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Abstract

Excessive nitrogen addition in farmland on the Loess Plateau reduces soil quality and
endangers the atmospheric environment. We designed an experiment to investigate the
effects of different nitrogen application rates on the soil physicochemical properties and
microbial diversity of spring wheat fields on the Loess Plateau, aiming to identify the
optimal nitrogen application rate and avoid the detrimental effects of excessive nitrogen
addition. A field experiment was conducted from 2022 to 2023 with four nitrogen (N)
application rates (0, 55, 110, and 220 kg·N·ha−1·y−1). This study aimed to assess the
changes in soil properties, nutrient contents, enzyme activities, and bacterial community
structure. The results showed that increasing N application generally enhanced soil bulk
density, nitrate nitrogen (NO3

−-N), ammonium nitrogen (NH4
+-N), and microbial biomass

nitrogen (MBN) (p < 0.05). In contrast, soil water content initially increased and then
decreased. Soil organic carbon and total nitrogen rose markedly with higher N inputs,
particularly in the 0–20 cm layer, whereas total phosphorus was less affected. Nitrogen
addition stimulated soil enzyme activities (protease, urease, nitrate reductase, and nitrite
reductase), though excessive input (220 kg·N·ha−1·y−1) produced inhibitory effects. Acti-
nobacteria (relative abundance: 29–35%) and Proteobacteria (relative abundance: 14–22%)
were the dominant phyla in all treatments. Alpha diversity peaked at low nitrogen input
(55 kg·N·ha−1·y−1), while high N level reduced evenness and species richness (p < 0.05).
Principle Coordinate Analysis (PCoA) revealed that both N application and soil depth
shaped microbial community assembly, with deeper layers (20–40 cm) being more sensitive
to N input. Correlation analysis indicated that soil moisture, bulk density, and C:N:P stoi-
chiometry were key drivers of bacterial community variation. Overall, moderate nitrogen
input (110 kg·N·ha−1·y−1) improved soil fertility and supported microbial functionality,
whereas excessive application degraded soil structure and reduced biodiversity. These
findings highlight the need for balanced N management strategies in rain-fed agriculture
of the Loess Plateau to sustain both productivity and ecological stability.

Keywords: urea fertilizers; soil nutrient; soil stoichiometry; soil microorganism; soil enzyme;
Loess Plateau

1. Introduction
Nitrogen is a primary limiting factor for productivity in most terrestrial ecosystems,

making crop yield and quality heavily dependent on fertilization [1]. Since the first applica-
tion of synthetic N fertilizers in the 19th century, advances—particularly the Haber–Bosch
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process—have facilitated large-scale production, driving sustained increases in global use
throughout the 20th century [2,3]. Cereal crops alone account for 55% of global N demand.
In China, where food demand is particularly high, excessive nitrogen fertilization is widely
practiced to maximize grain yields [4]. However, over-application accelerates soil degra-
dation and compaction, increases greenhouse gas emissions, and undermines long-term
sustainability [5–7]. Optimizing nitrogen use is therefore essential for maintaining soil
health and ecological integrity [8].

Nitrogen inputs strongly influence soil physicochemical properties, enzyme activities,
and microbial communities [9,10]. Moderate N application enhances carbon (C) and nitro-
gen (N) sequestration, while excessive application increases bulk density, deteriorates soil
structure, and suppresses sequestration efficiency [11]. Soil N content typically increases
with higher fertilizer application, whereas phosphorus (P) often declines [12]. Although
moderate N promotes microbial growth and residue accumulation, boosting soil enzyme
activity, excessive N inhibits enzymatic function [13]. Importantly, long-term overfertil-
ization diminishes bacterial abundance and diversity [14] but has minimal impact on soil
fungi [15]. Thus, soil properties, enzyme activity, and microbial communities serve as
critical indicators of farmland quality, directly influencing crop yield and quality.

The Loess Plateau in north–central China is the world’s largest loess deposit, covering
640,000 km2 [16,17]. Its ecosystem is fragile, with Loessial soil as the most representative
type. Loessial soils are highly erodible, with inherently low organic matter and nutrient con-
tent, including organic carbon (OC), total nitrogen (TN), and total phosphorus (TP) [18,19].
To compensate, local farmers frequently apply excessive N fertilizer, which alters soil pH
and nutrient balance, reducing microbial diversity, impairing symbiotic functions, and
increasing crop dependence on chemical inputs [20,21]. However, despite its agricultural
importance and ecological vulnerability, most existing studies have not specifically ad-
dressed the response of the dry-farmed spring wheat systems on the Loess Plateau to urea
application. Consequently, there is a critical lack of mechanistic understanding regarding
how different N application levels precisely affect soil stoichiometry, enzyme activities, and
microbial community structure in this unique and fragile agroecosystem.

