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Abstract
To meet the increasing challenges for food security, agricultural management should aim to maximize
grain yield and export from the �eld while improving soil fertility. However, the effects of different straw
incorporation on soil aggregates, grain yield and soil C and N contents as well as their potential linkages
remain poorly understood. In this study in China, we simultaneously investigated soil aggregates, SOC
and TN and grain yield. The three treatments: (i) no straw (CK, the local traditional practice), (ii) straw
plowed into the soil (SP), and (iii) ammoniated straw plowed into the soil (ASP, straw with low C/N ratios).
The SOC content in the macro-aggregates (> 5 mm) and the micro-aggregates (≤ 0.25 mm) differed
among the CK, SP, and ASP plots after 5 growing years, i.e., ASP > SP > CK. In addition, the ASP treatment
had the highest grain yield, 5-year mean grain yield and aboveground biomass compared with CK and SP
treatments. The ASP treatment signi�cantly increased SOC and TN content in topsoil layers, relative to CK
and SP treatments. These results suggest that we could potentially shape soil structure, increase yield
stability, soil C and N content under ASP treatment. Our results highlight the importance of optimal crop
straw returning on soil structure, grain yield and SOC and TN content, whereas long-term continuous
measurements and observations are still required to have a good understanding of sustainable
agriculture.

Highlights:
1. Ammoniated straw plowed into the soil (i.e., ASP) can increase soil aggregate stability.

2. ASP signi�cantly increased grain productivity across �ve growing seasons.

3. Soil water-stable aggregates increased with decreasing fraction class.

4. ASP could be a promising practice in semiarid areas.

1. Introduction
Long-term straw returning favors soil structure and soil physicochemical properties (Biswas et al., 2017;
Chivenge et al., 2011). Crop straw incorporation can loosen soil, reduce soil erosion caused by wind and
rain (Liu et al., 2010; Old�eld et al., 2019; Zhu et al., 1983), reduce runoff, increase crop productivity (Liu et
al., 2010; Mi et al., 2016), and even protect the soil surface from heavy raindrops (Anderson et al., 2015).
Considerable straw resources in crop production are not fully and effectively utilized (Wang et al., 2010;
Xie et al., 2011; Zhang et al., 2009). Straw returning provides an environmentally friendly insight into the
long-term in�uences of soil aggregates on cropping patterns (Wang et al., 2010; Zhang et al., 2009).
Many studies have investigated the in�uence of straw returning at regional and global scales (Bronick et
al., 2005; Xie et al., 2011). Straw mulching (Li et al., 2012), straw stubble returning (Jat et al., 2009) and
the combination of straw and plastic mulch (Wang et al., 2010; Wang et al., 2013) all were reported. Thus,
the improved soil qualities and grain yields of optimized straw incorporation (low ratios of carbon and
nitrogen) across crop growing seasons merit research.
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Soil tillage and straw returning methods are the main external factors that signi�cantly affect soil
aggregation, soil aggregate stability, and the organic carbon �xation rate (Amirinejad et al., 2011; Li et al.,
2012; Verzeaux et al., 2016; Xue et al., 2020). Straw residue increases aggregate (Six et al., 2000) and
macro-and micro-aggregate formation (Bronick et al., 2005; Ye et al., 2018). Soil aggregates have brought
signi�cant in�uences on soil ecosystems (Amirinejad et al., 2011; Carter, 1992). Soil structure is the main
driver for soil aggregate distribution, formation and turnover, and soil aggregates are the basic units of
soil structure and are used as an index for evaluating soil quality (Amirinejad et al., 2011; Bronick and Lal,
2005; Zhu et al., 1983). Soil aggregate turnover is in�uenced by agricultural practices (Biswas et al., 2017;
Carter, 1992) and their stability is often critical for carbon sequestration, soil degradation, and soil water
movement (Xue et al., 2020; Ye et al., 2018). Winstone et al. (2019) reported that the composition and
basic characteristics of soil aggregates determine the physical processes of soil erosion, compaction,
and consolidation. Aggregate turnover (breakdown and formation) is largely responsible for soil organic
matter accumulation and nutrient material formation (Six et al., 2000; Tisdall and Oades, 1982; Plante
and McGill, 2002). Ludwig et al. (2011) stated that conservation management practices (no-tillage,
mulching, cover crops, and chemical fertilizer and manure applications) can increase soil water-stable
aggregates, which is signi�cant for understanding the effects of no-tillage management for improving
soils and preventing soil degradation over time (Blanco-Canqui and Lal, 2007). The current straw
mulching practices can have undesirable side effects, such as lower soil temperature and more pests and
diseases (Kienzler et al., 2012). Straw returned to the �eld can also promote soil hydraulic conductivity
and improve soil water storage in semi-arid regions which have high evaporation and low rainfall (Tisdall
and Oades, 1982; Zhang et al., 2009). Several �eld experiments have indicated that crop residues improve
the soil hydrothermal regime (Liu et al., 2010), increase soil organic carbon communication (Amirinejad et
al., 2011; Jiang et al., 2019; Kienzler et al., 2012; Verzeaux et al., 2016), and promote soil porosity (Cui et
al., 2019; Jat et al., 2009).

