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Abstract

Biochar and manure can be used for sustainable land management. However, lit-
tle is known about how soil amendments might affect surface and belowground
microbial processes and subsequent wood decomposition. In a split-split-split plot
design, we amended soil with two rates of manure (whole plot; 0 and 9 Mg ha_l)
and biochar (split plot; 0 and 10Mgha™"). Wood stakes of three species (hybrid
poplar, triploid Populus tomentosa Carr.; aspen, Populus tremuloides Michx.; and
pine, Pinus taeda L.) were placed in two positions (horizontally on the soil sur-
face, and inserted vertically in the mineral soil), which served as a substrate for
fungal growth. In 3years, the decomposition rate (density loss), moisture con-
tent, and fungal community (via high-throughput sequencing methods) of stakes
were evaluated. Results indicated that biochar and/or manure increased the
wood stake decomposition rates, moisture content, and operational taxonomic
unit abundance. However, the richness and diversity of fungi were dependent
on wood stake position (surface > mineral), species (pine > the two Populus), and
sample dates. This study highlights that soil amendment with biochar and/or ma-
nure can alter the fungal community, which in turn can enhance an important
soil process (i.e., decomposition).
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1 | INTRODUCTION

Forest soils have a large role in the global carbon (C) cycle
because they harbor a substantial fraction of global soil
C. Subsequently, key soil processes (e.g., organic C forma-
tion, C mineralization, nutrient transformations, and or-
ganic matter decomposition) in forests have implications
for C sequestration and climate change (Jiang et al., 2020;
Nottingham et al., 2020; Yu et al., 2022). Soil organic
matter (SOM) is an important aspect of soil quality

(Bhattacharyya et al., 2022; Jaroszewicz et al., 2021) by in-
creasing the water-holding capacity (Williams et al., 2016),
reducing erosion (Feng et al., 2016), limiting soil compac-
tion (Somerville et al., 2020), and serving as a substrate for
microbial activity (Whalen et al., 2022). However, frequent
harvesting operations or land-use changes can cause C
loss, resulting in nutrient imbalances, drought, and re-
duced ecosystem services that soils provide (e.g., food
and fiber), especially in plantations (Coban et al., 2022;
Mishra et al., 2022; Newbold et al., 2015). Increasing SOM
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has proven to be an effective measure in restoring funda-
mental physical, chemical, and biological soil properties
(Krupek et al., 2022; Page-Dumroese et al., 2021) and
enhancing soil health.

Biochar, which can transform labile C into a more
stable form (Lehmann et al., 2012), has attracted world-
wide attention for its capability to promote C sequestra-
tion and storage (Chagas et al., 2022; Pingree et al., 2022),
which can serve to mitigate climate change (Hagenbo
et al., 2022). In addition, biochar can enhance soil health
(Gundale et al., 2016) by improving soil microbiome struc-
ture and function (Bahram et al., 2018; Xu et al., 2020),
thus resulting in increased underground C cycling and
above-ground productivity. Organic fertilizer amendment
(e.g., manure and composts) is one of the most effective
measures for sustainable land management, both in agri-
culture and forestry (Reardon, 2014; Williams, 1942; Yang
et al., 2022), and its role in improving soil quality (e.g.,
physicochemical properties, structure, and microbiome
functions), replenishing SOM loss, and minimizing land
degradation has been well accepted (Augarten et al., 2023;
Jin et al., 2022; Li et al., 2023).

In addition to C inputs from vegetation or organic
amendments, microbial decomposition is another key fac-
tor that controls soil C content (Jastrow et al., 2007). The
decomposition of organic matter in forests, both above
and belowground, is a function of soil properties (e.g.,
temperature, moisture, nutrient availability, and microbial
composition), substrate quality (e.g., nitrogen [N], lignin
content, and C:N; Middleton et al., 2021; Risch et al., 2022;
Viotti et al., 2021), and any soil condition changes at occur
as a result of forest soil management practices (Piaszczyk
et al., 2022; Tie et al., 2022). Generally, high organic mat-
ter decomposition rates are a sign of high soil quality and
support higher forest productivity (Wang et al., 2010), and
thus decomposition can serve as a useful response index
of forest management activities. Biochar and/or organic
amendments could alter organic matter decomposition
through positive or negative priming effects (Joseph
et al., 2021; Yu et al., 2020; Zheng et al., 2021), and by
altering the soil microbial community composition or
abundance (Minamino et al., 2019; Prayogo et al., 2013).
However, the large variation in decomposition substrate
qualities investigated among published studies makes it
difficult to distinguish to what extent such decomposition
responses originate from the soil by soil amendments or
forest management practices.

The decomposition of “standardized” trembling aspen
(Populus tremuloides Michx.) and pine (Pinus taeda L.)
wood stakes with different qualities (e.g., C, N, lignin, and
lignin:N) can help hold organic matter quality constant,
and thus allow for the isolation of soil abiotic (e.g., mois-
ture, temperature, and nutrient availability) and biotic

(e.g., microbial biomass, diversity, and function) changes
caused by forest management practices (Finér et al., 2016;
Risch et al., 2022). Much work has been done using the
decay of wood stakes as an index of soil changes after land
management (e.g., organic matter removal, and soil com-
paction) (Adams et al., 2021; Page-Dumroese, Jurgensen,
et al., 2021). Especially, through the degradation of hybrid
poplar (triploid Populus tomentosa Carr.), aspen, and pine
stakes, our previous work indicated that biochar and/or
manure amendment treatments accelerated wood decom-
position and altered nutrient fluxes within 6 months in
a hybrid poplar plantation (Zhao et al., 2022). However,
how these amendments would affect wood decomposi-
tion and wood-inhabiting fungi over longer time scales
remains unknown, which is crucial for the development
of further forest soil management policies using biochar
and/or organic fertilizers (Yang et al., 2021).