In order to resolve these uncertainties, we conducted a 2-year field experiment in 2022
and 2023 with different N application levels in the Loess Plateau region of China, using
dry-farmed spring wheat soil as the research object. We studied the changing rules of soil
stoichiometric characteristics, enzyme activity, and microbial diversity of spring wheat soil
under different N application levels and explored the main factors affecting changes in
soil nutrients in dry-farmed spring wheat soil. The objectives of this experiment were as
follows: (1) evaluate the effects of N application levels on soil stoichiometric characteristics
of spring wheat and its interactions with enzyme activity; (2) analyze the changes in yield
indicators of spring wheat under different N application levels; and (3) examine the changes
in the diversity of soil microorganisms and microbial community structure under different
N application levels. We hypothesized that (1) N application treatments would reduce
the soil C:N and increase soil chemometric characteristics in the spring wheat ecosystems;
and (2) N application treatments would increase the soil microbial diversity and relative
abundance of dominant species, but excessive application will ultimately reduce diversity,
with changes in soil microorganisms affecting changes in soil nutrients.

2. Materials and Methods
2.1. Experimental Site

This study was conducted in 2022 and 2023 in Anjiapo Village, Dingxi City, Gansu
Province, China (35◦64′ N, 104◦64′ E), located within the hilly–gully region of the central
Loess Plateau. The site has a temperate continental climate with an average elevation of
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2000 m and pronounced diurnal temperature variation. The mean annual temperature is
7.2◦ C, with approximately 140 frost-free days. Precipitation is relatively low (377 mm) and
concentrated between July and September, while annual evaporation reaches 1531 mm. As
a semi-arid, rain-fed system, the region experiences frequent drought due to insufficient
rainfall in spring and autumn, coupled with scarce groundwater resources. The soils in the
study area are primarily classified as Huangmian soil, which is developed from loess-like
parent material. The soil texture is characterized as uniform and fine-loamy. The monthly
mean temperature and precipitation for both years are presented in Figure 1.

 
Figure 1. Monthly mean temperature and precipitation in 2022 and 2023.

2.2. Experimental Design

The fixed experiment on different N application levels for spring wheat adopted a ran-
domized block design, with no nitrogen fertilizer as the control group (CK). Three different
N application levels were set according to the local fertilizer application amount, as follows:
low N (LN, 55 kg·N·ha−1·y−1, accounting for 1/4 of the local nitrogen fertilizer application
rate, N use efficiency is 13.22 kg·kg−1), medium N (MN, 110 kg·N·ha−1·y−1, accounting
for 1/2 of the local nitrogen fertilizer application rate, N use efficiency is 13.91 kg·kg−1),
and high N (HN, 220 kg·N·ha−1·y−1, local fertilizer application rate, N use efficiency is
9.43 kg·kg−1). The randomization process was implemented using a random number table
method. Each treatment was repeated three times, for a total of 12 experimental plots (the
area was 4 m × 6 m, with 25 cm row spacing for spring wheat planted in the plots). Plots
were spaced 5 m apart. To avoid potential edge effects, a 0.5 m buffer zone was established
for each plot. The local spring wheat ‘Ganchun 27’ was selected as the research target,
sown in late March 2022 and 2023 (at a sowing rate of 187.5 kg·ha−1), harvested in early
August. The remaining field management measures were the same as the local practice.
The base fertilizer applied in the experiment was calcium superphosphate (containing
16% P) at a rate of 150 kg·N·hm−1·y−1. For the nitrogen treatments, the fertilizer was split
into two equal applications, as follows: the first was applied basally at the sowing stage of
spring wheat, and the second was topdressed during the tillering stage. To meet the water
demand of the spring wheat during its growth period, all treatments were supplemented
with 150 mm of irrigation at the jointing stage. The irrigation water was sourced from
harvested natural rainfall stored in water cellars. It was delivered to the experimental plots
via plastic flexible pipes, and the exact amount of irrigation water was measured using a
water meter with a precision of 0.001 m3.



Agronomy 2025, 15, 2584 4 of 18

2.3. Sample Collection and Determination

Three replicates were performed for each experimental plot. Soil samples were col-
lected from the experimental plots using a 5 cm-diameter soil auger following an S-shaped
zigzag pattern during the 2022 and 2023 growing seasons. Sampling was conducted sep-
arately at three depth intervals: 0–10 cm, 10–20 cm, and 20–40 cm. For each depth, soil
from multiple cores was combined to form a composite sample. These composite samples
were then thoroughly homogenized, cleared of visible roots, stones, and other debris,
and promptly transported to the laboratory under refrigeration (4 ◦C) for storage and
subsequent analysis.

Two sampling schemes were adopted as follows: (1) Annual sampling for basic soil
properties. Key indicators, including soil bulk density (core method) [22], water con-
tent (gravimetric method with aluminum boxes) [23], mineral nitrogen (NO3

−-N and
NH4

+-N measured by KCl extraction and Continuous Flow Analysis, CFA) [24], and mi-
crobial biomass nitrogen (chloroform fumigation–extraction) [25], were measured once
per year. (2) Growth stage-specific sampling for comprehensive soil characterization. Soil
was collected at three critical stages (early, middle, and late) of wheat development. These
samples were analyzed for total nitrogen (TN; semi-micro Kjeldahl method) [26], total
phosphorus (TP; molybdenum antimony anti-colorimetric method), soil organic carbon
(SOC; dichromate oxidation), and the following four enzyme activities: protease (ninhydrin
colorimetry) [27], urease (phenol–sodium hypochlorite colorimetry) [28], nitrate reductase
and nitrite reductase (α-naphthylamine colorimetry and sulfanilic acid colorimetry, respec-
tively) [29,30]. All other parameters were measured using soil samples collected from the
three depth intervals of 0–10 cm, 10–20 cm, and 20–30 cm.

