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Abstract

Based on the typical engineering water shortage and soil degradation of sloping farmland in the 
karst area of southwest China, this experiment is to explore the suitable organic mulch materials and 
application rate and to provide theoretical reference for the regional soil moisture conservation and 
fertility enhancement. The maize monoculture was set as control (CK), five straw mulch treatments 
(20%, 40%, 60%, 80%, 100%, SM1-SM5) and four biochar mulch treatments (25%, 50%, 75%, 100%, 
BM1-BM4), which were set according to mulch application rate from low to high, and alfalfa, chicory 
and ryegrass intercropping in maize were set as 3 living mulches (LM1-LM3), 13 treatments in total. 
Observation of soil moisture, total organic carbon (TOC), total nitrogen (TN), total phosphorus (TP) 
and total potassium (TK) in the plough layer were carried out in 2018. When straw mulch application 
rate reached SM5, the soil moisture reached the maximum, which was significantly higher than CK 
and SM1-SM3 (p<0.05), but not significantly higher than SM4 (p>0.05); biochar and living mulch 
did not significantly improve the moisture; the overall water conservation effect of straw mulch was 
better than that of biochar and living mulch. Soil TOC, TN and TP with high straw and biochar mulch 
application rate was significantly higher than CK, however, the increase of straw and biochar mulch 
had no significant effect on TK; TN of LM1 was significantly higher than CK, LM2 and LM3 (p<0.05). 
Among the three types of organic mulches, the TOC was high under straw and biochar mulch, and the 
TOC, TN and TP under biochar mulch were the largest, which was significantly higher than that of LM 
(p<0.05). The results indicated that straw mulch played an important role in water conservation and 
fertility enhancement, and about 6 Mg ha-1 of straw mulch could be an appropriate reference mulch 
application rate for karst areas in Southwest China.
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Introduction

Land degradation is a global environmental and 
development problem. Almost one-fifth of degraded 
land is cultivated land, accounting for more than 20% 
of all cultivated land area [1]. As the core content of 
land degradationand, soil degradation, which has a 
direct impact on food safety, environmental quality 
and human and animal health, has become the most 
important part of global change research [2]. In the 
karst area of Southwest China, due to the special karst 
environment and the unreasonable utilization of land 
resources by farming and animal husbandry activities, 
the problems of regional soil erosion, decrease in soil 
quality, land rocky desertification and engineering 
water shortage are particularly prominent, which 
seriously restrict the development of local agriculture. 
Soil nutrients, including organic carbon, nitrogen, 
phosphorus and potassium, are necessary nutrients for 
crop growth and development, and are decisive factors 
for soil fertility [3]. As the transport carrier for crops to 
absorb soil nutrients, soil moisture is the key factor to 
affect crop growth and development and crop yield [4]. 
Sloping farmland accounts for a large proportion of the 
total area of cultivated land in karst areas of Southwest 
China, and as an important source of soil and water loss 
[5], its serious soil and water loss aggravates the poor 
soil. Therefore, it is of great significance to study the 
effect of organic mulch on soil nutrients and moisture 
in the karst area of Southwest China for the sustainable 
development of regional agriculture.

There are two main types of mulching: the 
degradable organic mulch and the non- degradable 
inorganic mulch. In recent years, both types of mulches 
have been continuously promoted in agricultural 
farming practices around the world [6-7]. Hartwig et 
al. believed that organic mulch should include “living 
organic mulch” in addition to traditional organic mulch 
[8]. According to Hartwig et al, “living organic mulch” 
refers to plants that are planted prior to or at the same 
time as the main crop and serve as living ground mulch 
throughout the growing season. Therefore, the organic 
mulch in this paper includes not only traditional organic 
mulch, but also living mulch.

The improvement of soil environment by organic 
mulch has been widely confirmed. The effect of 
organic mulch on soil fertility is especially obvious, 
and the type, duration and amount of organic mulch 
play an important role in the process of improving soil 
fertility. It was found that after 5 years of application of 
mulching compared with other treatments, wood-based 
mulch still had a significant impact on soil fertility in 
forest land, and the regulation of soil erosion driven by 
hydraulic force on steep slopes was the most effective. 
Therefore, in vegetation restoration areas, wood-based 
mulch might play an important role in improving soil 
quality [9]. Similar studies have also found that long-
term organic mulch could improve the organic carbon 
stock of forest ecosystem for intensively managed 

bamboo forests [10]. Under the condition of long-
term organic mulch, the mulching material is easy to 
decompose completely, so it is easy to release nutrients 
to the soil. However, the experiment of straw returning 
to the field in the North China agricultural region for 
32 years found that the total phosphorus and organic 
matter of the soil with long-term application of chemical 
fertilizer and straw mulch increased significantly, but 
the total nitrogen did not change significantly, while 
the total potassium even decreased [11]. No significant 
change of total nitrogen or even decrease of potassium 
may be related to the initial content of nitrogen and 
potassium in the soil [12]. The nutrients returned 
to the soil by organic mulching materials are quite 
different due to different materials. For example, the 
legume residues mulch with a relatively low C-to-N 
ratio can lead to nitrogen mineralization, while cereal 
residues mulch with a relatively high C-to-N ratio can 
temporarily immobilize N [13]. It can be seen that the 
decrease of the concentration of mineral nitrogen in 
the soil can be explained by the fixation of nitrogen 
in the decomposition process of non- legume residues; 
living mulch using living plants as a kind of mulching 
material can also exert significant impact on soil 
fertility. The experiment of living mulch on cultivated 
land, forest land and orchard showed that the above part 
of the living mulch could increase the canopy density 
of the surface vegetation, while the underground roots 
could produce secretions to accelerate the production 
of soluble organic carbon and nitrogen and improve 
the microbial activity and diversity of the soil [14-
16], so living mulch could significantly reduce the 
evaporation of soil water and improve the content 
of soil nutrients [17-19]. In general, the relationship 
between organic mulch application rate and soil nutrient 
content is relatively certain, that is, with the increase 
of organic mulch application rate, the content of soil 
organic carbon, mineral nitrogen, available potassium, 
exchangeable potassium and available phosphorus and 
other nutrients tends to increase [12, 20].