There are motivations for decreasing the straw C:N ratio associated with promoting straw use
e�ciencies, such as higher straw decomposition and an increasing nutrient in soil (Sørensen et al., 1996;
Zhao et al. 2014). Ammoniated straw (i.e., C: N ratio = 25:1) improved straw hemicellulose, and straw
lignin characteristics and promoted crude protein content, thus increasing the release of nutrients from
the straw (Angers et al., 1997; Biswas et al., 2017; Liu et al., 2010; Mao et al., 1999; Wang et al., 2013).
Shorter straw (i.e., crop residues chopped �nely) decompose faster than longer straw (Angers et al., 1997;
Sørensen et al., 1996). Soil microbes compete with crops for nutrients during straw decomposition, which
can cause crop nitrogen de�ciency (Cabiles et al., 2008; Wang et al., 2012). More rapid straw
decomposition improves microbial biomass stability and promotes soil quality (Jensen, 1994; Zhao et al.,
2014). Studies of straw with a low C/N ratio returned to the farmland are unexplored, i.e., most studies
have focused on the amount of straw returning and combinations of straw and fertilizer (Blanco-Canqui
and Lal, 2007). However, it remains unclear whether long-term straw incorporation with a lower C/N ratio
affects soil structure (soil physicochemical properties) and grain productivity.

We hypothesized that straw with a low C/N ratio (ammoniated maize straw) plowed into the soil would
improve soil quality, promote soil structure, and enhance grain yield, relative to traditional straw plowed
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into the soil. We undertook a �ve-year �eld experiment in semi-arid areas of northwest China during winter
wheat (Triticum aestivum L.) growing seasons to investigate the potential effects of ammoniated maize
straw incorporation on soil physicochemical properties and winter wheat productivity. The study aimed
to: (1) assess the variation in soil aggregates under optimized straw incorporation, (2) explore how the
spatial variability of SOC is affected by aggregate size class, and (3) identify an optimal straw
incorporation practice to promote winter wheat yield in semi-arid regions.

2. Materials And Methods

2.1. Site description
A �ve-year �eld experiment was undertaken at Northwest A&F University (34° 20′ N, 108° 24′ E, 521 m
elevation) during �ve winter wheat growing seasons in Yangling, Shaanxi Province of China. The soil at
the experimental site is classi�ed as a silty clay loam (clay = 18.1%, sand = 8.3%, and silt = 73.6%), with a
pH of 8.4, average soil bulk density of 1.45 g cm–3, �eld capacity of 23–25% (v/v), and permanent
wilting point of 8.5% in the topsoil pro�le (0–20 cm). Rainfall, air temperature, wind speed, relative
humidity, and solar radiation were monitored from an automatic weather station (HOBO event logger,
USA) situated less than 50 m from the experimental site. The study area is classi�ed as a monsoon
climate, with an annual mean temperature of 12.9℃, annual mean pan evaporation of 1500 mm, 2196 h
total sunshine hours, 220 d frost-free period, and about 550 mm mean annual rainfall, which mainly
occurs from July to September (early spring and winter are always dry and cold, and summer is moist
and hot). The basic physicochemical properties (Li et al., 2021 and 2022) of the soil (0–20 cm) at the
experimental site across the �ve growing seasons are in Table S1.

2.2. Experimental design
The study was carried out in a complete randomized block design with three replications. Each plot was
20 m2 (5–m long and 4–m wide) with a 1 m buffer around the study area to avoid edge effects. The
three treatments performed and evaluated during the �ve growing seasons: (i) no straw (CK, the local
traditional practice); (ii) straw plowed into the soil (SP), and (iii) ammoniated straw plowed into the soil
(ASP, straw with low C/N ratios) (Table. 1). During sowing, chemical fertilizers were applied to all plots
according to the typical local practices and general recommendations. The CK and SP plots received urea
(containing 46% N) and calcium superphosphate (containing 12% P2O5), and 225 kg N ha− 1 and 112.5
kg P ha− 1 were applied in each growing season. The straw (i.e., 13–14% moisture content, 4000 kg ha− 1)
was chopped about 5 cm in length plowed into the soil before sowing winter wheat. In the ASP plots, the
fertilizer application of urea (containing 46% N, 173 kg N ha− 1) and calcium superphosphate (containing
12% P2O5, 112.5 kg P ha− 1) was evenly broadcast before sowing, and the remaining urea (containing

46% N, 52 kg N ha− 1) was used to ammoniate straw (4000 kg ha− 1), which ensure same chemical
fertilizers (Table 1). The process of ammoniated straw was as follows: (1) urea (containing 46% N, 52 kg
N ha− 1) was dissolved in water (2000 kg ha− 1) to create an aqueous solution; (2) the solution was evenly
sprayed on summer maize straw; and (3) the prepared summer maize straw was mixed and sealed in
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airtight plastic boxes/bags that were placed for 6–7 days at room temperature (Dong et al., 2018; Li et al.,
2020; Mao et al., 1998). Winter wheat (cv. Xiaoyan 22) was planted in rows spaced 25 cm apart (187.4 kg
ha− 1) at a depth of 5 cm. Crop information in detail for winter wheat of the experimental plots during the
�ve growing seasons is given in Table 2. 

Table 1
Details of �eld experiment design in Yangling, China.

