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Abstract: Straw return is an important farmland management practice that influences the activity
of soil nitrogen. Few studies have examined the distribution of soil nitrogen and its components in
wheat–rice cropping fields in subtropical China. This study assesses the influence of different years
of straw return on the distribution and variation of total soil nitrogen (TN), light fraction nitrogen
(LFN), heavy fraction nitrogen (HFN), particulate nitrogen (PN), and mineral-bound nitrogen (MN).
We conducted a field experiment with eight years of straw retention treatments in 2017 (no straw
retention, NR; 1 year of straw retention, SR1; 2 years of straw retention, SR2; 3 years of straw retention,
SR3; 4 years of straw retention, SR4; 5 years of straw retention, SR5; 6 years of straw retention, SR6;
7 years of straw retention, SR7) and one more treatment in 2018 (8 years of straw retention, SR8) in
a rice–wheat cropping system at Yangzhou University Experimental Station in China. The results
demonstrated that as the number of years of treatment increases, the content of TN, LFN, HFN, PN,
and MN at each soil layer gradually increases. Compared with NR, the highest increase in TN, LFN,
HFN, PN, and MN under SR1-SR8 in the 0–20 cm soils was 38.10%, 150.73%, 35.61%, 79.97%, and
27.71%, respectively, but increases in TN, HFN, and MN content gradually slowed after six years of
straw return. The contents or variation of TN were extremely significantly correlated (p < 0.01) with
that of LFN, HFN, PN, and MN, while LFN had the highest variation. In general, straw return could
improve the quality of the 0–20 cm nitrogen pool. LFN was the best indicator of changes to the soil
nitrogen pool affected by years of straw return.

Keywords: rice–wheat cropping; soil active nitrogen components; light fraction nitrogen; heavy
fraction nitrogen; particulate nitrogen; mineral-associated nitrogen

1. Introduction

Nitrogen is an important element for crop growth and is an important factor in
agricultural non-point source pollution [1]. Excessive application of nitrogen fertilizers
for intensive agricultural production has become a major threat to both ecosystems and
human health in China [2]. Improving the soil nitrogen pool can reduce nitrogen fertilizer
application, improve soil nitrogen supply potential, and protect the environment from the
negative impacts of nitrogen loss [3]. Crop straw is rich in nutrients, and returning straw to
the field can add additional nitrogen into the soil, increase nitrogen storage in the soil, and
affect the soil nitrogen pool and soil productivity [4–6]. The authors of [7] reported that
compared with no straw return, rice straw return could increase the soil available nitrogen
content by 27.5% and total nitrogen content by 10.8%, an effect that was more obvious
in the 0–20 cm soil layer. The authors of [8] also reported that wheat straw return could
promote nitrogen fixation, improve soil nitrogen accumulation, and reduce total gaseous
nitrogen loss. The authors of [9] showed that continuous straw return could improve soil
total nitrogen content, but that total nitrogen content did not gradually increase as straw
return years increased.
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Total nitrogen (TN) can be used to measure the size of the soil nitrogen pool, but
it cannot fully reflect its quality and characterize its changes [5]. In contrast, soil active
nitrogen components are more sensitive to farming management and are an important
indicator of soil nitrogen pool changes [10–12]. The soil particulate fraction primarily
consists of partially degraded plant fragments. The activity of particulate nitrogen (PN) in
soil particulate fraction is between active organic nitrogen and inert organic nitrogen, which
is sensitive to management measures [13,14] and has received extensive attention due to its
close relationship with soil nitrogen supply capacity and nitrogen mineralization [11,15,16].
Mineral-associated nitrogen (MN) is a stable component and is an important factor in
determining the ability of soil to continuously and steadily supply nitrogen [13,17]. The soil
light fraction is primarily composed of newly synthesized organic matter. Light fraction
nitrogen (LFN) in the light fraction has strong biological activity and is the source of
mineralizable nitrogen in the soil, which is extremely sensitive to changes in management
measures [12,18]. Heavy fraction nitrogen (HFN) is a stable component, and a sink of
mineralizable nitrogen in the soil. The authors of [11] suggested that increasing carbon
and nitrogen content in soil particulate fractions could be key to enhancing long-term
sustainable soil use in intensive cropping fields. Straw return significantly affected the
content of soil nitrogen components. In a study by the authors of [19], the authors conducted
a 22-year experiment on black soil in northeast China. They found that straw return
combined with N, P, and K fertilizer significantly improved soil PN content and PN/TN
ratio compared with N, P, and K fertilizer treatment. The authors of [13] demonstrated that
straw return under conventional tillage increased the PN content of the 0–20 cm soil but
had no significant effect on the MN content. The authors of [20] reported that straw return
significantly increased soil LFN content. The authors of [21] showed that straw return led
to a decrease in the proportion of LFN in soil nitrogen and an increase in the proportion of
HFN. An in-depth study of the distribution and change of different nitrogen components
in farmland soil can more accurately evaluate the nitrogen supply capacity of the soil and
clarify the mechanism of soil nitrogen pool change.