As a result, we aimed to investigate wood stake decom-
position (density loss) and subsequent fungal community
responses to soil manure and biochar amendments, both
on the soil surface and belowground, over a 3-year period.
Wood stakes of three species (hybrid poplar, trembling
aspen, and pine) were placed horizontally on the soil sur-
face (hereinafter, surface stakes) and inserted vertically in
the 0-20cm mineral soil (hereinafter, mineral stakes) to
serve as an index indicating soil functioning and quality
changes. These three species of wood stakes encompass
a range of lignin, C, and N concentrations, which could
favor the development of different wood-decomposing
microbial communities (Wang et al., 2020). We hypoth-
esized that biochar and/or manure would: (1) increase
wood stake decomposition both on the soil surface and in
the mineral soil; (2) alter the fungal community richness
and abundance due to changed soil moisture; and further,
(3) wood stake species and position would also be import-
ant factors affecting response to soil amendments.

2 | MATERIALS AND METHODS

2.1 | Study site and experimental design

This 3-year field experiment was conducted in Guan
County, Liaocheng City, Shandong Province, China
(36°31'21”N, 115°21'37”E, 46 m above sea level), in the
floodplain of the previous channel of the Yellow River
left from the Western Han Dynasty (202 BC-8 AD). Since
1980, this region has been the focus of management ac-
tivities aimed at preventing desertification through af-
forestation, and in the decade prior to our study, the site
was used for poplar seedling cultivation. The climate at
the study site is semiarid continental, and the average
monthly temperature and precipitation are in Figure 1.
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TABLE 1 Initial properties of sandy loam soil, maize straw biochar, pig manure, and hybrid poplar, aspen, and pine stakes (Zhao
et al., 2022).
Soil amendments Wood stakes
Maize straw Hybrid
Properties 0-30 cm soil biochar Pig manure poplar Aspen Pine
pH 8.2 8.8 7.9 - - -
N (mgg_l) 2.20 10.70 14.64 1.40 1.10 0.80
P (mgg™") 1.40 1.60 19.52 - - -
K (mgg™) 8.30 2.60 26.84 = = =
C (%) 1.10 47.56 - 46.75 46.40 48.62
H (%) = 2.80 . . . .
C:N 5.00 44.00 - 354.64 421.81 631.65
Specific surface area (m*g~") - 5.0 - - - -
Pore volume (cm® g"l) - 6.93%x107° - - - -
Pore size (nm) - 5.60 - - - -
Organic matter content (gkg™) 7 - 450 - - -
Lignin (%) - - - 20.92 20.64 31.09
Carbohydrate (%) - - - 67.00 68.66 59.60
Lignin:N = = = 149.43 189.50 403.72

Note: N, P, and K indicate total nitrogen, phosphorus, and potassium; C, carbon; H, hydrogen; -, not determined.

Soil (0-30cm) in this study is sandy loam (sand:silt:clay
is 62.3%:35.0%:2.7%). Additional details on soil properties
are presented in Table 1.

We employed four soil treatments set up in a split-split-
split plot experimental design. The first factor, manure (M),
was applied at the whole plot level, with two rates: 0 (MO0)
and 9 (M9) Mgha™". The second factor, biochar (B) was set

up as a split-plot treatment with two levels, 0 (BO) and 10
(B10) Mgha_l. These manure and biochar treatments re-
sulted in four soil treatment combinations (M0OB0, MOB10,
M9BO0, and M9B10), each replicated three times, resulting
in 12 plots in total, each 24 X 24 m squares separated with
at least 8-m-wide buffer strips. In addition to soil amend-
ment treatments, a third experimental factor was applied
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as a split-split plot factor, which consisted of wood stakes
that were installed in each of the two positions within each
plot (horizontally on the soil surface, and vertically within
the mineral soil). Furthermore, wood stakes were installed
for each of three wood species (hybrid poplar, aspen, and
pine), which served as a split-split-split plot factor.

2.2 | Soil amendments and wood stakes
Our experiment utilized biochar made from maize via
slow pyrolysis (450-500°C for 2h in an oxygen-limited
rotary furnace; Qin Feng Zhong Cheng Biomass New
Material Corporation), and pig manure used was supplied
by Run Dong Fertilizer Corporation. The properties of
these soil amendments are described in Table 1.

Kiln-dried and knot-free sapwood was selected for
stake production, in which two surface (15cm long) and
two mineral (20cm long) stakes of each species were
cut from 2.5cmx2.5cm stakes of 40 and 50cm lengths,
respectively, with the middle stake (10cm) kept as a
control (time=0) to determine initial wood properties
(Table 1). Before installation, one end of each mineral
stake was treated with a wood sealer to avoid moisture loss
(Jurgensen et al., 2006).

2.3 | Soil amendment implementation,
wood stake installation, sampling, and
calculations

After applying manure and biochar treatments to plot
surfaces in April 2018, all soil treatments (including the
un-amended M0BO0) were mixed into the top 20 cm of soil
using a rotary tiller (1GQN- 200; Weifang Sheng Xuan
Machinery Corporation). After that, plots were planted
with 1-year-old hybrid poplar (triploid “Beilinxiongzhul”
[P. albaxP. glandulosa]x[P. tomentosaxP. bolleanal)
seedlings, with a 3m x4 m spacing; however, we note that
tree growth was not the focus of our current study.

Regarding wood stake treatments, in July 2018, after
removing the debris from the surface of forest land, 10
stakes of each species were placed on the soil surface (each
30cm apart) and secured with a stainless-steel landscape
staple. Using a 2.5x2.5cm coring tool, we first created 10
holes per wood species (each 20cm deep and about 30cm
apart) which helped reduce compaction from stake instal-
lation, mineral wood stakes were then inserted into the
holes with the sealed end level with the soil surface. For
more details, see Wang et al. (2019). Totally, 720 wood
stakes were deployed (4 soil treatmentsx 3 replicates x 2
positions [surface and mineral] x3 tree species [hybrid
poplar, aspen, and pine] x 10 individual stakes).

