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To cope with the change of precipitation pattern, we  explored the effects of 
conservation tillage and precipitation variability on soil moisture status and silage 
maize productivity, seeking solutions to improve the yield and quality of maize in 
the karst areas of China. In this study, precipitation variability and conservation 
tillage were jointly analyzed by precipitation levels (normal precipitation, 30% 
lower and 30% greater than normal precipitation), tillage methods (conventional 
tillage and no-tillage) and cover crop mulching (mulching and no mulching). It 
was found that no tillage (NT) increased the maize yield by 12.85% compared with 
the conventional tillage (CT) treatments. Above-normal precipitation treatments 
did not significantly increase biomass and soil water content across different 
fertility stages, but below-normal precipitation treatments reduced maize yield, 
crude protein (CP) content and soil water content at all soil levels. CT treatment 
significantly increased soil water content in the tillage layer (0–40  cm), but NT 
treatment significantly increased dry matter yield, plant height and CP content at 
harvest by 10.99, 3.41, 5.62%. Cover crop mulching significantly increased maize 
yield by 8.26% and soil moisture content at the seedling stage in 0–40  cm soil by 
2.76 and 2.52%. The three-way interaction effects involving precipitation levels, 
tillage methods and cover crop mulching were significant for maize yield, CP 
content and soil water content (p  <  0.05). In addition, this study found that soil 
water content was positively correlated with crude protein content of maize 
(p  <  0.05). In conclusion, this study concluded that a combination of NT and 
cover crop mulching should be used to mitigate maize production risks caused 
by precipitation variability in the karst areas.
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1. Introduction

Maize (Zea mays L.), as the crop with the highest share of global grain production, its yield 
is critical to global food security (Zhang, K. P., et al., 2022a). Maize is one of the crops that are 
sensitive to soil moisture and fertility conditions (Jia et al., 2018). Maize yield is greatly 
affected by growing season length and rainfall amount (Calviño et al., 2003). Meanwhile, 
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precipitation variation can cause significant impacts on forage 
quality (Li et al., 2020), as well as reduction of acidic and neutral 
detergent fibers to improve forage nutritive value (Ahmad et al., 
2022). Generally speaking, water stress hastens senescence and 
reduces nutrient uptake by roots, thus, reduce nutritive value and 
crude protein content. In addition, it also affects the water use 
efficiency (WUE) for biomass production (Ren et al., 2008; Li et al., 
2022). However, information related to forage nutritive value under 
moderate reduced/increased irrigation levels in areas with ample 
precipitation seems scanty. Particularly, in the subtropics, extreme 
precipitation events are becoming more frequent and will intensify 
in the future due to global warming (Norris et al., 2020). Changes in 
precipitation quantity and distribution will pose new challenges to 
maize production in these regions.

The plight of agricultural production in karst areas has been an 
important constraint on regional economic development, 
especially in southwest China (Bai et  al., 2022). The fragile 
ecological environment has led to a severe shortage of arable land, 
forcing farmers to plant maize on marginal and sloping land (Gao 
et  al., 2022), where severe soil erosion and nutrient leaching 
usually occur (Herout et al., 2018). At the same time, the unique 
geomorphology of karst areas also affects soil hydrological 
properties, causing fast infiltration rate, poor water storage 
capacity, and low resistance to surface runoff (Jiang et al., 2014). 
Therefore, despite the average regional rainfall exceeds 1,000 mm/
yr., maize growth is still largely constrained by soil 
moisture conditions.

The improvement of soil physicochemical properties and soil 
quality through conservation tillage has been widely demonstrated 
(Dikgwatlhe et al., 2014; Turmel et al., 2015; Clay et al., 2019). These 
effects include increased soil water storage (Lampurlanés et  al., 
2016), reduction in evaporation and infiltration, and increased 
topsoil water content (Liu et al., 2013). Cover crop mulching has 
indicated capacity to reduce water evaporation, enhance soil C and 
N, reduce soil erosion (Lal et al., 2004), improve soil enzyme activity 
and increase soil microbial populations (Chen et al., 2014; Zhang 
et al., 2016). However, there is spatial and temporal heterogeneity in 
many studies, making it difficult to draw consistent conclusions 
about the effects of conservation tillage. For example, many studies 
have shown that conservation tillage has no or even negative effects 
on maize yield (Peng et al., 2020; Zhang, K. P., et al., 2022a). In 
addition, many studies conducted in the karst areas focused only on 
the impact of tillage practices (Jia et  al., 2019; Bai et  al., 2022), 
ignoring the possible interactive effects with other factors, such as 
precipitation quantity and distribution (Zhang, Q., et al., 2022b), 
fertilization, crop type, and other agronomic practices (Wang 
et al., 2018).

Therefore, this paper investigates the changes in maize yield, 
quality and soil water content under the combined impacts of 
different precipitation intensities, tillage practices, and mulching 
measures. The objectives were to discover, (i) whether maize biomass 
differs among growth stages under the combined effect of 
precipitation variation and tillage/mulching practices, and (ii) how 
can grain yield, quality, and soil water content respond to these 
changes (iii) What is the inter-relationship between maize yield, 
quality and soil moisture in each soil layer? The answers to these 
questions will provide reasonable and feasible solutions for maize 
production in the karst areas of China.