Multiple cropping systems can improve the utilization rate of cultivated land and
guarantee grain yield. In the rice–wheat cropping system in China, the intensified rice–
wheat cropping system guarantees sustainably high and stable crop yields. However, soil
fertilizer is also expensive and causes soil degradation [22]. Establishing a reasonable
straw management system is important for improving the quality of the soil nitrogen pool,
enhancing the soil nitrogen supply capacity, and implementing sustainable agricultural
development in a rice–wheat cropping system. Some previous studies have examined
the effects of straw return on soil total nitrogen [23,24], but few studies have assessed the
effects of straw returning years on nitrogen components such as LFN, HFN, PN, and MN
in this area. Variations in the characteristics of each nitrogen component as straw return
years increase remain unclear. This study will clarify the distribution characteristics of
soil nitrogen among different components by comparing the distribution characteristics
and variation of soil TN, LFN, HFN, PN, and MN under different treatments of years of
straw return. Additionally, we analyzed the relationship of content and variation between
total nitrogen and nitrogen components to provide a theoretical basis for establishing a
reasonable straw return system in the rice–wheat cropping area.

2. Materials and Methods
2.1. Site Description

The experiment was conducted at Yangzhou University, Jiangsu Province, China
(32◦23′ N, 119◦25′ E) from 2010 to 2018, using a rice–wheat rotation field where straw
return had not been applied. This area has a subtropical monsoon climate, with a total
accumulated temperature of 2519 ◦C, total precipitation of 679 mm, and total sunshine
duration of 1142 h from late October 2016 to late May 2017 (the whole wheat growth
period). From the end of October 2017 to the end of May 2018 (the whole wheat growth
period), the total accumulated temperature was 2398 ◦C, the total precipitation was 445 mm,
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and the total sunshine duration was 1261 h. The predominant soil was classified as a
Stagnic Anthrosol [25]. Soil samples were obtained from the 0–20 cm soil layer in 2010 and
provided estimates for basic soil properties: bulk density (1.45 g cm−3); pH in H2O (7.21);
and dry soil contents of SOC (15.73 g kg−1), total N (TN, 1.24 g kg−1), available potassium
(16.32 mg kg−1), and available phosphorus (146.12 mg kg−1). Rice–wheat is the dominant
cropping system in this area.

2.2. Experimental Design

The experiment included eight treatments in 2017: no straw returning (NR) and
one (SR1), two (SR2), three (SR3), four (SR4), five (SR5), six (SR6), and seven (SR7) consecu-
tive years of rice straw returning. In 2018, there were eight (SR8) consecutive years of straw
returning. Each treatment was established with a completely randomized block design
with three repetitions. For each straw return treatment, an annual amount of 9000 kg/hm2

(fresh weight) rice residue was applied to a soil depth of 10 cm. Wheat straw was removed
after harvest for paper making.

The wheat variety used was Yangfumai 4. The total amount of nitrogen applied during
wheat growth was 240 kg/hm2, of which 50% was applied as basal fertilizer, 10% was
applied during the tillering stage, 20% was applied during the jointing stage, and 20%
was applied during the booting stage. Phosphate fertilizer (P2O5) and potassium fertilizer
(K2O) were applied in amounts of 90 kg/hm2, and 150 kg/hm2, respectively, where 50%
of each fertilizer was applied as a base fertilizer and the other 50% was applied during
the jointing stage. The fertilization regime for the rice crop was the same as that of wheat,
except that 150 kg/hm2 of urea was applied at the tiller and booting stages.