Treatments Details Fertilization Ammoniated straw

CK No straw 225 kg N ha− 1, 112.5
kg P ha− 1

—

SP Straw plowed into the soil 225 kg N ha− 1, 112.5
kg P ha− 1

No

ASP Ammoniated straw
plowed into soil

173 kg N ha− 1, 112.5
kg P ha− 1

Yes. 52 kg N ha− 1 urea
(containing 46% N)

Note: Fertilizer rates are based on local tillage management, and all treatments have the same
amount of straw and chemical fertilizers.

 
Table 2

Crop information for winter wheat (cv. Xiaoyan 22) at the experimental site.
Crop seasons Sowing date Harvest date Days to harvest Fertilization date

2011–2012 19 Oct. 2011 5 June 2012 230 16 Oct. 2011

2012–2013 15 Oct. 2012 3 June 2013 231 16 Oct. 2012

2013–2014 16 Oct. 2013 8 June 2014 235 15 Oct. 2013

2014–2015 18 Oct. 2014 6 June 2015 231 17 Oct. 2014

2015–2016 19 Oct. 2015 5 June 2016 230 18 Oct. 2015

2.3. Measurements and data analysis

2.3.1 Soil aggregates
A small spade was used to collect undisturbed soil samples from 0–10 cm and 10–20 cm depths in
2011–2012 (7 Jun. 2011, before sowing), 2012–2013 (5 Jun. 2013, after harvest), and 2015–2016 (7
Jun. 2016, after harvest), respectively. Soil samples were placed in plastic boxes after removing visible
insect, stones and plant residues by hand. The undisturbed soil was gently broken into soil blocks about
1 cm3 in size after air drying in the shade. Soil mechanical and water stable aggregates were determined
using the dry and wet sieving methods (Yoder, 1936), respectively. Six soil aggregate particle size
distribution was obtained for each 100 g soil sample: >5 mm, ≥ 2–5 mm, ≥ 1–2 mm, ≥ 0.5–1 mm, ≥ 
0.25–0.5 mm, and ≤ 0.25 mm by using sieves of 5, 2, 1, 0.5, and 0.25 mm using sieves shaking machine
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(3 min at a frequency of 30 times min− 1). To evaluate water stable aggregates, 100 g of wet soil was
passed through 5, 2, 1, 0.5, and 0.25 mm sieves, vertically oscillated in water for 2 min at a frequency of
30 times min− 1, before weighing the soil in each respective sieve after drying for 48 h at 105°C.

The aggregation status was determined from the mean weight diameter (MWD) [mechanical stable
aggregates (DMWD) and mean weight diameter of water stable aggregates (WMWD)], geometric mean
diameter (GMD) [mechanical stable aggregates (DGMD) and geometric mean diameter of water stable
aggregates (WGMD)], and K factor (Kd: mechanical stable aggregates; Kw: water stable aggregates) using
the following formulas (Shirazi and Boersma, 1984):

MWD =
∑n

i=1(wi
¯
xi)

∑n
i=1wi

1

GMD = exp
∑n

i=1(wiln
¯
xi)

∑n
i=1wi

2

K = 7.954 × 0.0017 + 0.0494 × exp −0.5 ×
logDGMD + 1.675

0.6986
2

3

where 
¯
xi is the average diameter of each size class i (mm), and Wt denotes the total weight of

mechanical and water stable aggregates in size class i.

The > 0.25 mm stable aggregates (R0.25) (mechanical stable aggregates (DR0.25) and water stable
aggregates (WR0.25)), proportion of aggregate destruction (PAD), and unstable soil aggregate index (Elt)
(Li et al., 2019; Ye et al., 2018) were calculated using the following formulas:

R0.25 = ∑n
i=1wi

4

PAD =
DR0.25 − WR0.25

DR0.25
× 100%

[ ]
{ [ ( ) ]}
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5

Elt =
Wt − WR0.25

Wt
× 100%

6
where wi is the percentage of aggregates in size class i, and Wt is the total weight of the tested soil.

The fractal dimensions (D) [mechanical stable aggregates (DD) and water stable aggregates (DW)]
(Mandelbrot, 1982) was calculated using the following equations:

D = 3 −
lg(

wi
wo

)

lg(

−
d i

−
d max

)

7

where wi is the cumulative mean weight of less di, wo is the total weight, 
−
d
i

 represents average diameter

(mm), and
−
d
max

 is the maximum average diameter (mm).

2.3.2 Soil bulk density and total soil porosity
Soil bulk density was randomly taken using a volumetric steel core (diameter, 5 cm; height, 5 cm ) in
2011–2012 (7 June 2011, season 1, before sowing), 2012–2013 (5 June 2013, season 2, after harvest),
and 2015–2016 (7 June 2016, season 5, after harvest). Undisturbed soil samples (n = 6) were randomly
sampled in each plot at 0–10 cm and 10–20 cm depths, sealed in ziplock bags, and transported
immediately to the laboratory. Soil bulk density (BD; Blake and Hartge, 1986) is was determined based on
the undisturbed soil sample volume and oven-dried mass (g).

Total soil porosity (TSP) was calculated as follows:

TSP = 1 −
BD
p0

8
where BD is the soil bulk density (g cm− 3); and ρo is the soil particle density (= 1.45 g cm− 3).

