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Abstract:



Straw amendment (SA) can be used to increase soil organic matter and decrease dioxide carbon emissions. However, the impact of SA on the crop yield is still subject to debate in different areas. In this study, soil temperature (ST), soil moisture (SM), soil bulk density, soil-available-nitrogen (AN), soil-available-phosphorus (AP), crop growth and yield were measured in SA and NSA (no straw amendment) at slope positions of a 130-m-long consecutive Mollisol slope during the maize (Zea mays) growth stages in the North Temperate Zone of China. Compared with NSA, the influence of SA on ST and SM was not consistent, while AN typically increased on the top slope. However, SA conventionally increased AP, increased daily ST and monthly ST (2.4–7.9%), and increased daily SM and monthly SM (2.1–12.5%) on the back slope. SA increased crop yield by 1–9.8% and 55.6–105.1% on the top and back slopes, respectively. At the bottom, SA conventionally decreased ST (0.20–1.48 °C in July and August), SM (3.5–29.6% from May to August), AN and AP, and decreased crop yield (4.1–30.6%). In conclusion, SA changed the equilibrium of ST and SM, influenced the dynamics of AN and AP on the consecutive slopes, and increased yield on both the top and back slopes but decreased yield at the bottom.
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1. Introduction


Crop residues are the main by-products in agriculture, especially in maize cultivation [1]. The management of crop residues significantly influences soil quantity and environment [2,3,4]. In terms of management strategies, several options are available, including burning, incorporation, direct drilling-in of surface residues, under-sowing crops, and baling and removing of crop residues for use as stock feed, building material, fuel, livestock bedding, composting for mushroom cultivation, bedding for plants, and sources of chemicals [5]. Straw amendment (residue mulch or residue incorporation) added to soils is usually considered the most efficient method to increase soil organic carbon (SOC) and decrease salinity, gas emissions, and soil loss [3,5,6,7,8,9,10,11]. However, the impacts of straw amendment (SA) on crop yield are still subject to debate in different areas [9,10,11,12,13,14,15], especially considering different regions under different soil types and climatic conditions.



Effects of SA on the dynamics of soil water, runoff, infiltration, soil temperature, nutrients and soil water use and productivity are contradictory because of soil characteristics, climate and crop and soil management practices which vary enormously [9,12,13,14]. Generally, residue incorporation reduces surface runoff, increases SM, crop transpiration and WUE (crop water use efficiency), and decreases ST; the extent to which this happens is mainly determined by the growth stage and the amount of residue returned to the soil [9,16,17,18,19]. Furthermore, intensified straw application significantly reduces evapotranspiration at the grain-filling to the maturity stages, and significantly increases surface SM at the grain-filling stage and considerably improves rainfall-use efficiency (RUE) during the whole growth period [20]. However, in another study, ditch-buried straw return decreases SM, but increases mean ST in a humid, mid-subtropical monsoon climate and increases soil microbial activity [21]. In addition, the positive effects of residue incorporation on water balance and crop yield are more pronounced at dry sites than at wet sites. Residue incorporation can be an effective adaptation option for mitigating the impacts of climate change on winter crops by improving WUE, and it is particularly effective in narrow-leaf cropping systems in hot and dry environments [11]. Compared with NSA (no straw amendment), SA typically decreases the uptake of soil nitrogen, while higher levels of mineral N addition can mitigate the harmful effects of SA [3,15,22]. It is also reported that plant growth can be immediately enhanced by plant residues with a low C/N ratio, even under drought-stress conditions [23]. Furthermore, SA increases soil organic matter, decreases soil bulk density, reduces the stability of aggregates, water infiltration, saturated/unsaturated hydraulic conductivity, and air permeability, and thereby increases soil and water loss; SA changes the dynamics of SM and ST, and influences the activity of microbe and nutrient transformation [3]. However, most studies evaluating the impacts of straw amendment on soil physicochemical properties have been mainly carried out on flat or sloping plots [12,21,24], while the precise impacts of straw amendment in fields with consecutive slopes remain unknown.



In Northeast China, crop residues are typically burned after harvest, a practice which has been applied for several hundred years. In recent years, SA has been widely adopted in this Mollisol region, and SA typically decreases the crop yield in the flat area [12]. However, it is not clear how straw amendment influences crop yield in a sloped field. It is the premise of this study that crop yield influenced by SA was different between a sloped and flat field. In the study, crop yield and its main driving factors, e.g., SM, ST, soil available nutrients, were monitored in a field with consecutive slopes over a period of two years. We aim to determine how SA changes soil physicochemical properties and influences crop growth and yield in the Mollisol region of Northeast China. The information from the results of the impacts of straw amendment on crop yield can be used for the development of local residue management and can also be transferred to other Mollisol regions, such as the mid-latitudes of North America, Eurasia, and South America with larger Mollisol areas [25].




