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Abstract: Microbial residue nitrogen can indicate soil quality and is crucial for soil nitrogen retention
and supply. However, it is still unclear how the dynamic changes in soil microbial residue nitrogen
affect crop nitrogen uptake in agricultural practice. Based on a long-term wheat-maize rotation
experiment with different nitrogen application rates (150 kg N ha−1, 200 kg N ha−1, and 300 kg N
ha−1), 15N-labeled nitrogen fertilizer was applied during the wheat season to track the dynamics of
soil microbial residue nitrogen and its mediated fertilizer nitrogen. The results showed that nitrogen
addition was beneficial to the accumulation of microbial residue nitrogen (mainly fungal microbial
residue nitrogen). Its contribution rate to soil total nitrogen is 54.87–56.55%, and the fertilizer nitrogen
allocated to it accounts for 27.10–47.50% of the remaining fertilizer nitrogen in the soil. Ultimately,
6.77–10.24% of the nitrogen fertilizer applied remained in the soil as microbial residue nitrogen. In
addition, microbial residue nitrogen is mainly mineralized during the jointing and filling stages of
wheat. In a word, the accumulation and mineralization of soil microbial residue nitrogen during the
application of 200 kg N ha−1 better guaranteed the uptake of nitrogen by wheat, which provided
a reliable basis for guiding farmland fertility improvement and nitrogen fertilizer reduction in the
North China Plain.

Keywords: fertilizer nitrogen; microbial residue nitrogen; 15N labeling; seasonal dynamics;
rotating farmland

1. Introduction

The application of nitrogen fertilizer is an important measure to maintain food pro-
duction and thus meet the increasing human demand for food [1], for which more than
100 million tons of nitrogen fertilizer are applied to global farmland every year [2]. By 2050,
the United Nations predicts that the global population will increase by 2 to 3 billion, which
means that the demand for nitrogen fertilizer in agriculture may increase significantly [3].
However, the current average seasonal nitrogen use efficiency in global agroecosystems
is less than 50% [4]. Fertilizer nitrogen loss poses a great threat to the environment. If the
current agricultural nitrogen management measures continue, it is expected that by 2050,
the nitrogen pollution level will be 150% higher than that in 2010 [5]. In order to reduce the
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adverse effects of nitrogen fertilizer on the above problems, nitrogen fertilizer management
should be reasonably carried out in production practice.

Crop uptake of nitrogen is mainly supplied by the soil nitrogen pool, and even
with heavy nitrogen fertilization, the proportion of soil nitrogen supply in crop nitrogen
uptake can still exceed 50% or even 80% [6,7]. Excessive nitrogen application leads to
increased soil nitrogen availability and mineralization loss of soil organic carbon and
nitrogen [8,9], which destroys soil aggregates and has negative effects on soil organic
matter accumulation, thereby damaging soil fertility [10–12]. Although reducing nitrogen
application can significantly improve nitrogen use efficiency, long-term nitrogen deficiency
in the soil can also lead to a decrease in nitrogen availability and accelerate the depletion of
the soil nitrogen pool [13]. Therefore, when evaluating nitrogen management measures,
attention should be focused on the conservation and supply of nitrogen in the soil. Nitrogen
transformation in the soil mainly relies on the driving force of related microorganisms.
Previous studies have suggested that microorganisms mainly act as decomposers in soil
nitrogen transformation, and their fixation on nitrogen is mainly for the formation of their
own biomass [14–16]. In recent years, Liang et al. developed the “soil microbial carbon
pump” theory with microbial residues as the core, emphasizing that microbial residues are
important contributors to soil organic matter accumulation and pointing out that microbial
residues contribute more than 50% to soil organic matter [17,18]. Microbial residues not
only contribute to long-term carbon (C) and nitrogen (N) storage but also participate in
mineralization processes to balance carbon and nitrogen stoichiometry [19–21]. Amino
sugar is currently the most widely used specific biomarker for microbial residues [22,23].
Among them, only the cell wall acid derived from bacterial residues (MurN) is used to
estimate bacterial residue nitrogen, while amino glucose derived from fungal residues
(GluN) is used to estimate fungal residue nitrogen, and their sum is the microbial residue
nitrogen [24].