2.3.3 Soil organic carbon in soil water aggregates
The soil water aggregates remaining in each sieve (> 5 mm, ≥ 2–5 mm, ≥ 1–2 mm, ≥ 0.5–1 mm, ≥ 
0.25–0.5 mm, and ≤ 0.25 mm) were used to measure soil organic carbon (SOC) after drying for 48 h at
105°C. The SOC was determined according to Walkley and Black (1934).
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2.3.4 Grain yield
At harvest in each growing season, aboveground biomass, spike number, 100-grain weight and grain yield
was randomly sampled from 1 m2 in each plot with three replications. Sample collections and yield
determination were manually performed and dried in an oven at 75°C for at least 48 h, and then weighed.

2.4 Statistical analysis
Analysis of variation (ANOVA) was carried out using SPSS 20.0 statistical software (IBM SPASS
Statistics, USA). Means and standard deviations for the three replicates were calculated for each
parameter. For each analysis, P-values less than 0.05 were considered signi�cant. All plots were
constructed using the packages in R (Murdoch and Chow, 1996; Wei and Simko, 2016). Statistical
analyses were done in Excel 2016, and graphics prepared using Sigmaplot 12.5 (Systat Software Inc.).

3. Results

3.1 Soil characteristics

3.1.1 Soil water stable aggregates and soil mechanical
stable aggregates
Figures 1 and 2 show the treatment effects on the mass fraction of soil water stable aggregates and
mechanical stable aggregates across growing seasons. At 0–10 cm, the percentage of soil water stable
aggregates ≤ 0.25 mm in CK, SP, and ASP was 68.1, 65.6, and 65.5% in season 1 (Fig. 1a), 65.9, 60.0, and
54.7% in season 2 (Fig. 1c), and 36.7, 31.9, and 31.1% in season 5 (Fig. 1e), respectively, and the
percentage of soil water stable aggregates > 5 mm was 2.9, 4.3, and 4.0% in season 1 (Fig. 2a), 3.9, 4.1,
and 6.7% in season 2 (Fig. 2c), and 5.9, 8.2, and 8.8% in season 5 (Fig. 2e), respectively; the 10–20 cm
soil layer followed a similar trend (Fig. 2b, d, f).

Variation in soil mechanical stable aggregates ≤ 0.25 mm and > 5 mm in CK, SP, and ASP followed the
opposite trend. The soil mechanical stable aggregates were affected by aggregate class size. When the
soil aggregate class size was small, soil mechanical stable aggregates were low at ≤ 0.25 mm, whereas
a signi�cant decrease was observed at 10–20 cm soil depth in seasons 2 and 5, when soil aggregate
class size was small (Fig. 2f, d). Soil mechanical aggregates in ASP increased signi�cantly as soil
aggregate class size increased, compared to CK and SP.

---------------------Figure 1 ---------------------

---------------------Figure 2 ---------------------

3.1.2 DR0.25, WR0.25, PAD, Elt, DD, and DW
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The values for the average > 0.25 mm mechanical stable aggregates (DR0.25), > 0.25 mm water stable
aggregates (WR0.25), PAD, unstable soil aggregate index (Elt), fractal dimension of soil mechanical stable
aggregates (DD), and fractal dimension of water stable aggregates (DW) in the different soil layers of
each treatment after seasons 1, 2 and 5 are shown in Table 3 and Fig. S1. Soil aggregate class size had a
distinct effect on DR0.25 and WR0.25. The ASP treatment had the highest DR0.25 and WR0.25, while ASP
had the lowest PAD and Elt, followed by SP and CK at 0–10 cm and 10–20 cm soil depths in seasons 1,
2, and 5 (Table 3). The DR0.25, WR0.25, PAD, and Elt in each plot changed signi�cantly over seasons 1, 2,
and 5. The DR0.25 and WR0.25 at 0–10 cm were lower than those at 10–20 cm, while PAD and Elt at 0–10
cm were higher than those at 10–20 cm.
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Table 3
Mechanical stable aggregates > 0.25 mm (WR0.25), water stable aggregates > 0.25 mm (DR0.25),

proportion of aggregate destruction (PAD), and unstable soil aggregate index (Elt) at 0–10 cm and 10–20
cm soil depth in different treatments (CK, SP, and ASP) after winter wheat growing season 1 (2011–

2012), season 2 (2012–2013) and season 5 (2015–2016). CK, the local traditional practice (no straw); SP,
straw plowed into the soil; ASP, ammoniated straw (straw with low C/N ratios) plowed into soil.