2. Materials and Methods


2.1. Research Location


Our research site (45°45′35.82″ N, 126°54′34.35″ E) is in the Xiangyang experimental station of Northeast Agricultural University (45°45′27″–45°46′33″ N, 126°35′44″–126°55′54″ E), Harbin city, Heilongjiang province in Northeast China (Figure 1). The experimental station is located in the North Temperate Zone of China. This area has a continental monsoon climate with hot and rainy conditions in the summer, and cold and arid weather in the winter. The average annual temperature is 3.5 °C and annual sunshine duration averages between 2400 and 2500 h. Total annual solar radiation is 4718.7 MJ m−2, and the annual average available accumulated temperature (≥10 °C) is 2558 °C. Average annual precipitation (rainfall and snow) is 534 mm (coefficient of variation = 2%) and annual rainfall is 497 mm (coefficient of variation = 2%) over a 20-year period. Average annual rainfall is 457.3 mm (coefficient of variation = 3.8%), with 65% of rainfall falling in June, July and August over the 10 years from 2003 to 2013 (Figure 2).


Figure 1. Location of the research area in China, and experimental plot design. Straw Amendment and No Straw Amendment are represented as SA and NSA, respectively.



[image: Water 10 00559 g001]





Figure 2. Monthly mean precipitation in 2015 and 2016, and monthly mean precipitation and associated variation from January to December in 2003–2013 in Harbin city, Heilongjiang province, China.
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Formation of soils in the study area began during the Quaternary period on loess deposits under natural grasses and now have a rich, dark organic layer (mean depth of 30 cm) and are classified as Black soil by the Chinese Soil Taxonomy (CST), Phaeozems by the World Reference Base for Soil Resources (WRB), and Mollisols by the US Soil Taxonomy (USST) [26]. Generally, the most slopes are inclined at less than 5°, but are more 100 meters in length. These soils have a silty clay-loam texture with high productivity. The mean soil physicochemical properties of the research sites are shown in Table 1.


Table 1. Soil physicochemical properties before planting in the experimental fields.





	
Slope Position

	
Soil Depth (cm)

	
Organic Matter (g kg−1)

	
Total Nitrogen (g kg−1)

	
Total Phosphorus (g kg−1)

	
Bulk Density (g cm−3)

	
Total Porosity (%)

	
Field Capacity (cm3 cm−3)

	
Wilting Point (cm3 cm−3)

	
Saturated Water (cm3 cm−3)

	
pH






	
Top

(n = 12)

	
0–10

	
36.7 ± 4.2

	
1.6 ± 0.3

	
0.29 ± 0.04

	
0.98 ± 0.11

	
63.02 ± 5.01

	
27.5 ± 0.4

	
8.2 ± 0.9

	
54.2 ± 0.5

	
6.15 ± 0.04




	
10–20

	
36.7 ± 4.2

	
1.6 ± 0.3

	
0.29 ± 0.04

	
0.99 ± 0.10

	
62.64 ± 4.90

	
28.5 ± 0.4

	
10.0 ± 1.0

	
50.3 ± 0.4

	
6.38 ± 0.03




	
Back slope

(n = 12)

	
0–10

	
32.3 ± 3.1

	
1.2 ± 0.2

	
0.11 ± 0.03

	
1.21 ± 0.14

	
54.34 ± 6.1

	
30.6 ± 0.3

	
10.8 ± 1.5

	
61.0 ± 0.6

	
6.51 ± 0.03




	
10–20

	
32.3 ± 3.1

	
1.2 ± 0.2

	
0.11 ± 0.03

	
1.26 ± 0.11

	
52.45 ± 5.1

	
32.8 ± 0.3

	
13.4 ± 1.5

	
56.8 ± 0.5

	
6.62 ± 0.05




	
Bottom

(n = 12)

	
0–10

	
34.2 ± 3.9

	
1.4 ± 0.3

	
0.32 ± 0.02

	
1.02 ± 0.09

	
61.51 ± 6.1

	
27.5 ± 0.5

	
9.0 ± 0.8

	
52.2 ± 0.6

	
6.06 ± 0.02




	
10–20

	
34.2 ± 3.9

	
1.4 ± 0.3

	
0.32 ± 0.02

	
1.05 ± 0.07

	
60.38 ± 4.6

	
27.8 ± 0.4

	
9.5 ± 0.7

	
53.7 ± 0.6

	
6.17 ± 0.04








Note: Data represent the mean of all soil samples.









2.2. Experimental Design


This experimental station was built in 2014, while most of the experiments were run from 2010. Corn (Zea mays) was planted without organic fertilizers (only inorganic fertilizers were used), and all crop residues were burned in the autumn from 2010 to 2014. The field is on a northeastern-facing slope (steepness of 5°) that was classified into three slope positions (top, back slope and bottom) at intervals of 44 m down the length of the slope (132 m). All consecutive slope positions from top to bottom were considered to reflect the effect of the straw amendment on the dynamics of SM and ST along the whole slope. Before the experiment was initiated, soils at a depth of 0–30 cm in the same slope position (22 m wide across the altitude) were mixed evenly by tractors in the autumn of 2014. A randomized complete block experimental design with three replications was established on the slope at the end of 2014, and the new ridges were formed in the spring of 2015. Each plot of the experimental site was 3.25 m wide across the slope and 130 m long up and down the slope; crop rows were planted 0.65 m apart. Treatment systems included SA and NSA. In the SA treatment, all crop residues were cut into lengths less than 20 cm by the harvester (John Deere), and then all crop residues were directly, evenly, and completely incorporated into 0–30 cm soil depth after harvest, and new ridges (0.65 m wide) were formed at the same time in the autumn. In the NSA treatment, all crop residues were removed from the field at harvest, and then the plots were rotated (30 cm deep), and new ridges (0.65 m wide) were formed at the same time in the autumn. Corn cultivars Xianyu 335 (Zea mays) and Pengcheng 216 (Zea mays) were planted in spring of 2015 and 2016, respectively (Table 2). All seeds were coated with an insecticide consisting of Sanmate (15%), Thiram (10%), and Carbofuran (10%) (40 kg of seed coated with 1 kg insecticide). Seeding and fertilization were done mechanically in the same operation. No other insect and disease control methods were used during the rest of the crop growing season.