2.3. Sampling and Analysis

Soil samples (5 sample replicates at the same depth per plot were mixed into one sam-
ple) were obtained from the 0–5, 5–10, and 10–20 cm soil after wheat harvest in May 2017
and May 2018. TN content was determined by the Sei-micro Kjeldahl Method [26]. PN was
determined using the 5 g/L sodium hexametaphosphate dispersion method [27], and MN
was the difference between TN and PN. LFN was determined using the density grouping
method [28], and HFN was the difference between TN and LFN.

The variation rate (%) was adopted for the sensitivity analysis of TN and its compo-
nents to straw return, which was calculated using Equation (1) as follows [29]:

Variation rate =
Ci − Ci,NR

Ci,NR
× 100% (1)

where variation rate is the variation rate of contents of TN or its components to a certain
depth; Ci is the concentration of TN or its components at layer “i” (i = 1, 2, and 3, represent
0–5, 5–10, and 10–20 cm, respectively); Ci,NR is the concentration of TN or its components
in NR at layer “i.”

The grain yield was determined at a water content of 12% after manually harvesting
the three central areas from each plot with an area of 1.2 m2.

2.4. Statistical Analyses

The data presented in this study come from mean values collected in 2017 and 2018 at
depths of 0–5, 5–10, and 10–20 cm. Statistical calculations and analyses were performed
using Excel 2013 and SPSS 17.0. The differences of soil TN, LFN, HFN, PN, and MN contents
under different treatments at the same soil layer and at different soil layers under the same
treatment were tested by a one-way analysis of variance (ANOVA) with a least-significant
difference (LSD). The Pearson coefficient was used for correlation analysis between the
contents or variation of TN and LFN, HFN, PN, and MN. Linear regression analysis was
used to quantify the relationship between wheat yield and the contents of TN and LFN,
HFN, PN, and MN.
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3. Results
3.1. Soil Total Nitrogen

Soil TN content in each treatment decreased as soil depth increased (Figure 1), and
significant differences were found among all soil layers under each treatment except
between the 0–5 cm and 5–10 cm soil layer under SR4 treatment in 2017 and between the
0–5 cm and 5–10 cm soil layer under SR7 treatment in 2018 (p < 0.05), which was mainly
due to the nitrogen absorption of wheat roots in the 5–20 cm soil layer being higher than
in the 0–5 cm soil, and the distribution density of straw in the 10–20 cm soil was higher
than in the 0–5 cm and 5–10 cm soil. In 2017, the TN content in all soil layers increased
with the increase in straw return years. Compared with NR, the TN content of SR1-SR7
treatments increased by 1.75–26.62% in the 0–5 cm soil layer, 3.49–33.59% in the 5–10 cm
soil layer, and 6.60–38.10% in the 10–20 cm soil layer. In 2018, the TN content in each soil
layer increased with the increase in straw return years, primarily due to the input of extra
nitrogen into the soil by straw return. Compared with NR, the TN content of SR6 and SR8
treatment increased by 19.45% and 22.00% in the 0–5 cm soil layer, 26.12% and 28.62% in
the 5–10 cm soil layer, and 19.79% and 22.48% in the 10–20 cm soil layer. This indicates
that the growth rate decreased since SR6, which was primarily related to the increase in
nitrogen decomposition.
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Figure 1. Depth distribution of soil total N concentrations with different treatments of straw return
years. NR, no straw retention; SR1-SR8 is straw retention treatment for 1–8 years, respectively.
Different letters over bars indicate a significant difference between treatments at the same soil depth
at p < 0.05.

3.2. LFN and HFN

Compared with NR in 2017 (Figure 2), the LFN content in the SR1-SR7 treatments
changed by −2.37–114.23% in the 0–5 cm soil layer, 10.22–150.73% in the 5–10 cm soil layer,
and 3.29–115.34% in the 10–20 cm soil layer. Significant differences were found since SR3 in
the 0 ~ 5 cm and 10 ~ 20 cm soil layers, and since SR1 in the 5 ~ 10 cm soil layer (p < 0.05).
In 2018, compared with NR, the LFN content of SR6 and SR8 increased by 100.23% and
141.26% in the 0–5 cm soil layer, 114.02% and 142.82% in the 5–10 cm soil layer, and 90.73%
and 105.04% in the 10–20 cm soil layer, respectively. This indicates that the growth rate of
LFN at 10–20 cm decreased since SR6.