In July 2020 and 2021—2 and 3years after stakes were
installed—five surface and five mineral stakes of each
species were collected from each plot (a total of 720 stake
samples, 4 soil treatmentsx3 replicatesx2 stake posi-
tions x 3 tree speciesx 5 stakesx2 sample dates). Wood
stake samples were immediately weighed in the field after
adhering material was removed from their surfaces, and
then kept on ice as they were delivered to the laboratory.

Upon return from the field, wood shavings from each
stake was collected for fungal DNA analysis within 24 h.
First, both ends of each stake were cleaned with a sterile
razor blade, then each end of the stake was drilled with
sterile drill bits, and the two shaving samples of each stake
were composited into one individual sample. All fungal
samples were placed in 2mL strip tubes and were frozen
at —80°C until DNA extraction.

Subsequently, 10days after wood stakes were placed
in a climate chamber (65% relative humidity and 20°C),
wood stake three dimensions (lengthxwidthx height)
were measured. Wood stake density loss was calculated by
subtracting the final from the initial wood density (g cm™)
and expressed as a persent (Cline et al., 2017; Shorohova
et al., 2008). After that, wood stakes were dried for 72h
at 105°C, and weighed for moisture content calculation
(Zhao et al., 2022).

2.4 | DNA extraction, polymerase chain
reaction amplification, and Illumina
MiSeq sequencing

Microbial community genomic DNA was extracted using
the FastDNA® Spin Kit for soil (MP Biomedicals) accord-
ing to the manufacturer's instructions. The extracted DNA
concentration and purity were determined using a UV-vis
spectrophotometer (NanoDrop 2000; Thermo Scientific),
and the DNA quality was evaluated by 1% agarose gel
electrophoresis.

The primer pairs fITS7F (5-GTGARTCATCGAATCT
TTG-3") and ITS4R (5'-TCCTCCGCTTATTGATATGC-3")
were used to amplify the hypervariable ITS2 region, and
the amplifications were performed on an ABI GeneAmp®
9700 PCR thermocycler (ABI) under the following pro-
grams: (1) initial denaturation at 95°C for 3 min, (2) 35cy-
cles of denaturing at 95°C for 30s, (3) annealing at 55°C
for 30s, and (4) extension at 72°C for 45s, single extension
at 72°C for 10min, ending at 10°C. polymerase chain re-
action (PCR) reactions of each sample were performed in
triplicate. Furthermore, the PCR products were extracted
from 2% agarose gel and purified using the AxyPrep DNA
Gel Extraction Kit (Axygen Biosciences) according to man-
ufacturer's instructions and quantified using Quantus™
Fluorometer (Promega).
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Purified amplicons were pooled in equimolar, and
paired-end sequenced on an Illumina MiSeq PE300 plat-
form/NovaSeq PE250 platform (Illumina) according to the
standard protocols by Majorbio Bio-Pharm Technology
Co. Ltd. The raw reads were deposited into the NCBI
Sequence Read Archive database (Accession Number:
PRINA899460).

2.5 | Statistical analysis

For wood stake density loss and moisture content, we
analyzed wood stake position effects first, then data were
analyzed separately by position to see the main effects of
manure, biochar, and wood species. Similarly, for wood
stake fungal composition, we analyzed wood stake posi-
tion effects firstly to see the overall changes, and then the
effects of manure and biochar soil treatment combination,
wood species, and/ or sample date were analyzed sepa-
rately for each wood stake position.

2.5.1 | Wood stake decomposition and
moisture content

After taking all factors (manure, biochar rates, wood
stake position, and species) into consideration, and using
density loss and moisture content as dependent variables
for four-factor linear mixed effect (LME) models, three-
factor LME models were used with manure, biochar, and
wood stake species as independent factors and the den-
sity loss and moisture content as dependent variables.
When the three-factor analysis revealed significant dif-
ferences between treatment factors, we then performed
post hoc Tukey's pairwise comparisons. Subsequently,
we adopted two-factor LME models with manure and
biochar as independent factors and the wood stake den-
sity loss and moisture content of each species at each
position as dependent variables. When significant inter-
actions among manure and biochar were detected, post
hoc comparisons between the four soil treatments were
conducted.

All LME models were conducted using the ImerTest
package (Kuznetsova et al., 2017) in R version 4.1.1 (R Core
Team, 2021), in which type III tests of fixed effects were
used to examine main effects and interactions. The post
hoc Tukey's pairwise comparisons were conducted using
the emmeans package (Lenth et al., 2022). Furthermore,
Pearson correlation analyses were used to study the cor-
relations between wood stake density loss and moisture
content for each species and position with all soil treat-
ments combined. Scatter and bar charts were completed
by Origin Pro 2022 (OriginLab).

2.5.2 | Fungal data processing

The raw ITS2 gene sequencing reads were de-multiplexed,
quality-filtered by Fastp (version 0.20.0, https://github.
com/OpenGene/fastp) (Chen et al., 2018) and merged by
Flash (version 1.2.7, http://www.cbcb.umd.edu/software/
flash) (Magoc & Salzberg, 2011) with the following cri-
teria: (1) the reads were truncated to obtain an average
quality score <20, and shorter sequence reads (truncated
length <50bp) were discarded; (2) raw reads containing
ambiguous bases were discarded; and (3) only overlap-
ping sequences >10bp were assembled according to the
overlapped sequences, and un-assembled reads were un-
wanted. The filtered reads were clustered into different
operational taxonomic units (OTUs) with 97% similarity
(Edgar, 2013; Stackebrandt & Goebel, 1994) by UPARSE
(version 7.1, http://drive5.com/uparse/) (Edgar, 2013).
The taxonomy of each OTU representative sequence was
analyzed by RDP Classifier version 2.2 (Wang et al., 2007)
against the Unite database 8.0 (http://unite.ut.ee/) using
the confidence threshold of 0.70.