In addition, soil samples from the 0–10 cm layer were collected using the same method
during the jointing stage of spring wheat in June 2023 and stored in a −80 ◦C freezer
for the detection of soil microbial diversity. The specific measurement method was as
follows: DNA was extracted from 0.25 g of soil samples using the DNA extraction kit
(MoBio Laboratories, Carlsbad, CA, USA), and 1% agarose gel electrophoresis solution was
used to detect DNA quality. PCR amplification of soil V3–V4 DNA genes was performed
using 16S rRNA technology (primer 338F/806R) [31], and the amplification products,
stained using fluorescent agent Qubit3.0, were recovered for quantitative analysis. The
sequencing work was performed using the NovaSeq 6000 system (Illumina, San Diego,
CA, USA). The Illumina MiSeq sequencing platform was used to sequence and analyze the
PCR amplification products. The sequencing work was contracted to Shanghai Paisenuo
Biotechnology Co., Ltd. (Shanghai, China).

Observed Species (Observed OTUs): Counts the number of unique Operational Taxo-
nomic Units (OTUs) in each sample and is the most intuitive metric for species richness.
Chao1: A richness statistical estimator, based on the abundance of rare species (such as
singletons and doubletons) in a sample, predicts the total number of species in a com-
munity and is particularly useful for compensating for rare species that may not have
been sequenced. Shannon: The Shannon diversity index integrates both species richness
and evenness; a higher index value indicates greater community diversity. Simpson: The
Simpson diversity index measures dominance in a community, i.e., the probability that
two individuals randomly selected belong to the same species. It is often converted to
1-D or -ln(D), where higher values indicate greater diversity. Pielou’s Evenness: Derived
from the Shannon index, this metric specifically describes the uniformity of abundance
distribution among different species in a community, ranging from 0 to 1, with values closer
to 1 indicating a more even community.

Sobs = ∑(OTUi > 0) (1)
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SChao1 = Sobs +
(

F12/2 × F2
)

(2)

H′ = −∑(pi × ln(pi)) (3)

D = 1 − ∑
(

p2
i

)
(4)

J′ = H′/ln(S) (5)

Coverage = 1 − (n1/N) (6)

Sobs in Formula (1) represents the Observed Species richness. In Formula (2) for the
Chao1 index, F1 is the number of singletons (OTUs with only one read) and F2 is the
number of doubletons (OTUs with exactly two reads). In Formula (3) for the Shannon
index, pi is the proportion of the total sequences represented by OTUi. In Formula (4) for
the Simpson index, pi is the proportion of the total sequences represented by OTU. In
Formula (5), H’ is the Shannon index and ln(S) is the natural logarithm of the total number
of species. In Formula (6), n1 is the number of singletons (OTUs with only one read) and N
is the total number of reads in the sample [12,32].

2.4. Data Statistical Analysis

Data were analyzed using IBM SPSS Statistics 26.0. One-way analysis of variance
(ANOVA) was applied to examine the two-year mean values of soil bulk density, water
content, nitrate nitrogen (NO3

−-N), ammonium nitrogen (NH4
+-N), and microbial biomass

nitrogen (MBN), with Duncan’s post hoc test used to assess significant differences (p < 0.05).
One-way ANOVA was also performed to evaluate the effects of fertilization, growth stage,
and soil depth on total nitrogen (TN), total phosphorus (TP), soil organic carbon (SOC), and
enzyme activities, followed by Duncan’s test for multiple comparisons (p < 0.05). Principal
Component Analysis (PCoA) was used to explore relationships between bacterial commu-
nity composition (relative abundance) and soil physicochemical and nutrient properties.
Pearson correlation analysis was additionally conducted in SPSS to quantify associations
among soil properties, soil nutrient contents, and enzyme activities. The Redundancy
Analysis (RDA) was performed and visualized using Canaco 5.0 software.

3. Results and Analysis
3.1. Effects of Nitrogen Levels on Basic Soil Properties

Across the nitrogen application gradient (0 to 220 kg·N·ha−1·y−1), Soil bulk density
(BD), nitrate nitrogen (NO3

−-N), ammonium nitrogen (NH4
+-N), and microbial biomass

nitrogen (MBN) all increased with higher nitrogen application rates, whereas soil water
content (SWC) initially rose and then declined. Nitrogen addition significantly increased
NO3

−-N and NH4
+-N contents in the entire 0–40 cm layer (p < 0.05), while SWC, BD,

and MBN did not differ significantly (p > 0.05). Across the soil profile, BD and SWC
increased with depth (0–10, 10–20, 20–30 cm), whereas NO3

−-N, NH4+-N, and MBN
declined significantly (p < 0.05, Table 1).

Table 1. Soil basic properties at different soil depths under various fertilization treatments.