The content of soil HFN decreased as soil depth increased, and significant differences
were found among all soil layers under each treatment except between the 0–5 cm and
5–10 cm soil layer under SR4 treatment in 2017 and between the 0–5 cm and 5–10 cm soil
layer under SR7 treatment in 2018 (p < 0.05). Compared with NR in 2017, the HFN content
of SR1-SR7 treatments increased by 1.90–23.24% in the 0–5 cm soil layer, 3.24–29.32% in the
5–10 cm soil layer, and 3.24–29.32% in the 10–20 cm soil layer. In 2018, compared with NR,
the HFN content of SR6 and SR8 increased by 16.59% and 17.78% in the 0–5 cm soil layer,
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22.91% and 24.66% in the 5–10 cm soil layer, and 17.50% and 19.82% in the 10–20 cm soil
layer, respectively. This indicates that the growth rate decreased since SR6.
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Figure 2. Depth distribution of soil LFN and HFN concentrations with different treatments of straw
return years. Different letters over bars indicate a significant difference between treatments at the
same soil depth at p < 0.05.

3.3. PN and MN

In 2017, the PN content of each treatment first increased and then decreased as the soil
depth increased (Figure 3), and significant differences were found between the 5–10 cm and
10–20 cm soil layer under each treatment and between the 0–5 cm and 5–10 cm soil layer
under NR, SR4, SR6, and SR7 (p < 0.05). The PN content in each soil layer increased as the
straw return years increased. Compared with NR, the PN content of SR1-SR7 treatments
changed by 4.92–60.38% in the 0–5 cm soil layer, 1.81%-73.94% in the 5–10 cm soil layer,
and −4.34–79.97% in the 10–20 cm soil layer. In 2018, as the straw return years increased,
the PN content in each soil layer showed an increasing trend. Compared with NR, the PN
content of SR6 and SR8 increased by 34.28% and 47.35% in the 0–5 cm soil layer, 52.59%
and 60.68% in the 5–10 cm soil layer, and 42.25% and 64.66% in the 10–20 cm soil layer,
respectively. This indicates that the rate of PN increase in the 5–10 cm soil layer decreased
since SR6.

The MN content of each treatment decreased as the soil depth increased, and significant
differences were found among each soil layer under each treatment in both years (p < 0.05).
However, as the straw return years increased, the MN content in each soil layer increased.
Compared with NR, the MN content of the SR1-SR7 treatments increased by 1.14–20.38% in
the 0–5 cm soil layer, 3.88–24.14% in the 5–10 cm soil layer, and 9.31–27.71% in the 10–20 cm
soil layer in 2017. In 2018, compared with NR, the MN content of SR6 and SR8 increased by
16.13% and 16.33% in the 0–5 cm soil layer, 19.57% and 21.49% in the 5–10 cm soil layer,
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and 14.20% and 12.01% in the 10–20 cm soil layer, respectively. This indicates that the MN
growth rate decreased since SR6, and that the MN content of SR7 and SR8 in the 10–20 cm
soil layer was lower than that of SR6.
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Figure 3. Depth distribution of soil PN and MN concentrations with different treatments of straw
return years. Different letters over bars indicate a significant difference between treatments at the
same soil depth at p < 0.05.

3.4. Variation of TN and Its Components

Pearson correlation coefficients of LFN, HFN, PN, and MN contents with TN contents
were 0.945, 0.999, 0.755, and 0.965 (p < 0.01) in 2017, and 0.906, 0.997, 0.730, and 0.950
(p < 0.01) in 2018, respectively (Table 1). This indicates that these four components can be
used as indicators of total nitrogen change.

Table 1. Pearson correlation coefficients among soil TN contents and soil total nitrogen components.

2017 2018

LFN HFN PN MN LFN HFN PN MN

TN 0.945 ** 0.999 ** 0.755 ** 0.965 ** 0.906 ** 0.997 ** 0.730 ** 0.950 **

Note: ** Pearson correlation is significant at the p < 0.01 level.

