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Abstract: Investigating the response of soil microbial communities to nitrogen (N) deposition is criti-
cal to understanding biogeochemical processes and the sustainable development of forests. However,
whether and to what extent different forms of N deposition affect soil microbial communities in
temperate forests is not fully clear. In this work, a field experiment with three years of simulated
nitrogen deposition was conducted in temperate forests. The glycine and urea were chosen as organic
nitrogen (ON) source, while NH4NO3 was chosen as inorganic nitrogen (IN) source. Different ratios
of ON to IN (CK = 0:0, Mix-1 = 10:0, Mix-2 = 7:3, Mix-3 = 5:5, Mix-4 = 3:7, Mix-5 = 0:10) were mixed and
then used with equal total amounts of 10 kg·N·ha−1·a−1. We determined soil microbial diversity and
community composition for bacteria and fungi (16S rRNA and ITS), and soil parameters. Different
forms of N addition significantly changed the soil bacterial and fungal communities. Mixed N sources
had a positive effect on soil bacterial diversity and a negative effect on fungal diversity. Bacterial and
fungal community structures were significantly separated under different forms of N addition. Soil
pH was the main factor affecting the change in fungal community structure, while bacterial commu-
nity structure was mainly controlled by STN. We also found that Proteobacteria, Acidobacteriota,
Basidiomycota and Ascomycota were the most abundant phyla, regardless of the form of N addition.
RDA showed that C/P and NH4

+ were the main factors driving the change in bacterial community
composition, and C/P, pH and C/N were the main factors driving the change in fungal community
composition. Our results indicate that different components of N deposition need to be considered
when studying the effects of N deposition on soil microorganisms in terrestrial ecosystems.

Keywords: temperate forests; nitrogen addition; bacterial community; fungal community; soil
microbial community

1. Introduction

Human activities (energy production, industry, agricultural practices, and intensive
animal husbandry) have led to a substantial increase in nitrogen (N) deposition in terrestrial
ecosystems [1]. The increased N deposition has alleviated the demand for N in terrestrial
ecosystems and has led to a shift from N deficiency to N loading in some ecosystems [2,3].
However, most forest ecosystems, particularly northern temperate forests, are still con-
sidered N-limited [4]. Therefore, the potential effects of N deposition on temperate forest
ecosystems, such as changes in soil pH, nutrients, biodiversity, and primary productivity,
have attracted much attention [5–7]. Soil microbes play a critical role in soil functions,
ecological processes, and ecosystem functions and may be very sensitive to N deposi-
tion [8,9]. Studies on the effect of N deposition on soil microbial communities have been
conducted worldwide. However, research on the response of soil microbial communities to
N deposition in temperate forests is limited.
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N deposition has a profound impact on microbial communities in forest ecosystems,
including their diversity, structure, and composition [9–12]. However, there is no con-
sensus opinion on the effects of N addition on microbial communities due to differences
in ecosystems, background N deposition, N application rates and experimental periods.
N addition has negative, positive and neutral effects on soil microbial communities. In
temperate forests, N-saturated subtropical and tropical forests, studies have found that
N addition reduces soil microbial biomass and diversity [13–15]. In contrast, studies in
N-limited temperate meadows and boreal forests have found that N addition promotes
the growth of soil microorganisms [16,17]. In addition, it has also been reported that N
addition has a neutral effect on soil microorganisms [18]. In general, N addition mainly
affects soil microbial communities through two aspects. On the one hand, N addition alters
the nutrient use strategy of soil microorganisms, thus affecting their community structure
and composition [19]. On the other hand, N addition also alters abiotic variables that affect
soil microbial community composition (e.g., available N, pH, C, and P) [20]. Most studies
have linked the microbial response to N addition to soil pH, and argue that soil acidification
is the main factor controlling these changes [21,22]. Many studies have shown that soil pH
is a key factor in predicting soil microbial activity, and N addition significantly reduces soil
pH in most ecosystems [15,23].