Regulating soil moisture is another important aspect 
of the improvement of soil environment by organic 
mulch. Organic mulch can not only provide a buffer 
against high and low temperature, but also enhance 
the water holding capacity of soil by improving soil 
bulk density, porosity and aggregate stability [21-24]. 
In arid and semi-arid areas, the soil moisture content 
of cultivated land is a key factor affecting crop yield. 
Therefore, similar to the importance of organic mulch 
on soil nutrient, the impact of organic mulch on soil 
moisture is also the focus of many researchers. The 
level of organic mulch application rate will directly 
affect the evaporation, infiltration and runoff of soil 
water [25]. By studying the effects of organic mulch on 
soil characteristics and greenhouse gas emissions under 
different tillage systems, Nawaz et al. found that soil 
evaporation decreased with the increase of mulching 
amount, and soil infiltration increased with the increase 
of mulching application rate, thus it can effectively 
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reduce slope runoff and increase soil available water 
content [26].

Although the karst area in Southwest China is located 
in the subtropical zone, the karst is generally developed 
and the soil and water loss is serious, so the problem of 
poor soil and engineering water shortage is prominent. 
Many studies have confirmed the effectiveness of 
organic mulch to improve soil environment, but there 
are few reports in karst area of Southwest China, and 
there are fewer field experiments to explore the impact 
of different organic mulch application rates and types of 
mulching materials on soil environment. Based on the 
field location observation, considering the availability 
of organic mulching materials and the development of 
agriculture and animal husbandry in the experimental 
area, the effects of straw mulch, biochar mulch and 
living mulch on soil moisture and nutrients were 
studied. The purposes of this study are: 1) to explore 
effects of different straw and biochar mulch application 
rate on soil environment; 2) to analyze the impact of 
different living mulch on the soil environment; 3) to 
compare the differences of the effects of straw, biochar 
and living mulch on soil environment; 4) to explore the 
appropriate straw mulch application rate in karst areas 
of Southwest China; 5) to fill in the deficiencies of 
field experiments in Southwest China, and to provide a 
theoretical reference for the application and promotion 
of organic mulch in regional farming practice.

Materials and Methods

Experimental Site

The study area is located in Jinlan Town, Qianxi 
County, Guizhou Province, China (hereinafter referred 
to as “Jinlan demonstration area”), with the longitude 
of 105°47′-106°26′, the latitude of 26°45′-27°21′, it was 
shown in Fig. 1. The expressway from Guiyang to 
Qianxi (S82) passes through Jinlan demonstration 
area, which is only an hour and 20 minutes’ drive 
from Guiyang, so the traffic is very convenient. The 
climate in this area is subtropical warm and humid, 
with abundant rainfall. The average annual rainfall 
is generally over 1000 mm, with simultaneous rain  
and heat. The annual temperature range is relatively 
small, and the annual average temperature is 14.2ºC. 
The lowest monthly temperature and the highest 
monthly temperature are generally January and July, 
and the annual average sunshine duration is up to 
1066 h. During the experimental observation period 
(2018), the annual precipitation in the study area  
was 936.26 mm, mainly concentrated in May to 
October, reaching 665.4 mm, accounting for 71% of the 
annual precipitation; the average temperature in 2018 
was 15.36ºC, and the temperature in May to September 
was relatively high, all above 20ºC, it was shown in  
Fig. 2.

Fig. 1. Geographical location of the study area.



Li R., et al.4164

The total land area of Jinlan demonstration area 
is 555.8 ha, of which the rocky desertification land 
area is 478 ha, accounting for 86% of the total land 
area; the cultivated land area is 239 ha, of which the 
rocky desertification sloping farmland area is 191 ha, 
accounting for 80% of the total cultivated land area. 
The soil types in this area are mainly yellow soil and 
yellow lime soil, among which yellow soil is zonal soil, 
while yellow lime soil is staggered distribution.

Experimental Design

The preparation for field situ observation started 
in December 2017, mainly including the construction 
of experimental plot, land preparation, maize planting, 
herbage planting, straw and biochar mulching. The 
specifications of the experimental plot were 3 m*12 
m, it was shown in Fig. 3. Before the construction of 
the plot, taking experimental area (maize monoculture 
land, 550 m2) as a sample plot unit, three soil samples 
were randomly collected to determine the background 
values of total organic carbon (TOC), total nitrogen 
(TN), total phosphorus (TP) and total potassium (TK) 
and soil bulk density, water moisture and compactness 
were measured by ring knife and compactness tester 
(SC-900) respectively, it was shown in Table 1. Based 
on the research purpose, straw and biochar were both 
mulched in the topsoil in the same year and ploughed 
into the soil in the next year. Straw was maize straw 
(cut to less than 2 cm), biochar was rice husk biochar, 
and living mulch included maize intercropping alfalfa, 
chicory and perennial ryegrass. The maize was planted 
along the slope with the planting specification of  

100 cm*70 cm (row spacing), 30 cm away from the edge 
of the plot, that is, 3 rows of maize were planted in each 
plot, with 17 holes in each row. The forage was planted 
in the way of strip sowing. Two rows of forage were 
planted in each plot. The forage was cut regularly in the 
growing period, and the stubble height was more than 
5 cm. The amount of fertilizer applied in each plot was 
the same and compound fertilizer was applied as the 
base fertilizer (600 kg ha-1) in 2018. Other management 
systems are equivalent to local farming habits. After the 
preparation was completed, the field observation was 
carried out continuously from July 2018.

