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Nitrogen (N) deposition is an important environmental factor that can change soil
chemical properties. It can also alter the characteristics of microbial
communities. The incorporation of biochar into soils is considered a potential
strategy to enhance carbon (C) storage in soil and modify the impacts of N
deposition. However, the impacts of biochar on the microbial characteristics of
soil after short-term N deposition in subtropical plantations remain poorly
understood. Here, we investigated the effects of biochar application (0, 5, 10 t
ha™) on soil chemical traits and microbial characteristics (extracellular enzyme
activities, microbial community and microbial biomass) in a Larix kaempferi
plantation in Shennongjia, China, under N addition (0, 50, 100 kg N ha™* yr™)
during two growing seasons. We found that simulated N deposition significant
increased soil total nitrogen (TN), nitrate nitrogen (NO= -N) and total phosphorus
(TP) concentrations, while heavy N deposition (100 kg N ha™ yr™) significant
decreased soil microbial biomass nitrogen (MBN) concentration and B-
glucosidase (B-GC) activity. Biochar amendment significantly increased soil
microbial biomass, TN and soil organic carbon (SOC) concentrations. Both N
addition and biochar amendment significantly altered Ascomycota and
Basidiomycota relative abundance, with biochar amendment increasing
Ascomycota relative abundance and decreasing Mortierellomycota relative
abundance under heavy N deposition. Fungal diversity showed a positive
correlation to TN, TP and NOz -N concentrations, but a negative correlation
to MBN. Biochar addition inhibited the increase in soil NOs -N concentration
caused by high N addition in the plantation, and influenced the change in the
composition of microbial community caused by N addition. Our piecewise
structural equation model suggested that N addition affected MBN and fungal
diversity directly or indirectly via its effects on soil enzyme activities and
properties. In contrast, there were no significant direct or indirect effects on
bacterial diversity among all factors. These results improve our understanding of
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the influence and mechanisms of N addition and biochar amendment on soil
microbial characteristics in subtropical coniferous plantations in the short term,
and can provide a valuable reference for predicting the future effects of N
deposition on soils in this region’s plantation.

KEYWORDS

biochar amendment, nitrogen addition, soil microbial properties, soil chemical
properties, microbial communities

1 Introduction

The atmospheric nitrogen (N) deposition resulting from human
activities has significantly impacted terrestrial ecosystems globally
(Lilleskov et al.,, 2019; Yan et al., 2020), with soil biogeochemical
processes, microbial biomass and activities being greatly affected
(Lingli and L, 2009; Li et al., 2019a). In China, agriculture and fossil
fuels are major sources of N deposition (Janssens et al., 2010; Liu
et al,, 2013), and studies have calculated that the total N storage in
Chinese forests is 14.45 = 8.42 t N hm™, with soil containing
roughly 94% of this total (Xu and He, 2020). Given China’s status as
the largest developing country, it is expected that there will be a
significant increase in N deposition within its borders (Yu et al,
2019). N deposition, along with stand density and age, is a crucial
factor in modulating forest growth (Sophia et al., 2020). This
increase in N can negatively impact soil pH (Dai et al., 2018) and
organic carbon (C) content (Chen et al., 2018), with changes in
various edaphic properties such as microbial biomass and microbial
communities (Zhu et al.,, 2016; Chen et al., 2020; Jia et al., 2020;
Tang et al., 2020; Zhu et al.,, 2020), which can affect soil quality, C
storage capacity and permanent changes in soil C accumulation
over time (Chen et al,, 2018; Dai et al., 2018; Yan et al., 2019;
Flechard et al.,, 2020). Anthropogenic N inputs, whether due to
climate change or forest management practices, may significantly
affect belowground processes, particularly microbial activity, in
subtropical forests in China (Yan et al, 2020). For example, N
addition caused a change in the N/P ratio, which significantly
increases the biomass of fungi and the activity of certain enzymes
in a subtropical Castanopsis forest (Fan et al, 2020), while N
addition-induced changes in soil N availability and soil pH
significantly altered the bacterial and fungal community
structures of subtropical natural forest (Wang et al, 2021).
However, the difference in the direction of the effect of N
addition on the bacterial and fungal communities of typical
subtropical plantation soils and the mechanisms responsible for
this difference need further investigation.

