinase activity and enhanced the f-glucosidase efficiency
only at 0—4 cm depth by 55% and 52%, respectively (Fig. 3C,

Table 1 Effect of thinning-derived deadwood on the soil chemical properties and enzyme efficiency (X,,) of the studied temperate spruce forest

in Kulmbach, Bavaria, Germany (factorial ANOVA test at a=0.05, n=4)

Treatment Depth pH EC B-glucosidase Km Chitinase K, Cellobiosidase K,,
(cm) (H,0) (uS em™") (umol g™ (umol g™ (umol g™

Control 0-4 4.20+0.05 28.73+5.60 44.82+8.29 91.00+24.02 28.12+11.55

Deadwood 04 4.19+0.11 43.23+£16.69 21.40+4.08 44.95+£16.06 13.37+4.04

Control 8-12 4.31+0.11 24.03+4.72 27.10+8.53 58.85+9.35 17.04+3.53

Deadwood 8-12 4.26+0.03 28.63+3.90 39.82+9.90 64.37£20.91 33.57+5.13

Probability values

Deadwood NS NS NS NS NS

Depth NS NS NS NS NS

Deadwood x depth NS NS 0.03 NS NS

The values are arithmetic means; probability values (p) <0.05 indicate a significant effect; NS: non-significant effect; +: standard error
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Fig.2 Effect of thinning-derived deadwood on the soil organic car-
bon (SOC) content (A), total nitrogen (Total N) content (B), carbon
to nitrogen ratio (C:N) (C), and extractable carbon fraction in soil
organic carbon expressed in % (D) of the studied temperate spruce

Table 1). The activity and efficiency of cellobiosidase and
the efficiency of chitinase were not significantly affected by
deadwood at any depth (Fig. 3D, Table 1).

Soil microbial biomass

Deadwood significantly increased the soil MBC at 0—4 cm
and 8-12 cm depths (Fig. 4A). Deadwood-induced 71% and
92% higher MBC at 0—4 cm and 8—12 cm depths, respec-
tively. Deadwood also significantly enhanced soil MBN by
106% and 125% at 0—4 cm and 8-12 cm depths, respec-
tively (Fig. 4B). The soil MBC to MBN ratio was not sig-
nificantly affected by deadwood at any depth (Fig. 4C). The
contribution of the MBC to SOC contents were significantly
increased by deadwood up to 12% and 21% at 0—4 cm and
8-12 cm depths, respectively (Fig. 4D).
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forest in Kulmbach, Bavaria, Germany (factorial ANOVA test at
a=0.05, n=4). P-values<0.05 indicate a significant effect. Error
bars show the standard error of the mean

Correlations between the measured variables

The SOC positively correlated with the total N (Pearson’s
r=0.97), C:N (r=0.86), MBC (r=0.93), MBN (r=0.90),
and B-glucosidase activity (r=0.67), but negatively cor-
related with the extractable C/SOC (r=-— 0.73) and
MBC:MBN (r=- 0.70) (Table 2). Moreover, the soil MBC
positively correlated with the extractable C (r=0.97), MBN
(r=0.89), and p-glucosidase activity (r=0.70), and the
MBN negatively correlated with MB-C/N (r=—20.79). The
MBC/SOC had a positive correlation with the extractable
C/SOC (r=0.62). There was a positive correlation between
the f-glucosidase activity and extractable C (r=0.68), and
between the B-glucosidase and cellobiosidase activities
(r=0.75).
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Fig.3 Effect of thinning-derived deadwood on the soil extract-
able carbon (DOC) (A), B-glucosidase activity (V,,,,) (B), chitinase
activity (C), and cellobiosidase activity (D) of the studied temperate