2. Materials and methods

2.1. Study area

The experimental was carry out at the Cultivation Experiment 
Station of Guizhou University in Dafang County (27°41′N, 105°89′E; 
Altitude 1,723 m), Bijie City, Guizhou Province. The site has a humid 
subtropical monsoon climate and represents a quintessential Guizhou 
Karst topography and climatic condition (Figure  1A). The 
precipitation and temperature in the study area are shown in 
Figure 1B. According to the International Society of Soil Sciences 
standards, the main soil type is Ali-Perudic Argosols (APA). The main 
crops in the area are silage maize (Zea mays L.) and ryegrass (Lolium 
multiflorum Lam.). The test site was managed as long-term ryegrass 
hay field. The main cultivation methods are Plough tillage at a depth 
of 20 cm and no tillage. The soil properties and nutrient conditions, 
measured at a soil depth of 0 to 100 cm before this experiment, started 
in 2021 are shown in Supplementary Table S1.

2.2. Experimental design

The experiment was carried out in a completely randomized 
group design with three factors: Precipitation (P), tillage (T) and cover 
crop mulching (M). Precipitation was set at three levels: normal 
precipitation (P, natural precipitation), precipitation reduction (P–, 
using precipitation reduction devices to reduce precipitation by 30%) 
and precipitation augmentation (P+, adding the retained precipitation 
from P– using rain capturing devices). Two levels of tillage were 
established as conventional tillage (CT, rototilling at depth at about 
20 cm) and no-tillage (NT). Two levels of cover crop mulching were 
implemented as mulching (M, ryegrass cut to 5–10 cm and evenly 
mulched on the soil surface at 10 Mg ha−1) and no cover crop mulch 
(NM). The final treatments include: normal precipitation with 
conventional tillage and cover crop mulching (CTMP), normal 
precipitation with conventional tillage without cover crop mulching 
(CTP), normal precipitation without tillage cover or crop mulching 
(NTMP), normal precipitation without tillage cover or crop mulch 
(NTP), reduced precipitation with conventional tillage and cover crop 
mulch (CTMP–), reduced precipitation with conventional tillage but 
no cover crop mulching (CTP–), reduced precipitation without tillage 
but with cover crop mulching (NTMP–), reduced precipitation without 
tillage or cover crop mulch (NTP–), increased precipitation with 
conventional tillage and cover crop mulching (CTMP+), increased 
precipitation with conventional tillage but without cover crop 
mulching (CTP+), increased precipitation without tillage but with 
cover crop mulching (NTMP+), and increased precipitation without 
tillage or cover crop mulching (NTP+). All treatments were replicated 
three times with a total of 36 plots (Supplementary Figure S1).

“Qianqing 446” silage maize was sown on April 24, 2021. The plot 
area was 30.24 m2 (7.2 m × 4.2 m), and four rows were planted in each 
plot in a wide (80 cm)—narrow (40 cm) row pattern. The plant spacing 
was 30 cm and the sowing density was 54,000 plants ha−1. 
10,000 kg hm−2 of organic fertilizer (fermented sheep manure: 0.8% N, 
0.5% P2O5, 0.5% K2O) was applied as a base application before sowing, 
and 5,000 kg hm−2 of organic fertilizer was applied as a follow-up 
application at the nodulation stage. Harvesting was conducted on 
September 8, 2021 (late lactation to early waxing).
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Each plot was equipped with a 3.0 m × 2.0 m micro-plot (located in 
the central position of the plot containing 4 rows and 10 columns of 
maize), surrounded by a three-sided ring of isolation baffles around the 
micro-plot, with no isolation baffles on the eastern side of each plot. 
The isolation baffle was a transparent PVC sheet 0.1 cm thick and 20 cm 
wide, with the bottom 10 cm of the baffle inserted into the soil and the 
top 10 cm above the soil surface to reduce the influence of the outside 
world on the micro-plot. The precipitation reduction treated plots were 
constructed with a 3.0 m × 2.0 m precipitation reduction device above 
the micro-plot. The rain reduction device was divided into two parts, 
the bottom half was a four-cornered lifting bracket device, and the 
stainless steel four-cornered bracket was fixed to the ground with steel 
nails so that it was in the shape of a right-angle ladder (the ground was 
at a right angle, and the remaining two angles were 60° and 120°), and 
the bracket could be manually adjusted at 1.0–3.0 m to facilitate the 
normal conduct of the experiment in the later stages of maize growth. 
The upper part of the rainwater retention device mainly comprises of 
a “U” shaped acrylic pipe, a “U” shaped PVC precipitation collection 
tank and a rainwater collection barrel. The “U” shaped acrylic pipe was 
3 m long and 10 cm in diameter, covering an area 1.8 m2 to intercept 
30% of the incoming precipitation. The “U” shaped PVC catch basin 
was installed at 30° in the direction of the acrylic pipe at an angle of 
120°, 5 cm away from the acrylic pipe. The end of the “U” shaped PVC 
catch basin was connected to a pipe leading to a 100-L collection barrel 
to collect rainwater. The collected rainwater was evenly sprinkled into 
the micro-plot of the P+ treatment cells through a spraying can 
immediately after each precipitation to achieve a 30% increase in total 
precipitation. The transparent “U” shaped pipe could affect solar 
radiation, which may not have a significant impact on crop growth.