Biochar is a carbon-rich substance with a highly porous
(Lehmann and Joseph, 2015), could enhance the growth and
colonization of soil microbes (Gul et al., 2015). Due to its short
term mineralization and long term stability (Smith et al., 2010;
Hassan et al., 2020), biochar is often used to adsorb pollutants
(Zhang et al., 2019) and nutrient elements (Zhang et al., 2020) in
water to altering water environment, as well as to remediating
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contaminated soils (Zama et al, 2018; Chang et al, 2019). In
addition, in order to enhance soil carbon storage and improve
soil fertility, biochar is frequently utilized as a soil amendment, and
several studies have examined the impact of incorporating biochar
into soil for the purpose (Palviainen et al., 2018; Bilgili et al., 2019).
For example, the application of poultry litter biochar can reduce soil
P limitation due to N inputs, resulting in increased pasture yields
(Van Zwieten et al,, 2019). According to a meta-analysis (Zhou
et al., 2017), adding biochar does not have a significant impact on
soil carbon storage. However, studies conducted in subtropical
bamboo forests in China have shown that adding biochar can
effectively enhance soil organic carbon sequestration (Ge et al,
2019), the reasons may be biochar application led to an increase in
the recalcitrance of soil organic carbon and a decrease in carbon-
degrading enzyme activities (Li et al., 2018b). The results suggest
that biochar can effectively improve soil health by enhancing carbon
sequestration and reducing carbon loss. In a subtropical Torreya
grandis orchard, biochar application has led to a significant increase
in soil SOC and TN (Li et al., 2020), while inducing a significant
decrease in the levels of soil NH,*-N and NO; -N, and a decline in
the activities of soil enzymes associated with the N cycle (Song et al.,
2019). Additionally, microbial biomass has been found to increase
as a result of biochar application (Lehmann et al, 2011;
Teutscherova et al., 2018; Xu et al.,, 2018). However, due to the
differences in the properties of biochar itself and the limited
application in typical subtropical coniferous plantations, the
direction and mechanism of biochar application to improve the
impact of N deposition on soil microbial characteristics
remains unclear.

Soils are the largest pool of carbon in terrestrial ecosystems, in
fact, the amount of organic carbon in soil organic matter exceeds
that of the combined global vegetation and atmosphere (Johannes
and Markus, 2015). Soils also harbor a significant proportion of the
Earth’s biodiversity, which plays a vital role in supporting many
essential ecosystem processes (Guerra et al., 2020). Forests play an
important role in terrestrial ecosystems (Xu and He, 2020), and
understanding soil carbon dynamics and soil microbial changes in
forests is crucial for ecological implications. In China’s forest
resources, plantations play an increasingly important role in
improving the environment and sequestering carbon (Piao et al,
2009; Song et al., 2022). However, both N deposition and biochar
application can alter the soil chemical properties and microbial
characteristics of plantation soils (Tu et al., 2011; Li et al., 2018b).
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Although simulated N deposition and biochar amendment
experiments have been conducted in plantations, there is
insufficient research on their interaction effects on soil microbial
characteristics and soil chemical properties of subtropical
plantations in the short term. Shennongjia, located in the Qinba
Mountains of China, is an outstanding representative of
biodiversity, ecosystem types, and biological evolution at the same
latitude in the world, and its ecological status is of great importance.
The plantation area accounts for about 30% of the forest area of
Shennongjia, with Larix kaempferi as the main plantation tree
species. In this study, simulated N deposition and biochar
amendment experiments were conducted on L. kaempferi
plantation in Shennongjia, and the effects of their interaction and
independence on soil chemical properties and microbial
characteristics were analyzed. We hypothesize that biochar
addition will ameliorate the effects of N addition on soil microbial
community structure and composition and other microbial
characteristics, and mitigate the changes in soil organic C caused
by simulated N deposition.

2 Materials and methods

2.1 Study site

The study site is situated in Shennongjia Forestry District (109°
56’-110°58’ E, 31°15’-31°57" N), Hubei Province, China. The main
part of Shennongjia, with an altitude of 398-3105 m, belongs to the
northern subtropical monsoon climate zone. The average annual
sunshine duration and temperature are 1858.3 h and 12.2°C,
respectively, with January and July having the lowest and highest
temperatures, respectively. The average annual rainfall is 800-2500
mm, and the growing season is about 220 days.

The L. kaempferi plantation near the National Positioning
Observation and Research Station of Forest Ecosystem in
Shennongjia Forestry District was selected as the research object.
The stand is approximately 40 years old and is located in mountain
yellow-brown soil. The main shrubs are Viburnum dilatatum,
Smilax china, Rubus hirsutus, and the main herbs include
Euphorbia pekinensis, Aquilegia Viridiflora, Cryptotaenia japonica.
The basic information of forest land is shown in Table 1.

2.2 Experimental design, fertilization
and soil sampling

In April 2019, nine standard experimental plots (10 m x 20 m)
were established for N addition in L. kaempferi plantations. The
plots were located in forest sites, and adjacent plots with a 10 m
buffer zone. According to the amount of N addition, the standard

TABLE 1 Site characteristics in Larix kaempferi plantations.

Stand density/hm?

Altitude/m Slope/® Aspect

Mean height of tree/m

10.3389/fevo.2023.1220111

plots were divided into 3 treatments, with 3 replicates per treatment.
At the same time, 3 subplots (3 m x 3 m) for biochar amendment
were established in each standard experimental plot, with adjacent
subplots having a 4 m buffer zone. The 3 subplots in each standard
plot were treated with three gradients of biochar. Combined N and
biochar addition treatments to form a total of 9 treatments in the
split-zone experimental design, including a control (CK: neither N
nor biochar addition), low and high N addition (N1 and N2: 50 and
100 kg N ha™! yr™"), low and high biochar addition (BC5 and BC10:
5 and 10 t biochar hafl), and combinations of N and biochar
treatments (N1BC5, N1BC10, N2BC5 and N2BC10).