Table 2. Crop management in 2015 and 2016.





	Locations
	Crop
	Crop Variety
	Seeding Date
	Plant Density (Plant ha−1)
	Fertilizer (kg ha−1)
	Weed Control (L ha−1)





	2016
	Corn
	Pengcheng 216
	8 May
	60,000
	8 May

N:58.5; P2O5:54.0

28 Jule N:150.0
	4 May

Xiongdilian (2,4-D butylate 15%, Metribuzin 5%, Acetochlor 40%) 2

28 July

Nicosulfuron 1



	2015
	Corn
	Xianyu 335
	4 May
	60,000
	4 May

N:117.8 P2O5:121.1
	4 May

Acetochlor 2

29 July

Atrazine 1.2










2.3. Measurements and Calculations


Precipitation, SM and ST were all monitored once per hour by TBR (tipping bucket rain gauge), FDR (Frequency Domain Reflectomestry) and a thermistor probe (Made by Qingshen electronic equipment limitation company of China) from May to October. Only three transects 0–22 m (top slope), 66–88 m (back slope) and 110–132 m (bottom) on the slope field were used for sampling and monitoring (Figure 1). FDR and thermistor probes were buried in the soil at a depth of 10 cm in the center of the ridges, at the top slope, back slope and bottom slope. Consecutive 96-h data (four days) collected before and after precipitation were used to reflect the dynamics of daily ST and SM in May, June, July and August in this study. The mean values of ST and SM per hour for a whole month were used to represent the monthly ST and SM.



Soil samples were collected from the 0–22 m (top), 66–88 m (back slope) and 110–132 m (bottom) slope positions and used for nutrient analysis in July (growing stage) and September (mature stage) in 2015 and 2016. Each soil sample at the 0–20 cm depth was comprised of a mixture of five cores taken randomly from within a 1 m2 plot across slope positions. Soil samples were transported to the laboratory as soon as possible after collection from the field, and then were measured at once. Ammonium nitrogen (NH4+-N) was analyzed using the colorimetric method (625 nm) of indophenol blue-KCl extraction, and nitrate nitrogen (NO3−-N) was detected using the colorimetric method (220 nm minus 275 nm) after 2 mol L−1 KCl extraction [27]. AN (available nitrogen) was calculated as the sum of NO3−-N and NH4+-N. AP was determined using the molybdenum-blue method after extraction with 0.5 mol L−1 NaHCO3 [27]. Soil bulk density was measured on undisturbed soil samples taken from the center of the ridge with 100 cm3 cylinders at 0–5 cm and 10–15 cm depth at slope positions before planting in spring 2016.



The Kolmogorov–Smirnov (K–S) test was used to test the normality of the distribution of various variables across slope position and months. The results showed that site variables (ST and SM) were all normally distributed. One-way analyses of variance (ANOVA) were performed on ST and SM among slope positions and months. Multiple comparisons using the Least Significant Difference (LSD) method were carried out using SPSS 19 statistical software (IBM SPSS Statistics for Windows, Version 19.0. Armonk, NY: IBM Corp.). Variance component estimates and 95% confidence intervals were calculated with restricted maximum likelihood (REML) and unbounded variance components (version 19.0. SPSS lnc.). All figures were drawn by SigmaPlot 10.





3. Results


3.1. Influence of Straw Amendment on Daily Soil Temperature and Soil Moisture in Early Crop Growth Stages


In the early crop growth stages (May and June), precipitation was lower in 2015 than in 2016, while ST was generally higher in 2015. In the early crop growth stages of 2015, ST exceeded values of 10 °C both during the day and at night and before and after precipitation. ST was lower in the SA treatment than in the NSA treatment during the day both before and after precipitation, irrespective of the position (top or bottom of the slope), while it was higher in the SA treatment during the night (Figure 3). In particular, the difference between SA and NSA increased in the middle of the afternoon (12:00–16:00) or after precipitation. On the back slope, ST was higher under SA than under NSA during the day time, while it decreased after precipitation and reached values close to those under NSA in the night.


Figure 3. (a–d) represent the dynamics of soil temperature and soil moisture during the consecutive 96-h period from 27–30 May 2015, 14–17 May 2016, 24–27 June 2015 and 16–19 June 2016, respectively.
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In May 2016, ST values exceeded 10 °C during the day and at night before precipitation but were lower than 10 °C at night after precipitation across all slope positions. At the top slope, ST differed from that measured in 2015 and was higher in the SA than in the NSA treatment during the daytime and at night, as well as before and after precipitation. On the back slope, ST was lower in the SA than in the NSA treatment for most of the daytime, but was mostly higher in the NSA treatment, especially after precipitation and during the night. The difference in ST between SA and NSA increased during the morning (3:00–5:00) and afternoon (12:00–16:00). In May and June 2016, ST was also lower in the SA than in the NSA treatment during the day and at night both before and after precipitation, while it reached values close to those of SA after precipitation at the bottom of the slope.