Treatment Soil Horizon BD (kg/m3) SWC (%) NO3−-N (mg/kg) NH4
+-N (mg/kg) MBN (mg/kg)

CK

0–10 1147.0 ± 3.61 Bc 10.81 ± 0.18 Ac 30.49 ± 1.93 Ba 17.85 ± 0.76 Ca 27.01 ± 0.27 Ca
10–20 1169.3 ± 2.03 Cb 12.31 ± 0.25 ABb 28.53 ± 0.37 Ba 15.49 ± 0.85 Cb 23.52 ± 0.62 Bb
20–40 1183.0 ± 3.21 Ba 14.75 ± 0.34 Aa 25.16 ± 0.84 Bb 12.04 ± 0.42 Cc 19.29 ± 0.17 ABc
0–40 1166.4 ± 5.46 a 12.62 ± 1.74 a 28.06 ± 0.075 b 15.12 ± 2.60 b 23.27 ± 1.13 A
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Table 1. Cont.

Treatment Soil Horizon BD (kg/m3) SWC (%) NO3−-N (mg/kg) NH4
+-N (mg/kg) MBN (mg/kg)

LN

0–10 1149.0 ± 1.15 Bc 10.15 ± 0.16 Bc 31.23 ± 1.05 Ba 20.92 ± 0.46 Ba 30.07 ± 0.06 Ba
10–20 1173.0 ± 2.08 BCb 11.85 ± 0.06 BCb 28.52 ± 0.47 Bb 17.99 ± 0.75 Bb 24.36 ± 0.62 Bb
20–40 1186.0 ± 1.53 Ba 13.51 ± 0.14 Ba 25.56 ± 0.85 Bc 13.79 ± 0.74 Bc 18.23 ± 0.75 Bc
0–40 1169.3 ± 5.48 a 11.84 ± 1.46 a 28.44 ± 2.56 b 17.57 ± 3.16 ab 24.22 ± 1.73 A

MN

0–10 1153.3 ± 0.88 ABc 10.74 ± 0.13 Ac 32.41 ± 0.64 Ba 21.2 ± 0.21 Ba 30.07 ± 0.06 Ba
10–20 1176.7 ± 1.20 ABb 12.35 ± 0.3 Ab 28.44 ± 0.56 Bb 17.54 ± 0.43 Bb 24.36 ± 0.62 Bb
20–40 1185.3 ± 0.33 Ba 14.32 ± 0.23 Aa 26.26 ± 1.09 ABc 14.62 ± 0.41 Bbc 18.23 ± 0.75 Bc
0–40 1171.8 ± 4.804 a 12.47 ± 1.57 a 29.04 ± 2.794 b 17.79 ± 2.87 ab 24.22 ± 1.73 A

HN

0–10 1158.7 ± 1.20 Ac 9.78 ± 0.03 Cc 37.57 ± 1.24 Aa 23.76 ± 0.48 Aa 35.56 ± 0.18 Aa
10–20 1181.3 ± 0.88 Ab 11.71 ± 0.29 Cb 32.53 ± 0.38 Ab 19.55 ± 1.15 Ab 27.18 ± 0.87 Ab
20–40 1200.7 ± 3.38 Aa 13.75 ± 0.23 Ba 28.24 ± 1.57 Ac 16.57 ± 0.23 Ac 20.38 ± 0.58 Ac
0–40 1180.2 ± 6.16 a 11.74 ± 1.73 a 32.78 ± 4.17 a 19.96 ± 3.19 a 27.71 ± 2.22 a

Note: capital letters indicate significant differences in each indicator under different nitrogen application condi-
tions within the same soil layer, while lowercase letters indicate significant differences in each indicator across
different soil layers under the same nitrogen application condition. Data are presented as mean ± SE. CK: control
(no nitrogen application); LN: low nitrogen; MN: medium nitrogen; HN: high nitrogen. The abbreviations CK
(control), LN (low nitrogen), MN (medium nitrogen), and HN (high nitrogen) are used consistently across all
figures and tables to denote the same nitrogen application treatments. BD: soil bulk density; SWC: soil water
content; NO3

−-N: nitrate nitrogen; NH4
+-N: ammonium nitrogen; and MBN: microbial biomass nitrogen.

3.2. Effects of Nitrogen Application on Soil Chemical Stoichiometric Characteristics

Nitrogen application markedly influenced soil chemical properties (p < 0.05, Figures 2
and 3). Across the nitrogen gradient (0 to 220 kg·N·ha−1·y−1), total nitrogen (TN), total
phosphorus (TP), and soil organic carbon (SOC) all increased with higher N inputs. In
the four fertilization treatments (0, 55, 110, and 220 kg·N·ha−1·y−1), TN, TP, and SOC
decreased with soil depth, with significant interlayer differences (p < 0.05). In 2022, the HN
treatment resulted in SOC increases of 1.1689, 0.9988, and 0.4736 in the 0–10 cm, 10–20 cm,
and 20–40 cm soil layers, respectively, compared to CK. The corresponding TN increases
under HN were 0.1159, 0.0466, and 0.0678 across these same layers. During 2023, the HN
treatment led to SOC increments of 0.7398, 0.6264, and 0.0108 in the respective soil depths,
while TN increases were 0.0644 and 0.0697 in the 0–10 cm and 10–20 cm layers, with no
notable difference observed in the 20–40 cm layer. Furthermore, a consistent declining
trend in TN, TP, and SOC was observed across the wheat growth stages, from the initial to
mid and final growth phases.

