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25  Abstract

26 Drought is increasingly common due to frequent occurrences of extreme weather
27  events, which further increases soil water repellency (SWR) and influences grain yield.
28  Conservation agriculture is playing a vital role in attaining high food security and it
29  could also increase SWR. However, the relationship between SWR and grain yield
30  under conservation agriculture is still not fully understood. We studied the impact of
31  SWRin 0-5 cm, 5-10 cm, and 10-20 cm layers during three growth periods on grain
32  yield from a soil water availability perspective using a long-term field experiment. In
33 particular, we assessed the effect of SWR on soil water content under two rainfall events
34  with different rainfall intensities. Three treatments were conducted: conventional tillage
35 (CT), reduced tillage (RT), and no-tillage (NT). The results showed that the water
36 repellency index (RI) of NT and RT treatments in 0-20 cm layers was increased by
37 12.9%-39.9% and 5.7%—18.2% compared to CT treatment during the three growth
38  periods, respectively. The effect of the RI on soil water content became more obvious
39  with the decrease in soil moisture following rainfall, which was also influenced by
40  rainfall intensity. The RI played a prominent role in increasing soil water storage during
41  the three growth periods compared to the soil total porosity, penetration resistance,
42 mean weight diameter, and organic carbon content. Furthermore, although the
43  increment in the RI under NT treatment increased the soil water storage, grain yield
44  was not influenced by RI (p > 0.05) because the grain yield under NT treatment was
45  mainly driven by penetration resistance and least limiting water range (LLWR). The

46  higher water sorptivity increased LLWR and water use efficiency, which further
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47  increased the grain yield under RT treatment. Overall, SWR, which was characterized
48 by water sorptivity and RI, had the potential to influence grain yield by changing soil
49  water availability (e.g. LLWR and soil water storage) and RT treatment was the most
50 effective tillage management compared to CT and NT treatments in improving grain
51  yield.

52 Keywords:

53  Conservation agriculture; rainfall; soil physical properties; maize; water use efficiency
54 1. Introduction

55 Soil water repellency (SWR) is an intrinsic physiochemical property in coarse- to
56  fine-textured soils under different climates and land uses (Blanco-Canqui and Lal, 2009;
57  Daniel et al., 2019; Diehl et al., 2010). The increase of drought stress in the global
58  climate aggravates the SWR (Deurer et al., 2011; Goebel et al., 2011). It can limit soil
59  water absorption rate and reduce water infiltration capacity (Daniel et al., 2019; Zheng
60 et al., 2016), thus affecting some soil processes (e.g. carbon sequestration, aggregate
61  stability, and soil erosion) and plant growth (Blanco-Canqui, 2011; Li et al., 2019; Liu
62 etal, 2012; Moody et al., 2009).

63 Several studies have revealed the impact of SWR on the soil ecosystem in forests
64  and fire-affected soils (DeBano, 2000; Plaza-Alvarez etal., 2018; Weninger et al., 2019).
65 However, because the SWR in tilled farmland soils is smaller than in the
66  aforementioned ones (Lucas-Borja et al., 2019; Stavi et al., 2016), there is a lack of
67  research on SWR in farmlands, and especially its link to crop yield. The small degree

68  of SWR, known as subcritical water repellency that occurs when the rate of wetting is
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69 decreased by water repellency induced by hydrophobic substances covering the
70  surfaces of soil particles (Tillman et al., 1989), can also have a considerable effect on
71 soil structure and hydraulic properties (Hunter et al., 2011; Tadayonnejad et al., 2017),
72 which further affects plant growth and crop production. In addition, it is widely believed
73 that conservation tillage practices have beneficial effects on the soil ecosystem and crop
74 production (Blanco-Canqui and Ruis, 2018; Pittelkow et al., 2015). However,
75  continuous no-tillage and the addition of straw can also increase SWR (Miller et al.,
76 2019a), which is unfavorable for plant growth (Blanco-Canqui, 2011; MUler et al.,
77 2016). Hence, studying the mechanism of how tillage practices affect crop yield by
78  changing SWR is critically important for understanding the sustainability of
79  conservation tillage practices.

80 Reduced tillage or no-tillage could reduce soil disturbance and increase soil organic
81  carbon (Afzalinia and Zabihi, 2014; Hermansen et al., 2019; Miller et al., 2019b), both
82  of which can increase SWR (Behrends et al., 2019; Li et al., 2021). Besides the limited
83  knowledge about the relationship between SWR and crop production under
84  conservation tillage practices, the results of the effect of SWR on crop production are
85 inconsistent when conditions differ. Hassan et al. (2014) found that an increase in SWR
86 led to higher dry mass production of alfalfa under natural climatic conditions with
87  fluctuating temperature, whereas it had no significant effect at a constant temperature.
88  Its poor relationship was also found in a 4-year field experiment (Roper et al., 2013).
89  However, Li et al. (2019) added a hydrophobic substance to a sandy loam soil to

90 increase SWR and found that it decreased summer maize yield. These inconsistent
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91  results show that growth conditions influence how SWR affects crop yield, making
92  further study necessary under conservation tillage practices. Another reason for the
93  inconsistency is that SWR characterizes soil water behavior (e.g. infiltration and
94  absorption; Daniel et al., 2019), and if soil water status is not taken into account at the
95  same time, the real impact of SWR on crop yield is hard to assess.
96 Soil water storage and availability can reflect the ease of absorbing soil water for
97  crops and thereby influence crop yield (Filho et al., 2013; Li et al., 2020). Plant
98  available water (PAW) and least limiting water range (LLWR) are two common ways
99  to measure the soil water availability for plants from different angles (Asgarzadeh et al.,
100  2014). The LLWR integrates three main plant growth-limiting factors (soil water
101  potential, penetration resistance, and air porosity), whereas PAW is based only on soil
102 water potential (Tormena et al., 2017). Most studies propose that SWR can reduce
103 evaporative moisture loss by creating deep preferential flow paths (Goebel et al., 2011)
104  and changing capillary rise (Bachmann et al., 2001), which can increase soil water
105  storage. To the best of our knowledge, however, few studies have investigated how
106 SWR influences PAW and LLWR. Previous studies have shown that SWR can affect
107  water distribution in the pores and thus the relation between soil water content and
108  potential (Hassan et al., 2014; Liu et al., 2012). Therefore, it is possible that SWR has
109  great potential to influence PAW and LLWR because both are closely related to soil
110  water potential. These studies further suggest that it is essential to consider soil water
111 availability when investigating the effect of SWR on crop yield.

