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Abstract

:

Crop straw is widely used to manage soil organic carbon (SOC) sequestration as an environmentally friendly practice in the North China Plain. However, little is known about the effects of straw returning modes on SOC sequestration in this region. Thus, a field experiment was conducted to study SOC accumulation and mineralization as well as aggregate stability and aggregate-associated SOC for the following three straw returning modes: no straw returning (NSR), only wheat straw returning (WR), and both wheat and maize straw returning (WR-MR). SOC concentration and storage were higher for WR and WR-MR than for NSR in the 0–20 cm soil layer, respectively (p < 0.05). Although WR and WR-MR resulted in higher mineralization per unit of soil than NSR, no significant difference in mineralization per unit of soil carbon was observed among straw returning modes in the upper soil layer. The mean weight diameters of aggregates at 0–5 cm were higher under treatments with crop retention than under NSR. At this soil depth, the aggregate-associated C concentration and stock for each soil size were significantly decreased by NSR. These findings suggest that WR-MR and WR are effective residue management practices. In particular, WR is the optimal strategy to enhance SOC sequestration, considering other applications of straw (e.g., forage, fuel, or biomass).
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1. Introduction


Soil organic carbon (SOC) plays an important role in carbon sequestration and the mitigation of climate change; the amount of carbon (C) stored in soil (1580 Gt C) is two to three times higher than that in the global atmosphere [1,2,3]. SOC accumulation and sequestration in agro-ecosystems rely on the C input from crop straw (shoot, root, and root exudates) and C output from SOC mineralization by soil microbes [4]. In the past, crop straw was widely used for soil amendment, cooking and heating, animal feed, and biofuels; among all these uses, straw returning is considered to be one of the best practices environmentally [5]. Crop straw not only provides a source of fresh organic matter, but also increases crop yield [6]. Any increase (decline) in agronomic yield per unit area leads to high (low) input of biomass C, further increasing (decreasing) soil quality and crop productivity [7]. Long-term field experiments showed that straw returning improves the SOC stock by 0.07–1.46 Mg ha−1 year−1 of carbon in northern China [8,9]. However, Zhao et al. [10] evaluated SOC improvement from 1980 to 2011 in China and found that only 16.3% of the C input derived from crop straw was converted to SOC. Several factors were responsible for low conversion, such as local climatic conditions (temperature and precipitation) and nitrogen fertilization, all of which may have affected mineralization by microbial decomposition [11].



Soil aggregates are important physical determinants preventing mineralization in soil due to the physical decrease in the accessibility of organic matter to microorganisms [12,13]. Nearly 90% of SOC sequestration occurs in soil aggregates [14]; however, SOC is not homogeneously distributed in soil aggregates of different sizes [15]. Soil aggregate stability is an important indicator for assessing SOC accumulation and mineralization. Each size class contains SOC with different degrees of physical protection, through encapsulation, against biodegradation by microbial accessibility, which is further influenced by agricultural management (e.g., straw returning). Soil macro aggregates have a strong ability to protect labile SOC from biodegradation [13], and there is a strong relationship between an increase in macro aggregates and SOC concentration [16]. Thus, the promotion of macro-aggregate formation reduces C output [17]. Straw returning represents an important method to prevent soil erosion, improve soil nutrition, and improve farmland SOC accumulation [18,19,20]. In addition, crop straw can increase the formation of soil aggregates and the SOC concentration in macro aggregates [6]. However, previous studies have not identified any positive effects of straw returning on soil aggregates [21]. For example, Bossuyt et al. [22] argued that macro-aggregate formation was significantly affected by fungal activity rather than crop straw. These inconsistent results suggest that the effects of crop residues on soil aggregation in agricultural soils are related to the choice of management practices based on different locations and crops.