Recent studies have shown that plants and microbes display selective absorption char-
acteristics for different forms of N resources [24–26]. Therefore, the forms of the N sources
may be an important driving factor leading to soil microorganism community assembly.
Previous studies have only examined the effects of different forms of inorganic nitrogen (IN)
(e.g., NH4

+ and NO3
−) on ecosystems, but rarely considered organic nitrogen (ON) [27–29].

In fact, atmospheric N deposition includes ON components (urea, glycine, etc.) in addition
to IN components, accounting for approximately 30–36% and approximately 28% in China,
and this proportion may continue to increase in the future [30,31]. ON sources have bioavail-
ability similar to that of IN and are more likely to be bioavailable, especially in N-limited
ecosystems [32]. Urea fertilizer increases soil microbial biomass faster than NH4NO3 fertilizer,
indicating that ON may be the preferred N source for soil microbes [33]. Although ON was
used as the N source in some field trials, it was used only as a single N source [25]. This
approach may not provide complete information about the effect of atmospheric N deposition
on soil microorganisms. Recent studies have also focused on the effects of different types
of N sources on ecosystems. For example, in tropical forests, mixed N application enhances
the ability of soil microorganisms to secrete enzymes, increases soil enzyme activity, and
improves the tolerance of soil microorganisms to pH fluctuations [34]. An investigation in
a temperate grassland and coniferous forest showed that mixed N application significantly
increased the litter decomposition rate [26,35]. Studies have also pointed out that an increase
in the ON ratio under mixed N source fertilization alleviates the inhibitory effect of N input
on soil respiration, which may increase forest soil CO2 emissions [36]. In summary, the mixed
N sources had positive effects in these investigations. However, these studies only provide
limited information, and it is necessary to study the effects of different forms of N addition on
soil microbial communities.

In April 2018, we established a N deposition simulation experiment site in a temperate
forest in the Tianshan Mountains and carried out a N addition experiment for three years.
Then, we applied high-throughput DNA sequencing techniques to determine the change
in soil microbial communities under different forms of N addition. Our purposes were
to: (1) compare the alteration of microbial community diversity and community structure
under different forms of N addition and (2) determine the main soil parameters that
cause microbial community diversity and community structure changes. We hypothesized
that: (1) the response of microbial community to N addition is regulated by ON:IN ratio.
(2) Mixed nitrogen addition has a positive effect on microbial community diversity and
structure. (3) Soil pH is the main factor controlling the effects of different forms of N
addition on bacterial and fungal communities.
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2. Materials and Methods
2.1. Study Site

This research was carried out in a typical temperate forest located in the Tianshan
Mountains, Xinjiang, China (42◦25.96′ N, 87◦28.17′ E; 1992 m.a.s.l.). Schrenk’s spruce
(Picea schrenkiana) is the dominant tree and the stand mostly comprises pristine forest,
with a height of approximately 16 m, an average diameter at breast height (DBH) of
17.6 cm, an average tree age of 78 a and a canopy density of 0.6–0.8. There were almost
no associated herbaceous plants within the forest, with only sporadically distributed
Geranium rotundifolium and Aegopodium podagraria [37]. The mean annual temperature
is approximately 2.5 ◦C. The average annual precipitation is approximately 650 mm,
with most falling during May to October. The annual total radiation is estimated to be
5.85 × 105 J cm−2 a−1. The background N deposition is 10 kg·N·ha−1·a−1 [5,38]. The soil
is a gray brown forest soil according to the soil classification of China [39].