112 Plant growth and crop production are the results of the interaction of multiple soil
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113  properties, which makes it hard to analyze the effect of a single soil property on crop
114  vyield (Ernst et al., 2018; Liu et al., 2016; Roper et al., 2013). Previous studies have
115  shown that soil organic matter (Denardin et al., 2019), soil aggregate stability (Nouri et
116  al.,, 2019), soil penetration resistance (Guaman et al., 2016), and soil available water
117 (Wuet al,, 2019) have significant effects on crop yield. Hence, a comparative analysis
118  of these soil properties and SWR will lead to an improved understanding of how SWR
119  influences crop yield.

120 Additionally, our previous study had studied the factors governing SWR under
121  conservation tillage and further pointed out that it was essential to study the impact of
122 SWR on grain yield in the future because SWR could influence soil water status (Li et
123 al, 2021). In this study, a long-term field experiment (2003—2018) with continuous
124 spring maize was conducted to fill the knowledge gap that, to the best of our knowledge,
125  few studies have (i) revealed the relationship between SWR and soil water availability
126 and (ii) assessed the effect of SWR on grain yield via changes in soil water availability
127  under conservation tillage practices. We hypothesized that SWR could reduce maize
128  yield by changing soil water storage, PAW, and LLWR. The objectives were to (i)
129  evaluate the effect of SWR on soil water availability, and (ii) reveal how SWR affects
130  grain yield through a comparative analysis.

131 2. Materials and methods

132 2.1 Study site and experimental design

133 The long-term tillage experiment is set up in 2003 at the Shouyang test station (112-

134 113 °E, 37-38 °N; 1100 m a.s.l.) located in Loess Plateau of northern China. Table 1
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135  shows some of the soil chemical and physical properties initially. The soil texture is
136  sandy loam and the mean annual precipitation is 483 mm (Wang et al., 2019). One of
137  the main limiting factors for plant growth at the site is spring drought (Wang et al.,
138  2011). The mean annual air temperature is 7.4°C and the annual frost-free period is
139  approximately 130 days (Li et al., 2020).

140 The experiment was performed using a randomized complete block design with
141 three replications. Rain-fed continuous spring maize was planted and the fallow period
142 was from November to the following March. There were three treatments: (a) CT,
143 conventional tillage with maize stalk removed and using a moldboard plow twice to
144 about 30 cm depth after harvesting in October and before seeding in April every year;
145  (b) RT, reduced tillage with fertilizers and maize straw integrated after harvesting every
146  year, and ploughing once to about 25 cm depth; and (¢) NT, no-tillage covered with the
147  maize straw after harvesting, then fertilizing and seeding with a no-till seed drill in April
148  every year. Calcium superphosphate and urea fertilizers were used for each plot at 105
149 kg P20s ha'! and 105 kg N ha’!, respectively. The plant spacings and row were 30 and
150 60 cm, respectively.

151 2.2 Soil sampling

152 The long-term tillage experiment was subjected to the three tillage practices from
153 2003 to 2018, and then all samples for this study were taken in 2018. To study the
154 changes in soil water content after two rainfall events, soil samples were collected seven
155  times (the 1%, 2", 3 4t 6% 8™ and 10" day after each rainfall event) at the depths of

156  0-5, 5-10, and 10-20 cm. Each treatment was repeated three times in each rainfall
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157  event. The first rainfall event occurred on June 26, 2018 and its precipitation was 11
158  mm. The second rainfall event occurred on July 22, 2018 and the precipitation was 30
159  mm. We collected undisturbed core samples from the depths of 0—5 cm, 5-10 cm, and
160  10-20 cm using a steel ring (diameter: 4.9 cm and height: 5.0 cm) to determine soil
161  bulk density, water retention curve, penetration resistance, and soil water repellency on
162  April 27, July 7, and September 10, 2018 that were corresponded to the establishment,
163  tasseling, and maturity stages, respectively. In addition, undisturbed core samples were
164  taken at the same three dates with a hand auger (5 cm diameter) to determine mean
165  weight diameter and soil organic carbon content. Three replications were adopted for
166  all the variables.

167 2.3 Soil analysis

168  2.3.1 The characteristics of soil water repellency

169 Undisturbed soil samples were air-dried for 2 weeks to a constant weight
170  (approximately 2.3% moisture) and then a micro infiltration device was applied for
171 measuring SWR (Hallett and Young, 1999). Detailed information about the device can
172 be found in Li et al. (2021). One end of a tube in the infiltration device was linked with
173 aliquid reservoir and the other end with a 4 mm diameter was a sponge-covered tip in
174  contact with the soil sample. We used an automatic electronic balance (0.001 g) to
175  weigh the change of the liquid every 10 s. Two liquids, distilled water and ethanol (95%
176  v/v), were used in the study. A detailed description of the method is found in previous
177  studies (Hallett et al., 2003; Leeds-Harrison et al., 1994; Tillman et al., 1989). The

178  pressure heads (-2 cm) at the soil surface were the same for the two liquids and were
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179  negative pressures to avoid a saturated flow (Hallett and Young, 1999). The following

180  equation was applied to calculate the pressure head (Tillman et al., 1989):

h
181 p=Pin
o
182 where P is the pressure head (cm), 4 is the altitude intercept between the tip

183  contacted with a soil sample and the liquid level in the reservoir, o and p are surface
184  tension (kg s?) and the density (kg m™), respectively, of the liquid. The g is the
185  gravitational acceleration (m s?). The densities of water and ethanol are 0.998 g cm™
186  and 0.789 g cm™ and the surface tensions are 0.073 N m™! and 0.023 N m™!, respectively
187  (Lamparter et al., 2010).