Crop
season

Soil depth
(mm)

Treatments WR0.25 (g) DR0.25 (g) PAD (%) Elt (%)

2011–
2012

0–10 CK 31.94 ± 
0.74 d

86.44 ± 
1.04 d

63.05 ± 
0.28 a

68.06 ± 
0.99 a

    SP 34.34 ± 
1.70 c

88.88 ± 
1.14 c

61.36 ± 
0.49b

65.66 ± 
0.98 b

    ASP 34.49 ± 
0.57 c

89.06 ± 
0.99 c

61.27 ± 
0.42 b

64.51 ± 
1.51 c

  10–20 CK 32.97 ± 
1.60 d

92.33 ± 
0.50 d

64.29 ± 
1.59 a

67.03 ± 
0.82 a

    SP 36.60 ± 
1.18 c

95.23 ± 
0.61 c

61.56 ± 
0.93b

63.40 ± 
0.23 b

    ASP 43.21 ± 
0.66 b

96.06 ± 
0.34 b

55.02 ± 
0.94 b

55.01 ± 
0.78 b

2012–
2013

0–10 CK 34.03 ± 
1.03 cd

88.65 ± 
0.90 c

61.61 ± 
0.14 a

65.97 ± 
1.20 a

    SP 40.00 ± 
1.11 b

90.88 ± 
0.80 b

55.99 ± 
0.38 b

60.00 ± 
0.98 b

    ASP 45.22 ± 
1.82 a

93.53 ± 
1.02 a

51.65 ± 
0.78 b

54.78 ± 
2.51 c

  10–20 CK 37.58 ± 
1.27 c

95.42 ± 
0.49 bc

60.62 ± 
1.59 a

62.42 ± 
2.12 a

    SP 47.12 ± 
1.01 a

96.90 ± 
0.12 a

51.40 ± 
1.41 b

52.75 ± 
1.32 b

    ASP 48.25 ± 
0.53 a

97.22 ± 
0.42 a

50.34 ± 
0.26 b

51.88 ± 
1.08 b

2015–
2016

0–10 CK 63.22 ± 
0.43 c

90.40 ± 
0.28 bc

30.07 ± 5.3
a

36.78 ± 
2.86 a

    SP 68.05 ± 
0.68 a

91.17 ± 
0.19 b

25.77 ± 2.5
b

31.95 ± 
2.18 b

    ASP 68.89 ± 
0.69 a

92.80 ± 
0.76 a

25.36 ± 1.8
b

30.11 ± 
1.42 b

Note: Different lowercase letters within the same soil depth column in the same crop season indicate
signi�cant differences at P < 0.05.
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Crop
season

Soil depth
(mm)

Treatments WR0.25 (g) DR0.25 (g) PAD (%) Elt (%)

  10–20 CK 72.79 ± 
1.82 b

96.64 ± 
0.15 b

24.68 ± 9.3
a

27.21 ± 
1.22 a

    SP 75.44 ± 
1.21 a

97.08 ± 
0.27 ab

22.29 ± 3.4
a

24.56 ± 
2.01 b

    ASP 76.19 ± 
1.23 a

97.33 ± 
0.12 a

21.72 ± 9.2
a

23.81 ± 
1.88 b

Note: Different lowercase letters within the same soil depth column in the same crop season indicate
signi�cant differences at P < 0.05.

Figure S1 shows that DD and Dw ranged from 2.33–2.77 and 2.86–2.91 at 0–20 cm soil depth,
respectively. Averaged across �ve growing seasons, CK had the highest DD and Dw, followed by SP and
then ASP. The DD and Dw declined by 4.6% and 3.9% in ASP, relative to SP (0–10 cm, season 5), and 6.3%
and 5.0%, relative to CK (0–10 cm, season 5).

3.2 Total soil porosity
The average soil bulk density (BD) and total soil porosity (TSP) varied between soil depths (0–10 and
10–20 cm) and growing seasons (seasons 1, 2, and 5) (Table S3). Compared to CK, BD in the 0–10 cm
soil layer declined by 1.4% in season 1, 4.5% in season 2, and 6.8% in season 5 in ASP, and 1.1% in
season 1, 2.9% in season 2, and 3.7% in season 5 in SP. At 10–20 cm, there were no signi�cant
differences in BD, relative to CK in any season; the BD at 10–20 cm was greater than that at 0–10 cm. BD
declined while TSP increased from 0–10 cm to 10–20 cm soil depths. Compared to CK, TSP at 0–10 cm
soil depth increased by 3.3% and 1.2% in season 1 (Table S3), 4.1% and 2.6% in season 2, and 5.7% and
3.3% in season 5 in ASP and SP, respectively. The TSP at 10–20 cm had a similar ranking as 0–10 cm:
ASP > SP > CK.

3.3 SOC concentration distribution
Variations in soil organic carbon content in water stable aggregates between treatments and seasons are
shown in Fig. 3. The dynamics of SOC storage in soil aggregates is primarily controlled by soil aggregate
fraction class and cropping years, viz., the SOC in aggregates > 5 mm in CK were 34.7%, 13.6%, and 12.5%
at 0–10 cm (Fig. 3a–e) and 37.6%, 20.9%, and 18.6% lower at 10–20 cm depth than the ASP treatment
(Fig. 3b–f); additionally, the longer growing year, the larger SOC storage in soil aggregates after straw
incorporation (the ASP treatment), i.e., SOC storage in aggregates of the season 5 was higher than in the
seasons 1 and 2. The ASP treatment increased soil organic carbon in the soil water aggregates at 0–10
and 10–20 cm soil depths, relative to the CK and SP treatments, i.e., were ranked as follows: ASP > SP > 
CK.