The analysis of fungal data was completed by R ver-
sion 4.1.1 (R Core Team, 2021), which was mainly divided
into the following parts. First, the MOTHUR program
(version 1.30.2) was employed to conduct the rarefaction
analysis, and Venn diagrams were used to demonstrate
the number of unique OTUs in each group. Then we ob-
tained the alpha-diversity indices (Chao and Shannon)
through UPARSE (version 11) and utilized the Wilcoxon
rank-sum test to check the differences between groups.
Subsequently, fungal community bar charts were em-
ployed to see the overall structure at different groups at the
genus level, and the principal coordinate analysis based on
weighted-unifrac distance was applied to characterize mi-
crobial beta diversity. Permutational multivariate ANOVA
(PERMANOVA) was performed by the Adonis function
to show the difference between groups. Furthermore, the
Wilcoxon rank-sum and Kruskal-Wallis rank tests were
conducted to show the relative abundances of the top 15
genera different between groups. Finally, Pearson's cor-
relations between the dominant genera and wood stake
density loss, and moisture content were displayed using
heatmaps, in which the third-year density loss and mois-
ture were unpublished data.

3 | RESULTS

3.1 | Wood stake decomposition and
moisture content

In our present study, the density loss and moisture content
were investigated 2years after wood stake installation.
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Overall, wood stakes decomposed faster in the mineral
soil (average, 52.33% density loss) than on the soil surface
(average, 21.73% density loss) with all other factors com-
bined (F=105.93, p<0.001). On the soil surface, biochar
and wood species were the main factors affecting wood
stake density loss, and interaction effects among manure,
biochar, and wood species also existed (Table S1). Biochar
application significantly increased wood stake density loss
(average, 26.40%) with other factors combined (Figure 2a),
and hybrid poplar and aspen stakes decomposed faster as
compared to pine (27.12%, 24.81%, and 9.08%, respectively,
Figure 2b). As for each wood species, biochar had signifi-
cant effects on the density loss of three species, while in-
teractions among manure and biochar were reflected in
hybrid poplar and aspen stakes (Table 2). As compared
to no biochar application, 10 Mgha™" biochar significantly
increased the decomposition of hybrid poplar, aspen, and
pine stakes (Figure 2c,e,g). In addition, biochar alone or
combined with manure (MOB10 and M9B10) significantly
increased the decomposition of surface hybrid poplar
and aspen stakes as compared to the untreated M0BO
(Figure 2d,f).

In the mineral soil, wood species instead of manure
or biochar was the main factor that affected wood stake
decomposition (Table S1), in which significantly higher
density loss was found in hybrid poplar and aspen stakes
as compared to pine stakes (65.50%, 66.30%, and 28.40%,
respectively) (Figure 2h). For each species, aspen and pine
stake density loss was only affected by biochar amend-
ment while the density loss of hybrid poplar stakes was
unaffected by soil amendments (Table 2), in which bio-
char amendment significantly increased aspen and pine
stake decomposition as compared to no biochar addition
(Figure 2i,j).

Wood stake moisture content can reflect the soil
water conditions about 2weeks before sampling (Zhao
et al., 2022). Generally, wood stakes had significantly less
moisture on the soil surface (average, 46.67%) as com-
pared to the mineral stakes (average, 68.97%) with other
factors combined (F=65.55, p<0.01). On the soil surface,
wood species instead of manure and biochar amendment
was the main factor affecting wood stake moisture content
(Table S1), in which significantly higher moisture content
was detected in pine (58.50%) as compared to hybrid pop-
lar (40.50%) and aspen stakes (41.00%) (Figure 3a). As for
each wood species, hybrid poplar and aspen stake moisture

content was significantly affected by biochar with pine
stake moisture content unaffected by soil amendments
(Table 2), in which biochar amendment significantly in-
creased the moisture content of hybrid poplar and aspen
stakes as compared to no biochar addition (Figure 3b,c).
Furthermore, the moisture content of surface hybrid pop-
lar (r=0.722, p <0.0000), aspen (r=0.500, p=0.0010), and
pine (r=0.493, p=0.0012) was positively correlated with
the density loss with all the factors combined.

In the mineral soil, biochar amendment, and wood
species were the main factors affecting wood stake mois-
ture content (Table S1), in which higher wood stake mois-
ture content was detected in soil treated with biochar
(Figure 3d), and the highest moisture content was detected
in aspen (79.20%) followed by hybrid poplar (72.10%) and
pine (55.60%) (Figure 3e). Similarly, for each species, hy-
brid poplar, and aspen stake moisture content was notably
affected by biochar amendment while the moisture con-
tent of pine stakes was not affected (Table 2), in which
biochar addition significantly increased the moisture
content of hybrid poplar and aspen stakes (Figure 3f,g).
Similarly, positive correlations between moisture con-
tent and density loss were detected in hybrid poplar
(r=0.505, p=0.0009), aspen (r=0.630, p=0.0000), and
pine (r=0.570, p=0.0001) stakes.

3.2 | Wood stake fungal communities

3.2.1 | The alpha-diversity responses

A total of 24,070,074 fungal sequences were recovered
after quality filtering (average 90,489 per sample), rep-
resenting 1881 fungal OTUs at 97% sequence similarity.
All of the fungal OTUs were classified into 11 different
phyla, 39 classes, 102 orders, 234 families, 515 genera,
and 874 species. Rarefaction curves for Shannon and
Chao indices approached a plateau for most samples
(Figure S1), which indicated that the sequences were
adequate to represent the entire fungal population in
wood stakes, allowing meaningful comparison between
treatments.

At the OTU level, 719 and 410 OTUs, representing
38.22% and 21.80% of the total amount of OTUs, were
exclusively represented in the mineral and surface
stakes, respectively (Figure S2a). For surface stakes,

FIGURE 2 Surface wood stake density loss as affected by the main effect of biochar (a) and species (b); surface hybrid poplar stake
density loss as affected by the main effects of biochar (c), and the interaction of manure and biochar (d); aspen stake density loss as affected
by biochar (e), and the interactions of manure and biochar (f); pine stake density loss as affected by biochar (g); mineral wood stake density
loss as affected by wood species (h) with soil treatments combined; aspen (i) and pine stake (j) density loss as affected by the main effect of
biochar. Data are presented as means + SE, and different letters indicate significant differences at p<0.05.
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ZHAO ET AL.