At the 0−10 cm depth, the C:N ratio under the moderate nitrogen (MN) treatment
was significantly higher than under the control (CK) (p < 0.05, Figure 4). In contrast, no
significant differences in the C:N ratio were observed among the four treatments at the
10−40 cm depth. The soil C:N ratio increased significantly with depth under both low
(LN) and high (HN) nitrogen treatments (p < 0.05), whereas no significant variation was
observed in the control (CK) and medium nitrogen (MN) treatments (p > 0.05). For the soil
C:P ratio, no significant differences were observed among soil layers across all treatments,
with the exception of under low nitrogen (LN) application (p > 0.05). Similarly, the N:P
ratio was significantly affected by depth only under HN application (p < 0.05), showing no
stratification under other conditions.
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Figure 2. Changes in SOC, TN, and TP across different soil layers at various growth stages of spring
wheat under different nitrogen application treatments. Note: SOC: soil organic carbon; TN: total
nitrogen; and TP: total phosphorus. Capital letters indicate significant differences in the indicators
across different growth stages of wheat within the same soil layer depth, while lowercase letters
indicate significant differences in the indicators across different soil layer depths at the same wheat
growth stage.
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Figure 3. Variations in SOC, TN, and TP across different soil layers under various nitrogen treatments.
Note: capital letters indicate significant differences in the indicators among different fertilization
treatments of wheat at the same soil depth, while lowercase letters denote significant differences
across various soil depths under the same fertilization treatment. SOC: soil organic carbon; TN: total
nitrogen; and TP: total phosphorus.
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Figure 4. Variations in C/N, C/P, and N/P ratios across different soil layers under various nitrogen
treatments. Note: capital letters indicate significant differences in the indicators among different
fertilization treatments of wheat at the same soil depth, while lowercase letters denote significant
differences across various soil depths under the same fertilization treatment. Soil ecological stoich-
ometry was represented by the following three key ratios: C/N, carbon-to-nitrogen ratio; C/P, ca-
bon-to-phosphorus ratio; and N:P, nitrogen-to-phosphorus ratio.

3.3. Effects of Nitrogen Application Levels on the Soil Enzyme Activity

Activities of protease (PRO), urease (URE), nitrate reductase (NR), and nitrite reduc-
tase (NIR) increased significantly with higher nitrogen levels (p < 0.05), reaching their
maximum under the high nitrogen (HN) treatment. Their activities were 1.3–1.7 times and
1.2–1.4 times that of the control (CK), respectively. In the 0–10 cm soil layer, the activities of
nitrate reductase (NR) and nitrite reductase (NIR) under the HN treatment were also signif-
icantly higher than under CK, both being 1.1 times that of CK. However, in the 10–40 cm
soil layer, the activities of nitrate reductase (NR) and nitrite reductase (NIR) showed no
significant differences among the different nitrogen application treatments (p > 0.05). All
four enzymes showed a pronounced decline with soil depth (p < 0.05). The activities of
PRO, URE, and NR exhibited similar patterns, as follows: they increased significantly from
the early to mid-growth stages, peaked at the mid-growth stage, and then declined during
the late growth stage. In contrast, the activity of NIR showed a continuous and steady
increase throughout the entire wheat development period (Figures 5 and 6).
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Figure 5. Variations in soil enzyme activities across different soil layers during various growth
stages of spring wheat. Note: capital letters indicate significant differences in the indicators across
different growth stages of wheat within the same soil layer depth, while lowercase letters indicate
significant differences in the indicators across different soil layer depths at the same wheat growth
stage. PRO: soil protease; URE: urease; NR: nitrate reductase; and NIR: nitrite reductase.

 

Figure 6. Variations in soil enzyme activities across different soil layers under various nitrogen
treatments. Note: capital letters indicate significant differences in the indicators among different
fertil ization treatments of wheat at the same soil depth, while lowercase letters denote significant di
−ferences across various soil depths under the same fertilization treatment. PRO: soil protease; URE:
urease; NR: nitrate reductase; and NIR: nitrite reductase.
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3.4. Effects of Nitrogen Application Levels on the Soil Microorganism

The dominant microbial groups were consistent across treatments and depths, with
Actinobacteriota being the most abundant, followed by Proteobacteria, Acidobacteriota, and
Gemmatimonadota. Significant differences were observed in the relative abundances of
specific phyla, as follows: the relative abundance of Acidobacteriota under MN treatment
was 2–5% higher than that under LN and HN conditions. Similarly, the abundance of
Gemmatimonadota in LN treatment was 2–4% higher than that under MN, HN, and CK
treatments (Figure 7).

 

Figure 7. Variations in relative abundance of bacterial phyla across different soil layers under various
nitrogen treatments. Note: in the figure, panels (A–D) represent the relative abundances of bacterial
phyla at depths of 0–10 cm, 10–20 cm, 20–40 cm, and 0–40 cm, respectively.

Alpha diversity analysis indicated that Good’s coverage of all treatments exceeded
0.99, demonstrating that the sequencing depth captured over 99% of the community
diversity. Under the LN treatment, the values of Chao1, Faith’s PD, Shannon index, and
Observed Species were significantly higher (p < 0.05) than those under the CK, MN, and
HN treatments, with increases ranging from 1.08- to 1.19-fold, 1.28- to 1.85-fold, 1.07-fold,
and 1.19- to 1.23-fold, respectively (Figure 8).