As commonly found in some long-term field location experiments, nitrogen addition
can increase soil microbial residue content, and there is a positive correlation between
soil microbial residue accumulation and crop yield; however, soil microbial residue accu-
mulation does not continue to increase with nitrogen fertilizer input, indicating that high
nitrogen fertilization triggers the upper limit of the “microbial carrying capacity” [25–29].
These studies focus on the construction of soil organic matter pools using microbial residue,
while there are few studies on the mineralization of microbial residue on crop growth,
especially in the short term to verify the impact of microbial residue mineralization on
crop nutrient absorption. The North China Plain is one of the regions with the highest
degree of agricultural intensification in China. The traditional nitrogen application rate in
the typical wheat maize planting system is 550–600 kg N ha−1a−1. Under the condition of
30–60% nitrogen reduction on a traditional basis, this region can still ensure that the crop
yield will not decrease [30]. To this end, we selected three treatments of 150 kg N ha−1,
200 kg N ha−1, and 300 kg N ha−1 in a 14-year-long location experiment, with different
nitrogen application levels, and applied 15N-labeled nitrogen fertilizer. We studied the
enrichment of soil microbial residue nitrogen and fertilizer nitrogen during the key growth
stages of wheat to understand the impact of nitrogen fixed by microbial residue on nitrogen
absorption in wheat. We hypothesized that (1) fungal and bacterial microbial residues reg-
ulate the retention and supply of nitrogen during the growth period of wheat due to their
functional specificity, and (2) there are key nodes where the mineralization of microbial
residue nitrogen has a profound impact on the uptake of nitrogen by wheat.

2. Materials and Methods
2.1. Site Description and Experimental Design

The research site is located in the Luancheng Agricultural Ecological Experiment
Station of the Chinese Academy of Sciences (37.88◦ N 114.68◦ E). The soil type is fluvo
cinnamon soil, and the surface soil texture is silty loam (soil texture classification system of
the U.S. Department of Agriculture). This area belongs to the intensive farmland with fine
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management of high nitrogen input in the North China Plain. The nitrogen input is mainly
chemical fertilizer. The typical regional planting system is the rotation system of winter
wheat and summer corn with two crops a year. The positioning experiment began in 2003
with six treatments: N0, N50, N100, N150, N200, and N300, each repeated three times. The
nitrogen application rates for the wheat and corn seasons in the rotation system were the
same, at 0, 50, 100, 150, 200, and 300 kg ha−1, respectively. The type of nitrogen fertilizer
was urea, and the ratio of base fertilizer to topdressing was 1:1. The phosphorus fertilizer
application rate for each treatment was 32.5 kg ha−1, all applied as base fertilizer. In the
wheat season of 2016, nine 15N isotope-labeled micro-plots (urea 15N abundance of 99%)
were established for the N150, N200, and N300 treatments. The micro-plots were isolated
with PVC boards, buried 1 m deep, with the upper part 10 cm above the ground, and had
an area of 1.11 m2. Each micro-plot was planted with seven rows of wheat, and the sowing
rate and management methods were the same as those in the outer experimental plots. The
layout of the treatments is shown in Figure 1.
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2.2. Sample Collection and Measurement
2.2.1. Soil and Plant Sample Collection

Soil samples were collected at the emergence stage (7 days after base fertilization),
tillering stage (21 days after base fertilization), jointing stage (160 days after base fertiliza-
tion), booting stage (11 days after topdressing), filling stage (21 days after topdressing),
and maturity stage (60 days after topdressing) of wheat, with a depth of 20 cm. At the
jointing stage, filling stage, and harvest stage, soil samples were collected using the shaken
root method. The fresh soil samples were initially sieved through a 2mm mesh to remove
large plant debris and gravel, followed by thorough mixing and air-drying. Afterward,
any remaining fine plant roots were carefully removed from the dried samples. Finally, the
dried samples were ground and passed through a 0.15mm sieve. During the harvest period,
the straw and grains of the wheat above ground were collected and dried to a constant
weight at 55 ◦C before being ground for further analysis.

2.2.2. Determination of Total N and 15N Abundance in Soil and Plants

The total nitrogen in the soil was determined using an elemental analyzer (vario
Macro, Elementar, Hanau, Germany), and its 15N abundance was determined using an
elemental analyzer-stability isotope mass spectrometer (EA-CIRMS, Flash EA1112, Delta
plus XP, Thermo Fisher Scientific Inc., Waltham, MA, USA).