In the experimental design, no-till with straw mulch 
(SM), biochar mulch (BM) and living mulch (LM) 
were set as three organic mulch types, and no-till 
with traditional maize monoculture was set as control 
(CK). Among them, there were five different mulch 
application rate for straw mulch, namely 1.111, 2.222, 
3.889, 5.556 and 6.944 Mg ha-1 (SM1-SM5), and straw 
weight referred to dry weight; four different mulch 
application rate for biochar mulch, namely 1.389, 2.778, 
5.556 and 11.111 Mg ha-1 (BM1-BM4). According to 
the current situation of planting and animal husbandry 
in the demonstration area, maize intercropping alfalfa 
(LM1), chicory (LM2) and ryegrass (LM3) were 
set as three living mulch treatments, with a total of  
13 treatments (including CK), it was shown in Fig. 3.

Observation Index and Method

The indexes measured in this experiment included 
total organic carbon (TOC), total nitrogen (TN), 
total phosphorus (TP), total potassium (TK) and soil 
moisture. Soil moisture was measured mainly with the 
method of ring knife, assisted by the soil moisture tester 
(FD-T type), and the depth of soil moisture measurement 
was 20 cm. The sampling points for soil moisture were 
randomly arranged according to the parts of the plot. 
The upper, middle and lower parts were measured three 
times at a time, and the observation frequency was 
generally one time per 3 days. The observation period 
was from July 3 to December 10, 2018, during which 
46 times of soil moisture are recorded. The sampling 
points of total organic carbon (TOC), total nitrogen 
(TN), total phosphorus (TP) and total potassium (TK) 
were set as soil moisture above, and sampling time 
was November 2018 after maize harvest. Total organic 
carbon, total nitrogen, total phosphorus and total 
potassium were determined by potassium dichromate 
volumetric method, semi- micro Kjeldahl method, 
perchloric acid sulfuric acid method, and flame 

Table 1. Background value of relevant physicochemical indicators in test area.

Fig. 2. Precipitation and temperature in the study area in 2018.

Compactness
(kPa)

Bulk density
(g cm-³)

 Soil moisture 
content

(%)

Total organic 
carbon
(g kg-1)

Total nitrogen
(g kg-1)

Total phosphorus
(g kg-1)

Total potassium
(g kg-1)

2251 1.27 20.22 10.54 0.57 0.62 19.91
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photometer method respectively; one microclimate 
observation station was set in the demonstration area 
to record the meteorological indicators such as rainfall, 
temperature, wind speed and air humidity in the study 
area, and at the same time, an artificial rain gauge was 
set up to check the self-recording rain gauge.

Statistical Analysis

After calculating the sample mean value of soil 
TOC, TN, TP and moisture content under all treat-
ments, SPSS22.0 - a statistical product and service so-
lutions software, was used for one-way-ANOVA test 
and Pearson correlation analysis to obtain the differ-
ence significance of each sample mean value and the 
correlation coefficient between variables under the 
0.05 significance level. Finally, Origin 2018, a kind of 
software for scientific drawing and data analysis, was 
used to make the relevant statistical analysis charts.

Results

Effects of Organic Mulch on Soil Moisture

Effects of Straw Mulch on Soil Moisture

It can be seen from Table 2 that there were 
differences in the moisture content of the cultivation 
layer under different straw mulch application rate. 
Generally, with the increase of straw mulch, the soil 
moisture content tended to increase. SM5>SM4>SM1> 
SM3>SM2>CK. CK, SM1 ~ SM5 were 20.19%, 20.56%, 
20.28%, 20.55%, 21.29% and 21.33%, respectively. 
SM5 was the highest, 1.14% higher than CK. Multiple 
comparative analysis showed that compared with CK, 
SM1, SM2 and SM3 did not significantly increase 

the soil moisture content (p>0.05), and there was no 
significant difference between SM1, SM2 and SM3 
(p>0.05), indicating that the effect of straw mulch on 
water conservation was not obvious when the mulch 
application rate was low (SM1-SM3); compared with 
CK, SM4 and SM5 significantly increased the soil 
moisture content (p<0.05), and significantly higher 
than SM1, SM2 and SM3 (p<0.05), but there was no 
significant difference between SM4 and SM5 (p>0.05). 
It can be seen that when the mulch application rate was 
high (SM4, SM5), the effect of straw mulch on soil 
moisture was obvious. When the mulch application rate 
reached 5.556 Mg ha-1 (SM4), the soil moisture content 
significantly increased (p<0.05), but when the straw 
mulch continued to increase to 6.944 Mg ha-1 (SM5), 
the soil moisture content did not increase significantly  
(p>0.05) compared with SM4.