Discussion

Thinning-derived deadwood impact on the soil
chemical properties

The overall low soil EC values suggest intense leaching
of nutrients, contributing to the observed low soil pH.
This is not surprising considering that the studied soil is a
loamy sand Podzol located in a cool humid area with high
precipitation amounts. Deadwood did not significantly
affect the soil pH and EC. Whit-rot fungi, which were
visually identified on the spruce deadwood in this study,
degrade deadwood to lignin, cellulose, and small soluble
byproducts enriched with carboxyl groups like calcium
pectate (Schwarze 2007; Klotzbiicher et al. 2013). Such
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Control (0 -4 cm)
Deadwood (0 - 4 cm)
Control (8 - 12 cm)
Deadwood (8 - 12 cm)

spruce forest in Kulmbach, Bavaria, Germany (factorial ANOVA test
at =0.05, n=4). P-values <0.05 indicate a significant effect. Error
bars show the standard error of the mean

carboxyl-enriched byproducts tend to adsorb hydroxyl-alu-
minum in the soil without liberating a lot of H* (Thomas
and Hargrove 1984), making the hydroxyl-aluminum
hardly exchangeable and therefore decreasing the share of
SOC in changing the soil EC and pH (Northup et al. 1998;
Thomas and Hargrove 1984). The positive and negative
correlations of SOC with EC (r=0.74) and pH (r=— 0.62)
indicate the contribution of the SOC to the EC and pH,
although this contribution has not significantly changed
the EC and pH values.

Deadwood increased the SOC contents by 59% and 56%
at 0—4 cm and 8-12 cm depths, respectively. Even though
the enhancements were not statistically significant, they
indicate a strong increasing trend of the SOC under dead-
wood (p=0.058) but contrast our main hypothesis. These
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Fig.4 Effect of thinning-derived deadwood on the soil microbial bio-
mass carbon (MBC) content (A), microbial biomass nitrogen (MBN)
content (B), microbial biomass carbon to microbial biomass nitrogen
ratio (MBC:MBN) (C), and microbial biomass carbon in soil organic

increases in the SOC could be attributed to the soil type
(Podzol on silicate bedrock) that has low pH, low nutrient
contents, low biological activity, and slow SOC decompo-
sition. Several mechanisms could have led to the enhanced
SOC contents in the present study.

First, deadwood-derived POM could be transported
into the soil through bioturbation. It is widely known
that deadwood benefits soil meso-and macrofauna with
improved micro-climatic conditions and nutrient avail-
ability; even in acidic soils with low biological activity
(Jabin et al. 2004; Kappes et al. 2007; Huhta et al. 2012;
Stutz et al. 2017; Wambsganss et al. 2017). Increased soil
bioturbation under deadwood could promote accumulation
of deadwood fragments, instead of their decomposition
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carbon expressed in % (D) of the studied temperate spruce forest in
Kulmbach, Bavaria, Germany (factorial ANOVA test at a=0.05,
n=4). P-values <0.05 indicate a significant effect. Error bars show
the standard error of the mean

and respiration to the atmosphere. The overall low enzyme
activities in the studied soil compared to those in the soils
of other temperate forests (Bell and Henry 2011; DeForest
2009; Weand et al. 2010) support this finding. The nega-
tive correlation of the SOC content with the extractable
C/SOC (r=- 0.73) further confirms this assumption, as
it is an indicator of SOM decomposition (Ostrowska and
Porebska 2015).

Second, deadwood-decaying fungi could have extended
their mycelia into the soil and increased aggregate forma-
tion and stability by producing extracellular polymeric sub-
stances (EPS) (Caesar-TonThat 2002; Cairney 2005; Wamb-
sganss et al. 2017). Specifically, white-rot fungi, which were
identified on the deadwood in the present study, produce a
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lot of polysaccharide-rich EPS that play an important role
in soil aggregation (Tisdall and Oades 1982; Eriksson et al.
1990; Caesar-Tonthat, 2002). Fungal hyphae could also
translocate C compounds of the deadwood into the soil
(Hughes and Boddy 1994; Frey et al. 2003; Boberg et al.
2010). This assumption is supported by the fact that cool
and moist north-facing sites with low pH, like in the present
study, are characterized by very high wood-decomposing
fungal abundance and activity (Herrmann and Bauhus 2012;
Fravolini et al. 2016; Goémez-Brandén et al. 2017a).