2.3. Measurements and calculations

2.3.1. Plant sampling
Three representative plants from each micro-plot were sampled for 

aboveground biomass calculation during several maize growth stage, 

including seedling stage (May 26), Jointing stage (July 4), Big trumpet 
stage (July 26), and Tasseling stage (August 5). Another three 
representative plants of the plot were selected from the micro-plot at 
harvest time (September 8) to measure maize plant height (height of 
maize vertically to the ground in its natural state), leaf length (length 
from the tip of the leaf to the bottom of the leaf) and leaf width (length 
of the leaf at its widest position). Dry matter yield was calculated at 
105°C for 30 min and then baked at 65°C until constant weight (Lai 
et al., 2022). The dried samples were pulverized with a plant powder 
sampler and sealed through a 2 mm sieve for storage pending 
measurement. The samples were used for the determination of total 
nitrogen (TN), neutral detergent fiber (NDF) and acid detergent fiber 
(ADF) content by Kjeldahl nitrogen determination, salicylic acid 
colorimetric method, Indotrione colorimetric method and Van’s 
cellulose content determination method, respectively (Zhang, K. P., 
et al., 2022a).

The leaf area index (LAI) was calculated as follows:

 S L W1 0 75= × × . , (1)

 
LAI S n

A
=

×1
.
 

(2)

Where, S1 is the leaf area of single maize plant (cm2), L is leaf 
length (cm), W is leaf width, Leaf area coefficient of 0.75 (The leaf area 
coefficient of unexpanded leaves was 0.5), n is number of maize plants 
per unit area. A is unit land area (cm2).

The crude protein (CP) was calculated as follows:

 CP TN= × 6 25. , (3)

where, TN is the total nitrogen of maize plant (g kg−1), Conversion 
factor of 6.25.

The relative feed value (RFV) was calculated as follows:

FIGURE 1

(A) Study location in southeast China. (B) The precipitation and mean temperature of maize growing season in the study area in 2021.
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RFV

DMI DDM
=

×
1 29.

,
 

(4)

 
DMI

NDF
=
120

,
 

(5)

 DDM ADF= − ×88 96 0 779. . . (6)

Where, DMI is the dry matter intake (% Body weight), NDF is 
neutral detergent fiber (%), DDM is digestible dry matter content (%), 
ADF is acid detergent fiber (%).

2.3.2. Soil water content, water use and WUE
A 0.8-m deep measuring tube was installed in the micro-plot and 

the volumetric water content of the soil was measured every 7 day 
using a profiling soil moisture sensor (TRIME-PICO IPH 2, IMKO, 
Germany) in the 0–20, 20–40 cm and 40–60 cm soil layers, averaged 
three times for each layer (120° rotation each time). Conversion from 
volumetric water content to mass water content.

The Soil water content (SWC) was calculated as follows:

 
SWC

VWC

BD
= ,

 
(7)

where, VWC is the volumetric water content (cm3 cm−3), BD is bulk 
density (g cm−3).

The water use (WU, mm) was calculated as follows:

 WU S= − ∆P ,  (8)

where, P is the precipitation (mm) and ΔS is the change in stored 
soil water of the soil profile (mm). Based on the consideration of 
groundwater table, terrain, etc., we omitted some components of the 
traditional field water balance formula, including irrigation, upward 
flow into the root zone, surface runoff, and downward drainage out of 
the root zone.

The water use efficiency (kg m−3) was calculated as follows:

 
WUE

WU
=

Y
,
 

(9)

where, Y is the maize dry matter yield (kg ha−1).

2.4. Data analysis

All variance analyses were performed using SPSS statistics 
software 26 (IBM, United States). T-test was used to compare the 
differences among the two tillage systems and two cover crop mulch 
patterns at p < 0.05 level. One-way ANOVA was used to compare the 
differences among the three precipitation scenarios and the biomass 
in the same growth period for different treatments at p < 0.05 level. 
Three-way ANOVA was used to compare the systems, precipitation 
scenarios, cover crop mulching patterns, and their interaction at 

p < 0.05 level. The R “corrplot” package was used to calculate the 
Pearson’s correlation matrix between indicators at, and the 
“PerformanceAnalytics” package was used for data visualization.

3. Results

3.1. Maize biomass

At the seedling stage, the biomass of CTP– and NTMP+ treatments 
were significantly greater than that of NTP–, NTP+, NTMP, NTMP– 
(Figure 2; p < 0.05). NTP+ treatment was significantly lower than that 
of CTP, CTMP, CTMP–, CTMP+, NTP. At the jointing stage, the biomass 
of CTMP treatment was significantly greater than that of CTP+, NTP, 
NTP–, NTP+, NTMP–. NTP+ treatment was significantly lower than 
that of CTP, CTP–, CTMP–, CTMP+, NTMP, NTMP+.

At the big trumpet stage, the NTMP treatment was significantly 
greater than all other treatments (Figure  2; p < 0.05). the CTMP 
treatment was significantly greater than CTMP–, CTMP+, NTP–, NTP+, 
NTMP–, and NTMP+. The NTP– treatment was significantly lower than 
the other treatments except NTMP–. At the tasseling stage, the CTMP 
and NTMP+ treatments were significantly greater than all other 
treatments except NTP+. the CTP+ treatment was significantly lower 
than CTP, NTP, NTP+, and NTMP. the CTMP+ treatment was 
significantly lower than all other treatments. At milk stage, the NTMP+ 
treatment was significantly greater than the other treatments except 
for the CTMP and NTMP treatments. The CTMP– treatment was 
significantly lower than the NTP– treatment.