TABLE 2 Surface and mineral hybrid poplar, aspen, and pine stake density loss and moisture content responses to soil manure, biochar

amendments, and their interactions after 2 years of decomposition.

o

Moisture content

E— Density loss
Position and species variation df F
Surface
Hybrid poplar Manure (M) 1 0.02
Biochar (B) 1 38.96
MxB 1 6.19
Aspen Manure (M) 1 0.01
Biochar (B) 1 95.04
MxB 1 30.94
Pine Manure (M) 1 0.13
Biochar (B) 1 11.12
MxB 1 0.68
Mineral
Hybrid poplar Manure (M) 1 0.01
Biochar (B) 1 3.57
MxB 1 1.92
Aspen Manure (M) 1 1.62
Biochar (B) 1 5.54
MxB 1 1.03
Pine Manure (M) 1 0.26
Biochar (B) 1 20.84
MxB 1 0.12

Note: *, ** and *** denote significant effects at p<0.05, p<0.01, and p<0.001.

manure addition decreased (Figure S2b) while biochar
had little effect on the abundance of OTUs (Figure S2c).
Furthermore, stakes in soil treated with MOB10 had the
most abundant and exclusive OTUs as compared to the
other three treatments (Figure S2d). As for wood spe-
cies, more OTUs and exclusive OTUs were found in
pine stakes as compared to hybrid poplar and aspen
(Figure S2e).

However, in the mineral soil, both manure and bio-
char application increased the OTU abundances of stakes
(Figure S2f,g). Stakes in soil treated with 10Mgha™" bio-
char (M0B10) had the most abundant OTUs while the most
exclusive OTUs were detected in the high rate of manure
and biochar (M9B10) (Figure S2h). Similarly, pine stakes
had the most abundant and exclusive OTUs as compared
to hybrid poplar and aspen (Figure S2i). However, a simi-
lar abundance of OTUs was detected after 2 and 3years of
decomposition (Figure S2j).

Instead of manure, biochar, and soil treatments, wood
stake position, species, and sample date were the main
factors affecting fungal richness and diversity expressed
by the Chao and Shannon index (Figure 4). In general,
fungal communities of surface stakes were significantly

p Values df F p Values
0.9002 1 6.75 0.9936
0.0000*** 1 0.00 0.0136*
0.0180* 1 2.99 0.0927
0.9139 1 6.44 0.5542
0.0000*** 1 0.44 0.0157*
0.0000*** 1 3.16 0.0840
0.7402 1 0.33 0.6566
0.0021** 1 0.23 0.5722
0.4147 1 0.61 0.4397
0.9217 1 34.91 0.4444
0.0670 1 0.77 0.0000***
0.1750 1 2.19 0.1478
0.2968 1 16.74 0.3305
0.0242* 1 1.31 0.0002%**
0.3165 1 2.00 0.1656
0.6466 1 0.61 0.6911
0.0001*** 1 0.19 0.4407
0.7337 1 0.03 0.8679

more abundant than stakes in the mineral soil (Figure 4a).
Both on the soil surface and in the mineral soil, the high-
est richness and diversity of OTUs were detected in pine
followed by hybrid poplar and aspen stakes, without sig-
nificant differences between hybrid poplar and aspen
stakes (Figure 4e,i). Furthermore, more fungal taxa were
involved in the second than the third year of mineral stake
decomposition (Figure 4j).

3.2.2 | Fungal community structure and beta
diversity responses

Overall, fungal communities at the genus level strongly
clustered according to wood stake positions (Figure 5a).
For surface stakes, significant differences were evident
with the manure treatment, but biochar had no effect on
wood stake fungal communities (Figure 5b,c), and all ma-
nure and biochar combinations did not change the fungal
communities significantly as compared to the untreated
MOBO (Figure 5d). In addition, pine stake fungal commu-
nities were significantly different from hybrid poplar and
aspen (Figure 5e).
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FIGURE 3 Surface wood stake moisture content as affected by the main effect of species (a); surface hybrid poplar (b) and aspen (c)
stake moisture as affected by the main effects of biochar; mineral stake moisture content as affected by the main effects of biochar (d) and
species (e) with soil treatments combined; mineral aspen (f) and pine (g) stake moisture content as affected by the main effects of biochar.
Data are presented as means + SE, and different letters indicate significant differences at p<0.05.

However, in the mineral soil, manure and biochar ap-
plication had no significant effects on the fungal communi-
ties of wood stakes (Figure 5f,g), while soil treated with the
high rate of both manure and biochar (M9B10) significantly
changed the fungal communities of stakes as compared to
the MOBO, MOB10, and M9B0 (Figure 5h). Similarly, min-
eral pine stake fungal communities were significantly dif-
ferent from hybrid poplar and aspen (Figure 5i), but the
sample date did not change the fungal communities signifi-
cantly with other factors combined (Figure 5j).

Initial testing of genus-level effects for trial treatments
(manure, biochar, soil treatments, wood stake position,
species, and sample date) was presented in Figure S3,
which provided identification that represents>1% of the
total community. And the relative abundance differences
of the top 15 genera among groups are shown in Figures 6
and 7 and Figure S4. Wood stake position changed the
fungal taxa, in which only seven genera were shared for
both surface and mineral stakes (Figure S3a). Surface
stakes harbored a higher abundance of Preussia, unclas-
sified_c_Dothideomycetes, Coprinellus, and Coniochaeta
than stakes in the mineral soil, while the abundance of
unclassified_o_Sordariales was the opposite (Figure S4).