Third, deadwood may have stimulated litter decompo-
sition and incorporation of its C compounds into the soil
through increased microbial and faunal activity underneath.
It was previously reported that the microbial decay of litter
under spruce deadwood was done more rapidly than the litter
without deadwood (PerSoh and Borken 2017). Each of these
three mechanisms could have played a part in enhancing the
SOC contents.

Deadwood did not significantly increase the soil total N
contents at any depth. This seems logical considering that
deadwood is a highly N-poor substrate (C:N =350-800)
(Vestin et al. 2013; Hoppe et al. 2014). The soil C:N was
significantly higher under the deadwood at both depths
compared to the controls. C:N is an indicator of SOM sta-
bility (Liitzow et al. 2006; Ostrowska and Porgbska 2015);
the higher the C:N, the higher the stability of the SOM.
Since Podzols are characterized by low biological activity,
the addition of POM to the soil from the deadwood could
have outweighed the decomposition by the soil microbial
decomposers and therefore the POM has accumulated.
Another reason for the increased C:N could have been the
activity of fungi (Stutz and Lang 2017) and fauna in the
soil beneath the deadwood, stabilizing soil aggregates and
locking the SOC away from microbial decomposition. For
example, fungal EPS could glue translocated POM by fauna
into mineral particles of the soil, forming stable aggregates.
These assumptions are consistent with the negative correla-
tion between the C:N and SOC decomposition indicated by
the extractable C/SOC (r=- 0.52). Ostrowska and Porgbska
(2015) also found a significant negative relationship between
the C:N and extractable C/SOC, suggesting that the solubil-
ity of SOM is reduced by increasing the C:N. Moreover,
translocated POM from the deadwood might have formed
organo-mineral complexes in the presence of metal oxides,
such as aluminum and iron (Baldock and Skjemstad 2000;
Nazari et al. 2021), which are abundant in Podzols.

Deadwood significantly enhanced the soil extractable
C, which is a proxy of DOC (Gonzalez-Polo et al. 2013;
Wambsganss et al. 2017; Nazari et al. 2020). A reason for
the increased DOC could be its direct translocation from
the deadwood into the soil through precipitation water. The
coarse soil texture (loamy sand) and high annual precipita-
tion at the studied site as well as the role of decomposing

deadwood in increasing soil porosity on silicate parent mate-
rial (Sarker et al. 2018; Stutz et al. 2019) augments this con-
jecture. In agreement with these results, other studies also
reported large amounts of DOC released from deadwood of
different tree species (e.g., Hafner et al. 2005; Kahl et al.
2012; Gonzalez-Polo et al. 2013; Angst et al. 2017). DOC
from deadwood can improve soil aggregate formation and
stability, leading to enhanced SOC content (Spears and Laj-
tha 2004; Crow et al. 2007; Kappes et al. 2007; Gonzalez-
Polo et al. 2013), which is confirmed by the strong correla-
tion between the extractable C and SOC (r=0.97) in the
present study. This contradicts the results of Wambsganss
et al (2017) that the leaching of DOC from deadwood does
not affect the SOC content. The contrasting findings could
have been related to the type of deadwoods and soils.

The share of the extractable C fraction in the SOC (an
indicator of SOM decomposition) was significantly affected
only by depth rather than by the presence of deadwood,
being 30% greater at 8—12 cm depth than at 0—4 cm depth.
A similar trend was observed in the study of Ostrowska and
Porgbska (2015). The negative correlations of the extractable
C/SOC with the SOC (r=- 0.73) and C:N (r=— 0.52) and
also the significant reductions in the SOC and C:N by depth
imply an increased microbial decomposition of the SOC, due
to decreased SOC stability by depth. A positive relationship
(r=0.62) between the soil extractable C/SOC and MBC/
SOC (an indicator of substrate availability to microorgan-
isms) further confirms this opinion. However, the increased
microbial decomposition of the SOC probably costs the uti-
lization of the soil N resources. This is indicated by a strong
negative correlation between the soil extractable C/SOC and
total N (r=— 0.74), which can worsen the already-existing
N deficiency in the studied soil.