In both 2019 and 2020, we simulated N deposition with urea
once a month from May to September. On clear days, the urea
solution was sprayed evenly on the soil with a precipitation rate of
0.01 cm. The amount of N applied each time was 1/5 of the total
annual addition, while the same amount of clean water was sprayed
on the CK. Biochar is a 200-mesh sieved coal-based powdered
carbon made from coconut shells burnt at 350 °C for 4 hours,
specially designed for soil substrate remediation (Lvzhiyuan
Activated Carbon Co., Ltd., Henan, China). On 11 July 2019, for
practical use in plantation forests and to avoid disturbing the soil
and root system (Palviainen et al., 2018), biochar was added by
spreading it on the soil surface. Meanwhile, to reduce the scouring
of biochar by surface runoff, we sowed most of the biochar on the
higher slopes within the subplots. The biochar had a
basal composition of organic carbon, total nitrogen, total
phosphorus and total potassium of 778.37, 9.84, 10.89 and
0.67 gkg™", respectively.

On 30 September 2020, we collected five random soil cores (0-
15 cm depth) from each subplot. These were then combined into a
homogenized sample, picked out the gravel and roots and the
samples were passed through a sieve with a 2 mm mesh. Part of
the fresh soil samples were held at —80°C for the determination of
soil ammonium nitrogen (NH,"-N), nitrate nitrogen (NO; -N),
soil microbial community structural and diversity, microbial
biomass carbon (MBC) and microbial biomass nitrogen (MBN).
Another part of the soil samples was air-dried for the determination
of soil enzyme activities, pH, soil organic carbon (SOC), total
nitrogen (TN) and total phosphorus (TP).

2.3 Measurement of chemical properties,
microbial biomass and enzyme
activities of the soil

SOC concentration was determined using an enzyme-labelled
instrument (Multiskan GO 1510; Vantaa Finland), with ferrous
sulfate as a standard solution, the volumetric method is changed to
a photometric method, and the SOC is colorimetric at a wavelength
of 585 nm. TN concentration was determined by Kjeldahl nitrogen

Average DBH/cm  Soil porosity/%

1790 9-15 northeast 943.75
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determination (KD310A KjelROC Automatic Kjeldahl Analyzer;
Sweden). Soil pH was measured with a pH measuring instrument
(pH 211; Hana, Italy) using a soil:water suspension (1:2.5 w:v)
prepared with a shaker for 30 minutes (LY/T 1239-1999). The
acid-molybdenum antimony anti-colorimetric method was used for
the quantification of TP. (NH,"-N and NO; -N concentrations were
determined using an enzyme-labelled instrument (Multiskan GO
1510; Vantaa Finland). The ethanol fumigation-extraction method
was used to determine MBC and MBN. The activities of soil acid
phosphatase (ACP), B-glucosidase (B-GC), N-acetyl-B-D-glucosidase
(NAG) and polyphenol oxidase (PPO) were determined using an
enzyme-labelled instrument (Multiskan GO 1510; Vantaa Finland),
and the activities of these enzymes were measured colorimetrically at
wavelengths of 660, 400, 400 and 430 nm, respectively.

2.4 Soil DNA extraction, amplification,
sequencing, and bioinformatics analysis

The Kit used for DNA extraction was the same as in Li et al. (2019b).
Extracted DNA was assessed for purity and quality using 1% agarose gel
electrophoresis and a NanoDrop spectrophotometer, respectively.

The bacterial 16S rRNA gene amplifies the V3-V4
hypervariable region, as previously described in Mumbi et al.
(2015). The protocol described in Zhang et al. (2015) was used to
amplify the fungal internal transcribed spacer (ITS) region. The
addition of sample primers, PCR amplification and subsequent
purification of the PCR products were as described in the method of
Li et al. (2022b).

The Illumina MiSeqPE250 platform (Allwegene Company,
Beijing, China) was used for deep sequencing. Following the run,
bioinformatic analysis including image analysis, base calling and
error estimation using the Illumina Analysis Pipeline version 2.6.

2.5 Statistical analysis

After sequencing the PCR products, we screened the raw data
and performed operational taxonomic units (OTUs) clustering,
referring to the study by Edgar and Robert (2013). Based on the
OTU information obtained from each sample, clustering analysis
and PCA were conducted (Wang et al., 2012) using R 4.1.3.

Excel 2019 for initial analysis of data; R 4.1.3 for analysis of
variance, significance test, correlation analysis, Mantel tests and
piecewise structural equation model (piecewiseSEM). Differences of
soil chemical properties, enzyme activities, microbial biomass and
microbial community composition (phyla and genus level) among all
treatments were tested using one-way analysis of variance (ANOVA).
Independent and combined effects of N and biochar additions on the
above soil properties were tested using two-way ANOVA. Pearson’s
correlation analysis and Mantel tests were used to identify the
relationships among biotic and abiotic factors and to assess the
impact of environmental factors on microbial composition and
diversity (Li et al,, 2022a). We employed Mantel tests and Pearson’s

Frontiers in Ecology and Evolution

10.3389/fevo.2023.1220111

correlation analysis to identify the most significant predictors of
microbial diversity to be included in the piecewiseSEM. The SEM
was performed using the ‘nlme’, Ime4’ and ‘piecewiseSEM’ packages
in R (Liu et al., 2022). To simplify the graphical presentation, different
categories of factors, such as soil enzyme activities, soil properties,
MBC and MBN, and soil microbial diversity, were placed in the same
box. It is important to note that these boxes did not represent latent
variables (Lefcheck and Freckleton, 2015; Zhao et al., 2022).