2.2. Experimental Design and Sampling

The simulated N deposition experiment was established in April 2018. We referred
to the experimental designs in previously published studies [34,36]. The glycine and urea
were chosen as ON sources, while NH4NO3 was chosen as the IN source. Different ra-
tios of ON to IN were mixed with equal total amounts with 10 kg·N·ha−1·a−1 for a total
of six treatments: CK (ON:IN = 0:0), ON (ON:IN = 10:0), Mix-1 (ON:IN = 7:3), Mix-2
(ON:IN = 5:5), Mix-3 (ON:IN = 3:7), and IN (ON:IN = 0:10). Eighteen (5 m × 5 m) plots sep-
arated from each other by a buffer zone of >5 m were established, including six treatments
with three replicates. All plots were equivalent in terms of altitude, slope (<15◦), soil and
vegetation types. The nitrogen fertilizer weighed in the laboratory was dissolved in 10L of
water. During the growing season from May to October each year, the nitrogen fertilizer
solution (1.667 kg·N·ha−1·a−1) was evenly sprayed on the surface with a backpack sprayer
at the beginning of the month, and the CK plot was only sprayed with the same amount of
deionized water obtained from the laboratory.

Topsoil (0–20 cm) samples were collected at the end of August 2021. The litter layer was
removed before sampling. Five soil samples were collected from five random points using
a soil sampler (0–20 cm deep with a 2 cm inner diameter) and mixed to obtain a composite
sample for each plot. Fresh soil samples were stored in sterile closed polypropylene bags
after removing impurities (vegetation residues and stones) and passage through a 2 mm
sterile sieve. Each composite soil sample was divided into two parts: one was transported
to the laboratory in liquid N and then stored in a freezer at −80 ◦C for DNA extraction.
The second part was further divided into two subsamples: one subsample was stored at
4 ◦C, and used for the determination of NH4

+ and NO3
− contents within one week. The

other subsample was air-dried for pH, soil total N (STN), soil organic carbon (SOC), and
soil total phosphorus (STP) analyses.

2.3. Soil Property Determinations

Soil water content (SWC) was obtained by the gravimetric method. Soil pH was
measured by a glass electrode (PHS-3E, Leici, Shanghai, China) in a soil-water solution
(1:2.5). The SOC concentration was determined by performing potassium dichromate
oxidation titration with an Fe2

+ solution [40]. The STN was determined through acid
digestion using the Kjeldahl method [41]. The STP was determined using the molybdenum-
antimony colorimetric method after the soil samples were digested with H2SO4 [40]. The
fresh soil samples were extracted from a 2 M KCl solution and filtered, and then the contents
of NH4

+ and NO3
− were analyzed with a flow injection autoanalyzer (Bran and Luebbe,

Norderstedt, Germany).

2.4. DNA Isolation and Illumina HiSeq Sequencing

Total genomic DNA was extracted from 0.5 g of soil by the CTAB method. A 1%
agarose gel was used to verify DNA purity and concentration. The V4 region of the
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16S rRNA gene was amplified using the primers 515F (GTGCCAGCMGCCGCGGTAA)
and 806R (GGACTACHVGGGTWTCTAAT). The PCR primers ITS5–11737 (GGAAG-
TAAAAGTCGTAACAAGG) and ITS2–2043R were used to amplify the fungal ITS1 regions
(GCTGCGTTCTTCATCG-ATGC). The PCR products were combined with an equivalent
amount of 1× loading buffer (including SYBR Green), and DNA was detected by elec-
trophoresis on a 2% agarose gel. The PCR products were purified using the Qiagen Gel
Extraction Kit (Qiagen, Hilden, Germany) after being mixed in equal parts. The NEBNext®

UltraTM IIDNA Library Prep Kit was used to create sequencing libraries according to
the manufacturer’s instructions (Cat No. E7645). A Qubit@ 2.0 Fluorometer (Thermo
Scientific, Waltham, Massachusetts, United States) and an Agilent Bioanalyzer 2100 system
were used to assess the library’s quality. Finally, the Illumina NovaSeq platform was
used to sequence the library. The original data were then spliced and filtered to produce
useful tags (FLASH, Version 1.2.11, http://ccb.jhu.edu/software/FLASH/ (accessed on
24 November 2021)) [42].