As shown in Table 2, the variation of TN, LFN, HFN, PN and MN were 1.75–38.10%,
−2.37–150.73%, 1.90–35.61%, −5.63–79.97%, and 1.14–27.71%, respectively. The soil LFN
varied more than soil TN and HFN, PN, and MN in the 0~20 cm soil layer, which showed
the highest sensitivity to straw returning years, followed by PN. The sensitivity of HFN
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and MN was low. The variation of soil TN was significantly correlated with that of LFN,
HFN, PN, and MN (p < 0.01) (Table 2). The correlation with HFN variation was the highest,
with Pearson coefficients of 0.999 (2017) and 0.995 (2018); followed by MN, with Pearson
coefficients of 0.983 (2017) and 0.923 (2018); LFN, with Pearson coefficients of 0.968 (2017)
and 0.916 (2018); and PN, with Pearson coefficients of 0.957 (2017) and 0.891 (2018).

Table 2. Variation of TN, LFTN, HFTN, PTN, and MTN with treatments of different straw retention years.

Soil
Depth/cm Treatment

2017 2018

TN/% LFN/% HFN/% PN/% MN/% TN/% LFN/% HFN/% PN/% MN/%

0–5

NR 0 0 0 0 0 0 0 0 0 0
SR1 1.75 −2.37 1.90 4.92 1.14 4.81 9.38 4.65 −0.97 6.11
SR2 3.63 8.32 3.45 13.12 1.82 8.25 23.05 7.73 16.48 6.41
SR3 9.44 31.14 8.60 36.62 4.24 11.10 40.34 10.06 37.71 5.14
SR4 12.60 44.05 11.39 48.52 5.74 13.56 57.98 11.98 23.12 11.42
SR5 22.83 80.02 20.62 55.95 16.50 17.09 80.38 14.85 30.41 14.11
SR6 25.15 92.91 22.53 60.38 18.42 19.45 100.23 16.59 34.28 16.13
SR7 26.62 114.23 23.24 59.27 20.38 18.66 118.33 15.13 30.93 15.92
SR8 / / / / / 22.00 141.26 17.78 47.35 16.33

5–10

NR 0 0 0 0 0 0 0 0 0 0
SR1 3.49 10.21 3.24 1.81 3.88 6.86 3.91 6.96 0.66 8.39
SR2 6.59 24.73 5.93 8.23 6.20 13.49 17.88 13.33 10.34 14.27
SR3 17.14 49.70 15.95 30.67 13.97 18.82 51.85 17.62 26.92 16.82
SR4 23.93 80.10 21.89 49.01 18.06 20.57 65.88 18.92 22.27 20.14
SR5 28.77 110.10 25.81 51.50 23.45 20.35 96.36 17.58 27.63 18.55
SR6 31.75 123.57 28.40 66.47 23.61 26.12 114.02 22.91 52.59 19.57
SR7 33.59 150.73 29.32 73.94 24.14 29.38 142.82 25.25 61.30 21.49
SR8 / / / / / 28.62 137.22 24.66 60.68 20.69

10–20

NR 0 0 0 0 0 0 0 0 0 0
SR1 6.60 3.29 6.70 −4.34 9.31 5.15 1.89 5.26 −5.63 7.83
SR2 2.85 5.77 2.75 13.91 0.10 10.77 13.92 10.67 12.00 10.47
SR3 17.72 43.45 16.89 40.98 11.94 12.65 37.27 10.71 31.16 7.12
SR4 26.95 70.13 25.56 56.52 19.61 15.69 36.21 15.03 29.07 12.37
SR5 25.08 94.29 22.84 60.85 16.20 14.88 44.83 13.39 34.06 9.01
SR6 32.40 110.81 29.87 77.08 21.31 19.79 90.73 17.50 42.25 14.21
SR7 38.10 115.34 35.61 79.97 27.71 20.49 87.88 18.32 57.02 11.42
SR8 / / / / / 22.48 105.04 19.82 64.66 12.01

Pearson correlation coefficients
Variation of TN 0.968 ** 0.999 ** 0.957 ** 0.983 ** / 0.916 ** 0.995 ** 0.891 ** 0.923 **

Note: ** Pearson correlation is significant at the p < 0.01 level.

3.5. Wheat Yield

With the increase in straw return years, wheat yield first decreased and then increased
(Figure 4). This may be because when the term of straw return was short (1 or 2 years), the
straw could not be completely decomposed into organic matter, and the residual crude
fiber in the soil affected the growth of seedlings, resulting in a decrease in yield. With
the extension of straw return years, straw gradually degraded into soil and improved soil
fertility, and finally increased the wheat yield. The results of correlation analysis showed
that there were significant positive correlations between wheat yield and the contents of
TN, LFN, HFN, PN, and MN (Table 3). The results of linear regression analysis showed that
among the nitrogen components, the increase in LFN content had the highest contribution
to the increase in wheat yield, followed by PN, which may be mainly related to the activity
of each nitrogen component.
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Figure 4. Wheat yield with different treatments of straw return years. Different letters over bars
indicate a significant difference between treatments at p < 0.05.