188 Cumulative infiltration was recorded and the slope of the linear part in the curve
189 (cumulative infiltration vs. time) was used to calculate the flow rate Q (mm?®s™!). The
190 linear part was obtained within a range of 300-500 s in this study. The ethanol and water

191 sorptivity (Se and Sw, respectively) were calculated using the following equation:

192 S = \/4-Q:b];

193 where fis air-filled porosity (mm® mm™), b is a constant that depends on the soil-
194  water diffusivity and its value is 0.55 (Leeds-Harrison et al., 1994), and r is the tip
195  radius of the micro infiltration device.

196 The Sw can be affected by hydrophobic substances and soil pore structure, whereas
197  Se is only influenced by soil structure because ethanol is a nonpolar liquid

198  (Tadayonnejad et al., 2017). The following equation was used to calculate the water

199  repellency index (Tillman et al., 1989):

10
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Se
200 Rl =1.95—
Sw
201 where S means the sorptivity of ethanol (mm s'’?) and S. means the sorptivity of

202 water (mm s™"?). Sy represents the ability of soil water absorption and water repellency
203  index (RI) shows the degree of SWR (Tadayonnejad et al., 2017). In addition, the soils
204 withRI=1,1 <RI<1.95, and RI > 1.95 are considered as no water repellency, slight
205  water repellency (wettable), and subcritical water repellency, respectively (Hallett et al.,
206  2001; Tillman et al., 1989). The contact angle under subcritical water-repellent soil is
207  less than 90° (Lamparter et al., 2009).

208  2.3.2 Soil penetration resistance, total porosity, SOC, and mean weight diameter

209 We used pressure plate equipment to control the different soil water content of
210  undisturbed soil samples in corresponding to matric suction of 2, 10, 60, 100, 500, and
211 1000 kPa. Then, the soil penetration resistance (PR) and soil moisture were measured
212 under each matric suction to calculate the curve of PR vs. soil water content. We used
213 amicro penetrometer (Omega LC703, USA) with a cone diameter of 2 mm and an angle
214  of 15° to measure PR. More information about calculating the functional relationship
215  between soil water content and PR has been reported elsewhere (Li et al., 2020; Ruiz
216 et al., 2016). We used the mean value of PR under different soil water content in this
217 study.

218 Particle density and bulk density were measured to calculate total porosity (Klute
219  and Page, 1986). An elemental analyzer (Vario Macro C/N, Elementar, Germany) with
220  the dry combustion method was used to measure SOC. We used the wet sieving method
221  to determine aggregate stability with sieves of 2000, 250, and 53um sizes. Mean weight

1
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222 diameter (MWD) was calculated from the following equation :

n
223 MWD = in w;

i=1

224 where x; is the mean diameter (mm) of the particle for each size range, wi is the relative
225  amount of particles in each range and # is the number of aggregate size classes.

226  2.3.3 Soil water content and storage

227 We used the oven-drying method to measure soil water content for studying the
228 change in soil water content. A rain gauge at the site was applied to measure
229  precipitation. Soil water storage (SWS) was determined by the following equation:

230 SWS = 8pph

231 where @ is the soil gravimetric water content (%), ps is soil bulk density (g cm™), and
232 is soil depth (mm).

233  2.3.4 Least limiting water range, plant available water, grain yield, and water use
234 efficiency

235 The least limiting water range (LLWR) was determined by measuring the upper and
236  lower limits of water content for normal plant growth. The upper limit corresponds
237  either to soil water content at an air-filled porosity of 10% or at field capacity (-33 kPa),
238  which is the smaller water content. Plant growth can be limited when PR exceeds 2
239  MPa (Bengough and Mullins, 1990), hence, the lower limit of the LLWR is either the
240  soil water content at PR of 2 MPa or at the permanent wilting point (-1500 kPa), which
241 is the higher water content. The field capacity and permanent wilting point were
242 calculated from the soil water retention curve. The soil moisture at air-filled porosity of

243 10% (Barr) was obtained from the following equation (Asgarzadeh et al., 2011):
12
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244 Oarr = (1~ 1’;—;) —01

245  Where Py is the particle density (g cm™) and ps is bulk density (g cm™). Detailed
246  information about calculating LLWR is shown in Li et al. (2020).

247 The plant available water (PAW) was calculated by the following equation:

248 PAW = 8pc — Opwp

249 Where Orc is the field capacity (cm® cm™) and pwe is the permanent wilting coefficient
250  (cm®cem™).

251 We used 10 plants from each plot to measure grain yield at the harvesting stage. The
252 ratio of grain yield to cumulative evapotranspiration of the whole growing period was
253  used to calculate water use efficiency (WUE). Detailed information is given in Wang et
254  al. (2011).

255 2.4 Statistical analysis

256 The experimental data about the three tillage treatments (CT, RT, and NT) were
257  analyzed, along with three soil depths (0-5, 5-10, and 10-20 cm), during three growth
258  periods. The effects of tillage treatment, soil depth, and growth stage on Sw, RI, PR,
259  total porosity, MWD, SOC, SWS, LLWR, and PAW were calculated using the analysis
260  of variance (ANOVA) with the least significant difference test (LSD) in SAS 9.4
261  software (SAS Institute Inc., Cary, North Carolina, USA). A Spearman rank-order
262  correlation was also performed with the PROC CORR procedure in the software to
263  assess the relationship between grain yield and these soil properties. We carried out
264  redundancy analysis (RDA) to further understand how SWR affects grain yield

265 compared to other soil properties in CANOCO version 5.01 software. The response

13
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266  variables were SWS, LLWR, PAW, grain yield, and WUE. The explanatory variables
267  were Se, Sw, RI, PR, total porosity, MWD, and SOC. In the RDA, only uncorrelated
268  explanatory variables were considered. We used Pearson’s correlations for analyzing
269  the relationships among these explanatory variables to avoid omitting the main indexes.
270  Only one of the variables was selected in the RDA when a significant correlation (p <
271 0.001) between two variables was found (Matamala et al., 2017).