In order to further explore the impact of different 
straw mulch application rate on soil moisture, the 

Fig. 3. Layout of treatments. CK no-till with maize monoculture treatment, SM1-SM5 and BM1-BM4 no-till with straw and biochar 
mulch application rate from low to high treatments respectively, LM1-LM3 no-till with alfalfa, chicory and ryegrass intercropping 
treatments.

Table 2. Multiple comparison of soil moisture content under 
straw mulch.

Treatment† Soil moisture content (%)

CK (0 Mg ha-1) 20.19+1.19‡b§

SM1 (1.111 Mg ha-1) 20.56+1.71b

SM2 (2.222 Mg ha-1) 20.28+1.51b

SM3 (3.889 Mg ha-1) 20.55+1.13b

SM4 (5.556 Mg ha-1) 21.29+0.88a

SM5 (6.944 Mg ha-1) 21.33+0.93a

† CK, no-till without straw mulch; SM1-SM5, no-till with 
straw mulch application rate from low to high.
‡ Values are the mean±SD (n = 46).
§ Different lowercase letters mean that there are significant 
differences between the six treatments at the P<0.05 level. 
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relationship between straw mulch application rate and 
soil moisture content was fitted by function model, 
as shown in Fig. 4. It can be seen that for different 
function fitting models, with the increase of straw 
mulch application rate, the soil moisture was generally 
on the rise, but the fitting effect of logistic model and 
polynomial fitting model (Fig. 4b and d) was better 
than that of linear and exponential model (Fig. 4a and 
c), which better reflected the relationship between straw 
mulch application rate and soil moisture. In addition, 
we can also know that about 6 Mg ha-1 of straw 
mulch could be an appropriate mulch application rate 
which could play a very good effect of soil moisture 
conservation (Fig. 4b and d). However, it can be seen 
from Fig. 4 that the soil moisture content of SM1 was 
higher than that of SM2 and SM3, which might be 
caused by the incomplete cleaning of the accumulated 
straw to be mulched in the early stage of straw mulching 
preparation.

Effects of Biochar Mulch on Soil Moisture

It can be seen from Table 3 that with the increase of 
biochar mulch application rate, the soil moisture showed 
an overall slowly rising trend, BM4>BM2>BM3> 
CK>BM1, BM4 was the highest, reaching 20.42%, 0.23 
percentage points higher than CK. Multiple comparative 
analysis found that compared with CK, BM1-BM4 did 
not significantly increase the moisture (p>0.05), and 

there was no significant difference between BM1, BM2, 
BM3 and BM4 (p>0.05). It can be known that the effect 
of different application rate of rice husk biochar on the 
soil moisture in the plough layer was not obvious. Rice 
husk biochar with small bulk density could increase 
soil porosity, change soil aggregation, and enhance 
soil water infiltration capacity to a certain extent, thus 
increasing the soil moisture content of plough layer. 
The results showed that the short-term rice husk biochar 
mulch had a certain impact on soil moisture, but did not 
significantly improve soil moisture.

Fig. 4. Relationship between straw mulch application rate and soil moisture content.

Table 3. Multiple comparison of soil moisture content under 
biochar mulch.

Treatment† Soil moisture content (%)

CK (0 Mg ha-1) 20.19+1.19‡a§

BM1 (1.389 Mg ha-1) 20.18+1.70a

BM2 (2.778 Mg ha-1) 20.23+1.54a

BM3 (5.556 Mg ha-1) 20.21+1.38a

BM4 (11.111 Mg ha-1) 20.42+0.73a

† CK, no-till without biochar mulch; BM1-BM4, no-till with 
biochar mulch application rate from low to high.
‡ Values are the mean±SD (n = 46).
§ Different lowercase letters mean that there are significant 
differences between the five treatments at the P<0.05 level.
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Effects of Living Mulch on Soil Moisture

Soil moisture content under living mulch is shown 
in Table 4. According to the table, only LM1, 20.41%, 
was slightly higher than CK, 20.19%, 0.22% higher; 
LM2 and LM3 were lower than CK, 20.09% and 
20.11%, respectively. Multiple comparison showed that 
compared with CK, the soil moisture content of plough 
layer was not significantly increased by the three 
living mulches (p>0.05), and there was no significant 
difference between LM1, LM2 and LM3 (p>0.05). 
It should be noted that except LM1, soil moisture  
content of LM2 and LM3 were lower than CK. The 
reason might be that the root system of alfalfa was 
deeply buried with less water consumption for topsoil, 
and that alfalfa canopy could inhibit the evaporation 
of soil moisture in plough layer, therefore, the soil 
moisture of LM1 was higher than that of other living 
mulches as a whole. It could be found that maize 
intercropping alfalfa had a certain effect on soil 
moisture conservation. Although maize intercropping 
with chicory and ryegrass could reduce the evaporation 
of soil moisture during the maize growing period, their 
consumption of soil water might be greater, so the effect 
of them on moisture conservation was not obvious.