Table 3. Correlation and regression analysis between wheat yield and contents of TN, LFN, HFN,
PN, and MN.

Soil Depth/cm Nitrogen Components Pearson’s Correlation Coefficients
with Wheat Yield Linear Regression Equation

0–5

TN 0.672 ** y = 1885.6x + 4.5381, R2 = 0.452
LFN 0.787 ** y = 12,147.0x + 6.5195, R2 = 0.6201
HFN 0.638 ** y = 2159.5x + 4.2800, R2 = 0.4075
PN 0.612 ** y = 4377.3x + 6.1077, R2 = 0.374
MN 0.666 ** y = 2873.4x + 3.8914, R2 = 0.4434

5–10

TN 0.644 ** y = 1567.8x + 5.1708, R2 = 0.4147
LFN 0.772 ** y = 11,461.0x + 6.5998, R2 = 0.5966
HFN 0.610 ** y = 1751.9x + 5.0326, R2 = 0.3722
PN 0.720 ** y = 4062.4x + 6.1620, R2 = 0.5185
MN 0.554 * y = 2244.8x + 4.8963, R2 = 0.3073

10–20

TN 0.627 ** y = 1695.4x + 5.2890, R2 = 0.3926
LFN 0.768 ** y = 18,080.0x + 6.4977, R2 = 0.5894
HFN 0.599 * y = 1801.9x + 5.2476, R2 = 0.3585
PN 0.692 ** y = 3993.6x + 6.2658, R2 = 0.4829
MN 0.491 * y = 2133.2x + 5.3588, R2 = 0.2361

Note: * Pearson correlation is significant at the p < 0.05 level. ** Pearson correlation is significant at the p < 0.01
level. In the linear regression equation, x is the contents of soil nitrogen or its component, g kg−1; y is the yield of
wheat, kg hm−2.

4. Discussion
4.1. The Effect of Straw Return Years on Soil TN

Soil nitrogen content is affected by exogenous nitrogen input, crop root absorption,
nitrogen decomposition intensity, and leaching loss [17,30]. Straw return can effectively
increase TN content in tillage soil [13,31]. This experiment demonstrated that straw return
could effectively increase the TN content in tillage soil (0–20 cm), and that soil TN content
increased as return years increased. This is mainly due to the additional nitrogen added
to the soil by humus and other substances generated after the decomposition of returning
straw. This mostly exists in organic form [32] and cannot be directly absorbed and utilized
by crops, making it easy to accumulate and store in the soil. As a result, the TN content kept
increasing as the straw return years increased. After six years of straw returning, the growth
rate of soil TN content gradually decreased. On the one hand, some soil nitrogen was
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gradually degraded and absorbed by crops. On the other hand, soil microbial biomass and
activity continuously increased as the straw return years increased [33], promoting nitrogen
decomposition. This decreases the growth rate of nitrogen content, which is consistent with
the results of [34]. In 2017, the soil total nitrogen content in the 10–20 cm soil under SR2 and
SR5 treatments was lower than under the SR1 and SR4 treatments, respectively, for reasons
that remain unclear. Compared with NR, a significant difference was found in TN content
at each soil layer after 1–3 a of straw return (p < 0.05), indicating that straw returning could
increase soil total nitrogen content in the short term, as suggested by the authors of [35].