Thinning-derived deadwood impact on the soil
enzyme kinetics

The enzyme activities in this study were generally low
compared to those in the soils of other temperate forests
(Bell and Henry 2011; DeForest 2009; Weand et al. 2010),
resulting from the low fertility and in consequence low bio-
logical activity in Podzol soils. However, deadwood sig-
nificantly increased the soil f-glucosidase activity at both
depths, which is in line with our main hypothesis. Given
the fact that spruce deadwood consists of approximately
40% cellulose (Petrillo et al. 2016) and that basidiomycet-
ous fungi causing white-rot (visually observed on the dead-
wood) produce mainly cellulose-degrading enzymes like
B-glucosidase (Baldrian 2006; Hatakka and Hammel 2010;
Hayano and Tubaki 1985), the enhanced f-glucosidase activ-
ity in the soil for the degradation of organic matter com-
ing from the deadwood is logical. This is consistent with
the positive correlation between the f-glucosidase activity
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and the SOC content (r=0.67). Wojciech et al. (2019) also
reported that the increased activity of f-glucosidase in the
soil under deadwood is associated with a high activity of
wood-decomposing fungi. Furthermore, the translocation of
DOC from the deadwood into the soil, as an energy source
for microorganisms, might have induced the production of
p-glucosidase (PerSoh and Borken 2017), which is verified
by the positive correlation between the p-glucosidase activ-
ity and extractable C content (r=0.68). The accumulation of
SOM and products derived from deadwood decomposition
in the soil provides microorganisms with easily degradable
resources, leading to enhancements in the activity of extra-
cellular enzymes like f-glucosidase (Wojciech et al. 2019).
Furthermore, increased tree rooting and root exudates in the
soil under deadwood (Kotroczo” et al. 2014) could have also
contributed to the higher f-glucosidase activity.

The p-glucosidase efficiency increased by about 50% at
0—4 cm depth. Although there was no significant correlation
between the B-glucosidase efficiency and the other meas-
ured variables, we can link it to the higher C:N at 0—4 cm
depth. This suggests that microorganisms in the soil might
have invested in the production of f-glucosidase of higher
efficiency to more easily breakdown the more stable SOM.
The activity and efficiency of cellobiosidase were not sig-
nificantly changed by deadwood at any depth. It could have
been linked to the decay stage (age) of the deadwood at
which microorganisms (i.e., fungi) in the soil preferen-
tially produced more f-glucosidase than cellobiosidase for
the degradation of the deadwood derivates. However, the
positive correlation between the B-glucosidase and cellobi-
osidase activities (r=0.75) implies their synergistic effect
and co-metabolism. Deadwood significantly decreased the
chitinase activity at 0—4 cm depth by nearly 50%. Chitinase
is an N-degrading enzyme that works on fungal and insect
detritus. The lower chitinase activity may have been associ-
ated with the preferential degradation of C-containing dead-
wood derivates rather than chitin-containing substrates in
the soil.