2.2.3. Analysis of Amino Sugars and 15N Enrichment

The determination of amino sugar content was performed using gas chromatography:
soil samples containing 0.4 mg N were placed in a hydrolysis bottle, and 10 mL of 6 mol L−1

HCl was added to hydrolyze for 8 h at 105 ◦C. Chitin and peptidoglycan were hydrolyzed
to form amino sugar monomers, after which internal standard substance 1 (inositol) was
added. After filtration, hydrochloric acid was removed by rotary evaporation, and the dry
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matter was dissolved in water to adjust the pH to 6.6–6.8. After high-speed centrifugation,
iron, aluminum precipitates, and some organic matter were removed. A second rotary
evaporation was performed, and the dried material was dissolved in anhydrous methanol.
After high-speed centrifugation, salt was removed, and the anhydrous methanol was
purged with nitrogen gas, completing the purification of the amino sugars. After purifying
the amino sugars, we mixed them with internal standard 2 (N-methyl glucosamine), added
water, and placed them in a freeze dryer. After the water is completely freeze-dried, the
amino sugars are converted into an aldehyde nitrile derivative. The amino sugar derivative
is dissolved in a 1:1 ethyl acetate-n-hexane mixed solvent and determined using a gas
chromatograph (GC-7890A, Agilent Tech. Co., Ltd., Wilmington, DE, USA). The 15N
isotopic ratio of the amino sugars is determined using GC/MS (Finnigan trace, Thermo
Electron Co., Ltd., Waltham, MA, USA) [24].

2.3. Calculation
2.3.1. Remaining Fertilizer N in Soil

The residual nitrogen content of fertilizer in soil is calculated according to the following
formula:

TNF (g kg−1) = TN (g kg−1) × (ATS − ATC)/ATF (1)

where TNF (g kg−1) represents the residual fertilizer N content in the soil, TN (g kg−1)
represents the total nitrogen content in the soil, ATS represents the 15N abundance (%), ATC
represents the natural 15N abundance (%) of the labeled soil sample, and ATF represents
the 15N abundance (%) of the fertilizer N.

2.3.2. Fertilizer-Derived Fungal, Bacterial, and Total Microbial Necromass N in Soil

The calculation of the ratio of amino sugar isotopic incorporation into the soil is as
follows:

APEAS = (RS − RC)/[1 + (RS − RC)] × 100 (2)

where RS is the isotopic enrichment ratio of the soil sample with labeled nitrogen fertilizer,
and Rc is the isotopic ratio of the corresponding amino sugar in the blank soil during the
same measurement.

The content of amino sugar in the fertilizer sources is calculated as follows:

ASF (mg kg−1) = AST (mg kg−1) × APEAS/ATF (3)

In the formula, ASF (mg kg−1) represents the content of glucosamine (GluN) or
muramic acid (MurN) in the soil from the fertilizers, AST (mg kg−1) represents the content
of glucosamine (GluN) or muramic acid (MurN) in the soil, APEAS represents the isotopic
incorporation ratio of glucosamine (GluN) or muramic acid (MurN) in the soil, and ATF
represents the isotopic abundance of N in the fertilizers.

The nitrogen content of fertilizer-derived fungi, bacteria, and total microbial residue
in the soil is calculated as follows:

FRN (g kg−1) = (GluN (g kg−1)/179.2 − 2 × MurN (g kg−1)/251.23) × 179.2 × 1.08 (4)

BRN (g kg−1) = MurN (g kg−1) × 9.8 (5)

MRN (g kg−1) = FRN (g kg−1) + BRN (g kg−1) (6)

FRNF (mg kg−1) = FRN (mg kg−1) × APEGluN/ATF (7)

BRNF (mg kg−1) = BRN (mg kg−1) × APEMurN/ATF (8)

MRNF (mg kg−1) = FRNF (mg kg−1) + BRNF (mg kg−1) (9)

where FRN (g kg−1) represents the nitrogen content of the fungal microbial residues, BRN
(g kg−1) represents the nitrogen content of the bacterial microbial residues, and MRN
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(g kg−1) represents the total nitrogen content of the microbial residues; FRNF (mg kg−1)
represents the nitrogen content of the fungal microbial residues from fertilizer sources,
BRNF (mg kg−1) represents the nitrogen content of the bacterial microbial residues from
fertilizer sources, and MRNF (mg kg−1) represents the total nitrogen content of the microbial
residues from fertilizer sources; GluN (mg kg−1) represents the content of glucosamine in
the soil fungi, MurN (mg kg−1) represents the content of muramic acid in the soil; APEGluN
represents the 15N isotopic incorporation ratio of glucosamine, and APEMurN represents
the 15N isotopic incorporation ratio of muramic acid.