To acquire initial amplicon sequence variants (ASVs), denoising of the effective tags
obtained as described above was conducted with DADA2 in QIIME2 software (version
QIIME2-202006), and then ASVs with abundances less than 5 were deleted. QIIME2 was
used for species annotation. For 16S annotation, the Silva Database
https://www.arbsilva.de/ (accessed on 24 November 2021) was utilized, and for ITS
annotation, the Unite Database https://unite.ut.ee/ (accessed on 24 November 2021) was
employed [43]. The species rarefaction curve reflected the community diversity at different
sequencing numbers. With the increase of the number of sequencings, the dilution curve of
samples finally tended to be gentle (Figure A1), indicating that the amount of sequencing
data was sufficient, and the measured data could reflect the real situation of bacterial and
fungal communities.

2.5. Statistical Analysis

Alpha diversity was assessed by calculating the Shannon and Chao1 index values
(QIIME2 software. version 1.9.1). The differences in microbial community structures among
treatments were determined using nonmetric multidimensional scaling (NMDS) analysis,
and permutational multivariate analyses of variances (PERMANOVAs) based on the Bray–
Curtis dissimilarity were conducted to test for the significant dissimilarity among different
N additions. Both above analyses were processed in the “vegan” package of R software [44].
Random forest plots were constructed to determine soil parameters that play an important
role in regulating microbial community structure, which was processed in the “random
forest” package of R software [44]. One-way analysis of variance (One-way ANOVA) and
least significant difference (LSD, p < 0.05) were used to detect the significant differences
between treatments with different forms of nitrogen in SPSS v24.0 software (SPSS Inc.,
Chicago, IL, USA) [45]. In the CANOCO 5.0 software (Wageningen UR, Netherlands),
Redundant analysis (RDA) was used to identify important soil parameters affecting soil
microbial community composition. Graphs were drawn by Origin 2021b.

http://ccb.jhu.edu/software/FLASH/
https://www.arbsilva.de/
https://unite.ut.ee/
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3. Results
3.1. Effects of N Addition on Soil Properties

N addition changed the soil parameters (Table 1). The ON treatment significantly
increased SOC, STN, C/N, C/P, N/P and NO3

−. The IN treatment significantly increased
SOC, STN, STP, NO3

−, and NH4
+, but decreased pH. The Mix-1 treatment significantly

increased STP, C/N, and NH4
+, but decreased STN, C/P, N/P. The Mix-2 treatment signifi-

cantly increased STP, NH4
+ and SWC, but decreased C/P and N/P. The Mix-3 treatment

significantly reduced SOC, STN, C/P, and N/P, but increased STP.

Table 1. Soil properties in different treatments. Abbreviations: NO3
−, nitrate nitrogen; NH4

+,
ammonium nitrogen; STN, total nitrogen; SOC, soil organic carbon; STP, total phosphorus; SWC,
soil water content. Mean ± standard error, n = 3. Different lowercase letters indicate significant
differences between treatments (p < 0.05).

Treatment CK ON Mix-1 Mix-2 Mix-3 IN
One-Way ANOVA

F p

SOC (g kg−1) 126.80 (2.2)c 194.90
(23.96)a

101.98
(3.48)cd

117.16
(3.37)cd 91.04 (4.68)d 158.59

(16.81)b 19.82 <0.001

STN (g kg−1) 9.20 (0.24)b 11.86 (1.04)a 6.64 (0.66)cd 8.51 (0.41)bc 6.49 (0.42)d 11.86 (1.62)a 15.01 <0.001
STP (g kg−1) 0.98 (0.03)d 0.96 (0.02)d 1.18 (0.1)bc 2.26 (0.07)a 1.32 (0.09)b 1.14 (0.08)c 92.16 <0.001

C/N 13.79 (0.31)b 16.39 (0.67)a 15.48 (1.19)a 13.78 (0.35)b 14.04 (0.48)b 13.44 (0.47)b 6.45 0.004