272 3. Results

273 3.1 Ethanol sorptivity (S.), water sorptivity (Sw), and water repellency index (RI)

274 The Se, Sw, and RI in 05 cm, 5-10 cm, and 10-20 cm soil layers during three growth
275  periods were presented in Fig. 1. The RT treatment had higher Se compared to NT
276  treatment and significantly increased it in 0-5 cm and 5-10 cm compared to CT
277  treatment on both July 7 and September 10. Furthermore, Se and Sw under CT and RT
278  treatments decreased with an increase in the growth period. The NT treatment decreased
279 Swin the 0-20 cm layer compared with CT treatment during the three growth periods,
280  whereas there was no significant difference between RT and CT treatment. In addition,
281  NT treatment had RI > 1.95 in all three depths during the three growth periods, which
282  showed the soil under NT was considered as subcritical water repellency. The RI of RT
283  treatment was also greater than 1.95 except for RI (1.92) in 10-20 cm on July 7. The
284  CT treatment had RI < 1.95 in the three layers on both July 7 and September 10 and the
285  soil was wettable. However, the RI of CT treatment on April 27 was greater than 1.95,
286  because the increment of Se induced by tillage practice resulted in the higher RI under
287  CT treatment on April 27. The RI of NT treatment in the 0—20 cm layer was 15.1%—

14
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288 24.5%, 18.1%-39.9%, 12.9%-31.1% higher than CT treatment on April 27, July 7, and
289  September 10, respectively. Compared to CT treatment, the RI under RT treatment was
290 increased by 11.8%—14.1%, 6.5%—18.2%, and 5.7%—16.5% at the three growth stages,
291  respectively. We also found that Sw did not decrease with an increase in RI in the 0-20
292 cm layer. These results suggested that it was necessary to use the two variables (Sw and
293  RI) at the same time when studying the effect of soil water repellency.

294 3.2 Penetration resistance (PR), total porosity, mean weight diameter (MWD), SOC,
295 and soil water storage (SWS)

296 Tillage management showed a significant impact on PR, total porosity, MWD, SOC,
297  and SWS (Table 2). The NT treatment significantly increased PR in the 0-5 cm, 5-10
298  cm, and 10-20 cm layers compared to CT and RT treatments during the three growth
299  periods. The PR under the three treatments increased with an increase in soil depth. The
300 PR under CT and RT treatments also increased with an increase of planting time at each
301  soil depth, whereas there was no significant difference in PR under NT treatment among
302  the three growth periods (p > 0.05). The effect of tillage management on total porosity
303  was various in different growth stages. The CT and RT treatments had higher TP in the
304  three soil layers compared to the NT treatment on April 27. However, tillage
305 management had no significant influence on TP in the 0-5 cm and 5-10 cm layers on
306 July 7 and NT treatment increased TP in the 0-5 cm layer compared to CT and RT
307  treatments on September 10. Furthermore, both MWD and SOC of NT treatment were
308  higher than CT treatment in the three soil layers during the three growth periods. RT
309 treatment also had higher SOC than CT treatment. Nevertheless, for MWD in the 0-5

15
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310 cm and 5-10 cm layers on July 7 and September 10, there were no significant
311  differences between RT and CT treatments. Compared to CT treatment, the NT
312 treatment increased SWS in the three soil layers and RT treatment increased it in 10—
313 20 cm layer during the growth period, whereas RT treatment had no influence on SWS
314  inthe 0-5 cm and 5-10 cm layers.

315 3.3 The changes in soil water content after two rainfall events

316 The changes in soil moisture after two rainfall events, with precipitation of 11 mm
317  and 30 mm, respectively, are shown in Fig. 2. Tillage management had no significant
318  effect on soil moisture in the 0-5 cm layer from 0 to 4 days after both the first and
319  second rainfall events. We further found that the effect of tillage management on soil
320  water content was different under the two rainfall events. There were no significant
321  effects in 5-10 cm and 10-20 cm layers among the three treatments on the first day
322 after the first rainfall event. However, the NT treatment had higher soil moisture in the
323  5-10 cm and 10-20 cm layers than the CT treatment after the second rainfall event.
324  Furthermore, NT treatment showed higher soil moisture compared with CT treatment
325  on the tenth day after both rainfalls.

326 3.4 Least limiting water range (LLWR), plant available water (PAW), grain yield, and
327 WUE

328 The LLWR was more susceptible to tillage management compared with PAW during
329  the growth period (Fig. 3). Tillage management had a significant influence on LLWR
330 inall three soil depths and its significant effects on PAW were only found in part of soil
331  depths. Compared to CT, NT treatment decreased LLWR on April 27 and increased it

16
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332  in the 0-5 cm and 5-10 cm layers on September 10. The LLWR of RT treatment was
333  greater than the CT and NT treatments in the three layers on July 7. Soil depth also
334  significantly affected LLWR and the LLWR under the three tillage managements could
335  decrease with an increase in soil depth. The average value of PAW under NT treatment
336  in the three layers was higher than under CT on both July 7 and September 10, whereas
337  there was no significant difference in the PAW between CT and RT treatments during
338  the two growth periods.

339 The impact of tillage management on grain yield and WUE are the same and tillage
340  management had significant effects on both grain yield and WUE (Fig. 4). These effects
341  could change with growing season mainly due to the variability of climate. Hence, we
342 showed them during 2003-2018 to check the data in 2008 that was consistent with the
343  overall trend. The results found that RT treatment significantly increased grain yield
344  and WUE compared with CT and NT treatments, but the grain yield and WUE under
345  NT treatment had no significant difference with CT treatment.