2.4. Statistical Analysis

All experimental data were collated using Microsoft Excel 2016, and a one-way
ANOVA was used to test the influence of different treatment methods on soil-related
factors using SPSS 21.0 software. When p < 0.05, it indicates that the treatment groups have
reached a significant level of difference. Origin 2023 software was used to draw relevant
graphs. The dismo package in R version 4.1.2 was used for random forest model analysis
to evaluate the relative importance of relevant variables in determining wheat nitrogen
absorption. Amos 24 software was used to construct a structural equation model, and the
maximum likelihood estimation method was selected to fit the measurement data into the
model.

3. Results
3.1. Effects of Long-Term Different N Application on Crop Yield and N Uptake

We observed that the wheat yield showed an upward trend when the N application
rate increased from 0 to 200 kg N ha−1, but when the N application rate exceeded 200 kg N
ha−1, the wheat yield began to show a downward trend. Although there was no significant
difference in wheat yields among N150, N200, and N300, regression analysis showed
that the relationship between the wheat grain yield and the nitrogen application rate
was a monotonically increasing quadratic function. Therefore, it was inferred that the
N application rate for the highest wheat yield in this region should be 203.18 kg N ha−1

(Figure 2a). When the N application rate increased from 150 kg N ha−1 to 300 kg N ha−1,
the total N uptake of the wheat shoot increased by 18.07% and 7.36%, respectively, and the
N uptake of the fertilizer increased by 13.32% and 21.99%, respectively (Figure 2b).
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3.2. Effects of Long-Term Fertilization on Soil Physical and Chemical Properties

As shown in Table 1, compared with the N150 treatment, the SOC content in N200
and N300 increased by 23.14% and 12.32%, the AN content increased by 9.36% and 10.83%,
the FN content increased by 5.32% and 14.55%, the MN content increased by 21.54% and
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38.68%, while the MBN content was the lowest in N300. There was no significant difference
in the soil available potassium and phosphorus content among treatments. Soil pH in N150
was significantly higher than that in N200 and N300.

Table 1. The physical and chemical properties of 0–20 cm soil.

Factors
Treatment

N150 N200 N300

SOC (g kg−1) 9.25 ± 0.32 c 11.39 ± 0.16 a 10.39 ± 0.05 b

pH 8.53 ± 0.08 a 8.39 ± 0.01 b 8.44 ± 0.03 ab

AP (mg kg−1) 35.41 ± 2.83 a 35.02 ± 3.10 a 34.85 ± 3.18 a

AK (mg kg−1) 125.80 ± 2.90 a 130.85 ± 5.75 a 132.81 ± 2.18 a

AN (mg kg−1) 123.23 ± 2.24 b 134.76 ± 6.20 a 136.58 ± 7.19 a

FN (mg kg−1) 148.76 ± 0.73 c 156.68 ± 0.53 b 170.41 ± 0.49 a

MN (mg kg−1) 33.39 ± 1.50 c 40.59 ± 3.14 b 46.31 ± 3.48 a

MBN (mg kg−1) 2.96 ± 0.18 a 3.25 ± 0.12 a 2.51 ± 0.18 b
SOC refers to soil organic carbon, pH refers to soil acidity and alkalinity, AP refers to soil available phosphorus,
AK refers to soil available potassium, FN refers to soil fixed ammonium, MN refers to soil mineral nitrogen,
and MBN refers to soil microbial biomass nitrogen. The means and standard errors are shown (n = 3). Different
lowercase letters indicate significant differences between treatments (p < 0.05).