3 Results
3.1 Soil chemical and microbial properties

In N-free addition treatments, both BC5 and BC10 significantly
increased SOC and TN concentrations compared to CK (P< 0.05),
and with increasing biochar addition, SOC and TN concentrations
increased significantly. However, both did not significantly affect
TP, NH,"-N and NO; -N concentrations compared to CK (P >
0.05, Table 2). The addition of biochar can increase soil carbon
stocks in the short term. In biochar-free amendment treatments,
both N1 and N2 induced a significant increase in TN and NO; -N
concentrations compared to CK (P< 0.05), but did not significantly
affect NH,"-N concentration (P > 0.05). In addition, compared to
CK, N2 significantly increased TP concentration (P< 0.05). When
compared to N2, both N2BC5 and N2BC10 induced a significant
increase in TN concentration (P< 0.05), while significantly
decreasing NO; -N concentration (P< 0.05), but not significantly
affecting NH,"-N concentration (P > 0.05). Compared to BC5, both
N1BC5 and N2BC5 induced a significant increase in TN, TP and
NO;™-N concentrations (P< 0.05), but not in SOC and NH,"-N
concentrations (P > 0.05). However, compared to BC10, both
N1BC10 and N2BC10 caused a significant increase in NO; -N
concentration (P< 0.05) and a significant decrease in SOC and TN
concentrations (P< 0.05). This suggests that biochar mitigated the
effects of N on some soil chemical properties. Moreover, compared
to CK, soil pH only increased under N1 (P< 0.05).

A two-way ANOVA indicated that N and biochar additions,
either independently or in combination, significantly affected SOC,
TN, NH,"-N, NO; -N concentrations and pH (P< 0.05,
Supplementary Table S1). However, biochar addition did not have
a significant independent effect on TP (P > 0.05).

In N-free addition treatments, both BC5 and BC10 significantly
increased MBC and MBN concentrations compared to CK (P< 0.05,
Table 3). Additionally, compared to CK and BC5, BC10
significantly increased NAG concentration (P< 0.05). In biochar-
free amendment treatments, N2 significantly decreased MBN
concentration compared to CK and N1 (P< 0.05), and
significantly decreased B-GC concentration compared to CK (P<
0.05). Compared to BC5, both N1BC5 and N2BC5 significantly
decreased MBC and MBN concentrations (P< 0.05), while having
no significant effect on enzyme concentrations (P > 0.05).
Compared to BC10, both NIBC10 and N2BC10 significantly
decreased MBC concentration (P< 0.05). However, N2BC10
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TABLE 2 Soil nutrient contents in a Larix kaempferi plantation in Shennongjia.

Treatments SOC (g-kg™) TN (g-kg™")

cK 3177 + 0.63de 2.54 + 0.01f 12,51 + 0.23ab 0.54 + 0cd 4.9 + 0.0bc 2035 + 1.18ab 1.18 + 0.05d

BCS 33.36 + 0.09bc 2.68 + 0.02d 12.43 + 0.12ab 0.52 +0.01d 5.0 + 0.0bc 2416 + 0.51a 140 + 0.01d
BC10 37.03 + 0.64a 2.92 + 0.02a 12,69 + 0.16a 0.55 + Obed 5.0 £ 0.1bc 2443 + 0.88a 139 + 0.05d

NI 3327 £ 0.17bc 2.64 + 0.01de 12,60 + 0.13a 0.57 + 0.01bc 52+0.1a 2085 + 1.33ab 3.05 + 0.24c
N1BCS 3461 £ 0.15b 2.93 +0.02a 11.83 + 0.09b 0.63 + 0.01a 49 + 0.0bc 23.01 + 0.93ab 7.50 + 0.56a
NIBCI0 3117 + 0.13¢ 2.58 + 0.02¢f 12.07 + 005ab  0.56 + 0.01bcd 5.1+ 0.0ab 1821 + 1.47b 2.54 + 0.04c
N2 32.06 + 0.50cde 267 +0.01d 11.99 + 0.23ab 0.59 + 0.01b 48+ 0.1bc 2029 + 0.46ab 7.11 + 0.25a
N2BC5 3291 + 0.16cd 2.76 + 0.03c 11.93 + 0.21ab 0.58 + 0.01bc 48 + 0.0 21.12 + 1.23ab 439 + 0.03b
N2BC10 3471 + 0.23b 2.83 + 0b 12.25 + 0.07ab 0.63 + 0.02a 4.9 % 0.0bc 19.47 + 0.96ab 2.66 + 0.06¢

Mean + SD, n = 3. Values labelled with the different letters are significant differences from each other based on the LSD test with P< 0.05.

significantly decreased MBN concentration (P< 0.05) and increased
PPO concentration (P< 0.05) compared to BC10 and N1BCI0.
Biochar was shown to ameliorate the effect of N on soil microbial
biomass. Compared to CK, treatments with BC10 and N2, both
separately and in combination, significantly decreased B-GC
concentration (P< 0.05), while other treatments didn’t have a
significant effect on B-GC concentration (P > 0.05). In addition,
NAG increased only under BC10 compared to CK (P< 0.05).