C/P 129.62
(5.49)b

204.03
(29.31)a 86.91 (8.49)c 51.76 (0.84)d 69.23

(6.91)cd
138.54
(5.46)b 35.91 <0.001

N/P 9.41 (0.54)b 12.40 (1.31)a 5.69 (0.94)c 3.76 (0.15)d 4.93 (0.45)cd 10.34 (0.75)b 38.40 <0.001
pH 7.81 (0.04)a 7.29 (0.06)a 7.35 (0.16)a 7.51 (0.21)a 7.60 (0.06)a 6.95 (0.15)b 4.05 0.022

NO3
− (mg kg−1) 8.55 (0.85)c 55.39 (9.43)a 2.70 (0.96)c 1.53 (0.77)c 11.09 (2.21)bc 20.82 (4.93)b 40.65 <0.001

NH4
+ (mg kg−1) 9.88 (0.85)d 10.50 (2.95)d 29.18 (4.42)bc 67.44 (15.23)a 20.55

(3.22)cd 35.40 (1.64)b 20.13 <0.001

SWC (%) 43.55 (1.9)bc 53.75
(7.21)ab

55.58
(12.17)ab 63.32 (8.39)a 35.42 (1.32)c 49.12

(8.84)abc 3.24 0.440

3.2. Soil Bacterial and Fungal Diversity

N addition had no significant effect on the Chao1 index of the bacterial community
compared with that in the CK treatment. The Mix-1 and Mix-2 treatments had significantly
higher values than the ON treatment (p < 0.05; Figure 1a). For fungi, the Chao1 index
decreased significantly in the Mix-1, Mix-2 and Mix-3 treatments (p < 0.05; Figure 1b).
The Mix-1 and Mix-2 treatments significantly increased the bacterial Shannon index
(p < 0.05; Figure 1c). The Shannon index of fungi decreased significantly in Mix-2 treatment
and increased significantly in Mix-3 treatment (p < 0.05; Figure 1d). According to Pearson
analysis, the bacterial Chao1 index had a significant negative correlation with C/P and
N/P (Figure A2; p < 0.05). The fungal Chao1 index was significantly positively correlated
with soil pH (Figure A2; p < 0.05). The fungal Shannon index was significantly negatively
correlated with STP (Figure A2; p < 0.05).
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Figure 1. The alpha diversity of bacteria (a,c) and fungi (b,d) in different treatments. * p < 0.05 and
** p < 0.01.

3.3. Soil Microbial Species Composition and Community Structure

For the bacterial community, the dominant phyla were Proteobacteria, Acidobacteriota,
Gemmatimonadota, Actinobacteriota, and Verrucomicrobiota (Figure 2a). The dominant
phyla in the fungal community were Basidiomycota and Ascomycota (Figure 2b). NMDS
analysis showed that the community structures of bacteria (PERMANOVA, R2 = 0.730,
p < 0.001; Figure 3a) and fungi (PERMANOVA, R2 = 0.980, p < 0.001; Figure 3b) varied
significantly among the treatments (Figure 3).
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Figure 3. Nonmetric multidimensional scaling (NMDS) ordination plot based on the Bray–Curtis
distance of samples for the bacterial (a) and fungal communities (b) in all treatments.

3.4. Relationship between Soil Factors and Microbial Communities

Random forest analysis revealed that SOC, STN, and N/P were main determinants of
bacterial community structure. In contrast, fungal community structure was determined
by STN, STP, C/P, C/N, NH4

+, NO3
−, and pH (Figure 4). The result of RDA revealed

the effects of soil parameters on the relative abundance of microbial taxa (Figure 5). For
bacteria, the first two axes associated with the soil parameters together explained 48.74% of
the variation in the dominant phyla. The primary variables influencing the soil bacterial
community were C/P, and NH4

+ (23.3%, p < 0.01; 10.0%, p < 0.05). For fungi, the first two
axes associated with the soil parameters together explained 57.82% of the variation in the
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dominant phyla. C/P, pH, and C/N significantly affected the bacterial community (22.9%,
p < 0.01; 15.9%, p < 0.01; 11.8%, p < 0.01).
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Figure 5. Redundancy analysis (RDA) of soil properties and dominant bacterial phyla (a) and
dominant fungal phyla (b). Abbreviations: NO3