3.3. Dynamics of Soil TN and MRN Pools and Fertilizer N in Those Pools

The content of TN and TNF in each treatment soil showed a slow decreasing trend
with the progress of the wheat growth period. The soil TN content of N200 and N300
was significantly higher than that of N150, while there was no significant difference in
the soil TN content between N200 and N300 treatments. By the harvest stage, the soil
TN of N200 and N300 increased by 24.43% and 18.73%, respectively, compared to N150.
The TNF content of N300 was significantly higher than that of N150 and N200, and the
TNF content of N300 increased by 42.14% and 59.70%, respectively, compared to N150 and
N200 (Figure 3a,d). Compared to soil TN and TNF, the changes in MRN and MRNF of
each treatment showed a trend of first increasing and then decreasing with the progress
of the growth period. The period from the booting stage to the filling stage of wheat
is a critical period for the accumulation of soil MRN. After the filling stage, soil MRN
is mineralized, while the soil TN pool remains stable, indicating that mineralized MRN
replenishes other N pools. There were no significant differences in the MRN and MRNF
contents of N200 and N300, and both were significantly higher than N150. Compared with
the N150 treatment, the final retention of MRN in the soil increased by 28.22% and 20.13%
for N200 and N300, and the retention of soil MRNF increased by 100.59% and 173.57%,
respectively (Figure 3b,e). The soil MRN pool is of great significance in maintaining the
stability of the soil TN pool. We observed that at harvest, the soil MRN to TN ratio of N150,
N200, and N300 was 54.87%, 56.55%, and 55.47%, respectively, with N200 having a higher
MRN to TN ratio than N150 and N300 (Figure 3c). The MRNF to TNF ratio was 27.10%,
47.50%, and 46.33%, respectively, with N200 having a higher MRNF to TNF ratio than N150
and N300 (Figure 3f).
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3.4. Dynamics of Soil FRN and BRN Pools and Fertilizer N in Those Pools

Similarly, the period from the booting stage to the filling stage of wheat is a critical
period for the accumulation of soil FRN and BRN. Both the soil FRN and BRN contents
showed that N200 and N300 were significantly higher than N150, but there was no signifi-
cant difference between N200 and N300. The soil FRNF and BRNF contents also showed
the same trend among the treatments. After the filling stage, the mineralization of soil FRN
occurred mainly, while the soil BRN content remained relatively stable. Compared with the
N150 treatment, the final retained soil FRN content of N200 and N300 increased by 25.33%
and 12.40%, respectively. The soil BRN retention increased by 45.14% and 48.61%, respec-
tively, and the soil FRNF retention increased by 141.29% and 202.48%, respectively. The soil
BRNF retention increased by 66.84% and 149.60%, respectively (Figure 4a–e). The ratio of
FRN to BRN can reflect the relative contributions of fungal and bacterial microorganisms
to the conversion of fertilizer nitrogen. It can be seen that fungal microorganisms dominate
the accumulation of microbial residue nitrogen during the wheat growth period, and the ac-
cumulation of microbial residue nitrogen by bacterial microorganisms gradually increases
as the wheat growth period progresses. The average ratios of FRN to BRN for N150, N200,
and N300 during the entire observation period were 2.87, 3.04, and 2.83, respectively, and
the average ratios of FRNF to BRNF were 1.74, 1.66, and 1.27, respectively. It can be seen
that the contribution of bacterial microorganisms to soil MRNF accumulation relative to
fungal microorganisms is greater than the contribution of bacterial microorganisms to soil
MRN accumulation relative to fungal microorganisms (Figure 4c,f).
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3.5. Dynamic Changes in the Efficiency of Fertilizer Nitrogen-Synthesizing Microbial Residue
Nitrogen Driven by Different Long-Term Nitrogen Application Levels

During the entire observation period, the efficiency of microbial utilization of fertilizer
N to synthesize MRN was highest under N200 treatment. Ultimately, the efficiency of
the microbial utilization of fertilizer N to synthesize MRN in N150, N200, and N300 was
6.77%, 10.24%, and 9.26%, respectively (Figure 5c). The efficiency of fertilizer N synthesis
of FRN under N200 treatment was 5.58%, and the efficiency of BRN synthesis was 4.65%
(Figure 5a,b).
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different time periods under the same treatment (p < 0.05).