3.5. Relationship Analysis

Significant correlations were observed between soil physicochemical properties and
enzyme activities. SWC was positively correlated with BD, negatively correlated with
MBN, TN, TP, PRO, NR, and NIR (p < 0.05, Table 2), and showed no significant correlation
with NO3

−-N, NH4
+-N, SOC, or URE.

The RDA model was statistically significant (p < 0.001). The first two RDA axes
together accounted for [52.26]% of the constrained variance (RDA1: [38.46]%, RDA2:
[13.8]%). Correlation analysis revealed distinct ecological preferences for key bacterial
phyla. Actinobacteria exhibited significant positive correlations with the soil C:N ratio,
bulk density (BD), and soil water content (SWC), but a significant negative correlation
with the C:P ratio, which emerged as its strongest predictor. In contrast, Proteobacteria
showed positive correlations with total phosphorus (TP), ammonium nitrogen (NH4

+-N),
microbial biomass nitrogen (MBN), total nitrogen (TN), soil organic carbon (SOC), and
nitrate nitrogen (NO3

−-N), while being negatively correlated with the C:N ratio, BD, and
SWC. Among these, NH4

+-N was the most influential factor. Furthermore, Acidobacteria
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demonstrated a strong positive correlation with the C:P ratio, whereas Gemmatimonadota
and Bacteroidota were both significantly negatively correlated with it (Figure 9).

Figure 8. Significance analysis of alpha diversity indices under different nitrogen treatments. Note:
asterisks indicate significant differences between treatments: * p < 0.05, ** p < 0.01, *** p < 0.001.
Observed Species: the number of unique operational taxonomic units (OTUs) or amplicon sequence
variants (ASVs) observed in a sample, serving as a direct measure of species richness. Chao1
Index: an estimator of total species richness. Shannon Index: a composite metric that reflects
community diversity by incorporating both species richness and evenness. Simpson Index: a measure
of dominance, representing the probability that two randomly selected individuals belong to the
same species. Faith’s Phylogenetic Diversity (Faith’s PD): a measure of phylogenetic diversity that
quantifies. Pielou’s Evenness: s measure of species evenness that quantifies the uniformity of species
abundance distributions in a community. Good’s Coverage: an index of sequencing depth that
estimates the probability that a randomly selected sequence in a sample belongs to a species that
has already been sequenced; values > 0.97 generally indicate sufficient sequencing depth to reliably
characterize the community.

Table 2. Correlations between soil basic properties, nutrients, and soil enzyme activities.

Variable SWC BD NO3−-
N

NH4
+-

N MBN SOC TN TP URE PRO NR NIR

SWC 1
BD 0.819 ** 1

NO3
−-N −0.191 −0.561 ** 1

NH4
+-N −0.16 −0.611 ** 0.894 ** 1

MBN −0.389 * −0.739 ** 0.928 ** 0.923 ** 1
SOC −0.152 −0.594 ** 0.837 ** 0.906 ** 0.890 ** 1
TN −0.347 * −0.740 ** 0.871 ** 0.904 ** 0.932 ** 0.940 ** 1
TP −0.423 * −0.781 ** 0.816 ** 0.875 ** 0.902 ** 0.814 ** 0.902 ** 1

URE −0.325 −0.708 ** 0.925 ** 0.923 ** 0.959 ** 0.937 ** 0.949 ** 0.866 ** 1
PRO −0.347 * −0.710 ** 0.937 ** 0.943 ** 0.960 ** 0.848 ** 0.919 ** 0.915 ** 0.946 ** 1
NR −0.590 ** −0.903 ** 0.787 ** 0.852 ** 0.919 ** 0.828 ** 0.906 ** 0.920 ** 0.895 ** 0.906 ** 1
NIR −0.553 ** −0.866 ** 0.803 ** 0.865 ** 0.925 ** 0.886 ** 0.939 ** 0.891 ** 0.931 ** 0.895 ** 0.967 ** 1

Note: a negative value in the table indicates a negative correlation between two indicators, while a positive
value indicates a positive correlation. An asterisk (*) denotes a significant correlation between indicators and
a double asterisk (**) indicates a highly significant correlation. SWC: soil water content; BD: soil bulk density;
NO3

−-N: nitrate nitrogen; NH4
+-N: ammonium nitrogen; MBN: microbial biomass nitrogen; SOC: soil organic

carbon; TN: total nitrogen; TP: total phosphorus; URE: soil urease; PRO: soil protease; NR: soil nitrate reductase;
and NIR: soil nitrite reductase.
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Figure 9. Redundancy analysis (RDA) of soil basic properties and stoichiometric ratios with dominant
bacterial phyla. Note: SWC: soil water content; BD: soil bulk density; NO3

−-N: nitrate nitrogen;
NH4

+-N: ammonium nitrogen; C:N: carbon-to-nitrogen ratio; C:P: carbon-to-phosphorus ratio; and
N:P: nitrogen-to-phosphorus ratio.