In the early crop growth stages of both 2015 and 2016, SM was lower in the SA than in the NSA treatment at the top and bottom of the slope both before and after precipitation, although this difference decreased from May to June. SM under SA was typically slightly higher than under NSA on the back slope in both 2015 and 2016, but lower at the bottom of SA than on the back slope of SA and NSA in 2016.




3.2. Influence of Straw Amendment on Daily Soil Temperature and Soil Moisture in Late Crop Growth Stages


In the late growth stages (July and August), ST exceeded 15 °C in both 2015 and 2016. In 2015, before and after precipitation and at the top and the bottom of the slope, ST was also lower in the SA than in the NSA treatment during the day, but increased during the night (Figure 4). The difference between SA and NSA was only slightly changed by precipitation. On the back slope, ST was generally lower in the SA than in the NSA treatment during the day, but at night, reached values similar to those in the NSA treatment.


Figure 4. (a–d) represent the dynamics of soil temperature and soil moisture during the consecutive 96-h period from 20–23 July 2015, 25–28 July 2016, 13–16 August 2015 and 20–23 August 2016, respectively.
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In the late growth stages of 2016, at the top slope, ST differed from the values measured in 2015 and was higher in the SA than in the NSA treatment during both the daytime and at night before and after precipitation. On the back slope, ST was higher under SA than under NSA for most of the daytime, and the difference increased at night. ST at the bottom of the slope was also lower under SA compared with NSA during the day and at night both before and after precipitation, while the relationship was hardly changed by precipitation.



ST dynamics in the late growth stages of 2016 were comparable to those in 2015, while the difference between the bottom and the top slope or between the bottom and back slope increased in both July and August 2016. Compared with the early growth stage, the variation of ST on the back slope was lower than that at the top of the slope in 2015 and increased at the bottom in 2016.



In the late growth stages of both 2015 and 2016, SM dynamics were more consistent in SA compared with NSA for most slope positions. At the top of the slope, SM was higher under SA than under NSA in 2015 and lower under SA than under NSA in July 2016; in August 2016, there was no difference prior to precipitation. Generally, SM was slightly higher under SA than under NSA on the back slope in both 2015 and 2016, and this relationship changed slightly after precipitation. SM in the SA treatment at the bottom of the slope was also lower than that in the NSA treatment and even lower than that in both SA and NSA treatments on the back slope in 2016.




3.3. Influence of Straw Amendment on Monthly Soil Temperature across Different Slope Positions


Except in May, monthly ST was highest at the top slope, followed by the back and the bottom of the slope in both SA and NSA treatments in 2015, while it was highest at the bottom in the SA treatment, followed by the back and the top slopes in both SA and NSA treatments in 2016. Compared with NSA, monthly ST at the top slope was generally lower under SA in May, July, and August of 2015, but higher from May to August in 2016 (Table 3). On the back slope, ST under SA was significantly higher, i.e., 7.2%, 7.0%, 4.9%, 3.0%, and 2.4% than that in the NSA treatment in May, June, July, and August 2016, respectively, and similar to the values measured under NSA in 2015 (Table 3). In contrast, ST at the bottom of the slope was significantly lower under SA than under NSA from July to August 2015 and from May to September 2016; in particular, it was 2.2% (0.50 °C), 3.7% (0.98 °C), 2.0% (0.50 °C), and 7.6% (1.48 °C) lower in June, July, August, and September 2016, respectively, than under NSA.


Table 3. Monthly soil temperature in the treatments with straw amendments (SA) and without straw amendments (NSA) in 2015 and 2016 (n = 1448).





	

	
Straw Amendments (SA) (°C)

	
No Straw Amendments (NSA) (°C)




	

	
Top

	
Back Slope

	
Bottom

	
Top

	
Back Slope

	
Bottom




	

	
Mean

	
CV

	
Mean

	
CV

	
Mean

	
CV

	
Mean

	
CV

	
Mean

	
CV

	
Mean

	
CV






	
2015

	

	

	

	

	

	

	

	

	

	

	

	




	
May

	
16.64 a 1

	
0.31

	
16.56 ab

	
0.30

	
16.56 ab

	
0.31

	
16.06 b

	
0.37

	
16.51 ab

	
0.27

	
16.45 ab

	
0.31




	
Jun.

	
22.62 ab

	
0.24

	
22.20 cd

	
0.22

	
22.58 bc

	
0.24

	
23.01 a

	
0.29

	
22.02 d

	
0.22

	
22.49 dc

	
0.25




	
Jul.

	
23.23 a

	
0.12

	
22.54 b

	
0.10

	
22.84 c

	
0.11

	
23.53 d

	
0.15

	
22.78 e

	
0.10

	
23.24 f

	
0.12




	
Aug.

	
22.78 bc

	
0.07

	
22.29 e

	
0.06

	
22.70 c

	
0.07

	
23.09 a

	
0.10

	
22.50 d

	
0.06

	
22.93 ab

	
0.08




	
2016

	

	

	

	

	

	

	

	

	

	

	

	




	
May

	
17.28 b

	
0.25

	
17.02 c

	
0.23

	
17.67 a

	
0.27

	
16.03 d

	
0.27

	
15.87 d

	
0.28

	
17.74 a

	
0.24




	
Jun.