A two-way ANOVA indicated that N and biochar additions
significantly affected MBC and MBN concentrations, either
independently or in combination (P< 0.01, Table S2).
Furthermore, B-GC, NAG and PPO were significantly affected by
the combined effect of N and biochar addition (P< 0.05), while no
significant effect was observed on ACP (P > 0.05). Independently,
biochar amendment significantly affected soil B-GC independently
(P<0.001), but no significant effect was observed on ACP, NAG and
PPO (P > 0.05). Similarly, N addition significantly affected soil NAG
and PPO independently (P< 0.01), but did not affect ACP and 3-GC
significantly (P > 0.05).

3.2 Composition of soil
microbial communities

At the phylum level, Proteobacteria (28.14%), Acidobacteriota
(25.70%), Chloroflexi (8.61%), Actinobacteriota (5.42%),
Verrucomicrobiota (5.41%), Gemmatimonadota (4.66%) and
Planctomycetota (4.29%) were the most dominant phyla of the
bacteria (Figure 1A; Supplementary Table S3). The relative
abundance of these phyla had no significant differences with N and
biochar addition (P > 0.05, Table S3).

Basidiomycota (50.35%), Ascomycota (33.37%), Mortierellomycota
(11.44%), Rozellomycota (0.47%) and Kickxellomycota (0.12%) were the
most dominant fungal phyla at the phylum level (Figure 1B;
Supplementary Table S4). In addition, 3.93% of the fungal phyla
were unidentified. In N-free addition treatments, the relative
abundance of Basidiomycota was lower in BC10 than in CK and
BC5 (P< 0.05, Supplementary Table S4), while Ascomycota showed the
opposite trends. This indicated that there was a threshold value for the
amount of biochar added to affect the fungal community. In biochar-

TABLE 3 Soil microbial biomass and soil enzyme activities a Larix kaempferi plantation in Shennongjia.

Treatments MBC MBN ACP B-GC NAG
(mgkg™) (mgkg™) (umol-d~".g™") (umol-d~'.g™") (umol-d~'.g™")
CK 21932 + 10.90d 30.15 + 1.37cd 19.17 £ 0352 208.05 + 4.84ab 82.02 + 1.46bc 20,01 + 1.58ab
BC5 303.77 £ 831b 4183 + 215 20.78 + 0.64a 193.57 £ 11.26abc 83.57 + 1.14bc 18.42 £ 0.95ab
BC10 33927 + 7a 38.43 + 0.79ab 20.08 + 0.68a 158.61 + 5.54c 10534 + 143 17.01 + 1.38b
N1 24584 + 9.93cd 31.57 + 1.57cd 2041 + 0.62a 177.83 + 9.89bc 83.18 + 6.14bc 18.76 + 0.84ab
N1BC5 259.93 + 9.77c 34.68 + 2.08bc 2011 +0.75a 227.05 + 13.30a 69.86 + 2.71c 16.75 + 0.22b
N1BC10 21733 + 10.96d 37.58 & 1.54ab 1955 % 0.13a 178.81 + 13.77bc 74.57 + 1.56bc 16.77 + 141b

N2 24820 + 7.83cd 2145 £ 1.50e 2012 £ 0.84a 160.46 £ 9.60¢ 9077 + 7.03ab 18,59 + 1.35ab
N2BC5 23617 + 6.22cd 1483 + 0.83f 19.14 + 0.26a 23314 + 5.82a 92.87 + 5.21ab 2183 + 1.67ab
N2BC10 233.70 + 7.41cd 27.05 + 1.42d 1871 + 0.152 159.11 + 11.43¢ 89.77 + 6.37ab 23.63 + 1.10a

Mean * SD, n = 3. Values labelled with the different letters are significant differences from each other based on the LSD test with P< 0.05.
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free amendment treatments, both N1 and N2 significantly decreased
Basidiomycota compared to CK (P< 0.05), and it decreased significantly
with increasing N addition. Basidiomycota may be used as an indicator
organism for N deposition in the region. However, Ascomycota and
Mortierellomycota were higher in N2 than in CK and N1 (P< 0.05).
Compared to N2, both N2BC5 and N2BC10 significantly increased
Ascomycota (P< 0.05) and decreased Mortierellomycota and
unidentified fungi (P< 0.05). Compared to BC5, both N1BC5 and
N2BC5 significantly decreased Basidiomycota (P< 0.05) while
increasing Ascomycota (P< 0.05). Similarly, N2BC10 showed a
significant decrease in Basidiomycota compared to BC10, while
increasing Ascomycota (P< 0.05).