3.6. Dynamics of Rhizosphere Soil MRN, FRN, and BRN Pools and Fertilizer N in Those Pools

In the rhizosphere soil, the MRN content at the three stages was always significantly
higher for N200 and N300 than for N150, while there was no significant difference between
N200 and N300. The MRN content of N200 increased by 43.48%, 44.02%, and 21.49% in
the jointing stage, the filling stage, and the harvest stage, respectively, compared to the
corresponding period for N150, and the MRN content of N300 increased by 41.89%, 41.29%,
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and 21.45%. The rhizosphere effect of the MRN content in the rhizosphere soil of the three
treatments was significant in the jointing stage and harvest stage, while the rhizosphere
effect was not significant in the filling stage (Figure 6c). Specifically, the treatment of the
rhizosphere soil FRN content showed significant rhizosphere effects at both the jointing
stage and harvest stage, while negative rhizosphere effects were observed at the filling
stage (Figure 6a). The rhizosphere effect of BRN content in the rhizosphere soil of each
treatment during the grain filling stage was weaker than that during the jointing stage and
harvest stage. (Figure 6b); the rhizosphere soil MRNF content gradually increased with
the growth stage, with N300 > N200 > N150 among the treatments, and showed strong
rhizosphere effects (Figure 6f). Specifically, the soil FRNF content of N200 reached a level
comparable to that of N300 at both the jointing stage and harvest stage, and the soil BRNF
content of N200 reached a level comparable to that of N300 at the filling stage (Figure 6d,e).
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Figure 6. The dynamic changes in the FRN content in the rhizosphere soil (a), the dynamic changes
in the BRN content in the rhizosphere soil (b), the dynamic changes in the MRN content in the
rhizosphere soil (c), the dynamic changes in the FRNF content in the rhizosphere soil (d), the dynamic
changes in the BRNF content in the rhizosphere soil (e), and the dynamic changes in the rhizosphere
soil MRNF content (f). Different lowercase letters indicate significant differences between treatments
(p < 0.05), and + (p < 0.05), ++ (p < 0.01), and +++ (p < 0.001) indicate positive roots. In the same way,
− represents a negative rhizosphere effect.

3.7. Correlation between Crop Nitrogen Uptake and Soil Biotic and Abiotic Factors

The addition of nitrogen fertilizer can supplement soil nutrient content and signifi-
cantly affect the absorption of nitrogen by wheat. However, the correlation between the
overall nitrogen uptake of wheat and the nitrogen uptake of fertilizer is not the same for
each explanatory variable. SOC, MRN, and FRN have a direct and significant positive
correlation with the total nitrogen uptake of wheat, while pH has a direct and significant
negative correlation with the overall nitrogen uptake of wheat (Figure 7a). The random
forest model shows that FRN, pH, SOC, MN, and TN are the top five factors explaining
the total nitrogen uptake of wheat in order (Figure 7c). FN and BRN have a direct and
significant positive correlation with the nitrogen uptake of wheat fertilizer (Figure 7b).
The random forest model indicates that soil AN, BRN, FN, MN, and pH are the top five
factors explaining the nitrogen uptake of the wheat fertilizer in order (Figure 7d). The
results of the path analysis showed that there were two main transformation pathways
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affecting the uptake of nitrogen by wheat after nitrogen was added to the soil. One was
a direct effect on the available nitrogen components (AN and MN), while the other was
through the temporary storage of nitrogen in the “Immobilized N pool”, which included
two mechanisms: microbial retention (MRN and MBN) and physical retention (FN). The
nitrogen in the retention pool could be released through mineralization or crystallization to
replenish the available nitrogen pool and provide nitrogen for the wheat (Figure 8).
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Figure 8. Direct and indirect pathways of different forms of nitrogen pools affecting the uptake of
total nitrogen by the wheat shoot (a) and direct and indirect pathways of different forms of nitrogen
pools affecting the uptake of fertilizer nitrogen by the wheat shoot (b). The direction of the arrow
indicates the direction of the path, and the value next to the arrow indicates the standardized path
coefficient, with significant effects: ** p < 0.01.
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4. Discussion
4.1. The Effect of Different Nitrogen Levels on Microbial Residue