Effects of Organic Mulch on Soil Total Organic 
Carbon, Total Nitrogen, Total Phosphorus 

and Total Potassium

Effects of Straw Mulch on Soil Total Organic Carbon, 
Total Nitrogen, Total Phosphorus and Total Potassium

Overall, when the straw mulch increased from  
0 (CK) to 6.944 Mg ha-1 (SM5), the total organic carbon 
(TOC) of soil showed an increasing trend, which  
was 9.89, 24.3, 21.6, 23.1, 30.6 and 31.6 g kg-1, 
respectively, as shown in Fig. 5a). It could be seen that 
the effect of straw mulch on soil TOC was extremely 
obvious, and there was a significant positive correlation 
between straw mulch application rate and soil TOC  
at the 0.05 significance level (p<0.05), as shown in 

Table 5. Compared with CK, soil TOC of SM5 increased 
substantially, nearly 3.2 times. Further significance 
test showed that compared with CK, different straw 
mulch application rate increased soil TOC significantly  
(p<0.05), and there were significant differences 
between different mulch application rate, such as soil 
TOC under SM4 and SM5 was significantly higher 
than that of SM1, SM2 and SM3, but SM5 was not 
significantly higher than SM4, that was, when the straw 
mulch increased from 5.556 to 6.944 Mg ha-1, TOC 
did not increase significantly (Fig. 5a). It could also be 
seen from the figure that under the condition of SM1, 
TOC was greater than SM2 and SM3, and significantly 
higher than SM2. This abnormal situation might be 
caused by the accumulation of straw in the early stage 
of straw mulch preparation, which was the same as the 
aforementioned impact on soil moisture.

Similarly, with the increase of straw mulch 
application rate, the total nitrogen (TN) also showed 
an increasing trend on the whole, and the straw mulch 
application rate and soil TN showed a significant 
positive correlation at the level of 0.05 (p<0.05), as 
shown in Table 5. When the straw mulch increased 
from 0 to 6.944 Mg ha-1, the TN increased from 0.56 to 
0.99 g kg-1, an increase of nearly 77% (Fig. 5b). 
Significance test showed that SM1, SM3, SM4 and 
SM5 significantly increased soil TN compared to 
CK (p<0.05). It should be noted that TN did not 
increase significantly (p>0.05) when the straw mulch 
increased from SM4 to SM5. In addition, under the 
condition of SM1, TN was greater than SM2 and 
SM3, and it was significantly greater than SM2. The 
possible causes of this abnormal situation were the 
same as the aforementioned effects on soil moisture 
and soil TOC. Straw mulch also increased the soil 
total phosphorus (TP), as shown in Fig. 5b), but with 
the increase of straw mulch, the trend of TP increase 
was not as obvious as the TOC and TN mentioned 
above. Compared with CK, 0.557 gkg-1, the TP of 
different straw mulch application rate increased,  
and the SM1-SM5 were 0.604, 0.790, 0.665, 0.859 and 
0.857 g kg-1, respectively. Significance test showed that, 
compared to CK (0 Mg ha-1), except SM1 and SM3, 
SM2, SM4 and SM5 significantly increased soil TP 
(p<0.05). In addition, the difference of TP between 
different mulch application rate treatments, especially 
between high and low straw mulch application rate, 
was also obvious. For example, TP of SM4 and SM5 
was significantly higher than that of SM1 and SM3 
(p<0.05), but it should also be noted that SM5 was not 
significantly higher than that of SM4 (p>0.05).

Different from the above influence trend of straw 
mulch on TOC, TN and TP, the effect of straw mulch 
on total potassium (TK) was not very obvious 
compared with CK, as shown in Fig. 5a). It can be seen 
that the TK of CK, SM1-SM5 was19.3, 20.3, 19.6, 19.7, 
18.9 and 17.1 g kg-1, respectively. In general, TK did 
not show an obvious upward trend with the increase of 
straw mulch, even SM4 and SM5 showed a downward  

Table 4. Multiple comparison of soil moisture content under 
living mulch.

Treatment† Soil moisture content (%)

CK (Maize monoculture) 20.19+1.19‡a§

LM1 (Alfalfa intercropping) 20.41+0.68a

LM2 (Chicory intercropping) 20.09+1.32a

LM3 (Ryegrass intercropping) 20.11+1.16a

† CK, no-till with maize monoculture; LM1, no-till with al-
falfa intercropping; LM2, no-till with chicory intercropping; 
LM3, no-till with ryegrass intercropping.
‡ Values are the mean±SD (n = 46).
§ Different lowercase letters mean that there are significant 
differences between the four treatments at the P<0.05 level.
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trend. Significance test showed that compared to CK 
(0 Mg ha-1), only SM1 and SM3 significantly increased 
soil TK, while SM2, SM4 and SM5 did not (p>0.05).

Effects of Biochar Mulch on Soil Total Organic Carbon, 
Total Nitrogen, Total Phosphorus and Total Potassium

The effects of biochar mulch on TOC, TN, TP 
and TK of soil were shown in Fig. 6. It could be 
seen from Fig. 6a) that when the biochar mulch 
application rate increased from 0 to 11.111 Mg ha-1, 
TOC generally showed an upward trend, and the TOC 
of CK, BM1, BM2, BM3 and BM4 were 9.89, 18.8, 
31.1, 37.7 and 32.3 g kg-1, respectively, with BM3 
being the largest. Biochar mulch application rate 
had a significant positive correlation with soil TOC  
(p<0.05), as shown in Table 5. Further significance 
test showed that BM1, BM2, BM3 and BM4 all 
significantly increased soil TOC compared to CK  
(0 Mg ha-1), and there were also significant differences 
between different biochar mulch application rate, 
for example, soil TOC under BM3 was significantly 
higher than that under BM1, BM2 and BM4 (p<0.05). 