There are about 18 million hectares of farmland in the North China Plain (NCP). The grain yield in the NCP accounts for about 30% of the total output in China. However, with increasing demand for cereal crops, intensive agricultural practices (e.g., tillage, irrigation, and nitrogen fertilization) were adopted, thereby accelerating the degradation of existing organic matter. Traditional straw burning has recently been replaced by straw returning to effectively re-use agricultural waste and to enhance carbon sequestration and improve soil fertility. It was estimated that the amount of straw input in the NCP was higher than in the other regions (e.g., Northeast and Southern China), while the SOC storage was lower [10]. Thus, it is important to adopt suitable straw returning management measures to improve the soil structure and promote the sustainable development of agriculture in the NCP. In this region, the dominant cropping system is winter wheat rotated with summer maize. Wheat and maize straw have different chemical properties (e.g., carbon: nitrogen ratios and nutrient content), which affect the rates of mineralization and decomposition due to differences in nutrient availability for microbial growth [23]. Thus, SOC accumulation and mineralization can differ under wheat and maize straw returning based on local climatic conditions. However, the effects of straw returning modes (e.g., double-season crop straw returning or single-season crop returning) on SOC accumulation and mineralization in the double cropping system are still unclear in the NCP [20]. In addition, crop straw not only functions as a fertilizer to improve soil quality and enhance soil carbon sequestration but is also an important forage resource for livestock [24]. Thus, the rational use of straw resources is important in a multiple-cropping system.



The specific objectives of this study were to (i) assess SOC accumulation and mineralization as well as their relationship under different straw returning modes, (ii) identify the effects of straw returning on aggregate size distribution and stability, and (iii) clarify the effects of straw returning on aggregate-associated concentration and stock. We hypothesized that straw returning (double- or single-season crop returning) will enhance macro-aggregate formation and the associated C concentration.




2. Material and Methods


2.1. Experimental Site


The field experiment was conducted from 2015 to 2017 at the Wuqiao Experimental Station of the China Agricultural University (37°36′ N, 116°21′ E), which is located in the NCP in Hebei Province. The station is in a temperate continental climate zone, with a mean annual air temperature of 13.1 °C, and precipitation of 531.1 mm (of which about 76% occurs from June to September). The average temperature and precipitation during the research period are shown in Figure 1. The soil type is silt loam (18.62% sand, 70.20% silt, and 11.18% clay at 0–20 cm depth) according to the USDA classification. The basic properties (0–20 cm soil layers measured in 2015) are as follows: 1.35 g cm−3 bulk density, 10.34 g kg−1 SOC, 0.79 g kg−1 total nitrogen, 94.2 mg kg−1 available potassium (K), and 44.6 mg kg−1 available phosphorus (P). The main local cropping system is winter wheat and summer maize double cropping.




2.2. Experimental Design


Summer maize (mid-June to early October, Longping 208) and winter wheat (October to June of the next year, Jimai 22) were rotated each year. The treatment began during the wheat season in October 2015. Three treatments were implemented as follows: (1) no straw returning (NSR), (2) only wheat straw returning (WR), and (3) both wheat and maize straw returning (WR-MR). Under NSR, the aboveground straw was all removed manually after harvest, with very little stubble returned to the field. Under straw returning, the straw crop was cut into 10-cm-long segments and uniformly distributed over each plot after harvest. The rates of straw returned are shown in Table 1. Each treatment was replicated three times following a completely random design over a total of nine plots (7 m × 25 m each plot).



After the maize harvest, the entire soil surface of all plots was tilled twice with a rotavator (~15 cm depth), and the maize straw was crushed and incorporated into the surface soil of the straw returning treatments by rotary tillage (WR-MR treatment). The same rate and type of chemical fertilizers were applied. In the wheat season, around 243 kg N ha−1, 103.5 kg P ha−1, and 107 kg K ha−1 (corresponding to urea, diammonium phosphate, and potassium sulfate) were applied as base fertilizer. In addition, 75 kg N ha−1 urea was surface broadcasted at the wheat jointing stage. In the maize season, 525 kg ha−1 of compound fertilizer (N:P2O5:K2O = 22:8:10) was applied. Two or three separate irrigation events ranging from 70 to 80 mm each were necessary during the winter wheat season.




2.3. Soil Sampling and Measurements


2.3.1. Soil Aggregates


Soil samples for water-stable aggregate (WSA) and bulk density analyses were collected from depths of 0–5, 5–10, 10–20, 20–30, and 30–50 cm in each plot (n = 16) using a 100 cm3 core. Separate samples were obtained for WSA and bulk soil analyses after maize harvests in 2016 and 2017. The samples were air-dried and stored in plastic bags [25]. For the wet-sieving method, the air-dried soil samples were separated into four aggregate size fractions (>2, 0.25–2, 0.053–0.25, and <0.053 mm). Handle-stacked sieves were mounted on an instrument similar to a Yoder-type sieve [26] following the methods described by Chen [27]. Fine floating particles (<0.053 mm) in distilled water were collected by filtration. The soils were collected using a sieve, then dried at 60 °C for 24 h, and then weighed. The mean weight diameter (MWD) and geometric mean diameter (GMD) of the soil aggregates were determined as follows [15]:


  MWD =   ∑   i = 1  n   x i   w i   



(1)




where xi is the mean aggregate diameter of each size class (mm) and wi is the weight percentage of each size of aggregates. Macro aggregates were defined as fractions of >2 mm and 0.25–2 mm, and micro aggregates were defined as fractions of 0.053–0.25 mm.