At the genus level, unidentified and uncultured bacteria
accounted for 34.20% and 26.99% of all bacterial taxa,
respectively (Figure 2A; Supplementary Table S5), and the relative
abundance of these groups had no significant differences (P > 0.05;
Supplementary Table S5). The relative abundance of Acidibacter
was significantly higher in N2BC10 (4.33%) than in N1 (2.44%, P<
0.05). In addition, Bradyrhizobium was significantly higher in BC5
(2.52%) than in N1BC5 (1.39%) and N2BC5 (1.22%, P< 0.05).

Clavulina (17.77%), Mortierella (11.42%), Trichophaea (9.97%),
Archaeorhizomyces (9.16%) and Inocybe (5.41%) were the most
dominant fungal taxa in all treatments (Figure 2B; Supplementary
Table S6). In addition, 19.32% of the fungal genera were
unidentified. In N-free addition treatments, the relative
abundance of Clavulina was lower in BC10 than in CK and BC5
(P< 0.05, Table S6), while Inocybe exhibited the opposite trends. In
biochar-free amendment treatments, both N1 and N2 significantly
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decreased Clavulina compared to CK (P< 0.05), with a significant
decrease observed with increasing N addition. Additionally, N2
significantly increased Mortierella, Trichophaea and Inocybe
compared to CK (P< 0.05). Furthermore, compared to N2, both
N2BC5 and N2BC10 significantly decreased Mortierella (P< 0.05)
and increased Archaeorhizomyces and unidentified fungal genus
(P< 0.05).

3.3 Diversity of soil microbial communities

N1, N1BC5 and CK significantly increased Shannon’s index of
bacteria compared to N2BC10 (P< 0.05, Figure 3A). However,
Chaol of bacteria did not show a significant difference among all
treatments (P > 0.05, Figure 3C). Only N2BC10 significantly
decreased PD_whole_tree of bacteria compared to CK, (P< 0.05,
Figure 3E). Two-way ANOVA revealed that only N addition
significantly affected Shannon’s index of bacteria (P< 0.05,
Supplementary Table S7). Combination of high N and high
biochar addition altered bacterial community diversity.

In N-free addition treatments, all of the o-diversity indexes
(including Shannon’s index, Chaol and PD_whole_tree) of fungi
followed the significant order: BC10, CK, BC5 (P< 0.05, Figures 3B,
D, F). The results showed that low biochar addition reduced fungal
diversity, while high biochar addition increased it. In biochar-free
amendment treatments, N addition significantly increased the
Shannon’s index compared to CK (P< 0.05), which increased with
increasing N addition. However, there was no significant effect on
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Relative abundance of bacterial (A) and fungal (B) genera in response to the N and biochar additions

Chaol of fungal (P > 0.05) and only N2 significantly increased
PD_whole_tree of fungal compared to CK (P< 0.05). Compared to
BCS5, both N1BC5 and N2BC5 significantly increased all of the o
diversity indices of fungal (P< 0.05). Two-way ANOVA analysis
revealed that N and biochar addition had a significant effect on
Shannon’s index, Chaol and PD_whole_tree of fungi, either
separately or in combination (P< 0.05, Supplementary Table S8).

The first and second principal components of the PCA
explained 17.95% and 47.94% of the variability of bacterial
(Figure 4A) and fungal (Figure 4B) communities, respectively.
The bacterial community was irregularly distributed among all
treatments. while the fungal community displayed a clear
clustering pattern, mainly based on the level of N addition and
the interactive effect of N and biochar.

3.4 Relationships between microbial
communities and biotic and abiotic
environmental factors

As shown in Figure 5A, the bacterial community composition
was not correlated with any biotic or abiotic factors. However, the
fungal community composition correlated significantly with TN,
C/N, TP, NO5™-N, MBN and B-GC. Additionally, MBC correlated
positively with SOC, TN and NH,"-N (P< 0.05), while MBN
correlated negatively with PPO (P< 0.05). Significant positive
correlations were observed between TP and TN as well as NO5;™-N
(P< 0.05), and pH correlated positively with C/N (P< 0.05). However,
there were no significant correlations between the soil enzyme
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activities studied (P > 0.05). Notably, bacterial diversity was only
significantly correlated with TP (Figure 5B), whereas fungal diversity
was significantly correlated with TN, TP, NO; -N and MBN.

N addition directly positively affected TP, NO; -N and fungal
diversity, it also had a directly negative effect on MBN (Figure 6).
There had no significant direct or indirect effects on bacteria
diversity among all factors. TN and B-GC positively affected
fungal diversity, and ACP positively affected MBN. furthermore,
N addition, biochar amendment and environmental factors
explained 12% and 72% of the variance in the bacterial and
fungal diversity, respectively.