3.2. Maize yield and quality characteristics

The results showed that T had a highly significant effect on maize 
yield (p < 0.001; Table  1), P and M had a significant interaction 
(p < 0.01). M × P and T × M × P interactions were also significant 
(p < 0.05). P, M, M × P and T × M × P interactions had a significant 
effect on maize dry matter yield (p < 0.05), and T had a greater 
significant effect on yield (p < 0.01). In terms of plant height, T had a 
significant effect (p < 0.01). P, T × M, P × M, and T × M × P interactions 
were also significant (p < 0.05). For LAI, P × M had a significant effect 
(p < 0.001). P and T × M had a significant effect (p < 0.01), and 
T × M × P interactions were also significant (p < 0.05).

T and P had a highly significant effect on CP (p < 0.001; Table 2). 
M, T × M × P interactions were significant (p < 0.05). There was no 
significant effect of each factor on NDF, ADF and RFV.

3.3. Soil water content, water use and WUE

Tillage had a highly significant effect on the SWC within the 
0–20 cm soil layer at seedling, seed setting and total growth period 
stages (p < 0.001; Table 3). A more significant effect was also observed at 
the jointing and big trumpet stages (p < 0.01), and a significant effect was 
observed at the tasseling stage (p < 0.05). Cover crop mulching made a 
significant increase of the SWC within the 0–20 cm soil layer by 2.75% 
at the seedling stage (p < 0.05). Precipitation had a highly significant 
effect on SWC at 0–20 cm soil layer at seedling, jointing, seed setting and 
across the total growth period stages (p < 0.001), a more significant effect 
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at the big trumpet stage (p < 0.01), and a significant effect at the tasseling 
stage (p < 0.05). The T × M × P interaction had a highly significant effect 
of SWC at 0–20 cm soil layer across the total growth period (p < 0.001), 
at the seedling stage (p < 0.01), and at all other growth stages (p < 0.05).

Tillage had a highly significant effect (p < 0.001; Table 4) of SWC 
at 20–40 cm soil layer at seedling, nodulation, trumpeting, fruiting and 
total fertility stages, and a highly significant effect (p < 0.01) at the 
stage-drawing stage. Compared to no cover crop mulching, cover crop 
mulch made a more significant increase of the SWC at 20–40 cm soil 
layer by 2.75% at seedling stage (p < 0.01), and a highly significant 
increase by 5.57% at total growth period stage (p < 0.001). Precipitation 

had a highly significant effect (p < 0.001) of SWC at the 20–40 cm soil 
layer during the seedling, jointing, seed setting and total fertility stages, 
with a more significant effect (p < 0.01) at the large trumpet stage, and 
a significant effect (p < 0.05) at the male drawing stage. The T × M × P 
interaction had a highly significant effect of SWC at 20–40 cm soil 
layer at the total reproductive stage (p < 0.001), a significant effect at 
the seedling (p < 0.01), and all other growth stages (p < 0.05).

Tillage treatments did not significantly affect (p < 0.001; Table 5) 
the SWC of the 40–60 cm soil layer at any reproductive stage. Cover 
crop mulch made a significant increase of the SWC at 40–60 cm soil 
layer by 1.16% at the total growth period stage. Precipitation had a 

FIGURE 2

The biomass of maize in different growth stage in the study area in 2021. Notes: Conventional tillage (CT), no-tillage (NT), cover crop mulching (M), 
increased precipitation (P+), decreased precipitation (P−) and normal precipitation (P).

TABLE 1 Mean yield, dry matter yield, plant height and leaf area index (LAI) under different treatment in growth season for conventional tillage (CT), 
no-tillage (NT), cover crop mulching (M), no cover crop mulching (NM), increased precipitation (P+), decreased precipitation (P–) and normal 
precipitation (P).

Treatment Yield (kg hm−2) Dry matter yield (kg hm−2) Plant height (cm) LAI

T CT 49395.99 ± 1404.94 b 11634.00 ± 343.25 b 273.70 ± 2.32 b 3.02 ± 0.09 a

NT 55742.94 ± 1370.17 a 12912.00 ± 369.39 a 283.02 ± 2.19 a 3.03 ± 0.06 a

M NM 50483.51 ± 1070.96 b 11715.00 ± 238.27 b 276.38 ± 2.25 a 3.01 ± 0.05 a

M 54655.42 ± 1837.71 a 12831.00 ± 457.07 a 280.34 ± 2.68 a 3.05 ± 0.09 a

P P 55702.20 ± 1776.91 a 12897.00 ± 501.01 a 284.14 ± 3.12 a 3.21 ± 0.08 a

P– 49628.91 ± 1383.19 b 11535.00 ± 342.15 b 274.44 ± 2.32 b 2.88 ± 0.09 b

P+ 52377.29 ± 2218.60 ab 12387.00 ± 496.64 ab 276.50 ± 3.10 b 2.99 ± 0.07 b

ANOVA

T *** ** ** NS

SM ** * NS NS

P ** * * **

T × SM NS NS * **

T × P NS NS NS NS

SM × P * * * ***

T × SM × P * * * *

T, tillage; SM, straw mulching; P, precipitation. Different lower letters indicate the significant differences between treatments at p < 0.05.
*, **, *** and NS indicate the significant effects of farming practices at p < 0.05, p < 0.01, p < 0.001, and not significant determined by ANOVA, respectively.
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more significant effect (p < 0.01) at the tasseling stage, and all other 
growth stages (p < 0.001). The T × M × P interaction had a significant 
effect of SWC at 40–60 cm soil layer at the tasseling stage (p < 0.05), a 
significant effect at the seedling stage (p < 0.01), and at all other growth 
stages (p < 0.001).