Small differences were observed between the manure
treatments, in which only unclassified_f Chaetomiaceae
(5.55%) and unclassified_f Xylariaceae (4.05%) were exclu-
sive in soil treated with manure, and Trichoderma (4.05%)
and Talaromyces (3.01%) were exclusive in soil without
manure application (Figure S3b). For surface stakes, the
abundance of all the top five genera was significantly
higher in soil treated with manure (Figure 6a). However,
in the mineral soil, manure amendment significantly in-
creased the abundance of unclassified_f Chaetomiaceae,
but less Hydnophlebia, Exophiala, Trichoderma, and un-
classified_c_Dothideomycetes were enriched as compared
to no manure addition (Figure 7a).

Similarly, biochar had few effects on measured fun-
gal community structure, in which unclassified f_
Chaetomiaceae (4.76%), Talaromyces (2.36%), and
Phaeoacremonium (1.90%) were exclusive in soil treated
with biochar, and Psathyrella (3.42%), unclassified_f_
Xylariaceae (2.62%), and Lasiodiplodia (2.62%) were ex-
clusively detected in soil without biochar (Figure S3c).
For stakes on the soil surface, the top five genera were less
clustered in soil treated with biochar (Figure 6b). In the
mineral soil, however, biochar application decreased the

85UB017 SUOWIWOD SAIER.D 8 [ced![dde au Ad peusenob a2 sajole YO ‘sh JO Sejnl 1oy Akeid18UljuQ AB|IM UO (SUORIPUOD-PUe-SULBY WD A8 1M AReiq | put|uo//:Sdiy) SUONIPUOD pue swis | 8y} 88s *[£202/TT/ST] Uo ARiqi8uliuO A8]IM ‘Ssoueios eamnoLBy JO AIsBAIUN Usipems Ad 80T qqoB/TTTT 0T/I0p/ W00 A8 1w Akeiqtput|uo//sdiy wo.j pepeojumod ‘6 ‘€202 'L0LTLSLT



ZHAO ET AL.
3 3 3 3 3
(a) (b) (c) (d) (e)
a
24 a 24 24 24 29 b
b b

._g 1 1 14 1 14
j=)

o 0 T T 0 T T 0 T T 0 T T T T 0 T T T
N Surface Mineral MO M9 ) BO BI10 5 MOBO MOB10 M9B0 M9B10 Hybrid poplar Aspen  Pinc
S 3 3 ’ T, 3

2 7w © (h) 0] 0
g
g 24 24 2 2 2

a - a

b
1 14 1 ‘ \ 14 14 | \
0 o 0 %0 T 04— T T T 0 0 T T
MOBO MOB10 MOBO M9B10  Hybrid poplar Aspen  pine July 2020 July 2021
250 250 250 250 250
(a) (b) (c) (d) (e) a
200 - 2004 2001 200 200
a
150 150 150 150 150
b

100 1004 100 100 100

]

3 50 50 50 50 50
=~

o 0 T — 0 T T 0 T T 0t r T T 0

o Surface Mineral Mo M9 B0 B10 MOBO MOB10 M9BO M9B10 Hybrid poplar Aspcn Pine
5 250 250 250 250 - 250

2| © (h) 0] 0
= 200 200 2004 200 200+

£

© 1504 150 150 150 150

a
100 100 100 100 100 b
50 50 504 504 ‘ \ 50 | |
0 0 0tl— T T T 0

M9 BO B0

MOBO M0OB10 M9BOMYB10

T T
H) brid pophr Aspcn Pmc July 2020 July 2021

FIGURE 4 Wood stake fungal diversity (Shannon, upper) and richness (Chao, lower) indices of different groups. (a) Represents wood

stakes at different positions; (b—e) represent surface stakes of different manure rates (b), biochar rates (c), biochar and manure combinations

(d), and wood stake species (e); and (f-j) represent mineral stakes of different manure rates (f), biochar rates (g), biochar and manure

combinations (h), wood stake species (i), and sample dates (j). Wilcoxon rank-sum test was performed. Data are presented as means + SE,

different letters indicate significant differences at p<0.05, and bars without letters are not significantly different.

abundance of the top four genera but increased the abun-
dance of Phaeoacremonium (Figure 7b).

For the four soil treatments, a total of seven shared
genera were detected in all four treatments while the most
unique taxa were found in M9B10 (Figure S3d). On the
soil surface, all soil treatments increased the abundance
of unclassified_o_Pleosporales but decreased the abun-
dance of unclassified_o_Xylariales as compared to the
untreated MOBO. The highest abundance of Hypoxylon
and Coniochaeta was detected in MOB10, and the most
abundant Paecilomyces was in M9BO0 (Figure 6c). In
the mineral soil, all soil treatments increased the abun-
dance of Scytalidium but decreased the abundance of
Exophiala. The abundance of unclassified_o_Sordariales
and Hydnophlebia was decreased in M9B10 but increased
in MOB10 and M9BO0 as compared to MOBO (Figure 7c).
Meanwhile, M9B0 increased while MOB10 and M9B10

decreased the abundance of unclassified_o_Hypocreales
as compared to the MOBO (Figure 7c).

The fungal taxa composition of the hybrid pop-
lar and aspen stakes was similar (seven shared gen-
era), while the most unique genera were found in pine
stakes (Figure S3e). On the soil surface, Preussia and
Hypoxylon were most abundant in hybrid poplar fol-
lowed by aspen and pine stakes, and the abundance of
Coprinellus and unclassified_c_Dothideomycetes was
highest in aspen followed by hybrid poplar and pine
stakes. However, Coniochaeta was significantly more
abundant in pine stakes (Figure 6d). In the mineral soil,
unclassified_o_Sordariales, unclassified_o_Hypocreales,
and Exophiala were significantly abundant in hybrid
poplar or aspen as compared to pine stakes, while the
abundance of Hydnophlebia was highest in pine fol-
lowed by aspen and hybrid poplar stakes, and the most
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FIGURE 5 Principal coordinate analysis on genus level based on weighted-unifrac distance of all stakes at different groups. (a)

Represents wood stakes at different positions; (b—e) represent surface stakes of different manure rates (b), biochar rates (c), biochar and

manure combinations (d), and wood stake species (e); and (f-j) represent mineral stakes of different manure rates (f), biochar rates (g),

biochar and manure combinations (h), wood stake species (i), and sample dates (j). Permutational multivariate ANOVA (PERMANOVA)

tests were performed by the Adonis function to show the difference between groups.

abundant Scytalidium was detected in hybrid poplar fol-
lowed by pine and aspen stakes (Figure 7d).