4. Discussion
In this study, soil bulk density (BD), nitrate nitrogen (NO3

−-N), and ammonium nitro-
gen (NH4

+-N) increased with rising nitrogen application rates under the four nitrogen appli-
cation treatments (CK: 0 kg·N·ha−1·y−1, LN: 55 kg·N·ha−1·y−1, MN: 110 kg·N·ha−1·y−1,
HN: 220 kg·N·ha−1·y−1), reaching their maximum values under the high nitrogen (HN)
condition. Microbial biomass nitrogen (MBN) exhibited a similar trend in the 0–20 cm
soil layer, also peaking under the HN treatment. However, no significant differences in
MBN were observed among the four nitrogen treatments in the 20–40 cm soil layer. In
contrast, soil water content (SWC) followed a different pattern: SWC was higher under the
control (CK) and moderate nitrogen (MN) treatments compared to the other fertilization
treatments, and SWC in the deeper soil layers was greater than that in the surface layers.
Elevated N input accelerates soil acidification, which reduces porosity and consequently
increases BD. Excessive application of nitrogen fertilizer can lead to soil acidification, which
subsequently induces soil compaction and thereby increases soil bulk density. Studies
have shown that applying 112 kg/ha of nitrogen fertilizer significantly acidifies farmland
soils, while 168 kg/ha causes severe acidification. Long-term nitrogen fertilization also
leads to such outcomes [33]. In contrast, reducing nitrogen application can ameliorate
soil compaction and lower soil bulk density [34]. Under the moderate nitrogen (MN)
condition, soil water content was higher than that under both low nitrogen (LN) and high
nitrogen (HN) treatments. This phenomenon may be attributed to an “optimal point” of
water-use efficiency being achieved under the MN treatment [35]. At this level, nitrogen
application is sufficient to significantly promote plant growth, yet it is likely not to induce
the extreme plant growth and water demand observed under the HN treatment, while also
avoiding the potential negative impacts of high nitrogen on soil structure. Consequently, a
relative balance between crop yield and water use is achieved, resulting in higher soil water
content compared to both LN and HN treatments [36].Urea-derived nitrogen is hydrolyzed
by urease to NH4

+-N and further oxidized to NO3
−-N via nitrification, explaining the

observed accumulation of both inorganic N forms. Moreover, additional nitrogen supports
microbial metabolism, thereby promoting MBN accumulation under higher fertilization
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levels [37,38]. Both BD and SWC increased with depth, whereas NO3
−-N, NH4

+-N, and
MBN declined. The increase in BD with depth reflects the depletion of organic matter in
subsoils, leaching process, and overburden compaction. Subsoils also retained higher mois-
ture due to reduced evaporation and root activity, as most root systems are concentrated in
surface horizons [39,40]. Conversely, NO3

−-N decreased with depth because nitrification is
predominantly driven by strictly aerobic bacteria, which are less active in deeper, oxygen-
limited layers. Similarly, the lower availability of urease enzymes in subsoils restricted
NH4

+-N accumulation [41,42]. MBN also declined with depth, consistent with the reduced
organic matter supply that fuels microbial activity in deeper layers [43].

In this study, nitrogen fertilization significantly increased soil organic carbon (SOC)
and total nitrogen (TN) in both the first (2022) and second (2023) years, although the effects
were less pronounced in the 20–40 cm soil layer. During the first year, nitrogen addition
had little influence on soil phosphorus, with no significant differences among treatments.
By the second year, however, nitrogen application enhanced total phosphorus (TP) in
the 0–10 cm layer. These results align with previous reports that nitrogen fertilization
markedly elevates SOC and TN while exerting only limited effects on TP. Nitrogen addition
not only directly increased TN but also stimulated wheat growth, root exudation, and
residue input while suppressing organic matter decomposition, thereby enhancing SOC
accumulation. In contrast, nitrogen fertilizer does not directly alter soil phosphorus but
exerts indirect effects through microbial processes, which remain limited in the short
term [44]. Fertilization treatments most strongly influenced the soil C:N ratio, particularly
in the surface layer. In contrast, effects on C:P and N:P ratios were minor and largely
reflected depth-dependent variations influenced by nitrogen application rates. Under
medium nitrogen (MN) conditions, microbial growth was enhanced, leading to greater
immobilization of exogenous nitrogen and an increase in soil nitrogen. Meanwhile, organic
carbon was consumed at a slower rate, collectively raising the C:N ratio. Because the
soil phosphorus pool remained relatively stable and unresponsive to short-term nitrogen
inputs, the C:P and N:P ratios showed little change [45,46].

Enzyme activity patterns further reflected these dynamics. PRO and URE activities
increased with nitrogen application across all three layers but declined with depth under
the same fertilization regime. In contrast, NR and NIR activities increased with nitrogen
input only in the surface layer and declined with depth across all treatments. Since soil
enzymes largely derive from microbial and root secretions, their activities are the highest in
organic-rich topsoil and diminish with depth [47]. Soil microorganisms drive the synthesis
of enzymes. The high enzyme activity in the surface soil (0–20 cm), particularly for nitrate
reductase (NR) and nitrite reductase (NIR), is not merely a result of environmental condi-
tions but is also driven by a rich and diverse microbial community [48]. Nitrogen addition
increases substrate availability for PRO and URE, thereby enhancing their activities [49].
Elevated NR and NIR activities in surface soils likely reflect sufficient energy supply and
micro-anaerobic conditions that favor their function [50]. Notably, compared with CK,
MN, and HN, the LN treatment significantly enhanced microbial richness, phylogenetic
diversity, evenness, and OTU number [51]. This suggests that moderate nitrogen inputs
stimulate microbial diversity, whereas excessive nitrogen (MN and HN) suppresses it. The
dominant bacterial phyla were consistent across different fertilization treatments, though
their relative abundances varied. Specifically, the relative abundance of Acidobacteriota
under the MN treatment was higher than that under both LN and HN conditions. Similarly,
the abundance of the phylum Gemmatimonadota in the LN treatment exceeded that in
the MN, HN, and CK treatments. The key role of moderate nitrogen application lies in its
dual function: it provides essential substrates while sustaining high microbial diversity,
thereby supporting comprehensive enzymatic functions. In contrast, high nitrogen appli-
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cation (HN) indirectly suppresses certain enzyme activities by disrupting the community
structure [52,53].