It should be pointed out that when the biochar mulch 
reached BM4 (11.111 Mg ha-1), TOC was lower than 
BM3, which may be related to the complexity and 
uncontrollable factors of field test; similarly, with the 
increase of biochar mulch, the TN was generally on 
the rise, as shown in Fig. 6b). The effect of biochar 
mulch on soil TN was also obvious, and there was a 
significant positive correlation between biochar mulch 
application rate and TN at the level of 0.05 (p<0.05). 
When the biochar mulch application rate was 0 Mg ha-1, 
the TN was only 0.561 g kg-1, while the TN reached the 
maximum, 1.59 g kg-1, under the BM3 mulch condition, 
it was increased nearly twice, as shown in Fig. 6 b). 
The significance test showed that compared with CK, 
BM1, BM2, BM3 and BM4 all significantly increased 
TN (p<0.05), and the difference in TN among different 
mulch application rate was also obvious; biochar mulch 
also increased soil TP (Fig. 6b), under the condition of 
CK and BM1-BM4, TP was 0.557, 0.682, 0.679, 0.762 
and 0.931 g kg-1, respectively, and BM4 reached the 
largest, increasing about 67% compared to CK. The 
significance test showed that, compared with CK, the TP 
was significantly increased by each mulch application 

Table 5. Pearson correlation between straw and biochar mulch and soil TOC, TN, TP and TK.

Organic mulch application rate
Soil nutrients†

TOC TN TP TK

Straw mulch application rate 0.881* 0.885* 0.749 -0.727

Biochar mulch application rate 0.879* 0.921* 0.807 0.663

* p<0.05.
** p<0.01.
† TOC, total organic carbon; TN, total nitrogen; TP, total phosphorus; TK, total potassium.

Fig. 5. Multiple comparison of effects of straw mulch on soil total organic carbon (TOC), total nitrogen (TN), total phosphorus (TP) and 
total potassium (TK). Values are the mean±SD (n = 3). Different lowercase letters mean that there are significant differences between the 
six treatments at the P<0.05 level. CK no-till without straw mulch, SM1-SM5 no-till with straw mulch application rate from low to high.
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rate treatment (p<0.05), and the effect of high biochar 
mulch application rate on TP was especially obvious. 
For example, the TP of BM3 and BM4 was significantly 
higher than that of BM1 and BM2. 

Similar to the effects of straw mulch on TK, the 
continuous increase of biochar mulch had little effect 
on TK. The content of TK under CK and BM1-BM4 
was 19.3, 20.8, 20.0, 20.1 and 20.0 g kg-1, respectively, 
as shown in Fig. 6a). The significance test showed that 
BM1, BM2, BM3 and BM4 all significantly increased 

TK (p<0.05) compare to CK, but with the continuous 
increase of biochar mulch, TK did not increase 
significantly, that is, there was no significant difference 
in TK among BM1, BM2, BM3 and BM4 (p>0.05).

Effects of Living Mulch on Soil Total Organic Carbon, 
Total Nitrogen, Total Phosphorus and Total Potassium

The effects of living mulch on soil TOC, TN, TP 
and TK was shown in Fig. 7. It could be seen from  

Fig. 6. Multiple comparison of effects of biochar mulch on soil total organic carbon (TOC), total nitrogen (TN), total phosphorus (TP) 
and total potassium (TK). Values are the mean±SD (n = 3). Different lowercase letters mean that there are significant differences between 
the five treatments at the P<0.05 level. CK no-till without biochar mulch, BM1-BM4 no-till with biochar mulch application rate from 
low to high.

Fig. 7. Multiple comparison of the effects of living mulch on soil total organic carbon (TOC), total nitrogen (TN), total phosphorus (TP) 
and total potassium (TK). Values are the mean±SD (n = 3). Different lowercase letters mean that there are significant differences between 
the four treatments at the P<0.05 level. CK no-till with maize monoculture, LM1 no-till with alfalfa intercropping, LM2 no-till with 
chicory intercropping, LM3 no-till with ryegrass intercropping.
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Fig. 7a) that LM1 and LM2 had obvious effects on 
soil TOC. Under LM2 treatment, TOC reached the 
maximum, 23.1 g kg-1, which was 2.34 times higher 
than CK, 9.89 g kg-1. Significance test showed that 
both LM1 and LM2 significantly increased soil TOC 
content compared with CK (p<0.05), but LM3 did 
not (p>0.05). At the same time, the difference of 
TOC among the three living mulch treatments was 
significant (p<0.05), in which TOC under LM2 was 
significantly higher than that under LM1 and LM3; The 
effects of living mulch on soil TK was also obvious,  
the TK content of CK, LM1, LM2 and LM3 were 
19.3, 20.2, 20.2 and 22.3 g kg-1, respectively, and the 
TK under LM3 was the highest, 22.3 g kg-1, nearly 
16 percentage points higher than that of CK. The 
significance test showed that, compared to CK, the 
soil TK was significantly increased by the three living 
mulch treatments (p<0.05) and the effect of LM3 on 
TK was particularly obvious, with soil TK significantly 
higher than that of LM1 and LM2; the effect of living 
mulch on soil TN was shown in Fig. 7b). It was known 
from the figure that three kinds of living mulches  
have greatly increased the content of soil TN, from  
0.561 g kg-1 (CK) to 1.39, 1.08 and 0.952 g kg-1 
respectively, among which LM2 had the most obvious 
effect on TN, increasing TN by nearly 2.5 times 
compared to CK. The significance test showed that 
compared with CK, the soil TN was significantly 
increased by LM1 and LM2 (p<0.05), while LM3 
did not (p>0.05). In addition, there were significant 
differences in TN among the three living mulch 
treatments (p<0.05); the effect of living mulch on soil 
TP was shown in Fig. 7b), it could be seen that soil  
TP under three kinds of living mulches has increased 
to a certain extent, from 0.557 g kg-1 to 0.674, 0.611 
and 0.685 g kg-1, respectively. The significance 
test showed that compared to CK, LM1 and LM3 

significantly increased soil TP content, while LM2 did 
not (p>0.05).