Sample date also affected the top 15 abundant fungal
genera composition of mineral stakes, in which the top
3 abundant fungal genera were Hydnophlebia (14.69%),
unclassified_o_Sordariales (8.24%), and Preussia (7.71%)
2years after wood stakes were installed, while in the third
year, the top 3 genera were unclassified_o_Sordariales
(14.50%), Hydnophlebia (12.15%), and unclassified_f_
Chaetomiaceae (8.59%) (Figure S3f). Furthermore, sig-
nificantly more abundant Hydnophlebia, Trichoderma,
Psathyrella, and Preussia were detected after 2years of
decomposition, while in the third year, unclassified f_
Chaetomiaceae was more enriched (Figure 7e).

3.3 | Relationships between wood stake
decomposition, moisture content, and
fungal community

To better understand the relationship between wood
stake decomposition and fungi community, Pearson
correlation analysis was conducted for three wood spe-
cies at each position (Figure 8). For surface stakes, both
the density loss and moisture content of hybrid poplar
stakes were significantly correlated with several genera
of Cystobasidiomycetes, Dothideomycetes, Eurotiomycetes,
Sordariomycetes, Tremellomycetes, and Agaricomycetes
class, in which more positive correlations were detected
(Figure 8a). Similarly, aspen stake density loss and
moisture content were significantly related to genera of
Sordariomycetes, Dothideomycetes, Agaricomycetes, and
Eurotiomycetes class (Figure 8b). However, pine stake den-
sity loss was more related to fungal taxa as compared to

the moisture content, in which genera of Agaricomycetes,
Sordariomycetes, Dothideomycetes, Eurotiomycetes, and
unclassified_p_Ascomycota class were involved (Figure 8c).

In the mineral soil, hybrid poplar and aspen stake
density loss and moisture content were only signifi-
cantly correlated with several genera of Sordariomycetes,
Dothideomycetes, Agaricomycetes, unclassified_p_
Ascomycota, and Eurotomycetes class, while more
genera of  Sordariomycetes,  unclassified_k_Fungi,
Eurotiomycetes, Agaricostilbomycetes, Dothideomycetes,
and Cystobasidiomycetes class were significantly related to
the density loss and moisture of pine stakes (Figure 8d-f).

4 | DISCUSSION

We hypothesized that biochar and manure would increase
wood stake decay and alter the richness and abundance of
fungal communities, and that such effects would depend
upon wood species and positions. Biochar and/or manure
indeed accelerated the decomposition rates and increased
the moisture content of wood stakes both on the soil sur-
face and in the mineral soil. Furthermore, soil amend-
ments increased the OTU abundance in wood stakes,
especially in the mineral soil, but the fungal richness and
diversity were more affected by wood stake position, wood
species, and sampling dates.

41 | Wood stake decomposition and
moisture content

Biochar can enhance soil moisture content, especially
in coarse-textured soils, because of its high porosity
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FIGURE 6 Relative abundances of the top 15 genera in surface wood stakes showed significant differences among manure (a), biochar

(b), manure and biochar combination treatments (c), and wood stake species (d). Comparisons between multiple and two groups were

conducted using the Wilcoxon rank-sum and Kruskal-Wallis rank test, respectively. In multiple comparisons, Welch's post hoc tests were
used. *, **, and *** indicate significant difference at p <0.05, p<0.01, and p <0.001.

(Razzaghi et al., 2020). Similarly, in our current study, bio-
char at 10Mgha™" significantly increased the density loss
and moisture content of stakes both on the soil surface
and in the mineral soil (Figures 2 and 3). However, ma-
nure hardly affected wood stake decomposition and mois-
ture content except combined with biochar (Figures 2 and
3). This may be because the longer longevity of biochar
compared to manure may have caused longer-lasting
positive effects (Seyedsadr et al., 2022; Zhao et al., 2022).
Furthermore, there may have been synergistic positive ef-
fects of compost-biochar mixtures on the water-storage
capacity in the sandy, low-organic content soils (Liu
et al., 2012; Seyedsadr et al., 2022), and moisture uptake
from the surrounding soil matrix may have served as an
important control on decomposition (Gora et al., 2019;

Seyedsadr et al., 2022). In addition, manure or other soil
amendments can alter microbial functions and subsequent
wood decomposition by changing soil nutrient availability
(Pingree et al., 2022), however, in our previous study, we
did not find soil N availability in soil treated with manure
(Zhao et al., 2022), which may explain why we found no
main effects of the manure treatment on decomposition in
the current study.

On the soil surface, soil amendments increased the
density loss of three wood species, but the increased
moisture content was only detected in the Populus spe-
cies. Meanwhile, mineral pine stake density loss was in-
creased by soil amendments without moisture content
changes. These inconsistent changes indicate that soil
biotic (e.g., fungal community) rather than abiotic (e.g.,
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FIGURE 7 Relative abundances of the top 15 genera of mineral stakes showed significant differences among manure (a), biochar (b),
manure and biochar combination treatments (c), species (d), and sample date (e). Comparisons between multiple and two groups were
conducted using the Wilcoxon rank-sum and Kruskal-Wallis rank test, respectively. In multiple comparisons, Welch's post hoc tests were
used. *, **, and *** indicate significant difference at p <0.05, p <0.01, and p <0.001.

temperature and moisture content) changes caused by  cause preferential adsorption of wood and litter-degrading
soil amendments were responsible for the responses in  fungi in organic matter-poor sandy loam soil (Anasonye
wood decomposition we observed because biochar can et al., 2018), which may cause degradation changes.
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FIGURE 8 Pearson correlation heatmap of wood stake density loss, moisture content, and the top 50 abundant genera of fungi in
surface hybrid poplar (a), aspen (b), and pine (c), and mineral hybrid poplar (d), aspen (e), and pine (f).