4 Discussion

4.1 Effects of N addition

Previous research has demonstrated that N addition can
positively affect N availability (Li et al., 2020) and concentrations
of NH,"-N and NO;™-N in subtropical plantation soils (Yu et al.,
2018). We observed that simulated N deposition significantly
increased soil TN, NO3; -N and TP concentrations, but did not
affect NH,"-N concentration in our study (Table 2). Our Mantel
tests showed that the changes in chemical properties of the soil
caused by the addition of N, especially TN, NO; -N and TP
concentrations, were significantly related to the fungal
community composition and diversity (Figure 5). These results
suggest that N addition alters TN, NO; -N and TP concentrations
of soil, and the observed changes in these properties may contribute
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to the mode of action of N on soil fungal communities (Figure 6).
Similarly, a simulated N deposition experiment (last 5 years) in a
warm temperate coastal wetland also indicated that TN and
NO; -N had greater impact on the microbial communities than
NH,"-N (Lu et al., 2021). While the impact of N enrichment on soil
microbes was found to be influenced by various factors (Jia et al.,
2020), both our result and that of Lu et al. (2021) suggest that the
effect of N addition on soil microbial communities maybe achieved
by changing TN and NO; -N. Meanwhile, the above results suggest
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that the effect of N on these soil N characteristics should be little
influenced by climate and soil type, and the relationship between
the change and experimental duration and soil type should be
further studied. The addition of N may have promoted the increase
of fungi with high P acquisition capacity, which in turn increased
the availability of soil P (Fan et al., 2020). The increase of soil TP
concentration caused by N addition in this experiment may come
from the promotion of litter decomposition or the effect on plant
roots by N, but our experiment did not cover these two aspects of
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research. Thus, we do not know where the increased phosphorus
comes from, and this part needs further research in follow-
up experiments.

The meta-analysis showed that N fertilization inhibited MBC by
9.5% (Jian et al., 2016).Two field experimental studies conducted in a
subtropical plantation (Xiao et al., 2020) and in subtropical camphor
and pine forests (Yan et al., 2020) in China found that short-term N
addition reduced soil MBC concentration, which may be related to
changes in soil heterotrophic respiration (Wei et al., 2015). Short-
term N addition in L. kaempferi plantations had no significant effect
on soil MBC concentration. However, heavy N deposition (100 kg N
ha™' yr'') significantly reduced soil MBN concentration (Table 3),
suggesting that short-term N addition caused a decrease in soil
microbial biomass in subtropical L. kaempferi plantations. The
results are consistent with those of studies in N-rich tropical forests
(Wang et al, 2018). Additionally, heavy N deposition also
significantly reduced soil B-GC activity in our short-term
experiments, while mantel analysis showed that MBN
concentration and B-GC activity were significantly correlated with
fungal community composition (Figure 5). In subtropical forests,
fungal community was more sensitive to N addition than bacterial
community (Wang et al., 2021). We found that the effects of N
deposition on soil microbial communities in subtropical L. kaempferi
plantations were also mainly due to changes in fungal community
composition and diversity. Furthermore, the changes in the fungal
communities were significantly related to the changes in TN, NO5 -N,
TP and MBN and B-GC activity (Figure 5).

4.2 Effects of biochar addition

The results of our research indicate that biochar amendment
resulted in a significant increase in soil microbial biomass (MBC
and MBN concentrations) in the 0-15cm layer (Table 3). This

Frontiers in Ecology and Evolution 09

suggests that biochar application may be beneficial for enhancing
soil microbial biomass in the region. Our findings are similar to the
application of holm oak biochar in Acrisol soil in a short-term
(Teutscherova et al.,, 2018) and other biochar amendment
experiments (Li et al., 2018a; Xu et al, 2018; Ge et al., 2019).
However, differences in the effects of biochar addition on soil
microbial biomass may be due to the difference in biochar action
time and application rate. For example, our microbial biomass was
measured after one and a half years of biochar addition, and the
sampling time of Ge et al. (2019) is about one year later than ours.
Thus, our sampling time and the way in which the biochar was
added may be more conducive to the various organic molecules
released from the fresh biochar (Lehmann et al., 2011) to act on the
soil surface layer and alter its microbial abundance and activity,
which is more conducive to the increase of surface soil microbial
biomass. And, it should be caused by differences in biochar
production methods and feedstock characteristics (Lehmann
et al, 2011; Yuan et al, 2018; Zhang et al, 2019). Furthermore,
biochar amendment resulted in a significant increase in SOC and
TN concentrations, with greater increases observed at higher levels
of biochar amendment. These findings are consistent with other
studies (Wang et al., 2014; Li et al, 2018b; Ge et al, 2019) and
indicate that the addition of biochar may be beneficial for
improving soil carbon storage in the plantations. Biochar addition
reduced B-GC associated with the decomposition of carbohydrates
and cellulose in soil (Li et al., 2018b), it took 10 t ha™! of biochar
addition to significantly affect B-GC and NAG in our experiments.