Comparison of Effects of Three Organic Mulches 
on Soil Moisture and Nutrient Contents

Fig. 8a) showed the effects of three organic mulches 
on soil moisture. Under the conditions of straw, biochar 
and living mulch, the mean value of soil moisture 
content was 20.8, 20.26 and 20.2%, respectively. 
Obviously, the moisture content of straw mulch was 
the highest, up to 20.8%, and the living mulch was the 
lowest, 20.2%. The significance test showed that there 
was no significant difference among the three organic 
mulches (p>0.05).

As shown in Fig. 8a), the mean value of soil 
TOC under straw mulch (SM), biochar mulch (BM) 
and living mulch (LM) was 26.3, 30 and 18 g kg-1, 
respectively. Obviously, under the conditions of straw 
and biochar mulch, the TOC content of soil was much 
higher than that of living mulch, and the soil TOC 
under biochar mulch was the largest, 30 g kg-1, about 
67 percentage points higher than that of living mulch. 
Significance test showed that TOC under SM and BM 
was significantly higher than that under LM (p<0.05), 
but there was no significant difference between SM 
and BM (p>0.05); TK under three kinds of organic 
mulches was shown in Fig. 8b), and mean value of 
soil TK under SM, BM and LM was 19.1, 20.2 and  
20.9 g kg-1, respectively. It could be seen that there was 
little difference in TK among the three organic mulches, 
and the difference value between the highest, LM, 20.9 
g kg-1, and the lowest, SM, 19.1 g kg-1, was only 1.8 g 
kg-1. In fact, it was known from the previous analysis 
that the effect of three organic mulches on soil TK was 
not very obvious. The significance test showed that soil 
TK of living mulch and biochar mulch was significantly 

Fig. 8. Multiple comparison of the effects of three organic mulches on soil moisture and soil total organic carbon (TOC), total nitrogen 
(TN), total phosphorus (TP) and total potassium (TK). Values are the mean±SD. Different lowercase letters mean that there are significant 
differences between the three organic mulches at the P<0.05 level. SM straw mulch, LM living mulch, BM biochar mulch.
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higher than that of straw mulch (p<0.05), but there was 
no significant difference between LM and BM (p>0.05); 
the effect of organic mulch on soil TN was shown in 
Fig. 8a), and mean value of soil TN under SM, BM 
and LM was 0.827, 1.35 and 1.14 g kg-1, respectively. 
Obviously, biochar mulch had a prominent effect on 
TN, reaching 1.35 g kg-1, 63% and 18% higher than 
straw and living mulch respectively. The significance 
test showed that there was a significant difference 
in TN among SM, LM and BM (p<0.05); From 
Fig. 8b), it could be found that mean value of soil TP was 
0.735, 0.764 and 0.657 g kg-1 respectively under straw, 
biochar and living mulch conditions, BM>SM>LM. 
The significance test showed that TP under biochar 
mulch was significantly higher than that under living 
mulch (p<0.05), but not significantly higher than 
straw mulch (p>0.05), and there was no significant 
difference between straw mulch and living mulch 
(p>0.05).

Discussions

Effects of Straw Mulch on Soil Total Potassium

Crop straw contains a large amount of nitrogen, 
phosphorus, potassium and other nutrients, and the 
potassium resource accounts for about 1.5% of the 
weight of straw dry matter; the potassium of straw 
mainly exists in the ionic state, which is easy to be 
dissolved and supplied to crops for absorption and 
utilization, so straw mulching can improve the content 
of soil available potassium, thus improving the quality 
of cultivated land [27-30]. However, this study founded 
that compared with traditional maize monoculture, low 
straw mulch application rate significantly increased 
soil total potassium content, but when straw mulch 
application rate continued to increase, soil total 
potassium content did not show an upward trend, on the 
contrary, there was a downward trend. The potassium in 
straw cannot be directly absorbed and utilized by crops, 
but it can be released in the form of ion through the 
leaching of soil water and precipitation in the process 
of degradation [31-32]. Therefore, higher soil moisture 
content is not only conducive to straw degradation, 
but also the conversion and release of potassium in 
the easily hydrolyzed part, what more, it also greatly 
improves the absorption efficiency of crops to available 
potassium in soil [33].

In addition, it is also found that in tropical,soil 
potassium dynamics depend on soil type, texture, 
PH, soil cation exchange capacity, and the ratio of 
calcium (Ca+2) + magnesium (Mg+2) /K [34]. Under 
the same soil total potassium content, when the cation 
exchange capacity of the soil is high, the potassium 
in the soil solution decreases, which causes the 
decreases in the loss of potassium and the absorption 
of potassium by plants, while the storage of potassium 
in the soil increases [35]. On the contrary, when the 
soil cation exchange capacity is low and the potassium 