	
21.64 d

	
0.15

	
21.92 c

	
0.12

	
22.11 b

	
0.16

	
20.87 e

	
0.15

	
20.49 f

	
0.15

	
22.61 a

	
0.16




	
Jul.

	
23.74 d

	
0.09

	
24.43 c

	
0.08

	
25.68 b

	
0.12

	
23.14 f

	
0.10

	
23.29 e

	
0.10

	
26.66 a

	
0.13




	
Aug.

	
22.43 d

	
0.11

	
22.64 c

	
0.11

	
24.36 b

	
0.13

	
22.13 e

	
0.12

	
21.98 f

	
0.11

	
24.86 a

	
0.13




	
Sept.

	
17.30 e

	
0.12

	
18.00 bc

	
0.11

	
18.06 b

	
0.16

	
17.91 c

	
0.13

	
17.57 d

	
0.12

	
19.54 a

	
0.14








Note: 1 Values followed by the same letter within the same rows (lowercase letter) are not significantly different based on the LSD multiple range test (p ≤ 0.05).








The variance of ST (reflected by the CV) was lower under SA than under NSA at the top of the slope from May to September in both 2015 and 2016 and lower under SA at the bottom of the slope from May to September in 2015, but this trend was not consistent in 2016. On the back slope, the variance of ST was higher under SA than under NSA and similar from June to September in 2015. However, in 2016, the variance was lower under SA than under NSA from May to July on the back slope. Generally, in 2016, ST variance was higher, both at the top and the bottom of the slope, except under NSA in May 2016.




3.4. Influence of Straw Amendments on Monthly Soil Moisture at Different Slope Positions


Monthly SM was highest at the bottom of the slope, followed by the back and the top for SA and NSA in 2015 and NSA in 2016. Monthly mean SM at the top was higher under SA than under NSA from June to September in 2015, but lower under SA than under NSA from May to September 2016 (Table 4). Compared with NSA, SM was significantly higher, i.e., by 1.4%, 32.3%, 37.4%, and 24.5% under SA in June, July, August, and September 2015, respectively, while it was significantly lower by 11.5%, 11.2%, 8.8%, 8.3%, and 10.0% in May, June, July, August, and September in 2016, respectively, at top of the slope. On the back slope, SM was significantly higher under SA than under NSA, i.e., by 2.9%, 10.5%, 8.8%, 8.5%, and 2.0% in May, June, July, August, and September in 2015, respectively, and significantly higher under SA than under NSA, i.e., by 2.1%, 5.7%, 4.2%, 12.5%, and 5.9% in May, June, July, August, and September in 2016, respectively. However, at the bottom of the slope, except in September, SM was significantly lower, i.e., by 14.7%, 12.9%, 6.7%, and 3.5% under SA compared with NSA in May, June, July, and August 2015, respectively, and was significantly higher, i.e., by 15.9%, 15.9%, 22.1%, 29.6%, and 28.3% under SA than under NSA in May, June, July, August, and September 2016, respectively.


Table 4. Monthly soil moisture in the SA and NSA treatments in 2015 and 2016 (n = 1448).





	

	
Straw Amendments (SA) (cm3 cm−3)

	
No Straw Amendments (NSA) (cm3 cm−3)




	

	
Top

	
Back slope

	
Bottom

	
Top

	
Back slope

	
Bottom




	

	
Mean

	
CV

	
Mean

	
CV

	
Mean

	
CV

	
Mean

	
CV

	
Mean

	
CV

	
Mean

	
CV






	
2015

	

	

	

	

	

	

	

	

	

	

	

	




	
May

	
30.16 f 1

	
0.10

	
42.02 c

	
0.08

	
51.52 b

	
0.04

	
34.05 e

	
0.09

	
40.85 d

	
0.06

	
60.37 a

	
0.02




	
Jun.

	
33.23 e

	
0.14

	
44.55 c

	
0.08

	
52.44 b

	
0.07

	
32.77 f

	
0.14

	
40.32 d

	
0.16

	
60.22 a

	
0.04




	
Jul.

	
32.20 e

	
0.22

	
35.73 c

	
0.16

	
50.87 b

	
0.11

	
24.34 f

	
0.23

	
32.84 d

	
0.21

	
54.53 a

	
0.08




	
Aug.

	
34.21 e

	
0.20

	
39.83 c

	
0.15

	
54.39 b

	
0.10

	
24.90 f

	
0.25

	
36.72 d

	
0.20

	
56.34 a

	
0.08




	
Sept.

	
24.76 e

	
0.20

	
29.84 c

	
0.17

	
43.79 a

	
0.15

	
19.88 f

	
0.26

	
29.26 d

	
0.21

	
40.51 b

	
0.12




	
2016

	

	

	

	

	

	

	

	

	

	

	

	




	
May

	
30.69 f

	
0.07

	
52.89 b

	
0.04

	
47.55 d

	
0.05

	
34.66 e

	
0.09

	
51.79 c

	
0.03

	
56.57 a

	
0.03




	
Jun.