  GMD = exp  (     ∑  i = 1  n   w i  l o g  x i     ∑  i = 1  n   w i     )   



(2)




where wi indicates the total dry weight of the aggregates, n indicates the number of sieves, and xi indicates the mean diameter of aggregates over each sieve size.




2.3.2. Soil Analysis


Soil samples and subsamples from each particle-size aggregate were passed through a 0.25 mm sieve and analyzed for SOC and aggregate-associated C, determined via K2Cr2O7 oxidation and titration with Fe2SO4 [28]. SOC storage was calculated as follows based on the equivalent soil depth [29]:


   M  element   = BD × T × conc × 0.1  



(3)




where Melement represents SOC storage (Mg ha−1), BD represents the bulk density, T is the thickness of the soil layer, and conc is the soil organic C concentration (g kg−1). Similar to bulk soil, SOC storage in aggregates was determined by multiplying Melement by the proportion of each size class.





2.4. Incubation Experiment


In air-tight 330 mL jars, fresh soil samples (equivalent to 40 g air-dried soil) were kept at 70% of the water holding capacity. After pre-incubation for 7 days, all jars were maintained at 25 °C for 60 days. The released CO2 was trapped by 1 M NaOH, and potentially mineralized C was measured as CO2 emissions by titrating the remaining NaOH with HCl; the results are expressed as mg CO2-C kg−1 of soil [30].




2.5. Statistical Analysis


A one-way ANOVA was used to study the effects of straw returning modes during the same year for all datasets. All data were analyzed using SPSS 20.0 (SPSS Inc., Chicago, IL, USA). The mean differences between treatments were determined by Duncan’s new multiple range test with a significance threshold of p < 0.05 for the measured soil variables.





3. Results


3.1. Effects of Straw Return Modes on the SOC Concentration and Storage


Significant differences in the SOC concentration were observed under different straw returning modes in the upper 20 cm soil layer compared with the 20–50 cm layer (Table 2). The WR and WR-MR had higher SOC concentrations than NSR by 32.0%–35.2% and 37.2%–40.8%, respectively, in the 0–5 cm soil layer; by 33.1%–39.0% and 33.5%–45.2%, respectively, in the 5–10 cm soil layer; and by 53.3%–55.0% and 37.4%–50.7%, respectively, in the 10–20 cm soil layer (p < 0.05). No significant differences were observed between treatments in the 20–30 and 30–50 cm soil layers. Similar to the SOC concentration, high SOC storage was observed under WR and WR-MR compared with NSR by 27.1%–31.2% and 27.5%–36.6%, respectively, in the 0–5 cm soil layer; by 27.0%–30.0% and 28.2%–39.5%, respectively, in the 5–10 cm soil layer; and by 60.0%–61.3% and 44.6%–48.4%, respectively, in the 10–20 cm soil layer (p < 0.05). Overall, residue returning (WR and WR-MR) significantly improved the SOC concentration and storage in the upper 20 cm soil layer.




3.2. Effects of Straw Return Modes on SOC Mineralization


Cumulative mineralization showed a decreasing trend as soil depth increased, and the straw returning mode significantly affected cumulative mineralization in the upper 20 cm soil layer compared with the 20–50 cm layer (Figure 2). Cumulative mineralization was higher for WR-MR than for WR and NSR by 5.0% and 38.8%, respectively, in the 0–5 cm soil layer, by 15.9% and 46.0%, respectively, in the 5–10 cm soil layer, and by 32.7% and 21.9%, respectively, in the 10–20 cm soil layer (p < 0.05). No significant differences were observed in cumulative mineralization in the 20–30 cm and 30–50 cm soil layers. A significant linear correlation was observed between cumulative mineralization and the SOC concentration (R2 = 0.66, p < 0.001), indicating that a high SOC concentration was related to high potential losses (Figure 3). Considering the basal SOC concentration, mineralization/SOC showed increasing trends as soil depth increased. Significant differences were observed in the 10–20 cm soil layers, and higher mineralization/SOC was observed under WR-MR and NSR than under WR by 49.1% and 67.9%, respectively (p < 0.05).