4.2. The Effect of Straw Return Years on Soil Nitrogen Components

The light fraction is the most active component in soil, and nitrogen in the light fraction
is easily affected by crops, the external environment, tillage management, and other external
factors that can quickly reflect the effect of straw return on soil nitrogen [12,36]. The results
of this study demonstrate that the LFN content in each treatment gradually decreased as
soil depth increased, primarily because nitrogen uptake by wheat roots from the 5–10 cm
soil layer was higher than that from the 0–5 cm soil layer, while the straw distribution
density in the 10–15 cm soil layer was lower than in the 0–5 cm and 5–10 cm soil layer,
leading to a lower input of exogenous LFN than in the upper soil layer. As a result, LFN
activity was high, and easily leached to deeper soil [37]. The LFN content in each soil layer
increased as the straw return years increased, which is mainly caused by the continuous
input of additional active nitrogen into the soil after the straw decomposes [38]. The rate
of LFN content increase in the 10–20 cm soil layers slowed down after six years of straw
return (SR7 and SR8), which could be related to increases in soil organic carbon and total
nitrogen content due to straw return. This led to increases in soil microbial biomass and
activity, promoting the decomposition and utilization of LFN [39]. HFN is a relatively
stable nitrogen component in soil, and primarily comes from the conversion of nitrogen-
containing substances that are difficult for crops to absorb and utilize and can decompose
by mineralization, such as cellulose and lignin in straw and active nitrogen in the soil [21].
As the straw return years increased, soil HFN content gradually increased. However, the
increase rate decreased, mainly because straw returning increased soil nitrogen supply
but soil microbial biomass and activity also gradually increased [33]. This improved the
decomposition of HFN.

PN activity is between active organic nitrogen and inert organic nitrogen, and quickly
responds to farm management [17,40]. This study demonstrated that as soil depth increased,
the PN content of each treatment in 2017 and SR6-SR8 treatments in 2018 first increased
and then decreased (Figure 3), which was mainly related to the depth of straw distribution.
This inter-annual difference could be related to meteorological conditions and crop growth.
The humus and polysaccharides produced by the decomposition of straw have an adhesive
effect, which can promote the aggregation of soil clay particles into form particles and
the aggregation of small particles into large particles, which promotes the transfer of soil
nitrogen to the particle group and improves PN stability [41]. As the straw return years
increase, the humus produced by straw decomposition increases. The formation and
protection of soil particle components strengthened, gradually increasing soil PN content.
When straw returning years were longer, the growth rate of soil PN content in soil tended
to decrease. This could be related to enhanced soil microbial activity, which increased the
decomposition intensity. Soil MTN content increased as the straw return years increased,
mainly because straw returning increased soil nitrogen input. In 2018, the MTN content
growth rate slowed down as straw return years increased. This was mainly due to the
transfer of nitrogen to particle components and the increase in soil microbial biomass and
activity as straw return years increased, which improved MTN decomposition. In 2018, the
PN content of the SR3 treatment exceeded that of the SR2 and SR4 treatments, though the
specific reasons for this require further study.
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4.3. Relationship between TN and Its Components

Studies have shown that the soil TN content is significantly correlated with the content
of nitrogen components such as LFN and PN, and that the active nitrogen component is
a sensitive indicator of how soil management affects nitrogen [21,41]. The results demon-
strated that the contents of LFN, HFN, PN, and MN soil were significantly correlated with
TN content, indicating that all of these nitrogen components could be used as indicators of
total nitrogen changes. The correlation coefficient between the variation of HFN and MN
and the variation of TN content exceeded that of LFN and PN. This was primarily due to
the low content and strong activity of LFN and PN, which resulted in a large change to
their content. In contrast, the proportion of HFN and MN contents in TN were high, and
the changing trend was similar to TN. However, the variation of HFN and MN was much
lower than that of LFN and PN, while the variation of LFN and its correlation coefficient
with the variation of TN were higher than those of PN. This indicates that changes in the
LFN content were the most obvious after changes in the straw return years, making it the
best indicator to reflect changes in TN content affected by straw return years, followed
by PN.

5. Conclusions

As the straw return years increased, the TN content in the 0–20 cm soil layer gradually
increased, and SR1-SR8 treatments increased by 4.81–28.62% compared with NR. The
contents of LFN, HFN, PN, and MN in soil increased as straw return years increased, and
the growth rate of LFN and PN exceeded that of HFN and MN. After six years of straw
return, the growth rate of soil TN, HFN, and MN content at each soil layer gradually
decreased, after which the amount of straw return can be reduced. The content and
variation of soil TN were significantly correlated with those of TN, HFN, PN, and MN. Of
these, LFN showed the highest variation, indicating that LFN had the highest sensitivity to
straw return years and was the best indicator of the effect of straw return on soil nitrogen,
followed by PN. In addition, wheat yield was positively correlated with the contents of
TN, LFN, HFN, PN, and MN, among which the increase in LFN content had the highest
contribution to the increase in wheat yield, followed by PN.
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