	
33.43 f

	
0.10

	
55.46 b

	
0.05

	
49.49 d

	
0.06

	
37.64 e

	
0.10

	
52.47 c

	
0.03

	
58.85 a

	
0.03




	
Jul.

	
25.75 f

	
0.19

	
47.31 b

	
0.11

	
40.64 d

	
0.14

	
28.25 e

	
0.22

	
45.42 c

	
0.10

	
52.14 a

	
0.10




	
Aug.

	
21.77 f

	
0.07

	
43.12 b

	
0.07

	
33.06 d

	
0.10

	
23.75 e

	
0.12

	
38.34 c

	
0.09

	
46.95 a

	
0.06




	
Sept.

	
26.56 f

	
0.13

	
45.04 b

	
0.07

	
37.24 d

	
0.14

	
29.51 e

	
0.16

	
42.52 c

	
0.08

	
51.96 a

	
0.05








Note: 1 Values followed by the same letter within the same rows (lowercase letters) are not significantly different based on the LSD multiple range test (p ≤ 0.05).








The variance of SM (reflected by the CV) was lower under SA at the top of the slope from July to September and lower under SA on the back slope in August and September; it was consistently higher under SA at the bottom of the slope from May to September. The variance decreased from the top to the bottom of the slope for both NSA and SA in 2015 and for NSA in 2016, while it deceased towards the back of the slope and increased towards the bottom under SA in 2016.




3.5. Influence of Straw Amendment on Soil Bulk Density


Soil bulk density was measured under SA and NSA before planting in spring 2016 (between 2015 and 2016). Soil bulk density was compared between SA and NSA across soil depths at the same slope position. At the top, soil bulk density was significantly higher (35%) at the depth of 10–15 cm compared with that at the 0–5 cm soil depth under NSA and significantly higher (16%) at 10–15 cm compared with that at 0–5 cm under SA; compared with NSA, SA decreased soil bulk density at the 10–15 cm soil depth, but this was not significant. At both the back of the slope and at the bottom, soil bulk density was significantly higher, i.e., 19% (back of the slope) and 31% (bottom) at the 10–15 cm soil depth compared with the 0–5 cm soil depth under NSA, but no significant differences were observed between the soil depths of 0–5 cm and 10–15 cm under SA; SA significantly decreased soil bulk density by 7% at the back of the slope and by 13% at the bottom at the 10–15 cm soil depth compared with NSA.




3.6. Influence of Straw Amendment on Soil Nutrients


AN and AP were compared between SA and NSA in July (growing stage) and September (mature stage). Except for the back of the slope of 2016, SA typically decreased AN compared with NSA at both the top and bottom of the slope. In 2015, SA decreased AN in all slope positions in July and significantly decreased (13%) AN compared with NSA on the back slope; this effect was not significant in September. In 2016, SA decreased AN at both the top and bottom positions and significantly decreased (16%) AN compared with NSA at the top in September. In 2015, SA only decreased AP on the back slope; the difference was not significant in July. However, SA decreased AP at all slope positions and significantly decreased 56% at the back of the slope in September. In 2016, SA decreased AP at both the back of the slope and at the bottom and significantly decreased (44%) AP at the bottom of the slope in July. However, SA only decreased AP at the bottom; this effect was not significant in September.




3.7. Influence of Straw Amendment on Crop Growth and Yield


At the top of the slope, under SA, crop height and yield were generally higher (1–9.8%) compared to NSA, but this difference was not significant in both 2015 and 2016 (Table 5). At the back of the slope, crop height was lower under SA in July and was higher than or close to the value under NSA in September. Compared with NSA at the back of the slope, crop yield under SA was significantly increased by 55.6% and 105.1% in 2015 and 2016, respectively. At the bottom of the slope, crop height under SA was higher than under NSA from July to September in 2015 and in September 2016, while crop yield under SA was 4.1–30.6% lower than under NSA; this difference was only statistically significant in 2016.


Table 5. Mean crop height and yield in the SA and NSA treatments in 2015 and 2016 (n = 3).





	

	

	
Straw Amendments (SA)

	
No straw Amendments (NSA, Control)




	

	
Height/Yield

	
Top

	
Back Slope

	
Bottom

	
Top

	
Back Slope

	
Bottom






	
2015

	
Jul. (cm)

	
197.8 ± 3.0 a 1

	
157.2 ± 6.2 c

	
177.7 ± 0.6 b

	
197.7 ± 5.3 a

	
166.2 ± 10.6 bc

	
170 ± 0.9 b




	
Sept. (cm)

	
318.8 ± 3.2 ab

	
311.5 ± 6.6 ab

	
321.2 ± 3.7 a

	
311.2 ± 4.9 ab

	
302 ± 4.9 b

	
315.8 ± 7.0 ab




	
Yield (t)

	
10.1 ± 1.4 a

	
8.4 ± 0.8 a

	
9.3 ± 0.7 a

	
9.2 ± 0.4 a

	
5.4 ± 0.1b

	
9.7 ± 1.3 a




	
2016

	
Jul. (cm)

	
125.9 ± 9.0 a

	
119.2 ± 1.5 a

	
120.1 ± 3.3 a

	
130.9 ± 4.0 a

	
133.6 ± 10.8 a

	
127.1 ± 7.2 a




	
Sept. (cm)

	
300.8 ± 5.1 a

	
267.2 ± 4.1 b

	
280.3 ± 5.6 ab

	
286.8 ± 15.3 ab

	
269.3 ± 8.0 b

	
270.8 ± 1.3 b




	
Yield (t)

	
13.4 ± 1.6 a

	
12.1 ± 1.6 ab

	
10.0 ± 1.4 b

	
13.3 ± 1.3 ab

	
5.9 ± 1.0 c

	
14.4 ± 0.1 a








Note: 1 Values followed by the same letter within the same rows (lowercase letters) are not significantly different based on the LSD multiple range test (p ≤ 0.05).