−, nitrate nitrogen; NH4
+, ammonium nitrogen;

STN, total nitrogen; SOC, soil organic carbon; STP, total phosphorus; SWC, soil water content.
Mean ± standard error, n = 3. * p < 0.05 and ** p < 0.01.
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4. Discussion

Consistent with our hypothesis (1), our results suggest that soil fungal and bacterial
communities may change with different ON:IN ratios. Inconsistent with our hypothesis
(2), our results showed that mixed N addition had a positive effect on bacterial community
diversity while showing a negative effect on fungal community diversity. Our results
also showed that soil parameters changed under N addition and that the changed soil
parameters affected the soil microbial community. For example, as described in our hy-
pothesis (3), soil pH is the main factor controlling the structure and composition of the
bacterial community.

4.1. Effects of Different Forms of N Addition on Soil Parameters

Previous studies have shown that N addition significantly alters the physicochemical
properties of forest soils [46]. In particular, soil acidification caused by N deposition is
of great concern [15,21]. In this study, N addition decreased the soil pH (0.21–0.86) but
the decrease was statistically significant in only the IN treatment (p < 0.05). Previous
studies have reported similar results, suggesting that soil acidification mediated by IN is
greater than that mediated by other N forms [21,34,47]. In addition, our study also showed
that the soil pH in plots with IN added in isolation was significantly lower than that in
plots with mixed N addition. Although there was no significant difference between the
mixed N treatments, our data showed an increase trend for pH with a decrease in the
organic N ratio. Previous studies have shown that soil pH increases after short-term urea
additions but decreases after repeated IN additions [48,49]. Each urea molecule consumes
one H+-ion during the conversion to NH4

+, so the acidification capacity of urea is lower
than that of other forms of N [50]. In addition, we also found that Mix-3 (ON:IN = 3:7)
resulted in the smallest decrease in soil pH. This may be caused by the ratios of organic to
inorganic N that are closer to those observed under natural conditions, where ON accounts
for approximately 30% of total N deposition [30,51]. Therefore, with the increase in the N
application cycle, mixed N sources can alleviate soil acidification caused by N enrichment.
We found that the SOC, STN, and STP contents responded differently to the different
forms of N addition (Table 1). Specifically, SOC and STN increased significantly in the ON
and IN treatments but decreased in the mixed N addition plots. Previous studies have
shown that mixed N fertilization promotes soil biological activity and thus increases N
uptake [36]. Studies have suggested that mixed N increases the soil microbial biomass and
soil enzyme activities (e.g., invertase, cellulase, and cellobiohydrolase), which promote
litter decomposition [34,52]. Conversely, a single N source may inhibit the decomposition
of SOM by reducing the soil pH, leading to an increase in the SOC content [15]. N and P are
primary limiting elements in most terrestrial ecosystems [46,53]. N deposition alleviates N
limitation while possibly increasing P limitation [54,55]. In general, a large increase in N
leads to an increase in soil N/P, which may reduce the availability of soil P and aggravate
P limitation [53,56]. However, our results showed that the N/P of the ON plots increased
significantly, while those of the Mix-1, Mix-2 and Mix-3 plots decreased significantly. This
suggests that the use of ON alone may increase soil P limitation, while the addition of
mixed N sources may alleviate soil P limitation. This may be because the mixed N source
increased soil microbial biomass and enhances soil microbial P fixation [16].