Soil microorganisms mediate the dynamics of microbial residues through the cell
pathways of the nutrient-uptake material and synthesis, proliferation, and death [31]. The
balance between the production and decomposition of soil microbial residues determines
their ultimate accumulation level [20,28,32]. A number of meta-analyses have emphasized
that the addition of nitrogen in the farmland ecosystem increases the content of soil mi-
crobial residues, and the response of microbial residues and biomass to nitrogen addition
increases with the increase in the nitrogen addition rate (0–800 kg N ha−1a−1), and there
is a two-way positive effect between the two [26,33,34]. In this study, long-term nitrogen
application was beneficial to the accumulation of soil microbial residues, but the conversion
and utilization of nitrogen by microorganisms did not continue to increase with the increase
in the nitrogen application level (Figure 3b). This is consistent with the results of Hu et al.
in the rice–wheat system and Anning et al. in the farmland soil of the Loess Plateau [25,26].
Zhang et al.’s research results in tropical forest ecosystems showed that high-level nitrogen
addition decreased the accumulation of soil microbial residues compared to medium-level
nitrogen addition [35]. The application of nitrogen fertilizer increased the total nitrogen
content in soil (Table 1) and improved the effectiveness of nitrogen, and microorganisms
can use nitrogen sources to increase their own biomass [33,36]. As the amount of nitrogen
applied increases, the pH of the soil gradually decreases (Table 1). Long-term high-level ni-
trogen application may inhibit the growth of microorganisms due to ammonia toxicity [37].
At the same time, as more and more nitrogen is applied, the growth of soil microorganisms
is limited by carbon in the soil. Microbial residues serve as a “carbon source” and are
excavated by microorganisms to rebuild biomass [38,39], which affects the production and
degradation of soil microbial residues. SOC in the N200 treatment is higher than that in
other treatments, which may alleviate the carbon limitation of microbial growth (Table 1).
In addition, other studies have also shown that when adding other exogenous nutrients
such as crop straw and manure to farmland, the addition ratio is not linearly related to
the maintenance of microbial biomass and microbial residue, and the appropriate addition
amount is more conducive to the production and retention of the microbial residue [40–43].
The efficiency of nitrogen conversion from fertilizer nitrogen to microbial residue nitrogen
and the contribution of microbial residue nitrogen to soil nitrogen retention can indicate
that the soil microorganisms in the N200 treatment exhibit a strong capture and carrying
capacity for fertilizer nitrogen (Figure 5a). Fungal and bacterial microorganisms have speci-
ficities in nitrogen utilization and in vitro modification, as well as in their retention in soil.
Our results indicate that the microbial fixation of soil fertilizer nitrogen during the growth
period of wheat mainly relies on fungal microorganisms, while bacterial microorganisms
quickly emerge as a key factor in the retention of fertilizer nitrogen during the rapid growth
period of wheat (Figure 4c,f).