concentration in the soil solution and the soil moisture 
content are high, the soil potassium will leach to the 
deeper soil layer. Therefore, the leaching amount of 
potassium depends on the potassium concentration 
in the soil solution and the soil moisture content [34].
In this study, it has been confirmed that with the 
increase of straw mulch, the soil moisture condition 
has been improved continuously, especially under 
the conditions of SM4 and SM5. Therefore, it can be 
inferred that the decrease of total potassium with the 
continued increase of straw mulch may be due to the 
low cation exchange capacity, the high content of soil 
moisture and the high concentration of potassium in soil 
solution under high straw mulch application rate, which 
aggravates the leaching loss of soil potassium to the 
subsoil. It can be found that in the study of the effects 
of organic mulch on soil nutrient content in the karst 
area of Southwest China, the hydrological, geological 
and climatic environment are important factors that 
cannot be ignored.In addition, this phenomenon may be 
related to the thickness of straw mulch and the length of 
mulching time. Under the condition of this experiment, 
straw was directly mulched on the surface of the 
soil, and the mulching time was just one crop growth 
period. Therefore, in the case of thick straw mulching 
layer, because the upper straw had less contact with 
the soil and soil water, the upper straw would dry up 
rapidly due to the rapid evaporation of water under high 
temperature conditions, leading to straw decomposition 
only in the lower layer [33].

Straw Mulch Application Rate

The improvement effect of organic mulch on soil 
moisture condition has been widely confirmed [36-38]. 
However, due to the differences of natural environment, 
length of test observation and mulching materials in 
each study area, the appropriate straw mulch application 
rate based on good soil moisture conservation effect 
is still not uniform. When Mulumba and Lal studied 
the effects of straw mulch on soil physical properties 
in Ohio, USA, it was found that the soil moisture 
content increased with the increase of straw mulch, 
but after more than 8 Mg ha-1, the soil moisture did 
not increase significantly, so they thought 8 Mg ha-1 
was the suitable mulching application rate [39]; when 
studying the effects of different straw mulch application 
rate on water storage and water conservation of spring 
maize field in the dryland area of North Wei River 
in China, it was considered that 9 Mg ha-1 was the 
appropriate straw mulch application rate for spring 
maize in the dryland of North Wei River and the 
similar ecological area in combination with the grain 
yield and water conservation benefits of straw mulch 
[40]; however, in this study, based on the short-term 
organic mulch experiment, it was found that the soil 
moisture content did not increase significantly when 
the straw mulch application rate exceeds 5.556 Mg ha-1.
Organic mulch and its decomposition products can 
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improve soil structure and soil water infiltration rate 
by enhancing soil aggregate stability and increasing 
soil porosity [41-43], but it should be noted that the 
continuous increase of straw mulch may impart water 
repellent and hydrophobic properties to the soil surface 
and restrict water infiltration [44]. This further indicates 
that although straw mulch plays an important role in 
soil moisture conservation, there is not a simple positive 
proportional linear relationship between straw mulch 
application rate and soil moisture content.

Soil nutrient content is closely related to straw 
mulch application rate. Overall, with the increase of 
straw mulch, the content of soil organic carbon, mineral 
carbon, exchangeable potassium, available phosphorus 
and other nutrients tends to increase [42, 45]; increasing 
straw mulch has certain effect on increasing soil organic 
carbon content, but organic carbon storage depends 
mainly on soil texture and structure, and the finer 
fraction of soil (silt and clay) plays an important role 
in stabilizing soil organic carbon [46-47]. In addition, 
studies have also shown that straw mulch effect on 
enzymes activities was strongly dependent on mulching 
levels and some adverse effects at straw mulch higher 
than 15 Mg ha-1 were observed [48]. It indicates that in 
the practice of straw mulch, straw mulch application 
rate is not the final determinant of soil nutrient content, 
and the effect of straw mulch on soil nutrient is greatly 
different due to different climatic conditions, mulching 
methods and initial content of soil nutrient [49, 50].
Based on the main results of this study and considering 
the economic cost of straw mulch, we believed that  
6 Mg ha-1 may be a reasonable straw mulch application 
rate in the karst area of Southwest China, which could 
be used as a reference for regional organic mulching 
practice.

Conclusions

1) Overall, with the increase of straw mulch, the soil 
moisture increased, but when the straw mulch 
exceeded 5.556 Mg ha-1, the soil moisture was 
no longer significantly increased; biochar and 
living mulch did not significantly increase the soil  
moisture. The effect of straw mulch on moisture 
conservation was better than that of biochar and 
living mulch.

2) Under the condition of high straw and biochar 
mulch application rate, the TOC, TN and TP were 
significantly higher than those under control, in 
which TOC and TN were positively correlated 
with straw and biochar mulch application rate, but 
the continued increase of straw and biochar mulch 
had no significant effect on TK; as a legume plant, 
soil TN under alfalfa intercropping (LM1) was 
significantly higher than that of the control, chicory 
and ryegrass intercropping (LM2, LM3). Among 
the three types of organic mulches, the soil TOC 
of straw and biochar mulch was higher than that of 

living mulch; in addition, the effect of biochar mulch 
on soil TN and TP was obvious, and both TN and 
TP reached the maximum,it was significantly higher 
than that of living mulch; although soil TOC, TN 
and TP under the living mulch was lower, the soil 
TK under living mulch was higher than that of straw 
mulch.

3) Straw, biochar and living mulch could improve soil 
nutrients and moisture condition to a certain extent, 
but in terms of short-term organic mulch and the low 
cost and easy availability of mulching materials, and 
based on the effect of straw mulch on soil moisture 
and fertility, we believed that straw mulch was a 
suitable organic mulch in karst area, and straw 
mulch of 6 Mg ha-1 might be a reasonable reference 
mulching application rate of sloping farmland in 
karst area of Southwest China.
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