4.2. Effects of Different Forms of N Addition on the Alpha Diversity of Bacteria and Fungi

Our results provide some evidence that the different forms of N addition influence
the diversity and richness of bacteria and fungi. The Mix-1 treatment and Mix-3 treatment
significantly increased the bacterial Shannon index. In general, N addition leads to an
overall decrease in forest soil bacterial alpha diversity [57–59]. However, the impact
of N deposition on soil bacterial diversity may vary by habitat [11]. For example, N
addition reduced soil bacterial diversity in N-saturated tropical forests [60], but increased
soil microbial diversity in some N-deficient temperate and boreal forests [14,61]. The
background value of N deposition in our study area is low compared to that globally and
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human activity is also low [5,62]. N deposition increased the N content of the soil and
alleviated N limitation, thus stimulating the growth of bacterial communities. On the other
hand, since most studies investigated only the effects of a single N source (NH4NO3, NH4Cl,
or urea), differences in the effects of N addition on bacteria may be due to differences in
N sources [28,63]. In contrast, our study examined different forms of N addition (ON:IN),
which have rarely been considered. We observed that the Chao1 index of bacteria was
significantly higher in the Mix-1-treated and Mix-3-treated plots than in the ON-treated
plots. A single N source inhibits microbial activity by disrupting the original balance of ON
and IN in the soil [34]. Our results showed that the bacterial Chao1 index was significantly
and negatively correlated with C/P and N/P. This is consistent with the findings of previous
studies that soil resource stoichiometry is an important driver of bacterial diversity and that
low C/P and N/P typically promote bacterial abundance [64,65]. However, the Shannon
index was not significantly correlated with the soil parameters. Therefore, we suggest that
bacterial alpha diversity in this region may be responding to different forms of N addition
through bacterial abundance (the Chao1 index) rather than community diversity (the
Shannon index). Our results also indicate that there is no significant correlation between
bacterial diversity and soil pH. However, previous studies have pointed out that a decrease
in soil pH usually inhibits bacterial activity [66,67]. This may be caused by the small
decrease in pH due to N addition that may not reach the threshold required to inhibit
bacterial community activity. There is evidence that small changes in soil pH may have
little effect on bacterial populations [68].

Here, the Mix-1, Mix-2 and Mix-3 treatments significantly reduced the Chao1 index of
the fungi (Figure 2). However, there was no significant difference between a single N source
(ON or IN) and the CK. A recent study showed that N addition increases fungal abundance
in N-limited boreal forests [17]. Conversely, studies have also shown a significant decrease
in fungal species richness due to N addition, but they have not considered the effects
of changes in the ON:IN ratio [24]. In addition, Pearson’s correlation analysis showed a
significant positive correlation between soil pH and the Chao1 index (Figure A1, p < 0.05).
We hypothesized that changes in soil pH caused by N addition altered fungal abundance,
specifically decreasing it with decreasing soil pH. Similar results have been reported in
other investigations of fungal communities [11,13]. Some populations with weak acid
tolerance may have become small or even disappeared as the soil pH decreased, resulting
in a reduction in fungal species. Sufficient evidence may be obtained in the future as the
duration of N application increases. As N increases in the soil, bacteria grow faster because
they have increased access to resources [69]. Conversely, bacterial competition limits the
development of fungi, which may lead to changes in communities dominated by bacterial
taxa [70,71].

4.3. Effects of Different Forms of N Addition on Microbial Community Structure and Composition

The structure and species composition of soil microorganisms reflect their role in
biogeochemical processes, and N input causes considerable changes in the microbial
community structure [11,72]. NMDS analysis revealed that the community structure
of bacteria and fungi changed significantly under different treatments, which reflected
the response of soil microbial community structure to different ON:IN ratios. Previous
studies have shown that soil environment dominate changes in soil microbial community
structure [9,73]. Our study yielded the same results that changes in soil parameters caused
by N addition affected the community structure of bacteria and fungi. We also found that
the differences in fungal community structure among treatments were larger than those
for bacteria. This is because fungal populations are more susceptible to changes in the soil
environment caused by N addition.