4.2. The Effect of Microbial Residue Nitrogen on Crop Nitrogen Uptake

Sustainable crop growth cannot rely solely on the mineralization of soil nitrogen
reservoirs. Our results show that the contribution of soil microbial residue nitrogen to soil
nitrogen reservoirs can exceed 50%, confirming the prominent role of microbial residue in
soil nitrogen conservation (Figure 3c). Although the differences in wheat yield among N150,
N200, and N300 treatments were not significant, significant differences in wheat nitrogen
absorption were observed among the treatments (Figure 2). Fungal and bacterial microbial
residues have different regulatory effects on wheat nitrogen absorption from different
sources of nitrogen, and correlation analysis and random forest models show that soil
fungal microbial residue nitrogen is significantly positively correlated with wheat nitrogen
absorption and accounts for 27.40% of the weight (Figure 7a,c), while soil bacterial microbial
residue nitrogen is significantly positively correlated with wheat nitrogen absorption and
accounts for 17.80% of the weight (Figure 7b,d). The results of Ma et al. showed that
the reduction in microbial residue nitrogen was significantly positively correlated with
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the insufficient absorption of crop nitrogen. Microbial residue nitrogen has the ability to
compensate for crop nitrogen demand through decomposition and mineralization, but
its role in soil nitrogen remains primarily conservation [39]. We found that 21.13% and
22.91% of the MRN in N200 and N300, respectively, were mineralized during the rapid
growth stage of wheat (from the filling stage to the harvest stage), while only 12.39% of the
MRN in N150 was mineralized. However, N150 had 19.71% of the soil MRN mineralized
during the tillering stage to the jointing stage, and the mineralization ratio was much
higher than that of N200 and N300 (Figure 3b). At the harvest stage, the soil TN, AN, and
MN contents of N200 and N300 were at the same level, both higher than that of N150
(Figure 3a and Table 1), indicating that MRN mineralization replenished the soil available
nitrogen, and N200 had the same ability as N300 to compensate for crop nitrogen demand
through soil microbial residue nitrogen. However, N150 had a large amount of soil MRN
mineralized during the early growth stage of wheat, resulting in insufficient replenishment
of nitrogen availability during the rapid growth stage of wheat, which contributed to
the differences in wheat nitrogen absorption among the treatments. Although soil BRN
(booting stage) begins to mineralize earlier than soil FRN (filling stage), the amount of
soil FRN mineralization is greater (Figure 4a,b). Studies have shown that carbon from
fungal necrotic material is more common in bacteria than fungi [44]. Here we believe that
the impact of the microbial residue nitrogen pool as a “transitional pool” on soil nitrogen
availability during the wheat growth period includes two aspects. First, nitrogen in the
“transitional pool” is directly converted into available nitrogen and utilized by plants
and microorganisms [45]. Second, due to the rapid turnover of bacterial microorganisms,
some stable fungal residue nitrogen forms are converted to relatively easily decomposable
bacterial residue nitrogen forms [24,46]. During the wheat growth period, the newly
formed microbial residue nitrogen from fertilizer nitrogen in N200 and N300 treatments
mineralizes before the soil background microbial residue nitrogen, and the mineralization
amplitude of the newly formed microbial residue nitrogen from fertilizer nitrogen is higher
than that of the background microbial residue nitrogen, which may be due to the formation
of soil microbial residue nitrogen that is less protected by soil aggregates and mineral
particle adsorption [47–49]. However, only a small amount of MRNF mineralized under
the N150 treatment (Figure 3e), which may be related to the low nutrient availability of
the N150 treatment, which is not conducive to microbial activity [26]. From the emergence
stage to the flowering stage of wheat, the retention effect of bacterial microorganisms
on fertilizer nitrogen is more prominent than that of fungal microorganisms, and then
from the flowering stage to the harvest stage, soil BRNF releases the fertilizer nitrogen
slowly and effectively, which is beneficial for wheat absorbing fertilizer nitrogen (Figure 4e).
In the rhizosphere soil, there is a significant negative rhizosphere effect of soil FRN at
the filling stage, while soil BRN has a significant positive rhizosphere effect, indicating
that bacterial microorganisms in the wheat rhizosphere utilize soil FRN rapidly. At the
same time, microbial residue nitrogen formed by fertilizer nitrogen had significant positive
rhizosphere effects and gradually increased over time (Figure 6), indicating that rhizosphere
soil microorganisms were in an active state, and nitrogen in the non-root zone migrated to
the root zone, providing a guarantee for the crop absorption of fertilizer nitrogen.

5. Conclusions

Based on a 14-year long-term location fertilization experiment, combining microbial
residue with 15N-labeling technology, the dynamic changes of MRN from different sources
during the growth period of wheat under different N levels were evaluated. We found
that the addition of 200 kg N ha−1 to farmland in the North China Plain is an effective
measure to improve the N fixation and transformation of microorganisms, which ensures
the wheat yield and provides a theoretical basis for guiding agricultural practice in the
region. The contribution of MRN to soil TN and the retention of fertilizer N applied
during the current season are significant. It mainly forms a transitional N pool through
the accumulation of FRN. During the slow growth stage of wheat, it mainly shows an
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accumulation effect, and during the rapid growth stage, it begins to mineralize and provide
N for crops. In conclusion, our research results are helpful for understanding the impact
of soil microbial residue accumulation on soil fertility improvement from a mechanism
perspective. Compared with fertilizer nitrogen input, straw crushing and returning is also
an important nitrogen input method for farmland in the North China Plain. We hope to
comprehensively evaluate the long-term and short-term impacts of different exogenous
nitrogen inputs on the soil microbial residue nitrogen pool in the future, to evaluate more
cost-effective agricultural practices.
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