---------------------Figure 3 ---------------------

3.4 Growth parameters
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The ASP treatment had the highest aboveground biomass in all growing seasons (Fig. 4a). The changes
in aboveground biomass corresponded with changes in grain yield. The ASP and SP had signi�cantly
higher aboveground biomass than CK, being 14.4% and 29.4% higher in season 1, 4.1% and 8.2% in
season 2, and 6.7% and 7.9% in season 5, respectively. Spike number increased from season 1 to season
2, decreased from season 2 to season 3, slightly increased from season 3 to season 4, and plateaued
from season 4 to season 5 (Fig. 4b). The ASP treatment had 7.6% (2011–2012 growing season), 8.7%
(2012–2013 growing season), 17.6% (2013–2014 growing season), 21.1% (2014–2015 growing season),
and 20.1% (2015–2016 growing season) higher 1000-grain weught than SP, and 15.9%, 11.8%, 23.4%,
31.3% and 35.9% higher WUE than CK, respectively (Fig. 4c). Grain yield varied between treatments and
growing seasons (Fig. 4d). Grain yield in SP and ASP increased by 5.9% and 5.4% (season 1), 2.0% and
10.2% (season 2), 3.8% and 6.6% (season 3), 7.7% and 13.9% (season 4), and 9.6% and 16.8% (season 5),
respectively, relative to CK.

––––––––––––––––––––– Fig. 4–––––––––––––––––––––

3.5 Principal component analysis
Principal component analysis showing correlation between different treatments and variables. PCA of
growth parameters and soil characteristics during the winter wheat growing seasons was represented in
Fig. 5. The correlation circle (Fig. 5a showed that the PC1 axis 25.0% was mainly de�ned by Yiled (grain
yield), Bio. (aboveground biomass), Dd (fraction dimension of soil mechanical stable aggregates), Dw
(fraction dimension of water stable aggregates), WMWD (mean weight diameter of water stable
aggregates), WGMD (geometric mean diameter of water stable aggregates), DGMD (geometric mean
diameter of soil mechanical stable aggregates), and DMWD (mean weight diameter of soil mechanical
stable aggregates), SOC (soil organic carbon), DR0.25 (> 0.25 mm mechanical stable aggregates), WR0.25

(> 0.25 mm water stable aggregates), PAD (proportion of aggregate destruction), and Elt (unstable soil
aggregate index). While the PC2 axis showing the variability is composed by BD, TSP, WMWD, WGMD,
DGMD. However, the contribution of growth parameters and soil characteristics upon the two axis
(Fig. 6b, c and d) showed that winter wheat growth and soil properties were highly contributed
respectively with PC1 axis and PC2 axis. This separation is due to the CK, SP and ASP treatments in
experimental site.

---------------------Figure 5 ---------------------

3.6 Correlation analyses
Figure 6 depicts the correlation analyses among Dd (fraction dimension of soil mechanical stable
aggregates), Dw (fraction dimension of water stable aggregates), WMWD (mean weight diameter of
water stable aggregates), WGMD (geometric mean diameter of water stable aggregates), DGMD
(geometric mean diameter of soil mechanical stable aggregates), and DMWD (mean weight diameter of
soil mechanical stable aggregates), SOC (soil organic carbon), DR0.25 (> 0.25 mm mechanical stable
aggregates), WR0.25 (> 0.25 mm water stable aggregates), PAD (proportion of aggregate destruction),
and Elt (unstable soil aggregate index) at two soil depths in season 1, season 2, and season 5. All
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parameters with their histograms are shown in the diagonal panel. Lower panels present pairwise red
scatterplots with blue line indicating the best �t, and the upper panels demonstrate Pearson correlation
coe�cients. The average DR0.25, WR0.25, WMWD, WGMD, DGMD, and DMWD were positively correlated
with TSP and negatively correlated with DD, BD, and DW in seasons 1, 2, and 5. Signi�cant negative
correlations were found among DGMD, DMWD, WMWD, and WGMD. For season 5 at 0–10 cm, DR0.25
had a moderate correlation with SOC, DGMD, and DMWD, a strong positive correlation with TSP and
WR0.25, and a weak negative correlation with DD, BD, and DW (Fig. 6). DW had a moderate correlation with
WGMD and WMWD at 0–10 cm and 10–20 cm depths, a strong negative correlation with DGMD and
DMWD, and a positive correlation with DD, BD, DR0.25, and TSP during the �ve winter wheat growing
seasons.