Water use was mainly influenced by the highly significant effect 
of precipitation (p < 0.001; Figure  3). Precipitation had a highly 
significant effect on WUE (p < 0.001). Tillage and cover crop mulching 
had a significant effect on WUE (p < 0.01). NTMP– had significantly 
greater WUE than other treatments (except for CTP– and NTP–). 
CTP–, CTMP–, CTMP, NTP–, NTMP had significantly greater WUE 
than other treatments (except for NTMP–). CTP+ had significantly 
greater WUE than CTP and NTP.

3.4. The relationship among soil water 
content, maize yield and quality 
characteristics

Yield had a highly significant positive correlation with dry matter 
yield, plant height, LAI and RFV (p < 0.001; Figure 4); as well as a 
highly significant negative correlation with CP, SWC of the three soil 

layers (p < 0.001) ADF (p < 0.05). Dry matter yield had a highly 
significant positive correlation with plant height, LAI, RFV (p < 0.001); 
CP, NDF, ADF, SWC at 0–20 cm soil layer and 40–60 cm soil layer 
(p < 0.001); SWC at 20–40 cm soil layer (p < 0.01). Plant height was 
highly significantly and positively correlated with LAI (p < 0.001) and 
RFV (p < 0.05), with a highly significant negative correlation with CP, 
SWC of the three soil layers (p < 0.001), and with ADF. LAI had a 
highly significant negative correlation with CP, SWC across three soil 
layers (p < 0.001; Figure 4), and a significant positive correlation with 
NDF (p < 0.05). CP had a highly significant positive correlation with 
ADF, SWC (p < 0.001), and a more significant negative correlation 
with RFV (p < 0.01). NDF had a highly significant positive correlation 
with ADF (p < 0.001), a highly significant negative correlation with 
RFV (p < 0.001), and a more significant negative correlation with SWC 
at the 0–20 cm soil layer (p < 0.01). ADF had a highly significant 
negative correlation with RFV (p < 0.001) and a significant negative 
correlation with SWC at 0–20 cm layer (p < 0.05).

4. Discussion

4.1. Effect of precipitation variability, tillage 
and mulching on soil moisture, water use 
and WUE

Soil moisture is one of the main factors limiting maize yield (Wang 
et  al., 2022). Low precipitation in spring and high soil water 
evaporation in summer are the main reasons for low water use 
efficiency and yield reduction in maize production (Liu et al., 2013). 
In this study, we found that soil moisture content in the 0–40 cm soil 
layer was significantly higher in all CT treatments than in NT, which 
is consistent with the findings of Kitonyo et al. (2018). This may be due 
to the greater compaction and compromised preferential flows, which 
reduce water infiltration (Kitonyo et al., 2018), while the loose soil 
under conventional tillage increases the opportunity for water 
infiltration into the soil (Guto et al., 2012). However, the effect of CT 
did not extend to the 40–60 cm soil layer, and apparently, its effect on 
soil moisture content may only occur in the tillage layer due to the 
existence of plowpan layer. The effect of tillage on soil moisture content 
is controversial, and although some studies suggest that no-till has a 
positive effect on soil water content (Liu et al., 2013; Wang et al., 2022), 
others have shown that tillage practices do not make significant 
differences in SWC (Zhang et  al., 2018). The effect of NT on soil 
moisture content is influenced by other factors, such as crop type, 
climatic conditions, and fertilizer application (Wang et al., 2018). In 
addition, it is undeniable that the shorter experiment duration (2 years 
of implementation of conservation tillage practices in this study) might 
cause limited differences between treatments; as some soil properties 
(e.g., physical structure of the soil, hydrological properties) requires 
much longer implementation time to be detected (Wang et al., 2018).

In the 0–20 and 20–40 cm soil layers of the maize seedling stage, 
the soil moisture content under cover crop mulch was found to 
be significantly higher than that of the no-mulch treatment. There was 
also a significant effect for the two soil layers at 20–60 cm depth for the 
total growth period. This is consistent with the results reported by 
Zhang et al. (2008) in the Loess Plateau. Meanwhile, in the normal 
precipitation treatments, the WUE of treatments containing cover crop 
mulch were all significantly higher than those without mulch, which 

TABLE 2 Mean crude protein (CP), neutral detergent fiber (NDF), acid 
detergent fiber (ADF) and relative feed value (RFV) under different treatment 
in growth season for conventional tillage (CT), no-tillage (NT), cover crop 
mulching (M), no cover crop mulching (NM), increased precipitation (P+), 
decreased precipitation (P–) and normal precipitation (P).

Treatment CP 
(g  kg−1)

NDF 
(g  kg−1)

ADF 
(g  kg−1)

RFV (%)