3.3. Effects of Straw Return Modes on the Particle Size Distribution and Stability of Soil Aggregates


In 2016, MWD values under NSR (0.30–0.44) were significantly lower than those under WR and WR-MR at 0–5, 5–10, and 10–20 cm soil depths (Table 3). However, there were no significant differences in GMD among treatments. For the 20–30 and 30–50 cm soil layers, there were no significant differences in MWD and GMD among treatments. In 2017, at 0–5, 5–10, 10–20, and 20–30 cm soil depths, the MWD under NSR was still lower than those under the other treatments. However, there were no significant differences in GMD among treatments at 0–5 and 5–10 cm soil depths.



In 2016, the proportions of soil aggregates with particle sizes of 0.25–2 mm and <0.053 mm at the 0–5 cm soil depth were significantly higher under NSR than under WR-MR. For both 0–5 cm and 5–10 cm soil depths, the WR-MR treatment tended to accumulate soil aggregates of >2 mm, as shown by the significantly higher proportion of this fraction. There was a similar trend in 2017 at these two soil depths. In addition, for the deeper soil layers, the proportion of >2 mm soil aggregate was still comparatively higher under WR-MR, in both 2016 and 2017.




3.4. Effects of Straw Return Modes on Aggregate-Associated SOC Concentration


At the 0–5 cm soil depth, the SOC concentrations for >2 mm soil aggregates were significantly higher under WR-MR than under NSR, in both 2016 and 2017 (Table 4). At the 5–10 cm soil depth, the concentration for >2 mm soil aggregates was 11.27 g kg−1 under WR-MR, which was significantly higher than those for NSR and WR in 2016 and significantly higher than that for NSR in 2017, indicating that WR-MR promoted SOC accumulation. For the deep soil layers, the results for each treatment differed between 2016 and 2017. For instance, the SOC concentrations for >2 mm and 0.25–2 mm soil aggregates were significantly lower under WR-MR than under the other treatments in 2016, but the opposite results were found in 2017. There were no significant differences for 20–30 and 30–50 cm soil depths among treatments in 2016.




3.5. Effects of Straw Returning Modes on Aggregate-Associated SOC Storage


In 2016 and 2017, the aggregate-associated C at the 0–5 cm soil depth under NSR was comparatively lower at each aggregate size compared with the other treatments (Table 5). At this soil depth, the estimates for the >2-mm soil aggregates were 0.39 and 2.88 Mg ha−1 in 2016 and 2017, which were significantly higher than those for the other treatments. At the 5–10 cm soil depth, the SOC stock of >2 mm, 0.25–2 mm and 0.053–0.25 mm soil aggregates ranged from 0.65 to 2.82 Mg ha−1, which were higher under WR-MR in both years. At the 5–10 cm soil depth, the SOC stocks for >2 mm, 0.25–2 mm, and 0.053–0.25 mm soil aggregates were also comparatively higher under WR-MR than under other treatments.





4. Discussion


4.1. SOC Storage and Mineralization


In the present study, crop residues significantly improved SOC concentration and storage, in accordance with the results of Zhao et al. [10], who found a linear relationship between the cumulative residue C input and SOC increment. However, a larger SOC increment only occurred in the 0–20 cm soil layer, and no significant difference was observed in the 30–50 cm soil layer. This could be explained by the fact that that the mixing of crop straw by rotary tillage only occurred up to 10–15 cm in our study. Furthermore, SOC storage did not differ significantly between double-season (maize and wheat) and single-season (wheat) straw returning, indicating that the input of maize straw did not effectively improve SOC accumulation. The C/N ratios for maize straw were found to be higher than for wheat straw in previous studies e.g., [31], and high C/N ratios affect microbial SOC conversion, making SOC decomposition difficult [32]. A significant correlation was observed between the SOC concentration and cumulative mineralization, indicating that straw returning with a high SOC concentration stimulated soil C loss. The addition of crop straw could increase microbial biomass and activity [33], thereby promoting SOC decomposition. However, considering the basal SOC concentration, crop residues did not increase cumulative mineralization per unit of SOC, and WR even decreased it in the 0–5 cm and 10–20 cm soil layers, which may explain the higher SOC accumulation under straw returning. The use of crop residues for sustainable agricultural development involves a balance between soil quality and other uses (e.g., cellulosic feedstock) [20]. Thus, after meeting the demand for improvements in soil quality, maize straw in the WR could have many other uses, such as forage, fuel, and biomass.