346 3.5 The relationships among soil properties, grain yield, and WUE

347 A Spearman rank-order correlation analysis was used to analyze the relationships
348  among soil water availability, grain yield, and soil properties (Fig. 5). We found Se had
349  a positive correlation with grain yield in the 0-5 cm, 5-10 cm, and 10-20 cm layers
350  during the three growth periods and higher Se could also increase LLWR. In addition,
351  higher Swsignificantly increased LLWR in the10-20 cm layer during the three growth
352  periods. There was a negative correlation between Sw and PAW in the 0-5 cm and 5-
353 10 cm layers. Although RI had no significant relationship with grain yield, it had the

17
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354  potential to increase soil water storage and PAW. The RI had a positive relationship
355  with SWS in the three soil layers during the three growth periods and increased PAW
356  in the 0—5 cm and 5-10 cm layers on April 27 and September 10. The PR showed a
357  negative relationship with LLWR, grain yield, and WUE. Soil total porosity, MWD,
358 and SOC showed no direct relationship with grain yield, but they could affect SWS,
359  PAW, or LLWR, for example, MWD had a positive relationship with SWS.

360 In addition, RDA was carried out to reveal how SWR affects corn yield through a
361  comparative analysis with PR, TP, MWD, and SOC (Fig. 6). Our results showed that Se
362 and Sw had a closer positive relationship with grain yield than TP, MWD, and SOC
363  during the three growth periods. Moreover, Swwas also the most significant factor for
364  reducing soil water storage and increasing LLWR compared with PR, MWD, and SOC.
365  Notably, the RI and MWD were not included in the RDA at the same time to eliminate
366  collinearity issues, because there is a significant linear correlation between the two
367  variables during the three periods (p < 0.001). The SOC , like MWD, had a positive
368  relationship with RI during the three growth periods. Although RI, PR, MWD, and SOC
369  during the three growth periods were increased by NT treatment, PR was the most
370  detrimental factor for grain yield and WUE. The PR was also the most important factor
371 to reduce LLWR compared with other soil properties. Furthermore, RI played a
372 prominent role in increasing soil water storage compared with the other variables in the
373  three growth periods.

374 4. Discussion

375 The Sw is affected by both soil pore structure and hydrophobic substances (Hallett et
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376 al., 2001; Li et al., 2021). We found that NT treatment decreased Sw at the 0—5 cm, 5—
377 10 cm, and 10-20 cm depths compared to CT treatment during the three growth periods
378  (Fig. 1) due to increment of hydrophobic substances under no-tillage system (Gonzalez-
379  Pefaloza et al., 2012; Urbanek et al., 2007). We also found that Se was higher for the
380  RT treatment than for the CT treatment (Fig. 1) because ethanol is a nonpolar liquid and
381  Se is only affected by soil pore structure (Tadayonnejad et al., 2017; Tillman et al.,
382  1989). In addition, we used X-ray computed tomography under two long-term
383  experimental fields and found that RT treatment increased the soil porosity of 55-165
384  um and pore connectivity compared to NT treatment in our previous study (Li et al.,
385  2021). Therefore, RT treatment increased Se and Sw compared to NT treatment (Fig. 1)
386  because of the improvement of soil pore structure. These results also indicated that
387  reduced or occasional tillage increased soil disturbance compared to no-tillage, which
388  could increase the ability of soil water absorption (Blanco-Canqui and Wortmann,
389  2020). We further found the Se and Swunder CT treatment decreased with an increase
390 in planting time because the improvement of soil porosity induced by tillage practice
391  could weaken over time (Li et al., 2020). Furthermore, the NT treatment significantly
392  increased RI at 0-5 cm, 5-10 cm, and 10-20 cm depths compared to CT treatment
393  during the growth period (Fig. 1). A similar result was discovered by Blanco-Canqui
394  (2011) who found that the degree of SWR under a no-tillage system was 1.5 to 40 times
395  higher than conventional tillage. The main reason is that no-tillage can increase SOC
396 and reduce soil disturbance, both of which favor the production of hydrophobic
397  substances and increase the degree of SWR (Simon et al., 2009). This study also showed
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398  that NT treatment was higher than CT treatment in SOC (Table 2) that could represent
399  hydrophobic substances (Jimenez-Morillo et al., 2016; Lozano et al., 2013). It should
400  be noted that there was no significant difference in Sw between RT and CT treatments
401  on July 7 (p > 0.05), whereas the RI of RT treatment was higher than that of CT
402  treatment (Fig. 1). This suggested that the ability of soil water absorption was not only
403  affected by the degree of soil water repellency as indicated by RI. The main reason is
404  that RT treatment improved soil pore structure and water transmission (Gao et al., 2019;
405 Lietal, 2021; Sauwa et al., 2013), which attenuated the effect of the increase in RI on
406  soil water absorption.

407 Soil compaction is normally evaluated by measuring soil PR and total porosity
408  (Afzalinia and Zabihi, 2014; Lipiec and Hatano, 2003; Salem et al., 2015). We found
409  that the RT treatment reduced PR at the 05 cm, 5-10 cm, and 10-20 cm depth
410  compared to CT and NT treatments during the growth period (Table 2). Some similar
411  results have also been found that the increase in soil organic matter under RT treatment
412 reduced soil compaction compared to CT treatment (Jemai et al., 2013; Shi et al., 2012).
413  However, although NT treatment had higher soil organic matter compared to CT
414  treatment, NT had higher PR on April 27 and there was no significant difference in PR
415  between the two treatments on September 10 (Table 2). The main reason is that soil
416  compaction under NT treatment can be produced by reducing soil disturbance (Blanco-
417  Canqui and Ruis, 2018; Sun et al., 2018). We further found that NT treatment decreased
418  soil total porosity in the 0—5 cm on April 27, had no influence on July 7, and increased
419 it on September 10 compared to CT treatment (Table 2), because soil total porosity
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420  under CT treatment decreased with an increase in time after tillage practice (Li et al.,
421 2020). In addition, MWD is commonly used to indicate soil aggregate stability, which
422 is an important indicator of soil structural features and soil functionality (Chen et al.,
423 2017; Nouwakpo et al., 2018). The MWD of NT treatment was higher than that of CT
424 treatment at the 0—5 cm, 5-10 cm, and 10-20 cm depths during the three growth periods
425  (Table 2). As found in other studies (Sun et al., 2020; Wang et al., 2019), reducing soil
426  disturbance under NT treatment was beneficial to soil aggregate stability.