We further investigated changes in the relative abundance of bacterial and fungal
phyla. Proteobacteria (21.99%), Acidobacteriota (20.64%), Basidiomycota (68.74%), and
Ascomycota (26.13%) were the most abundant phyla, regardless of N addition forms
(Table A1). Acidobacteriota were shown to be more sensitive to changes in soil pH, and
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their relative abundance increased substantially as the soil pH decreased [74–76]. N
addition has also been documented to reduce the relative abundance of Acidobacteria [77].
However, our results showed that only the Mix-1 treatment reduced the abundance of
these bacteria. This may be because our study investigated different forms of N sources
with the same amount of N. A slight decrease in soil pH may not affect such bacteria.
Previous studies have indicated that the relative abundance of Acidobacteria may depend
on nutrient effectiveness rather than pH [78]. RDA also showed that C/P and NH4

+ were
the main factors controlling the change in bacterial community composition (Figure 4).
According to trophic strategies, Acidobacteriota are generally oligotrophic and prefer
nutrient-poor environments [79]. N input usually prevents the development of oligotrophic
microorganisms [80]. In contrast, Proteobacteria belong to the eutrophic microbiome,
which increases in nutrient-rich environments [60]. Our results showed that Ascomycota
was significantly more abundant in the ON and Mix-1 plots than in those with other
treatments. Large ON inputs (e.g., urea and glycine) have been shown to increase the
relative abundance of Ascomycetes and several saprophytic fungi (containing most of the
Ascomycete genera) [24,81]. Therefore, the change in ON composition may be the main
driving factor for the transformation of fungal community composition. Our study revealed
that Basidiomycota was significantly reduced in single-N source treatments, and reached
a maximum in the Mix-2 treatment. This may be because a single N source increases
the abundance of Ascomycota, thereby reducing Basidiomycota’s competitiveness for
resources.

5. Conclusions

The goal of this work was to investigate the effects of different forms of N addition
on soil microbial communities and soil parameters in temperate forests. We found that
the different effects of N addition on soil microbial communities in temperate forests may
be attributed to the form of N addition. Compared with the application of a single N
source, mixed N addition had a positive effect on bacterial diversity and a negative effect
on fungal diversity. NMDS showed that soil microbial community structure changed
significantly under different forms of N addition, and soil parameters played a dominant
role. In addition, soil pH decreased with increasing IN proportion and was significantly
reduced in the IN treatment. Changes in soil pH affected the composition of fungal
communities but had no effect on bacteria. In summary, these results may contribute to
a better understanding of the mechanisms underlying the effects of N addition on soil
microbial community structure and diversity in temperate forests. Our results highlight
that studies based on a single N source may underestimate the potential impact of N
deposition on soil microbial communities. It is necessary to consider the importance of
different components of N deposition.
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Appendix A

Table A1. Relative abundance of the dominant bacteria phylum and fungi phylum in different
treatments. Different lowercase letters indicate significant differences between treatments (p < 0.05).

Taxonomic Groups CK ON Mix-1 Mix-2 Mix-3 IN One-Way ANOVA

Bacterial

Proteobacteria 0.209 ab 0.188 b 0.255 a 0.234 ab 0.209 ab 0.224 ab F = 2.094 p = 0.137
Acidobacteriota 0.248 a 0.239 a 0.174 b 0.197 ab 0.197 ab 0.184 ab F = 2.020 p = 0.148
Gemmatimonadota 0.116 bc 0.089 c 0.17 a 0.186 a 0.18 a 0.149 ab F = 6.527 p = 0.004
Actinobacteriota 0.14 abc 0.155 a 0.114 abc 0.101 bc 0.144 ab 0.097 c F = 2.986 p = 0.056
Verrucomicrobiota 0.094 b 0.119 b 0.092 b 0.082 b 0.076 b 0.167 a F = 4.98 p = 0.011

Fungal Basidiomycota 0.805 b 0.486 d 0.424 d 0.921 a 0.823 b 0.665 c F = 46.004 p = <0.001
Ascomycota 0.117 de 0.458 b 0.552 a 0.035 e 0.14 d 0.267 c F = 54.469 p = <0.001
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