4.3 Interaction of N addition and
biochar amendment

Biochar addition leads to a decrease in soil NO; -N
concentration (Song et al., 2019). Compared to high N addition
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alone, the combination of N and biochar addition significantly
increased TN concentration and decreased NOs -N concentration,
which may be a result of biochar interacting with additional N
through its effect on soil N, P and K availability (Zhang et al., 2017),
indicates that biochar mitigate the effect of N addition on the
elevated soil NO; -N concentration in L. kaempferi plantation
(Table 2). Microbial biomass will increase due to the addition of
biochar (Lehmann et al, 2011). Our study found that the
combination of N and biochar additions significantly decreased
soil MBC concentration compared to biochar amendment
treatments, and heavy N and biochar additions combination
significantly decreased MBN concentration (Table 3), indicating
that N addition inhibited soil microbial biomass increase which
caused by biochar addition in the plantation. Furthermore, we
observed that heavy N and biochar addition, separately or in
combination, significantly decreased soil B-GC activity compared
to the control, while the application of biochar in alkaline soils also
led to a reduction in B-GC activity (Teutscherova et al, 2018).
Biochar addition did not improve or antagonize the effects of N on
soil enzymes. These results differ from a previous study, which
found that biochar application mitigated the effects of N addition on
soil enzyme activities in a subtropical Torreya grandis orchard (Li
et al, 2020). Similarly, we found that N addition and biochar
amendment had no significant effect on ACP activities both
independently and in combination. This contrasts with the results
of a study in a Moso bamboo plantation, where biochar amendment
alone (40 t ha™') significantly reduced ACP activities (Peng et al.,
2019). The discrepancy in results could be explained by differences
in the amount of biochar added, which they had four times more
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than we did. Finally, we found that only high biochar amendment
increased soil NAG compared to the control.

N additions cause soil acidification (Zhang et al., 2017; Zhou
et al,, 2018; Liu et al., 2020). However, the significant increase in soil
pH in this study with low N addition may be due to the elevated soil
phosphorus increasing the soil pH (Mao et al., 2017). It was found
that the composition and diversity of soil microbial communities,
especially bacterial communities, were closely related to soil pH (Li
et al,, 2018a; Liu et al.,, 2020; Shuang-Li et al., 2020; Xiao et al., 2020;
Zhenjiang et al., 2021). However, our results (Figure 5) differed from
the above findings, which may be one of the reasons why the addition
of N and biochar had no significant effect on bacterial communities in
our study (Liu et al,, 2021). As we observed, at the phylum level, there
were no significant differences in bacterial taxa among the N addition
and biochar amendment treatments (Figure 1; Table S3). However,
these bacterial groups have been identified as dominant in other
studies (Dai et al., 2018; Li et al., 2018a; Li et al., 2020; Shuai et al.,
2021; Wang et al,, 2022). Our study suggests that the effects on soil
microbial structure caused by N addition and biochar amendment
are mainly reflected in changes in the structure of the fungal
community. Ascomycota and Basidiomycota could be used as
biomarkers of specific successional sequences (Shuai et al.,, 2021;
Wang et al,, 2022). In our study, the combination of heavy N and
biochar additions resulted in a significant decrease in the relative
abundance of Basidiomycota and an increase in Ascomycota, while
both heavy N deposition and high biochar amendment
independently affected the relative abundance of Basidiomycota and
Ascomycota. This suggests that heavy N deposition and biochar
amendment may have promoted fungal succession in this L.

frontiersin.org


https://doi.org/10.3389/fevo.2023.1220111
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Hu et al.

kaempferi plantation. Furthermore, the combination of heavy N
deposition and biochar amendment had a significant impact on the
relative abundance of fungi such as Mortierella and
Archaeorhizomyces compared to heavy N deposition alone,
indicating that the fungal community is more sensitive to N
deposition than the bacterial community (Figures 3, 4), which
conclusion is consistent with the results of Wang et al. (2021).
Biochar addition improved the effect of N deposition on
bacterial community diversity in subtropical plantation forests (Li
et al,, 2018a; Li et al,, 2020), but in our study, biochar addition did
not improve the effect of N deposition on bacterial community
diversity (Figure 3). In addition, the Shannon’s index for fungi
increased with increasing N addition. And compared to low biochar
amendment, the treatments with added N significantly increased o
diversity of fungal. These effects indicate that, in line with results
from other simulated N deposition experiments (Lilleskov et al,
2019; Liu et al., 2020; Sophia et al., 2020), N is also an important
driver of changes in fungal diversity in L. kaempferi plantation.

5 Conclusions

N addition and biochar amendment had different effects under
independent and interactive on soil chemical properties and
microbial characteristics of L. kaempferi plantation in
Shennongjia in short-term. N addition mainly affected soil TN, N
O3 -N, TP and MBN concentrations and B-GC activity, as well as
the fungal community. On the other hand, biochar amendment had
obvious effects on increasing SOC, TN and microbial biomass, with
high biochar addition increasing fungal community diversity and
low biochar addition reducing fungal community diversity. In
addition, biochar addition inhibited the increase in soil NO; -N
concentration caused by high N addition in the plantation and
influenced the change in composition of the microbial community
caused by adding N. Fungal community changes were significantly
correlated with soil TN, NO; -N, TP, MBN concentrations and [3-
GC activity. The piecewiseSEM showed that N addition affected
microbial biomass and fungal diversity directly or indirectly
through its effects on soil enzyme activities and soil properties. In
contrast, there were no significant direct or indirect effects on
bacterial diversity among all factors. Our research will provide a
reference for improving soil fertility and coping with possible future
increases in N deposition in plantations in this region.
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