4. Discussion


ST and SM are highly correlated with nutrient cycling processes in soil ecosystems [24,28,29]. The activity of most soil microorganisms increases when ST exceed 10 °C and reaches maximum levels at 25–35 °C. In addition, soil microbial activity increases rapidly at a soil water potential greater than −30 MPa and is highest at −0.01 MPa [30,31,32]. In this study, daily ST was greater than 22 °C, and SM was generally higher than 33% (v/v) from June to August at the bottom of the slope. In early crop growth stages, SM on the top slope and back slope was slightly higher than FC (Field Capacity) due to low temperature, high precipitation, and low transpiration, and increased especially after precipitation in this Mollisol soil with heavy texture. However, SM decreased in late crop growth stages, especially on the top slope and back slope. This was mainly due to both temperature and transpiration being higher during these stages, and most of the water moved from the top to the bottom of the slope. Relatively low levels of SM and ST impacted crop growth and significantly influenced crop growth at the top and the back of the slope.



Yang et al. (2016) reported decreased SM, increased ST, and increased crop yield in an SA treatment, mainly influenced by straw ditches and straw burial depth in a flat area. These results can be compared to the findings of our study, where daily and monthly average ST was effectively increased at the top (relative flat) of the slope under SA, but daily and monthly average SM decreased in 2016. Our findings for 2015 were largely different compared to those for 2016. Therefore, our results suggest that ST and SM are not consistently affected by SA in top slope positions (relative flat). This was mainly due to the fact that the available water capacity and hydraulic conductivity of saturated soil typically increased with straw amendment [33], and straw amendment increased infiltration and the slope facilitated water movement towards the bottom [11,18,19,34]. The different results between 2015 and 2016 may have also been caused by variations in precipitation and the history of residue return (one year vs. two years) between 2015 and 2016, and may also be influenced by straw burial because it was difficult to evenly distribute the straw amendment using a tractor. At the same time, straw amendment changed the soil bulk density and increased the capillary porosity in the deeper soil layers (Figure 5), which could also effectively balance the equilibrium of SM dynamics and influence the dynamics of ST at the top of the slope [12,21]. Thus, in this study, the SA treatment with improved soil structure effectively prevented low SM levels under low precipitation conditions in the early crop growth phase of 2015 and prevented low ST under high precipitation conditions in the early crop growth phase in 2016. Furthermore, SA changed the equilibrium of SM and ST and changed soil nutrient cycling. In the process of SA decomposition, microorganisms compete for soil N. Also, a considerable amount of N can easily be transferred from the top of the slope, while P is strongly adsorbed in soil [35]. Thus, AN was typically decreased, while AP was typically increased in both 2015 and 2016 at the top of the slope (Figure 6a). Therefore, compared with NSA, crop residue return (SA) at the top of the slope can effectively balance the equilibrium of SM dynamics and positively influence ST, thereby promoting crop growth and increasing crop yield.


Figure 5. Soil bulk density before planting in spring of 2016. NSA and SA represent no straw amendment and amendment, respectively.
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Figure 6. Soil available nitrogen (AN) (a) and soil available phosphorus (AP) (b)changed between the treatments in 2015 and 2016. Significantly differences between amendment and no straw amendment was marked with an “*” for the same slope position and year.
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At the back of the slope, compared with NSA, SA notably increased daily ST. Monthly ST under SA was generally higher than under NSA from May to August 2016 and was similar in May and June 2015. Compared with NSA, higher ST under SA is suitable for crop growth. Daily SM was generally higher under SA than under NSA at the back of the slope, although this trend changed with precipitation, and SM was typically higher under SA than under NSA after precipitation. Our results are similar to the findings of a previous study which found that SA increased the response rate of SM to rainfall in the wet Yangtze River delta agricultural region [21]. Monthly SM was also generally higher under SA than under NSA at the back of the slope, in both 2015 and 2016. This is most likely because SA increases infiltration and reduces evaporation [34], and infiltration and subsurface runoff increase with an increase in straw amendment [18,19]. However, ST usually increases with decreasing SM levels [12,21], which is not in agreement with our results, possibly because straw amendment decreases soil bulk density, increases infiltration and decreases heat capacity [35]. This is mainly because the soil bulk density was higher than 1.2 g cm−3 under NSA, and was higher than the water density (1.0 g cm−3 at 101.325 kPa), while the soil bulk density was close to 1.0 g cm−3 under SA. In our study, monthly SM levels in the SA treatment in 2016 were highest at the back of the slope, followed by the bottom and the top of the slope; this could also be attributed to the effect of long-term crop residue return, especially SA, as soils with relatively low bulk density (Figure 5) and high infiltration capacity can absorb more water from the top of the slope [34]. Thus, crop residue return can also effectively balance the equilibrium of SM dynamics and positively influence ST; in particular, SM is increased. Furthermore, SA changed the equilibrium of SM and ST and changed the soil nutrient cycling. Also, most of the N that moved from the top of the slope was readily deposited at the back of the slope under SA, while P does not move easily in soil [35]. Thus, AP was typically decreased, while AN was typically increased in both 2015 and 2016 on the back of the slope (Figure 6a), thereby increasing crop yield at the back of the slope [9]. However, compared with NSA, crop height under SA was lower in the early crop growth stages. This may be due to the microbial decomposition of crop residues, which exhausted soil nitrogen pools and deprived the crops of nitrogen, although this difference was lower in August.