---------------------Figure 7 ---------------------

4. Discussion

4.1 Soil characteristics
Soil structure plays a multifunctional role in crop production (Biswas et al., 2017; Xue et al., 2020;
Yazdanpanah et al., 2016), and is indicative of soil condition (Amirinejad et al., 2011; Zhu et al., 1983).
The effect of soil aggregate size on DR0.25, and WR0.25, DMWD, WMWD, DGMD and WGMD varied
between the two soil depths (0–10 and 10–20 cm) (Fig. 1, Fig. 2 and Tables 2). Six et al. (2000) and
Bronick and Lal (2005) reported that tillage practices disturb soil structure, e.g., the breakdown and
turnover of soil aggregates. The higher proportion of larger aggregates (> 0.5–1 and > 5 mm) in ASP and
SP increased the DR0.25 and WR0.25 values, relative to CK (Table 3). Aggregate size distribution and
stability play a key role in soil structure, i.e., higher TSP will lower soil bulk density. Additionally, Bronick
and Lal (2005) and Xue et al. (2020) demonstrated that soil aggregates are positively correlated with
micro-and macro-aggregates. Soil organic carbon (SOC) storage plays a profound role in the soil nutrition
feedback (Verzeaux et al., 2016). In this study, the 0–10 cm soil layer had lower soil bulk density than the
10–20 cm soil layer (Table. 4). Wu et al. (1992) also reported low soil bulk densities at 0–5 cm depth,
relative to deeper layers. Our results indicate that BD declined in the CK, SP and ASP treatments after �ve
growing seasons, and agree with crop straw management practices had signi�cant effects on soil bulk
density at 0–10 and 10–20 cm depth from seasons 1 to 5, i.e., ASP reduced soil bulk density, and ASP
and SP had relatively larger effects on soil bulk density than CK, which was consistent with Cui et al.
(2019) and Singh et al. (2016). Soil bulk density and total soil porosity can signi�cantly shape soil
structure (Cui et al., 2019). Soil bulk density is closely related to other soil properties, such as soil porosity,
soil structure, and water content and texture (Amirinejad et al., 2011; Lampurlanés and Cantero-Martinez,
2003), tillage practices, and organic matter content (Liu et al., 2010).

In this study, aggregates > 0.5–1 mm had higher SOC concentrations than aggregates > 0.25–0.5 mm
(Fig. 3). The effects of cultivation system on SOC storage have received lots of attention (Mi et al., 2016;
Old�eld et al., 2019; Verzeaux et al., 2016; Yazdanpanah et al., 2016). SOC storage in soil water stable
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aggregates is of great signi�cance in storing the soil nutrient pool and promoting the availability of
nutrients, and it is signi�cantly in�uenced by aggregate size class (Fungo et al., 2017; Cui et al., 2019; Xue
et al., 2020). Similarly, Tisdall and Oades (1982) stated that aggregate size is positively correlated with
SOC in the aggregate fraction. Also, soil characteristics and farm management practices are related to
SOC in soil aggregates (Verzeaux et al., 2016). Soil organic carbon has a positive linear correlation with
aggregate size and crop yield (Carter, 1992; Old�eld et al., 2019; Zhou et al., 2019). The increase of SOC in
water stable aggregates following the ASP and SP treatments was attributed to an increase in the
fragility of the cell wall and acceleration of straw decomposition (Cabiles et al., 2008; Plante et al., 2002;
Verzeaux et al., 2016; Yu et al., 2015). Wang et al. (2013) reported that ammoniated crop straw used for
livestock feed increases residue decomposition in soil due to its low lignin content, cellulose content, and
C/N ratio. Crop straw with a low C/N ratio increases SOC in soil stable macro-aggregates (Ye et al., 2018;
Yu et al., 2015, 2017). Additionally, the rapid decomposition rate of ammoniated crop straw can improve
soil porosity and promote soil respiration (Biswas et al., 2017; Le Guillou et al., 2011). The higher average
seasonal cumulative soil respiration in the ASP and SP treatments, relative to CK, demonstrates the
positive effects of tillage practices (ammoniated straw plowed into the soil) (Fig. 3). Recent studies have
demonstrated that ammoniated straw (low C/N ratios) returned to experimental plots decomposes
rapidly, creating a favorable soil environment (Chivenge et al., 2011; Li et al., 2020). Ammoniated straw
plowed into the soil increased total soil porosity and lowered soil bulk density (Yu et al., 2014, 2017).
Changes in soil porosity were in�uenced by crop growth, which is consistent with Carter et al. (1992) and
Zhou et al. (2019). Indeed, in this study, ammoniated straw returned to the farmland improved aggregate
stability, which is similar to the �ndings of Kirschbaum (1995) and Liu et al. (2010). The soil microbial
community structure likely affects soil physicochemical properties (Singh et al., 2016).

4.2 Long-term effects of optimized straw incorporation on
winter wheat production
Precipitation is the exceedingly important water resource for crop productivity in the Loess Plateau of
northwest China where no water resources are available for agriculture irrigation, and high evaporation
and limited precipitation often cannot satisfy high crop yields (Zhao et al. 2014; Zhou et al., 2019). Since
the 1990s, some new agricultural techniques (i.e., plastic �lm mulch, straw returning, and chemical
fertilizers) have been conducted in the region to promote crop productivity (Li et al., 2004). In particular,
straw returning has proved one of the most environmentally friendly tillage measures to improve crop
yields (Zhao et al. 2014). However, the current straw returning is still con�ned to straw mulching for very
limited methods. Optimized cultivation measurements are very exceedingly important for increasing
winter wheat yield. Our study demonstrated that tillage practices were signi�cantly responsive to
aboveground biomass, spike number, 1000-grain weight and grain yield over �ve consecutive growing
seasons (Fig. 4). The increased grain yield in the ASP and SP treatments, relative to the CK treatment,
supports our hypothesis that a low C/N ratio has positive effects on grain yield, and is consistent with the
results of Dong et al., (2018) and Li et al. (2020). Ammoniated crop straw plowed into the soil promotes
soil physical properties (soil bulk density and total soil porosity) and mitigates soil N stress (Yu et al.,
2017). Also, ammoniated straw incorporation promoted biomass accumulation due to improved biomass
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and grain yield, similar to that reported elsewhere (Li et al., 2020; Yu et al., 2015). Furthermore, straw
types and amounts with low C/N ratios favor the subsequent crop performance due to enhanced nitrogen
immobilization and improved water in�ltration (Yu et al., 2014). Low C/N ratios and high soil water
availability is effective for crop development and promoting soil thermal conditions, which is consistent
with the literature (Li et al., 2020; Zhou et al., 2019). In addition, grain yield is positively correlated with
spike number and grain weight (Li et al., 2020). The average data for �ve consecutive winter wheat
growing seasons indicated that grain yield and aboveground biomass in the ASP treatment increased in
comparison with the CK treatment. The advantage of the ASP treatment is that straw decomposition will
accelerate, which increases nutrients in the soil (Sørensen et al., 1996), consequently, it favors soil
structure. The yield of maize in the ASP treatment was higher compared to the CK and SP treatments
during the growing seasons. So, in a long run, the use of the novel straw incorporation technique in winter
wheat production may serve as an environmentally friendly tool in increasing production in semiarid
areas.