4.2. Aggregate Size Distribution and Associated C


Assessments of aggregate size distribution can reveal the physical structure of soil and reflect soil quality. Soil aggregate stability could be easily described and explained by the parameters GMD and MWD [34], which directly describe soil agglomeration and degradation [35] as well as potential soil nutrient supplementation [36]. Higher GMD and MWD values are associated with low soil erosion and disturbance [37]. Thus, a larger number of macro aggregates (>2 mm soil aggregates) indicates the stability of the soil structure. The results of our study showed that WR-MR and WR significantly increased soil MWD in the 0–10 cm soil layer in 2016 (a similar trend was observed in 2017), indicating that residue retention was positive for soil aggregate formation. Moreover, our results indicated that WR-MR increased the proportion of >2 mm soil aggregates, even in deeper soil layers. Thus, the benefits of crop residue retention are not restricted to the upper soil layer, and future studies should evaluate the mechanism underlying SOC sequestration at deep soil layers.



Additionally, for the formation and stabilization of aggregates, SOC, microbial biomass, and soil protein are critical. Generally, macro aggregates are more likely to be formed around fresh SOC, which provide the C source for microbial activity to produce soil binders [13]. Therefore, crop straw retention can increase the supply of C required for aggregate formation [38]. This explains the higher proportion of >2 mm soil aggregates observed under MR-WR and WR. Additionally, according to our results, WR-MR is beneficial due to its C accumulation capacity in the surface soil layer, especially for >2 mm soil aggregates, which is consistent with previous results showing that residue retention improves both C storage and soil structure [39]. C inputs affect C storage [40], as verified by the comparison among treatments in our study. In turn, SOC in macro aggregates was less sensitive to decomposition by chemical, physical, and biological effects [41]. Therefore, the higher abundance of >2 mm soil aggregates may contribute to SOC accumulation or stabilization under treatments with residue retention (WR and MR-WR). In addition, the results of our study showed that NSR decreased the aggregate-associated C stock and SOC concentration for each aggregate size. Thus, this treatment is not recommended in this region according to our findings.





5. Conclusions


This study investigated SOC accumulation and mineralization as well as aggregate stability and associated SOC under different straw returning modes. Straw returning (WR-MR and WR) resulted in significantly higher MWD than that for NSR and improved the aggregate-associated C concentration and storage for each soil aggregate size in the upper soil layer. Thus, WR and WR-MR significantly increased SOC storage compared with NSR. Furthermore, no significant difference in mineralization per unit of soil carbon was observed among different straw returning modes. These findings suggest that WR-MR and WR are effective strategies to enhance aggregate stability and SOC accumulation in the NCP, and WR is the optimal choice due to the potential applications of using the remaining maize straw (e.g., for forage or marsh gas) without affecting soil carbon sequestration.
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Figure 1. Average temperature and precipitation during the research period at Wuqiao Station, Hebei province, China. 
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Figure 2. Effects of straw return modes on cumulative mineralization (A) and SOC/mineralization (B). NSR, no straw returning; WR, only wheat straw returning; WR-MR, both wheat and maize straw returning. Lower case letters indicate significant differences (p < 0.05) among different treatments within the same soil depth. Error bars indicate SD. 
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Figure 3. Correlation between SOC concentration and cumulative mineralization. 
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Table 1. The rate of straw returned to the field.






Table 1. The rate of straw returned to the field.





	
Year

	
Treatments

	
Maize Straw (kg·ha−1)

	
Wheat Straw (kg·ha−1)






	
2015.10–2016.10

	
NSR

	
0

	
0




	
WR

	
0

	
7250




	
WR-MR

	
11,432

	
9167




	
2016.10–2017.10

	
NSR

	
0

	
0




	
WR

	
0

	
10,175




	
WR-MR

	
10,970

	
10,800








NSR, no straw returning; WR, only wheat straw returning; WR-MR, both wheat and maize straw returning.
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Table 2. The SOC concentration and storage under different straw return modes.






Table 2. The SOC concentration and storage under different straw return modes.