At the bottom of the slope, SM was generally higher compared to the top due to the “trickling down” effect. Daily ST at the bottom of the slope was lower under SA compared with NSA during the daytime and at night both before and after precipitation. Except in September, monthly ST at the bottom was also generally lower under SA than under NSA from May to August in both 2015 and 2016. However, low ST is not beneficial for soil microbial activities and the release of nutrients for crop growth. Daily SM at the bottom of the slope was lower under SA than under NSA (both before and after precipitation), and monthly SM at the bottom of the slope was generally lower under SA than under NSA, in both 2015 and 2016. This may be due to the fact that over time, soil amendment increases water infiltration and subsurface runoff at the bottom, especially as residue return increases annually [19,34]. Generally, the high SM at the bottom under both SA and NSA was not the factor that limited nutrient cycling and crop growth. However, residue return increases soil organic carbon amounts, decrease C:N ratios, and leads to competition between microbial communities and crops in terms of nitrogen. Furthermore, because SA changed the equilibrium of SM and ST at the bottom of the slope, soil available nutrients were not readily released from soil, which decreased both AP and AN in 2015 and 2016 (Figure 6a). Therefore, straw amendment significantly decreased crop yields at the bottom. Generally, crop residues with lower C:N ratios and relatively high SM levels (95% field capacity) can increase the numbers and the total dry weight of earth worms, thereby improving soil properties and fertility [36]. Furthermore, SA not only increases soil total C and N contents but also increases microbial biomass C and N contents and reduces N fertilizer use, especially when combined with manure [37,38]. However, excessive straw amendment, especially using straw with a high C:N ratio, could exhaust soil nitrogen pools [35]. This was also proved in this present study. Thus, in order to obtain higher crop yields, additional fertilizer, especially nitrogen application at the bottom of the slope is advisable. However, our study was carried out on a northeastern-facing slope, and the results could be different for other slope aspects [12,39], which should be investigated in further studies.



Wang et al. (2014) indicated that straw incorporation increased evapotranspiration from tasseling to the grain-filling stages of maize, while it reduced evapotranspiration from the ten-leaf collar to the tasseling stage and from the grain-filling to the maturity stages of maize. Liu et al. (2017) reported that residue incorporation also increased crop transpiration and increased WUE (crop water use efficiency) due to reduced soil evaporation and surface runoff [11]. However, in our study, SM in the SA treatment was consistently higher at the back of the slope and lower at the bottom of the slope, while not consistently higher at the top. This may also be influenced by crop growth, landscape, and vigorous crop growth, which significantly decreased or increased soil water levels [25]. In this study, straw amendment increased crop yield at the top and the back of the slope with relatively low SM, but decreased crop yield at the bottom. In that regard, our results are similar to the findings of other studies describing the positive effects of residue incorporation on water balance and crop yield, especially in narrow-leaf cropping systems in hot and dry environments [11]. Thus, straw amendment represents an effective method to increase crop yields at the top and the back of slope with relatively low SM, while it slightly negatively affected the yield at the bottom of the slope with higher SM. Previous studies have indicated that straw incorporation into deeper soil layers may improve crop yields, even in the face of global climate change, but potentially slows down cultivation influence, costs more time, labor, and energy [11,40]. In this study, we only investigated the effects of straw incorporation into the 0–30 cm soil layer on a consecutively sloping farmland in the Mollisol region. Further work should therefore focus on the impacts of straw incorporation into the deeper soil layers on SM, ST, crop yields and profit.




5. Conclusions


Soil temperature, soil moisture, soil nutrients and soil bulk density were changed after straw amendment. Straw amendment with the improved soil structure effectively prevented low soil moisture levels under low precipitation conditions and prevented low soil moisture under high precipitation conditions in the early crop growth phase on the top of the slope. Furthermore, SA changed soil nutrient cycling and typically decreased AN but increased AP on the top of the slope. Generally, straw amendment increased both soil temperature and moisture, increased AN, and decreased AP at the back of the slope. However, straw amendment decreased soil temperature and decreased AN and AP at the bottom of the slope.



Straw amendment can effectively change soil structure and balance the equilibrium of soil moisture and temperature in areas with relatively low soil moisture contents on the top and back of the slope in the Mollisol region of Northeast China, thereby not decreasing maize yields at the top of the slope, while increasing maize yields on the back of the slope. However, straw amendment decreased soil moisture and temperature, resulting in reducing soil available nutrients, and typically reduced crop yields at the bottom of the slope. In order to better manage soil temperature, moisture and nutrients, slope positions should be fully considered when straw amendment is adopted in sloped fields.
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