4.2 | Soil amendment, wood stake
position, and species effects on wood stake
fungal community

4.2.1 | Fungal alpha and beta diversity

Biochar and/or manure could indirectly increase the rich-
ness and diversity of fungi related to wood degradation

and litter decomposition through nutrient supply (Pingree
et al., 2022) or amelioration of soil pH (Han et al., 2022;
Tarin et al., 2021). Although soil manure, biochar, and
their combinations had no significant impacts on the
fungal richness and diversity of wood stakes at the OTU
level (Figure 4), fungal composition at the genera level in-
deed significantly clustered according to soil amendments
(Figure 5). This finding is consistent with data presented
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by Zhang et al. (2021), where soil manure or biochar
amendments caused soil micro-environmental changes.

Higher species richness, in fungal ecology, is commonly
thought to relate to higher rates of nutrient cycling and
decomposition via additive or synergistic benefits of the
fungal niche complementarity (van der Wal et al., 2013).
However, consistent with results reported by Wang
et al. (2020), we found surface stakes had higher fungal
richness and diversity (Figure 4), but decomposed slower
as compared to mineral stakes (F=105.93, p<0.001).
Furthermore, pine stakes decayed slower even though had
higher fungal richness and diversity as compared to the
two Populus stakes in our present study (Figures 2 and 4).
These patterns may be due to that poor soil conditions on
the forest surface, and lower-quality pine stakes limit fun-
gal growth rates, which may prevent species with fast col-
onization and growth traits from dominating substrates,
and result in greater species coexistence with slower-
growing fungal species (Maynard et al., 2017).

4.2.2 | Fungal composition and abundance
Wood-decaying fungi are divided into three main catego-
ries (brown-rot, white-rot, and soft-rot fungi) depending
on their enzyme capabilities to degrade lignocellulose
substrates. Soft-rot fungi (mostly Ascomycete) can degrade
polysaccharides in the surface layers of plants, brown-rot
fungi (Basidiomycetes) mainly degrade cellulose and hemi-
cellulose and slightly modify lignin (Andlar et al., 2018;
Sanchez, 2009; Viotti et al., 2021), and white-rot fungi
(especially basidiomycetes) are able to decompose all the
major polymers, for example, lignin, cellulose, and hemi-
cellulose (Tuor et al., 1995). Although soil temperature
and humidity are thought to be the main factors affect-
ing saprotrophic fungi in specific forests, stakes placed
in the mineral soil did not always have a higher fungal
abundance at the genus level (Figure S4), suggesting other
factors (e.g., oxygen, airborne spores, drought tolerance of
fungi) also serve as important control of fungal diversity
(Jiang et al., 2014; Li et al., 2022).

Soil manure amendment changed the abundance of
the top 15 genera, which may relate to the altered wood
stake moisture content in the third year of decomposition
(F=5.75,p<0.01, not published data), or the improved mi-
croenvironment of microorganisms (Zhang et al., 2022).
But the different response directions of the two stake po-
sitions (positive for surface stakes, but negative for min-
eral stakes; Figures 5 and 6) may have occurred because
fungi prioritized the utilization of labile manure C in the
mineral soil rather than the more complex wood substrate
(Siedt et al., 2021). Biochar application, however, de-
creased the abundance of the top 15 fungal genera in both

surface and mineral soil wood stakes (Figures 5 and 6),
which may be due to the relatively high alkalinity of the
soil, biochar, and manure used in our study (pH=8.2, 8.8,
and 7.9 respectively), which was likely not conducive to
the cellulose nonenzymatic deconstruction process, and
may have also disrupted lignocellulose degradation by
brown-rot fungi (Andlar et al., 2018).

Cellulose-degrading soft-rot fungi are believed to be
the first decomposers of woody debris, followed by brown-
and white-rot fungi in the middle stages of the wood de-
composition (Rajala et al., 2015; Tarvainen et al., 2020).
Furthermore, Basidiomycete species are thought to dom-
inate over Ascomycetes during the later stages of decom-
position (Duong et al., 2008) since they can synthesize the
enzymes required to degrade complex polymers such as
lignin (Deacon, 1997; Kodsueb et al., 2008). However, in
our study, we found that Ascomycetes always dominated at
the two sampling dates (75.19% and 79.62%, respectively,
after 2 and 3years of decomposition) with other factors
combined, which may be because stakes were still at an
early stage of decomposition after 2years of installation
(average density loss 27.30%), and the decay has not en-
tered the later stages of decomposition, even in the third
year (density loss average 52.50%, unpublished data). In
addition, the most abundant 15 genera achieved their
greatest abundance in mineral stakes decomposed for
2years (sampled in July 2020), as compared to 3years
after installation (sampled in July 2021), which may relate
to the low water content (average 33.93%, unpublished
data), or that the remaining C was in the form of lignin,
which is more recalcitrant (Fukasawa et al., 2009; Kurth
et al., 2013).

5 | CONCLUSIONS

Using standard decomposition substrates (i.e., wood
stakes) as an index of soil functioning, our study indi-
cates that biochar alone or combined with manure in-
creased the density loss and moisture content of stakes
both on the soil surface and in the mineral soil. In ad-
dition, the application of biochar and/or manure in-
creased the OTU abundances in wood stakes, especially
in the mineral soil. But OTU richness and diversity were
more strongly regulated by wood stake position, wood
species, and sample dates. We proposed that 10Mgha™
biochar should be taken into account by forest manage-
ment operations aimed at enhancing or sustaining soil
quality in plantations with similar soil conditions, and
additional benefits can be achieved with the combined
addition of 9Mgha™' manure. Furthermore, the degra-
dation of standard substrates can provide scientific data
about soil process changes both on the soil surface and
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belowground, which can be used to develop better for-
estry policy.
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