5. Conclusion
A �ve-year �eld experiment showed that ammoniated straw plowed into the �eld improved desirable soil
properties (i.e., soil aggregate size and SOC in soil water-stable aggregate etc.), and enhance winter wheat
productivity. For farmers, ammoniated straw practice (i.e., ASP treatment) is an effective straw
management practice in semi-arid regions. The bene�ts of ammoniated straw practice in semiarid
agricultural systems increase aboveground biomass, spike number, 100-grain weight, and grain yield,
which is proved to be an effective straw practice. The use of ASP was shown to increase crop yield,
maintain greater SOC content in soil aggregate, and promote soil aggregation compared to the no straw
(i.e., CK treatment) and straw plowed into the soil (i.e., SP treatment). These results suggest that
ammoniated straw incorporation can be innovative and rational management practice that has the
potential to improve soil qualities and increase winter wheat productivity in the semi-arid Northwestern
China Plain.
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Figure 1

Changes of soil water stable aggregates in different treatments (CK, SP, and ASP) after winter wheat
growing season 1 (2011–2012), season 2 (2012–2013), and season 5 (2015–2016) at 0–10 cm and 10–
20 cm soil depth. Note: CK, the local traditional practice (no straw); SP, straw plowed into the soil; ASP,
ammoniated straw (straw with low C/N ratios) plowed into soil.
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Figure 2

Changes of soil mechanical stable aggregates in different treatments (CK, SP, and ASP) after winter
wheat growing season 1 (2011–2012), season 2 (2012–2013), and season 5 (2015–2016) at 0–10 cm
and 10–20 cm soil depth. Note: CK, the local traditional practice (no straw); SP, straw plowed into the soil;
ASP, ammoniated straw (straw with low C/N ratios) plowed into soil.
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Figure 3

Rose plots of soil organic carbon content in water stable aggregates in different treatments (CK, SP, and
ASP) at 0–10 and 10–20 cm soil depth after winter wheat growing season 1 (2011–2012), season 2
(2012–2013), and season 5 (2015–2016). Note: CK, the local traditional practice (no straw); SP, straw
plowed into the soil; ASP, ammoniated straw (straw with low C/N ratios) plowed into soil.
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Figure 4

Box plots of aboveground biomass, spike number, 100-grain weight and grain yield in different treatments
(CK, SP, and ASP) during �ve consecutive winter wheat growing seasons from 2011–2012 to 2015–2016.
Note: CK, the local traditional practice (no straw); SP, straw plowed into the soil; ASP, ammoniated straw (
straw with low C/N ratios) plowed into soil.
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Figure 5

A (Fig. 6 (a)): Principal component analysis demonstrating that plant growing indices (i.e., Yiled, grain
yield; and Bio., biomass) soil property parameters (i.e., BD, soil bulk density; TSP, total soil porosity;
WMWD, mean weight diameter of water stable aggregates; WGMD, geometric mean diameter of water
stable aggregates; DGMD, geometric mean diameter of soil mechanical stable aggregates; DMWD, mean
weight diameter of soil mechanical stable aggregates; DR0.25, >0.25 mm mechanical stable aggregates;
WR0.25, >0.25 mm water stable aggregates; PAD, proportion of aggregate destruction; and Elt, unstable
soil aggregate index).

B (Fig. 6 (b, c and d)): Principal component analysis contributions of PC1 and PC 2.
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Figure 6

Correlation matric plots of tested indices, including Dd (fraction dimension of soil mechanical stable
aggregates), Dw (fraction dimension of water stable aggregates), WMWD (mean weight diameter of
water stable aggregates), WGMD (geometric mean diameter of water stable aggregates), DGMD
(geometric mean diameter of soil mechanical stable aggregates), DMWD (mean weight diameter of soil
mechanical stable aggregates), SOC (soil organic carbon), DR0.25 (>0.25 mm mechanical stable
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aggregates), WR0.25 (>0.25 mm water stable aggregates), PAD (proportion of aggregate destruction), and
Elt (unstable soil aggregate index) after winter wheat growing season 1 [2011–2012; (a) 0–10 cm, (b)
10–20 cm], season 2 [2012–2013; (c) 0–10 cm, (d) 10–20 cm], and season 5 [2015–2016; (e) 0–10 cm,
(f) 10–20 cm].
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