427 Although tillage management had a significant effect on SWR (Fig. 1), it did not
428  affect the soil water content on the first day after the first rainfall when precipitation
429  was 11 mm (Figs. 2a—c). This could be supported by the results that there was no
430  relationship between SWR and soil water content under a no-tillage system because
431  crop roots provided pathways for water movement (Roper et al., 2013). However, the
432 opposite results were found in our study. With the higher precipitation of the second
433  rainfall (30 mm), the NT treatment had a higher soil water content at the 5-10 and 10-
434 20 cm depths than the CT treatment (Figs. 2f and g). This is a similar finding to previous
435  studies because SWR can cause preferential flow and then increase the soil water
436  content in a deeper depth (Lozano et al., 2013; Rye and Smettem, 2017). One of the
437  reasons for the inconsistent results was that the soil water content under the two rainfall
438  events was different, resulting in a different degree and behavior of SWR (Chau et al.,
439  2014). The crop straw mulching under no-tillage could influence soil water content
440  (Wang et al., 2020) and may also alter the effect of rainfall events on Swand Se. Another
441  reason was that the higher rainfall intensity under the second rain event was more likely
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442 to cause preferential flow compared with the first rainfall. Therefore, we propose that
443 it is essential to consider rainfall intensity when studying the impact of SWR on soil
444 water movement under conservation tillage practices. Moreover, the effect of SWR on
445  soil water content became more obvious with the soil moisture decreasing after the two
446  rainfall events (Fig. 2) because the degree of SWR generally increases with the decrease
447  in soil moisture (Hermansen et al., 2019; Vogelmann et al., 2017). The NT treatment
448  showed a higher soil moisture content compared to CT treatment on the eighth day after
449  Dboth rainfall events (Fig. 2). Hence, we believe that SWR has the ability to increase soil
450  water content under conservation tillage practices, especially in arid regions. This
451  further provided new insights into the conditions of the effect of SWR on soil water
452  movement and confirms the previous studies that reported conservation agriculture has
453  more benefits on increasing crop yield in arid regions (Pittelkow et al., 2015; Sun et al.,
454 2020).

455 Soil water storage (SWS), LLWR, and PAW are three common indicators of soil
456  water availability, that represent the ease of absorbing soil water for crops (de Lima et
457 al., 2020; Silva et al., 2019; Sun et al., 2018). The SWS was higher for NT than CT and
458  RT treatments in the three soil depths and RT also increased SWS in the 10-20 cm layer
459  compared with CT treatment during the growth period (Table 2). We further found that
460  both Sw and RI had a significant influence on SWS (Figs. 5 and 6) because increasing
461  the degree of SWR could cause preferential flow, resulting in decreasing soil
462  evaporation and increasing the soil water content in deeper soil depth (Rye and Smettem,
463  2017). Additionally, increasing the degree of SWR can reduce the capacity to transport
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464  soil water to upper layers by capillary rise, which also increases SWS (Bachmann et al.,
465  2001). Tillage management had a significant influence on LLWR in all three soil depths
466  during the growth period, whereas its significant effects for PAW were only found in
467  part of soil depths and the effects were various during the different growth periods (Fig.
468  3). Hence, the LLWR was more susceptible to tillage management compared with PAW
469  during the growth period. The main reason is that LLWR can be affected not only by
470  soil matric potential but also by penetration resistance (Asgarzadeh et al., 2010; Silva
471 et al.,, 2019). Furthermore, correlation analysis illustrated that Sw and RI were capable
472 of impacting LLWR and PAW (Fig. 5). Previous studies also have found that SWR can
473 strongly influence the soil water retention curve (Hassan et al., 2014; Liu et al., 2012;
474  Naasz et al., 2008). Therefore, these results further supported our hypothesis that SWR
475  can change soil water availability (e.g. SWS, LLWR, and PAW).

476 Tillage management had significant effects on both grain yield and WUE (Fig. 4).
477  We found that significantly higher grain yield and WUE for the RT than the CT and NT
478  treatments (p < 0.05), but the grain yield and WUE under NT treatment were not
479  significantly different from CT treatment (p > 0.05). Similar results were obtained in
480  other studies (Nunes et al., 2018; Wang et al., 2011). We found that Se and Sw had
481  influences on grain yield, unlike RI (Fig. 5), which cannot support the hypothesis that
482  an increase in RI reduces grain yield. One reason is that although tillage management
483  had a significant effect on RI (Fig. 1), the differences were not as large in our study as
484  in a previous study in which SWR was 1.5 to 40 times higher in the NT than CT
485  treatment (Blanco-Canqui, 2011). Hence, the effect of the degree of SWR on crop yield
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486  should be further considered in soils with a high degree of SWR. Another reason is that
487 S is controlled by hydrophobic substances as well as pore structure and it represents
488  the real ability of soil water absorption (Behrends et al., 2019; Vogelmann et al., 2017).
489  This suggested that although RI can reflect the degree of SWR, Sw had a closer
490  relationship with grain yield than RI and more fully explained the effect of SWR on
491  grain yield under conservation tillage practices. In addition, our previous studies
492  showed that soil water availability strongly influences grain yield under conservation
493  agriculture (Li et al., 2020), and we further found that soil water availability was also
494  affected by RI and Sw in the present study (Fig. 5). Therefore, we believe that there is
495  an indirect relationship between RI and grain yield. We cannot yet quantify this indirect
496  effect, but we did demonstrate its existence and pointed out that it is worth investigating
497  further. This result challenges the traditional proposition that crop growth is poorly
498  related to SWR under a no-tillage system when using a simple correlation (Roper et al.,
499  2013).