	
Year

	
2016

	
2017




	
Treatments

	
BD (g cm−3)

	
SOC (g kg−1)

	
SOC Storage (Mg ha−1)

	
BD (g cm−3)

	
SOC (g kg−1)

	
SOC Storage (Mg ha−1)






	
0–5 cm

	

	

	

	

	

	




	
NSR

	
1.39

	
7.25b

	
5.03b

	
1.30

	
7.88b

	
5.12b




	
WR

	
1.30

	
9.80a

	
6.39a

	
1.29

	
10.40a

	
6.72a




	
WR-MR

	
1.29

	
9.95a

	
6.41a

	
1.26

	
11.10a

	
7.00a




	
5–10 cm

	

	

	

	

	

	




	
NSR

	
1.37

	
7.18b

	
4.91b

	
1.36

	
7.73b

	
5.26b




	
WR

	
1.36

	
9.98a

	
6.24a

	
1.33

	
10.29a

	
6.84a




	
WR-MR

	
1.32

	
9.58a

	
6.30a

	
1.31

	
11.23a

	
7.35a




	
10–20 cm

	

	

	

	

	

	




	
NSR

	
1.43

	
4.04c

	
5.79c

	
1.40

	
4.37b

	
6.10b




	
WR

	
1.49

	
6.19a

	
9.27a

	
1.45

	
6.77a

	
9.84a




	
WR-MR

	
1.51

	
5.55b

	
8.38b

	
1.38

	
6.58a

	
9.05a




	
20–30 cm

	

	

	

	

	

	




	
NSR

	
1.48

	
4.04a

	
5.97a

	
1.42

	
4.96a

	
7.04a




	
WR

	
1.59

	
3.76a

	
6.41a

	
1.48

	
4.68a

	
6.94a




	
WR-MR

	
1.55

	
4.12a

	
6.41a

	
1.48

	
4.88a

	
7.24a




	
30–50 cm

	

	

	

	

	

	




	
NSR

	
1.42

	
3.98a

	
11.33a

	
1.47

	
3.57a

	
10.48a




	
WR

	
1.55

	
3.83a

	
11.85a

	
1.55

	
3.87a

	
11.96a




	
WR-MR

	
1.41

	
3.70a

	
10.41a

	
1.48

	
3.52a

	
10.40a








NSR, no straw returning; WR, only wheat straw returning; WR-MR, both wheat and maize straw returning. Lower case letters indicate significant differences (p < 0.05) among different treatments within the same soil depth.
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Table 3. Effects of straw return modes on aggregate size distribution and stability.
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Year

	
2016

	
2017




	
Percentage (%)

	
MWD (mm)

	
GMD (mm)

	
Percentage (%)

	
MWD (mm)

	
GMD (mm)




	
Treatments

	
>2 mm

	
0.25–2 mm

	
0.053–0.25 mm

	
<0.053 mm

	
>2 mm

	
0.25–2 mm

	
0.053–0.25 mm

	
<0.053 mm






	
0–5 cm

	

	

	

	

	

	

	

	

	

	

	

	




	
NSR

	
4.06b

	
24.74a

	
32.00b

	
39.20a

	
0.41b

	
0.49a

	
24.62c

	
21.04a

	
13.86b

	
35.99a

	
0.87b

	
0.63a




	
WR

	
4.19b

	
24.83a

	
32.70b

	
38.28b

	
0.45a

	
0.48a

	
30.80b

	
19.16b

	
15.37a

	
34.66b

	
0.95a

	
0.66a




	
WR-MR

	
5.50a

	
23.22b

	
36.25a

	
35.03c

	
0.44a

	
0.48a

	
40.09a

	
15.78c

	
11.03c

	
33.37c

	
0.89b

	
0.62a




	
5–10 cm

	

	

	

	

	

	

	

	

	

	

	

	




	
NSR

	
4.40c

	
21.90a

	
42.28a

	
31.41c

	
0.44b

	
0.49a

	
30.21c

	
19.89a

	
14.18a

	
35.71a

	
0.87b

	
0.63a




	
WR

	
7.04b

	
22.21a

	
32.97b

	
37.77a

	
0.49a

	
0.50a

	
34.75b

	
17.20b

	
13.15b

	
34.91a

	
0.93b

	
0.65a




	
WR-MR

	
8.72a

	
22.45a

	
33.25b

	
35.58b

	
0.48a

	
0.49a

	
37.44a

	
17.48b

	
12.11c

	
32.96b

	
0.98a

	
0.67a




	
10–20 cm

	

	

	

	

	

	

	

	

	

	

	

	