T CT
61.22 ± 0.98 

b

483.87 ± 7.70 

a

300.78 ± 5.40 

a

126.60 ± 2.60 

a

NT
64.66 ± 0.99 

a

492.45 ± 11.00 

a

309.76 ± 4.60 

a

123.40 ± 2.70 

a

M NM
61.48 ± 1.01 

b

484.17 ± 7.10 

a

302.53 ± 4.80 

a

126.20 ± 2.40 

a

M
64.40 ± 1.01 

a

492.15 ± 11.00 

a

308.00 ± 5.40 

a

123.90 ± 2.90 

a

P P
64.77 ± 1.14 

a

496.78 ± 9.50 

a

312.17 ± 7.70 

a

121.60 ± 3.10 

a

P–
64.47 ± 0.88 

a

486.84 ± 7.80 

a

299.79 ± 6.10 

a

125.80 ± 2.80 

a

P+
59.59 ± 1.31 

b

480.86 ± 16.00 

a

303.84 ± 4.40 

a

127.60 ± 3.80 

a

ANOVA

T ** NS NS NS

SM * NS NS NS

P ** NS NS NS

T × SM NS NS NS NS

T × P NS NS NS NS

SM × P NS NS NS NS

T × SM × P * NS NS NS

T, tillage; SM, straw mulching; P, precipitation. Different lower letters indicate the significant 
differences between treatments at p < 0.05.
*, **, *** and NS indicate the significant effects of farming practices at p < 0.05, p < 0.01, 
p < 0.001, and not significant determined by ANOVA, respectively.
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is consistent with the results of Peng et al. (2020). This suggests that 
cover crop mulching can reduce soil moisture evaporation to some 
extent (Chen et  al., 2020), enhance precipitation harvesting (Shao 
et al., 2016), and increase soil moisture infiltration, thus improving soil 
moisture content and moisture use efficiency (Yang et al., 2016). At the 
same time, cover crop mulch can form a physical barrier to block solar 
radiation, which can regulate soil temperature and facilitate plant root 
growth and moisture nutrient uptake (Wang et al., 2022). In addition, 

it helps to increase the source of soil organic carbon and indirectly 
improves the water retention of the soil (Rawls et al., 2003).

Precipitation is a factor that directly affect soil water content and 
water consumption of maize. In this study, it was found that the 
precipitation reduction treatment resulted in a significant decrease in 
SWC in all soil layers at 0–60 cm depth in all fertility periods of maize 
compared to normal precipitation. This indicates that the precipitation 
reduction affects the soil moisture content throughout the maize 

FIGURE 3

Correlation matrix between leaf area index (LAI), Plant height, Yield, Dry weight, relative feed value (RFV), crude protein (CP), neutral detergent fiber 
(NDF), acid detergent fiber (ADF) and 0–20  cm soil mass water content (SWC_Layer1), 20–40  cm soil mass water content (SWC_Layer2), 40–60  cm 
soil mass water content (SWC_Layer3). Confidence interval of 95%.

TABLE 3 Mean soil mass water content under different treatment in growth season for conventional tillage (CT), no-tillage (NT), cover crop mulching 
(M), no cover crop mulching (NM), increased precipitation (P+), decreased precipitation (P–) and normal precipitation (P) in 0–20  cm soil layer.

Treatment Soil mass water content of 0–20  cm soil layer (g  g−1)

Seedling 
stage

Jointing 
stage

Big trumpet 
stage

Tasseling 
stage

Seed setting 
stage

Total growth 
period

T CT 0.267 ± 0.002 a 0.250 ± 0.003 a 0.238 ± 0.005 a 0.198 ± 0.004 a 0.244 ± 0.003 a 0.246 ± 0.002 a

NT 0.248 ± 0.002 b 0.237 ± 0.003 b 0.216 ± 0.004 b 0.186 ± 0.004 b 0.227 ± 0.003 b 0.229 ± 0.002 b

M NM 0.254 ± 0.002 b 0.241 ± 0.003 a 0.227 ± 0.005 a 0.190 ± 0.004 a 0.236 ± 0.003 a 0.236 ± 0.002 a

M 0.261 ± 0.002 a 0.246 ± 0.003 a 0.227 ± 0.005 a 0.194 ± 0.004 a 0.235 ± 0.003 a 0.240 ± 0.002 a

P P 0.273 ± 0.002 a 0.256 ± 0.003 a 0.236 ± 0.005 a 0.203 ± 0.004 a 0.244 ± 0.003 a 0.250 ± 0.002 a

P– 0.247 ± 0.003 b 0.230 ± 0.004 c 0.211 ± 0.006 b 0.182 ± 0.005 b 0.223 ± 0.004 b 0.226 ± 0.002 c

P+ 0.252 ± 0.003 b 0.245 ± 0.004 b 0.235 ± 0.006 a 0.191 ± 0.006 ab 0.240 ± 0.005 a 0.238 ± 0.002 b

ANOVA

T *** ** ** * *** ***

SM * NS NS NS NS NS

P *** *** ** * *** ***

T × SM NS NS NS NS NS NS

T × P NS NS NS NS NS *

SM × P *** ** ** * *** ***

T × SM × P ** * * * * ***

T, tillage; SM, straw mulching; P, precipitation. Different lower letters indicate the significant differences between treatments at p < 0.05.
*, **, *** and NS indicate the significant effects of farming practices at p < 0.05, p < 0.01, p < 0.001, and not significant determined by ANOVA, respectively.
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TABLE 5 Mean soil mass water content under different treatment in growth season for conventional tillage (CT), no-tillage (NT), cover crop mulching 
(M), no cover crop mulching (NM), increased precipitation (P+), decreased precipitation (P–) and normal precipitation (P) in 40–60  cm soil layer.