500 Soil water availability and crop production are the results of a combination of
501  multiple soil properties (e.g. porosity, PR, MWD, and LLWR) and therefore their
502  effects can be better understood through a comparative analysis (Ernst et al., 2018;
503  Scarpare et al., 2019; Zhang et al., 2018). The RI played a prominent role in increasing
504  SWS compared to the other soil properties at the three soil depths (Fig. 6) because a
505  higher RI can reduce evaporation loss (Rye and Smettem, 2017). Although a higher RI
506  is advantageous to SWS, it still restricts plant growth because it increases the difficulty
507  for crops to absorb soil water (Li et al., 2019; Madsen et al., 2012). Li et al. (2020)
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508 also found that although the soil water content under RT treatment was lower than under
509  NT treatment, the RT treatment resulted in higher grain yield because it increased soil
510  water availability. Notably, previous studies had shown that SWR can affect water
511  distribution in the pores, which may further influence soil water availability (Hassan et
512 al, 2014; Liu et al., 2012). It suggested that investigating the effect of SWR on grain
513  yield through a comparative analysis with other soil properties was highly warranted.
514  In this study, we found that although RI, PR, MWD, and SOC in the three depths were
515 increased by NT treatment (Fig. 6), PR was the most detrimental factor for grain yield
516 and WUE (Figs. 5 and 6). Kadzienz et al. (2011) also had a similar result of PR being
517  the most limiting factor for crop growth under a no-tillage system. Moreover, compared
518 to other soil properties, increased Se and Sw was the most effective way of increasing
519  grain yield in this study (Figs. 5 and 6). The relationship between Sw and RI is often
520 inverse and increasing Sw can reduce RI (Behrends et al., 2019; Vogelmann et al., 2017).
521  These results indicate that crop yield could be improved by reducing RI and increasing
522  Sw under conservation tillage practices. The conclusion that increasing the degree of
523  SWR has the potential to reduce crop yield was further confirmed. It should be noted
524  that the effect of tillage management on SWR and yield could change with growing
525  season mainly due to the variability of climate and this study is only based on one
526  growing year. The relationship between SWR and yield under different climate
527  conditions should be further studied. However, we also found that its effect on yield in
528 2018 was consistent with the overall trend (Fig. 4b), which indicates that these
529  conclusions in this study could be applicable to most situations in semi-arid regions.
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530  Moreover, previous studies have shown that SWR can influence other soil properties,
531  such as improving soil aggregate stability and carbon sequestration (Blanco-Canqui,
532 2011; Lamparter et al., 2009; Sepehrnia et al., 2017). In our study, we also found that
533  RI had a significantly positive correlation with MWD and SOC, respectively. Hence, a
534  focused effort to study the effect of SWR on plant growth and soil properties will
535 improve our understanding of the role of conservation tillage practices in the
536  sustainable development of agriculture in the future.

537 5. Conclusions

538 The NT treatment decreased Sw compared to CT and RT treatments and the Se was
539  the highest for RT treatment. We further found that NT treatment increased RI compared
540  to CT treatment probably due to increasing hydrophobic substances and reducing soil
541  disturbance. Both Sw and RI had the potential to influence soil water availability. The
542 effect of SWR on soil water content became more obvious with the decrease in soil
543  moisture following rainfall, which was also influenced by rainfall intensity. Moreover,
544  the SWS was higher for the NT than that for CT treatment and there was a positive
545  correlation between RI and SWS. Nevertheless, although RI could reflect the degree of
546 SWR, Swand Se had a closer relationship with grain yield than RI and more fully
547  explained the effect of SWR on grain yield under conservation tillage practices. In
548  addition, Sw and Se was a more important factor for increasing grain yield than MWD,
549  SOC, TP, and RI. This further confirmed that grain yield could be improved by
550  increasing Sw. The grain yield under RT treatment was highest by increasing Sw, Se,
551  LLWR, and WUE. From this, we conclude that RT treatment is the most effective tillage
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practice compared to CT and NT treatments from the perspective of grain yield.
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871  Table 1 Soil physical and chemical properties of the tested soils (0-30 cm) in 2003.

Depth Soil particle size distribution (%) Available nutrient (mgkg') SOC Bulk density
(cm) >200um 20-200 um 2-20 pm  <2um N P K (gkgh) (gem™)
0-10 5.7 52.8 357 5.8 58 8.3 96 22.7 1.06

10-20 7.9 51.7 34.6 5.8 52 6.9 93 19.8 1.20

20-30 4.8 55.8 337 5.7 53 3.1 87 15.1 1.36
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Table 2 Soil penetration resistance (PR), total porosity (TP), mean weight diameter

(MWD), soil organic carbon (SOC), and soil water storage (SWS) in the 0-5, 5-10, and

10-20 cm layers under conventional tillage (CT), reduced tillage (RT), and no-tillage

(NT) treatments during three growth periods.