Strong correlations emerged between soil physicochemical properties and enzyme
activities, which in turn shaped the distribution of key bacterial phyla. SWC and BD were
critical physical factors, both of which were negatively correlated with most nutrients
and enzyme activities. SWC and BD were positively correlated with each other, but
negatively correlated with MBN, TN, TP, and enzyme activities (PRO, NR, NIR). This
pattern reflects physical constraints: high BD reduced porosity and oxygen diffusion,
limiting aerobic microbial metabolism and enzymatic efficiency, particularly for nitrogen-
cycle enzymes such as NR and NIR [54]. Concurrently, elevated SWC in compacted soils
may result in anaerobic conditions, further suppressing microbial metabolism and nutrient
mineralization. Thus, even when TN and TP are sufficient, nutrient bioavailability and
transformation remain low under unfavorable physical conditions [55].

Different bacterial groups showed distinct responses to soil stoichiometry and struc-
ture. Actinobacteriota were positively correlated with C:N and BD but negatively with
C:P, consistent with their oligotrophic (K-strategist) nature and adaptability to nutrient-
poor, stressful conditions [56]. High C:N signals nitrogen limitation, and high BD imposes
physical stress—conditions under which Actinobacteriota thrive. Their negative corre-
lation with C:P suggests sensitivity to phosphorus scarcity. In contrast, Proteobacteria,
typical copiotrophs (r-strategists), correlated positively with nearly all nutrient indicators
(TN, TP, SOC, NH4

+-N, NO3
−-N, MBN) but negatively with C:N, BD, and SWC, indicat-

ing preference for nutrient-rich soils with favorable structure [57]. Ammonium nitrogen
emerged as the strongest determinant of their abundance, highlighting their key role in
rapid nitrogen cycling. Acidobacteriota and Gemmatimonadota both responded strongly to
C:P, but in opposite directions: Acidobacteriota correlated positively, consistent with their
oligotrophic strategy and adaptation to low phosphorus availability [58], while Gemmati-
monadota correlated negatively, consistent with their ability to accumulate polyphosphates
and competitive advantage under high phosphorus (low C:P) conditions [59–61].

In summary, soil structure (SWC, BD) directly constrains nutrient bioavailability and
enzymatic activity, while soil stoichiometry (C:N, C:P, N:P) regulates microbial succession.
Together, these factors govern the assembly and function of soil bacterial communities
under different nitrogen fertilization regimes.

5. Conclusions
This study demonstrated that nitrogen (N) fertilization significantly altered soil physic-

ochemical properties, enzyme activities, and microbial community structure in spring
wheat fields of the Loess Plateau, with effects varying by N rate and soil depth. Soil
Properties: Compared to the control (CK), high N application (HN, 220 kg·N·ha−1·y−1) sig-
nificantly increased soil bulk density (BD) by 0.01–0.03 g/cm3, nitrate nitrogen (NO3

−-N)
by 7.08–4.70 mg/kg, and ammonium nitrogen (NH4

+-N) by 5.91–4.53 mg/kg across
the 0–40 cm profile. Soil water content (SWC) was highest under moderate N (MN,
110 kg·N·ha−1·y−1), exceeding LN and HN by 0.63–1.09%. Soil Nutrients and Stoichiome-
try: Total nitrogen (TN) and soil organic carbon (SOC) increased with N input, particularly
in the 0–10 cm layer under MN (TN: +12.4%; SOC: +9.8% vs. CK). The C:N ratio was signif-
icantly higher under MN at 0–10 cm (by 6.5%, p < 0.05), while C:P and N:P ratios remained
stable across treatments. Enzyme Activities: Protease and urease activities under HN were
1.3–1.7 times higher than CK, while nitrate and nitrite reductase activities peaked under
MN and declined under HN in subsoil layers, indicating inhibitory effects of excessive
N. Microbial Diversity: Alpha diversity was highest under LN (Chao1: +19%; Shannon:
+7% vs. CK), but declined under HN. Actinobacteria and Proteobacteria dominated across
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treatments, with Acidobacteriota abundance higher under MN (+3–5% vs. LN/HN). These
findings hold the following implications for our initial hypotheses:

(1) Nitrogen application increased the C:N ratio in the surface soil and altered soil stoichiometry;
(2) Low to moderate nitrogen levels enhanced microbial diversity and enzyme activity,

whereas excessive nitrogen led to a decline;
(3) Changes in microbial community structure were closely associated with variations in

soil nutrient availability and physical conditions.

In practice, moderate N application (110 kg·N·ha−1·y−1) is recommended to maintain
soil fertility, microbial functionality, and sustainable productivity in the Loess Plateau
spring wheat system.
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