	
NSR

	
2.67c

	
15.44b

	
33.42c

	
48.47a

	
0.30b

	
0.42a

	
33.66b

	
14.07c

	
14.24b

	
38.03a

	
0.87b

	
0.61b




	
WR

	
4.38a

	
16.51a

	
34.14b

	
44.97b

	
0.34a

	
0.44a

	
22.64c

	
19.77a

	
17.19a

	
40.40a

	
0.72c

	
0.56c




	
WR-MR

	
3.64b

	
16.21a

	
35.68a

	
44.47b

	
0.33a

	
0.43a

	
43.26a

	
15.85b

	
13.12c

	
32.73b

	
1.03a

	
0.67a




	
20–30 cm

	

	

	

	

	

	

	

	

	

	

	

	




	
NSR

	
1.72a

	
11.91b

	
34.22b

	
52.15a

	
0.25a

	
0.39a

	
8.30b

	
13.51a

	
19.37b

	
58.82a

	
0.38b

	
0.42b




	
WR

	
1.35b

	
12.30a

	
34.32b

	
52.04a

	
0.27a

	
0.39a

	
7.82b

	
13.58a

	
22.13a

	
56.48b

	
0.37b

	
0.42b




	
WR-MR

	
1.59a

	
11.78b

	
35.25a

	
51.38b

	
0.25a

	
0.39a

	
19.13a

	
10.45b

	
20.13b

	
55.62b

	
0.59a

	
0.48a




	
30–50 cm

	

	

	

	

	

	

	

	

	

	

	

	




	
NSR

	
1.21a

	
10.78c

	
31.73c

	
56.28a

	
0.24a

	
0.39a

	
3.82c

	
10.43b

	
22.96a

	
62.79a

	
0.35a

	
0.40a




	
WR

	
1.21a

	
11.10b

	
35.54a

	
52.15b

	
0.23a

	
0.39a

	
5.98b

	
11.58a

	
22.06a

	
60.38b

	
0.32a

	
0.40a




	
WR-MR

	
1.25a

	
12.19a

	
33.53b

	
53.03b

	
0.22a

	
0.38a

	
8.28a

	
11.41a

	
18.41b

	
61.90a

	
0.26b

	
0.38a








NSR, no straw returning; WR, only wheat straw returning; WR-MR, both wheat and maize straw returning. MWD, mean weight diameter; GMD, geometric mean diameter. Lower case letters indicate significant differences (p < 0.05) among different treatments within the same soil depth.
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Table 4. Effects of straw return modes on aggregate-associated C concentration.
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Year

	
2016

	
2017




	
Aggregate-Associated C (g kg−1)

	
Aggregate-Associated C (g kg−1)




	
Treatments

	
>2 mm

	
0.25–2 mm

	
0.053–0.25 mm

	
<0.053 mm

	
>2 mm

	
0.25–2 mm

	
0.053–0.25 mm

	
<0.053 mm






	
0–5 cm

	

	

	

	

	

	

	

	




	
NSR

	
8.09c

	
9.66c

	
6.77c

	
5.86b

	
8.71b

	
10.12c

	
9.08b

	
8.42c




	
WR

	
10.33b

	
10.71b

	
8.56b

	
8.33a

	
11.87a

	
12.85a

	
11.52a

	
11.28a




	
WR-MR

	
11.08a

	
12.51a

	
9.48a

	
8.66a

	
11.38a

	
12.31b

	
11.49a

	
10.76b




	
5–10 cm

	

	

	

	

	

	

	

	




	
NSR

	
7.97c

	
9.21c

	
6.43c

	
6.05c

	
9.26b

	
9.10b

	
6.17c

	
8.89c




	
WR

	
10.53b

	
10.74b

	
7.80b

	
8.35a

	
11.82a

	
12.82a

	
10.86b

	
11.01b




	
WR-MR

	
11.27a

	
11.90a

	
8.49a

	
7.99b

	
11.51a

	
12.66a

	
11.22a

	
11.27a




	
10–20 cm

	

	

	

	

	

	

	

	




	
NSR

	
4.46c

	
7.50a

	
5.52a

	
4.93a

	
6.77b

	
7.49b

	
8.03c

	
8.67c




	
WR

	
7.64a

	
7.57a

	
5.21b

	
4.79ab

	
10.26a

	
10.86a

	
9.41b

	
9.11b




	
WR-MR

	
6.40b

	
6.57b

	
5.05b

	
4.58b

	
10.20a

	
10.99a

	
10.09a

	
9.67a




	
20–30 cm

	

	

	

	

	

	

	

	