Thinning-derived deadwood impact on the soil
microbial biomass

In line with our main hypothesis, deadwood significantly
increased the soil MBC. The enhanced MBC under deadwood
could have resulted from several processes. First, DOC from
the deadwood could have entered the soil through precipitation
water and utilized by microorganisms (Rochette and Angers
2000; Allison and Martiny 2008). The strong positive correla-
tion between the soil MBC and extractable C (r=0.97) sug-
gests that deadwood-derived DOC is a C source for microbial
growth. Second, since deadwood, especially of spruce log, is
poor in N and P, the growth of fungal hyphae from the dead-
wood into the soil for acquiring these minerals (Watkinson
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et al. 2006; Petrillo et al. 2016; PerSoh and Borken 2017;
van der Wa et al. 2017) could have increased the soil fungal
biomass and thereby the MBC. Finally, organic matter from
deadwood is a substrate for microbial utilization (Chen and
Xu 2005; Wang and Wang 2007) and therefore has enhanced
the MBC. However, the positive correlation between the MBC
and SOC (r=0.93) and the lack of a significant correlation
between the MBC/SOC (an indicator of substrate availability)
and SOC demonstrate an indirect effect of SOC on the MBC
(e.g., through fungal hyphae and EPS). The MBC/SOC con-
tents were increased by deadwood, indicating that deadwood
has enhanced the availability of substrates to the soil microor-
ganisms. However, the non-significant correlation of the MBC
with the MBC/SOC indicates that the C derived from the SOC
though decomposition, despite availability, has not been acces-
sible to microorganisms.

Deadwood significantly increased the soil MBN by 105.5%
and 124.7% at 0—4 cm and 8-12 cm depths, respectively. The
negative correlation between the MBN and extractable C/SOC
(r=—0.51) and the lack of significant correlation between the
MBN and MBC/SOC indicate that the MBN has not derived
from the microbial decomposition of the SOC. It is possible
that, in addition to the stabilization of the SOC, EPS derived
from abundant fungal mycelia in the soil beneath the dead-
wood have provided optimum conditions (i.e., <5% oxygen)
for bacterial N fixation (Wessel et al. 2014; Wang et al. 2017a,
b). Moreover, it was indicated that bacterial N fixation occurs
in living sporocarps of deadwood-decomposing fungi to com-
pensate for their N deficiency (Larsen et al. 1978; Hoppe et al.
2014). The inherent N deficiency of the studied soil and the
fact that deadwood is a highly N-poor substrate (Vestin et al.
2013; Hoppe et al. 2014) make the bacterial fixation of N from
the atmosphere possible. The energy for bacterial N fixation
could have been supplied by the DOC derived from the dead-
wood, indicated by the strong positive correlation between the
MBN and extractable C (r=0.94).

The soil MBC:MBN was not significantly influenced
by deadwood at any depth but was significantly higher at
0-4 cm than at 8—12 cm depth. MBC:MBN is an indica-
tor of N limitation for soil microorganisms (Joergensen and
Emmerling 2006; Hartman and Richardson 2013; Nazari
et al. 2020). The high MBC:MBN values in the present study
imply that microorganisms in the soil have been strongly
limited with N. The negative correlation of the MBN with
the MBC:MBN (r=-0.79) supports this viewpoint. The N
limitation in the soil could have been caused by the translo-
cation of N from the soil into the deadwood through foraging
hyphae of fungi inhabiting the deadwood (Watkinson et al.
2006; van der Wa et al. 2017). This is consistent with the
generally low N content of deadwood (Vestin et al. 2013;
Petrillo et al. 2016) and the importance of N for fungi to
build up their chitin cell wall and proteins (Purahong et al.
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2016) as well as the negative correlation between the soil
MBC:MBN and total N.

Conclusion

For the first time, this study evaluated the effect of thin-
ning-derived spruce deadwood logs on the soil chemical
and microbial properties of an acidic loamy sand Podzol
in a temperate spruce forest. Although not significantly, the
strong trend of higher SOC contents suggests that keeping
slow-decaying deadwood like spruce logs on soils of slow
biogeochemical cycles like Podzol can be an appropriate
management strategy for C sequestration. Slow decomposi-
tion of deadwood over years promotes the accumulation of
considerable C stocks in soil rather than C mineralization
to the atmosphere as CO,. Deadwood can also function as
an important source of C for soil biota, which can in the
long-term elevate the soil fertility (i.e., increased MBC and
enzyme activity). Since Podzols generally underlay forests,
maintenance of thinning-derived deadwood logs on the
soil can support soil and forest sustainability as well as C
sequestration.
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