Date  Layer (cm) Treatment PR (Mpa) TP (%) WMD (mm)  SOC (gkg!) SWS (mm)
Apr27 0-5 CT 1.21£0.08b  63.2+5.4a  0.56+0.02¢ 18.2+1.1b  6.5+0.7b
RT 1.09+0.05b  60.6£2.5a  0.62+0.02b 27.1£1.7a  7.4+0.6b
NT 1.62+0.09a  53.4£0.8b  0.68+0.04a 28.4+0.8a 10.1+0.4a
5-10 CT 1.39£0.06b  60.0+4.4a  0.49+0.03¢c 18.4+0.3¢c  6.8+0.6b
RT 1.38+0.11b  60.8+0.8a  0.53+0.02b 342+29a  7.4+0.5b
NT 1.84+0.09a  49.4+1.4b  0.67+0.04a 29.2+1.70  10.2+0.8a
10-20 CT 1.5940.07b  57.4+1.3a  0.48+0.03c 20.2+1.1b  18.9+1.4c
RT 1.59£0.05b  53.0£0.6b  0.53+0.01b 31.1#3.0a  21.4+1.0b
NT 2.14+0.13a  47.1+£1.0c  0.67+0.01a 22.9+0.8b  23.5+0.7a
Jul7  0-5 CT 1.49+0.02a 54.1£1.8a  0.61+0.02b 17.4+0.9¢ 10.2+0.8ab
RT 1.27+0.05b  54.3+0.6a  0.63+0.03b 27.1£2.0a  11.4+0.4b
NT 1.550.04a  54.9+1.4a 0.79+0.01a 233+2.1b  12.1£1.0a
5-10 CT 1.70+0.13ab  54.0£0.8a  0.57+0.02b 16.3+1.5b  9.8+0.8ab
RT 1.39£0.03b  52.7£1.0a  0.61+0.04b 24.0+1.7a  11.4+0.6b
NT 1.86+0.02a  52.7+0.9a  0.77+0.01a 21.6£1.9a  12.4+1.3a
10-20 CT 1.86+0.12ab  52.2+1.2a  0.59+0.03b 15.141.6b  22.4+1.1ab
RT 1.66+0.02b  52.8+0.7a  0.62+0.02ab  20.4+1.1a  23.7+1.6b
NT 2.06+0.11a  49.3+1.1b  0.64+0.04a 20.3+1.8a  25.9+0.5a
Sepl0 0-5 CT 1.56+0.08a  52.1+1.3b  0.57+0.01b 21.2+1.8c  6.8+0.3b
RT 1.41£0.01b  50.1£0.6¢c  0.56+0.02b 33.5+22a  7.5+0.7b
NT 1.63£0.05a  54.2+0.9a  0.73+0.03a 26.0£1.4b  9.7+1.8a
5-10 CT 1.75+£0.05a  51.3£1.6a  0.55+0.02b 20.3t1.5b  8.3+1.0b
RT 1.59£0.07b  51.1£1.3a  0.59+0.03b 30.842.6a  8.9+0.9b
NT 1.86+0.12a  50.9+0.8a  0.74+0.05a 30.3+2.8a  12.1+0.7a
10-20 CT 1.95+0.17a  50.841.2a  0.55+0.02¢ 20.8+1.6b  21.5+0.5¢
RT 1.74+0.03b  52.1+0.7a  0.63+0.04b 28.9+1.5a  24.0+1.8b
NT 2.10+£0.11a  48.3+1.5b  0.70+0.01a 274+1.8a  28.1tl.1a

Note: The same letters within a column in the same soil depth indicate no significant

differences between tillage managements (p < 0.05) according to the LSD test.
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879  Figures:

880  Fig. 1. The effect of conventional tillage (CT), reduced tillage (RT), and no-tillage (NT)
881  on soil ethanol sorptivity(Se), water sorptivity (Sw), and water repellency index (RI) in
882  the 0-5 cm, 5-10 cm, and 10-20 cm depths on April 27, July 7, and September 10. The
883  same letter means that there is no significant difference (p > 0.05) between tillage
884  managements according to the LSD test. *: p <0.05; **: p <0.01; ***: p <0.001.

885  Fig. 2. The changes in soil volumetric water content for conventional tillage (CT),
886  reduced tillage (RT), and no-tillage (NT) treatments in the 05, 5-10, and 10-20 cm
887  depths after two rainfall events. The ANOVA was used to measure the effect of tillage
888  management on soil moisture on different days. *: p <0.05; **: p<0.01; ***: p<0.001.
889  Fig. 3. Least limiting water range (LLWR) and plant available water content (PAW) in
890  the 0-5 cm, 5-10 c¢cm, and 10-20 cm depths on April 27, July 7, and September 10 under
891  conventional tillage (CT), reduced tillage (RT), and no-tillage (NT) treatments. The
892  same letter means that there is no significant difference (p > 0.05) between tillage
893  management according to the LSD test. *: p < 0.05; **: p <0.01; ***: p < 0.001; ns:
894  not significant.

895  Fig. 4. Grain yield and water use efficiency (WUE) under conventional tillage (CT),
896  reduced tillage (RT), and no-tillage (NT) treatments in 2018 (a) and during 2003-2018
897  (b). The same letter means that there is no significant difference (p > 0.05) between
898 tillage management according to the LSD test. *: p < 0.05; ***: p <0.001. Boundaries
899  of the box indicate 25th quantile, mean value, and 75th quantile. The top and bottom
900  whiskers represent the minimum and maximum values, respectively.
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901  Fig. 5. Spearman correlation analysis on the relationships among soil water availability,
902 yield, and soil properties in the 0-5 cm, 5-10 cm, and 10-20 cm depths. Blue and red
903  represent negative and positive correlations, respectively, and a darker color represents
904 a higher correlation. Se: soil ethanol sorptivity; Sw: water sorptivity; RI: water
905 repellency index; PR: soil penetration resistance; TP: total porosity; MWD: mean
906  weight diameter; SOC: soil organic carbon; SWS: average soil water storage of two
907 rainfall; WUE: water use efficiency; LLWR: least limiting water range; PAW: plant
908 available water. *: p <0.05; **: p <0.01; ***: p<0.001.

909  Fig. 6. Redundancy analysis of the relationships among soil water availability, yield,
910  and soil properties during the three growth periods. The response variables are yield,
911  WUE, LLWR, PAW, and SWS. The explanatory variables are Se, Sw, RI, PR, TP, MWD,
912  and SOC. Se: soil ethanol sorptivity; Sw: water sorptivity; RI: water repellency index;
913  PR: soil penetration resistance; TP: total porosity; MWD: mean weight diameter; SOC:
914  soil organic carbon; SWS: average soil water storage of two rainfall; WUE: water use

915 efficiency; LLWR: least limiting water range; PAW: plant available water.
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