Treatment Soil mass water content of 40–60  cm soil layer (g g−1)

Seedling 
stage

Jointing 
stage

Big trumpet 
stage

Tasseling 
stage

Seed setting 
stage

Total growth 
period

T CT 0.355 ± 0.001 a 0.355 ± 0.001 a 0.353 ± 0.002 a 0.329 ± 0.003 a 0.334 ± 0.002 a 0.348 ± 0.021 a

NT 0.354 ± 0.002 a 0.353 ± 0.002 a 0.351 ± 0.003 a 0.324 ± 0.004 a 0.332 ± 0.003 a 0.346 ± 0.032 a

M NM 0.353 ± 0.002 a 0.353 ± 0.002 a 0.349 ± 0.003 a 0.324 ± 0.004 a 0.332 ± 0.003 a 0.345 ± 0.031 b

M 0.356 ± 0.001 a 0.355 ± 0.001 a 0.354 ± 0.002 a 0.329 ± 0.003 a 0.334 ± 0.002 a 0.349 ± 0.023 a

P P 0.360 ± 0.002 a 0.359 ± 0.002 a 0.357 ± 0.003 a 0.332 ± 0.003 a 0.338 ± 0.003 a 0.352 ± 0.025 a

P– 0.347 ± 0.002 b 0.346 ± 0.003 b 0.342 ± 0.004 b 0.315 ± 0.005 b 0.320 ± 0.003 b 0.337 ± 0.031 b

P+ 0.357 ± 0.001 a 0.357 ± 0.002 a 0.357 ± 0.002 a 0.334 ± 0.004 a 0.341 ± 0.002 a 0.351 ± 0.022 a

ANOVA

T NS NS NS NS NS NS

SM NS NS NS NS NS *

P *** *** *** ** *** ***

T × SM * NS NS NS NS **

T × P ** * NS NS NS **

SM × P *** *** *** ** *** ***

T × SM × P *** *** *** * ** ***

T, tillage; SM, straw mulching; P, precipitation. Different lower letters indicate the significant differences between treatments at p < 0.05.
*, **, *** and NS indicate the significant effects of farming practices at p < 0.05, p < 0.01, p < 0.001, and not significant determined by ANOVA, respectively.

reproductive period. It is worth noting that although there was a positive 
effect of the precipitation increase treatment on SWC in each soil layer at 
0–60 cm depth compared to the precipitation decrease treatment, the 
effect was not significant for the two soil layers at 0–40 cm depth at the 

seedling and fruiting stages. This may be due to the seasonal distribution 
of precipitation in the study area, which is limited during the seedling and 
jointing stages, and thus the effect of precipitation augmentation is not 
significant. Compared to normal precipitation, precipitation 

TABLE 4 Mean soil mass water content under different treatment in growth season for conventional tillage (CT), no-tillage (NT), cover crop mulching 
(M), no cover crop mulching (NM), increased precipitation (P+), decreased precipitation (P–) and normal precipitation (P) in 20–40  cm soil layer.

Treatment Soil mass water content of 20–40  cm soil layer (g  g−1)

Seedling 
stage

Jointing 
stage

Big trumpet 
stage

Tasseling 
stage

Seed setting 
stage

Total growth 
period

T CT 0.332 ± 0.001 a 0.330 ± 0.001 a 0.325 ± 0.002 a 0.298 ± 0.003 a 0.314 ± 0.002 a 0.323 ± 0.001 a

NT 0.312 ± 0.002 b 0.313 ± 0.003 b 0.308 ± 0.004 b 0.280 ± 0.004 b 0.297 ± 0.003 b 0.305 ± 0.001 b

M NM 0.318 ± 0.002 b 0.318 ± 0.003 a 0.312 ± 0.004 a 0.286 ± 0.004 a 0.303 ± 0.003 a 0.311 ± 0.001 b

M 0.326 ± 0.001 a 0.324 ± 0.002 a 0.321 ± 0.002 a 0.292 ± 0.003 a 0.308 ± 0.002 a 0.318 ± 0.001 a

P P 0.334 ± 0.002 a 0.331 ± 0.002 a 0.323 ± 0.003 a 0.297 ± 0.004 a 0.314 ± 0.003 a 0.324 ± 0.001 a

P– 0.315 ± 0.002 b 0.313 ± 0.003 b 0.305 ± 0.004 b 0.281 ± 0.004 b 0.294 ± 0.003 b 0.305 ± 0.001 c

P+ 0.318 ± 0.002 b 0.320 ± 0.003 b 0.321 ± 0.004 a 0.290 ± 0.005 ab 0.308 ± 0.004 a 0.313 ± 0.001 b

ANOVA

T *** *** *** ** *** ***

SM ** NS NS NS NS ***

P *** *** ** * *** ***

T × SM *** *** * ** ** ***

T × P *** * NS NS * ***

SM × P *** *** * NS ** ***

T × SM × P ** * * * * ***

T, tillage; SM, straw mulching; P, precipitation. Different lower letters indicate the significant differences between treatments at p < 0.05.
*, **, *** and NS indicate the significant effects of farming practices at p < 0.05, p < 0.01, p < 0.001, and not significant determined by ANOVA, respectively.
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augmentation treatments did not significantly increase soil moisture 
content. This may be related to the particular geomorphology of karst 
areas, where precipitation water typically move as subsurface seepage on 
the soil surface rather than infiltration water (Gao et al., 2022). Unlike soil 
water content, rainfall increase did not significantly increase maize water 
use efficiency. This is consistent with the conclusion of Lai et al. (2022) 
indicating that the increase in precipitation is detrimental to water use 
efficiency. This study also found that no-till treatments significantly 
increased WUE at reduced rainfall levels under mulching conditions. This 
may be due to the greater evaporation from conventional tillage (Peng 
et  al., 2020), compared to no-till mulching which greatly reduces 
evaporation loss under extreme dry weather.