	
NSR

	
4.45a

	
4.27a

	
3.57a

	
3.61a

	
4.25b

	
3.96b

	
4.85b

	
4.46c




	
WR

	
4.22a

	
4.27a

	
3.33a

	
3.46a

	
7.93a

	
7.48a

	
7.40a

	
6.91a




	
WR-MR

	
4.36a

	
4.25a

	
3.49a

	
3.50a

	
7.84a

	
7.41a

	
7.06a

	
7.11a




	
30–50 cm

	

	

	

	

	

	

	

	




	
NSR

	
4.39a

	
4.00a

	
3.69a

	
3.57ab

	
4.40c

	
3.97c

	
3.40c

	
3.24b




	
WR

	
4.23a

	
3.96a

	
3.21b

	
3.39b

	
7.63b

	
7.05b

	
6.65b

	
6.44a




	
WR-MR

	
4.20a

	
3.74a

	
3.51a

	
3.64a

	
8.03a

	
7.62a

	
7.12a

	
6.72a








NSR, no straw returning; WR, only wheat straw returning; WR-MR, both wheat and maize straw returning. Lower case letters indicate significant differences (p < 0.05) among different treatments within the same soil depth.
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Table 5. Effects of straw return modes on aggregate-associated C storage.
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Year

	
2016

	
2017




	
Aggregate-Associated C Storage (Mg ha−1)

	
Aggregate-Associated C Storage (Mg ha−1)




	
Treatments

	
>2 mm

	
0.25–2 mm

	
0.053–0.25 mm

	
<0.053 mm

	
>2 mm

	
0.25–2 mm

	
0.053–0.25 mm

	
<0.053 mm






	
0–5 cm

	

	

	

	

	

	

	

	




	
NSR

	
0.23c

	
1.66c

	
1.50c

	
1.59c

	
1.39c

	
1.38b

	
0.82b

	
1.97c




	
WR

	
0.28b

	
1.74b

	
1.83b

	
2.08a

	
2.36b

	
1.59a

	
1.14a

	
2.53a




	
WR-MR

	
0.39a

	
1.87a

	
2.21a

	
1.95a

	
2.88a

	
1.23c

	
0.80b

	
2.26b




	
5–10 cm

	

	

	

	

	

	

	

	




	
NSR

	
0.24c

	
1.38c

	
1.86a

	
1.30c

	
1.90b

	
1.23b

	
0.60b

	
2.16c




	
WR

	
0.51b

	
1.63b

	
1.75b

	
2.15a

	
2.73a

	
1.47a

	
0.95a

	
2.56a




	
WR-MR

	
0.65a

	
1.76a

	
1.86a

	
1.87b

	
2.82a

	
1.45a

	
0.89a

	
2.43b




	
10–20 cm

	

	

	

	

	

	

	

	




	
NSR

	
0.17c

	
1.66b

	
2.65a

	
3.43a

	
3.18c

	
1.47c

	
1.60c

	
4.60b




	
WR

	
0.50a

	
1.86a

	
2.65a

	
3.21b

	
3.38b

	
3.12a

	
2.35a

	
5.35a




	
WR-MR

	
0.35b

	
1.61b

	
2.72a

	
3.08b

	
6.07a

	
2.40b

	
1.82b

	
4.35c




	
20–30 cm

	

	

	

	

	

	

	

	




	
NSR

	
0.11a

	
0.75b

	
1.81a

	
2.79a

	
0.50c

	
0.76c

	
1.33c

	
3.72b




	
WR

	
0.09a

	
0.83a

	
1.81a

	
2.86b

	
0.92b

	
1.50a

	
2.42a

	
5.78a




	
WR-MR

	
0.11a

	
0.78ab

	
1.91a

	
2.80b

	
2.22a

	
1.15b

	
2.11b

	
5.87a




	
30–50 cm

	

	

	

	

	

	

	

	




	
NSR

	
0.15a

	
1.23b

	
3.33a

	
5.72a

	
0.49c

	
1.21b

	
2.29c

	
5.97b




	
WR

	
0.16a

	
1.36a

	
3.53a

	
5.46a

	
1.41b

	
2.52a

	
4.54a

	
12.02a




	
WR-MR

	
0.15a

	
1.28ab

	
3.31a

	
5.43a

	
1.97a

	
2.57a

	
3.87b

	
12.30a








NSR, no straw returning; WR, only wheat straw returning; WR-MR, both wheat and maize straw returning. Lower case letters indicate significant differences (p < 0.05) among different treatments within the same soil depth.
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