4.2. Effect of precipitation variability, tillage 
and mulching on maize production 
performance

Biomass accumulation is the basis for yield production (Peng et al., 
2020). Three factors, precipitation variability, tillage and mulch, 
contribute to the differences in silage maize biomass at different growth 
stages. The low temperature effect of no-till affects maize emergence and 
early growth (Lal et al., 2004). Thus, compared with CT, NT accumulated 

less biomass in the early stage of maize reproduction (seedling to big 
trumpet stage) and gradually increased biomass accumulation in the 
late stage of reproduction (tasseling and lactation). In this study, 
we found that the NTSP+ treatment maintained high biomass at the 
seedling stage despite mulching and increased precipitation, suggesting 
that straw mulching and ample precipitation might mitigate or even 
negate the negative effects of NT on maize productivity (Peng et al., 
2020). However, no significant differences were found between NTSP 
and NTSP+ at the tasseling and milk stages, which is consistent with the 
results of Orfanou et al. (2019), suggesting that increasing moisture 
input during maize reproductive stage is less effective for increasing 
overall biomass production.

The results of studies on the effect of tillage on crop yield are 
inconsistent. Vita et al. (2007) showed that wheat yields were higher 
with no-till treatments than with conventional tillage. A meta-analysis 
by Wang et al. (2018) in northwestern and northern China showed that 
NT had no effect on maize yield, and even led to yield reduction without 
crop rotation. In this study, combining cover crop and precipitation 
variation based on previous tillage studies, we found that T, SM, and P 
all had an effect on yield, and the interaction effect of the three was 
significant. This is in agreement with Zhang, Q., et al. (2022b) that 
efficiency gains in maize yield from no-till can also occur under a 
combination of mulch and appropriate precipitation conditions. 

FIGURE 4

The water use (WU) and water use efficiency (WUE) in different treatment in the study area in 2021. Conventional tillage (CT), no-tillage (NT), cover crop 
mulching (M), increased precipitation (P+), decreased precipitation (P–) and normal precipitation (P).
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Apparently, the effects of tillage on dry matter yield, plant height, and 
LAI provide additional contributions to explain yield differences, as 
evidenced by their significant correlation (Yerli et  al., 2023). 
Interestingly, CP was significantly and negatively correlated with yield, 
plant height, and LAI. This may be caused by the negative correlation 
between crop senescence level and CP concentration.

Through the above analysis, this study concluded that the effect 
contributed by cover crop and precipitation variation cannot be ignored 
for maize production. For example, Wang et al. (2020) found that maize 
yield increased and then decreased with increasing growing season and 
precipitation, and high maize yield occurred when the precipitation was 
300–500 mm. Too much or too little precipitation causes moisture stress 
in the crop, resulting in lower yield (Ren et al., 2008; Jia et al., 2018). In 
this study, there was no benefit in yield, plant height or leaf area with the 
increased precipitation. This is consistent with the finding that yield and 
related physiological parameters are negatively correlated with soil 
moisture content especially when soil moisture level exceeds certain 
threshold (Rusinamhodzi et al., 2011). This could also be due to the 
special geological characteristics of karst areas, where high precipitation 
and soil infiltration capacity are bound to carry more nutrients, which 
may be detrimental to crop growth (Gao et al., 2022), which contradicts 
with rainfed agriculture in arid and semi-arid regions (Shao et al., 2016). 
Similarly, this nutrient loss is not conducive to CP accumulation, and 
thus rain-fed treatments significantly reduced CP content (Li et al., 
2020). Nevertheless, a significant positive correlation between soil 
moisture and CP was found in this study. This is well explained by the 
accumulation process of CP, which is mainly dependent on the N 
uptake by roots, and adequate soil moisture content is very favorable for 
the growth of early plant root systems and adequate soil water solutions 
for supplying inorganic N (Bi et al., 2020). Chen et al. (2020) suggested 
that mulching reduces soil temperature and delays plant development. 
In contrast, this study found that mulching had significant positive 
effects on yield, dry matter content, and CP. This is consistent with the 
findings of Kerbouai et al. (2022) in wheat. On one hand, this may 
be due to the fact that the cover crop in this study was ryegrass, which 
was high in protein content and decompose quickly after termination. 
On the other hand, the highly fibrous roots and dense canopy of 
ryegrass greatly reduce the risk of nutrient loss through infiltration 
(Baets et al., 2011), and provide fast-decomposing organic matter with 
low C:N ratio upon termination and a better temperature and moisture 
environment for the maize root systems (Shao et  al., 2016). For 
conservation tillage practices, we need to obtain longer-term data to 
further explore their effects on silage maize production under different 
precipitation variations. In addition, further exploration of soil nitrogen 
will help us better understand the relationship between forage quality 
and water input.

5. Conclusion

This study investigated the effects of precipitation variability and 
conservation tillage on soil moisture, maize yield and quality in karst 
areas. The results showed that increasing soil precipitation during the 
reproductive period did not significantly increase biomass and soil 
moisture content, but decreasing precipitation had significant effects 
on maize yield, CP content and soil moisture content at all soil levels. 
No-tillage had a significant effect on maize yield, dry matter yield, 
plant height and CP content. CT treatment significantly increased soil 
water content in the tillage layer (0–40 cm), while cover crop mulching 

only had an effect on maize yield and soil water content at the seedling 
stage. Under precipitation variation, the combination of no-till and 
cover crop mulch had a significant effect on enhancing maize yield, CP 
content and soil water content. Therefore, this study concluded that 
the combination of no-till and cover crop mulching is recommended 
to cope with the precipitation variability and soil conditions associated 
with the geomorphological characteristics of karst areas.
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