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ABSTRACT

Straw returning is an important measure for improving soil organic matter, biological activity, and nutrient
availability. Straw mulching and straw burying are two methods for returning straw to the soil; however, there is
little information to compare their benefits and limitations. This study assessed changes in soil nutrients induced
by straw mulching and straw burying using a meta-analysis of straw returning data from 420 publications in
China. The results showed that straw burying significantly increased soil organic carbon (SOC), soil total ni-
trogen (STN), soil total phosphorus (STP), soil total potassium (STK), soil available nitrogen (SAN), soil available
phosphorus (SAP), and soil available potassium (SAK) in the surface soil (0-20 cm), with mean effect sizes of
0.126, 0.095, 0.056, 0.053, 0.118, 0.117, 0.138, respectively. Straw mulching increased SOC, STN, STP, SAN,
SAP, and SAK in the surface soil, with mean effect sizes of 0.114, 0.079, 0.082, 0.125, 0.152, 0.150, respectively.
Straw burying is more conducive to increasing SOC, STN, and STK, while straw mulching is more conducive to
increasing SAN, SAP, and SAK. Straw mulching increased soil nutrient contents more than straw burying in areas
with mean annual precipitation (MAP) <400 mm, while the reverse was true in areas with MAP> 800 mm. Straw
mulching and straw burying both increased crop yield, with mean effect sizes of 0.100 and 0.101, respectively.
Straw burying positively correlated with the effect size of yield, SOC, SAP, and SAK, while there were no sig-
nificant relationships for straw mulching. Long-term straw burying and straw mulching was conducive to
increasing crop yields, SOC, and STN. The benefits and limitations of straw mulching and burying on soil fertility
and yield vary under different agronomic management, environmental, and edaphic factors.

1. Introduction

organic matter releases nutrients for crop growth and increases soil ni-
trogen (N), phosphorus (P), and potassium (K) contents (Ahmed et al.,

The United Nations Department of Economic and Social Affairs
predicts that the world’s population will reach 9.3 billion by 2050;
however, the growth rate of food production will gradually slow, and the
gap between food supply and demand will widen (Tian et al., 2021). The
increasing pressure to increase crop yields is promoting intensive
farming in agro-ecosystems, but conventional intensive tillage opera-
tions promote soil nutrients loss (Zalles et al., 2019). The maintenance of
soil fertility is essential for sustainable land use (Mader et al., 2002) and
yield production (Li et al., 2021).

Straw returning—a sustainable farming technology (Yang et al.,
2020)—can provide sufficient organic matter for microorganism pro-
liferation, and increase the number of microorganisms and enzyme ac-
tivity (Akhtar et al., 2019a; Su et al., 2020). The mineralization of straw
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2020; Bai et al., 2015; Ma et al., 2010). As a large agricultural producing
country, China is rich in organic fertilizer resources, with about 1 billion
tons of air-dried straw produced each year (Niu and Ju, 2017). In China,
the benefits of crop residues have been greatly recognized by scientists
and the government (Li et al., 2018), but the utilization rate is low (Liu
et al., 2007).

There are two traditional methods of straw returning—covering the
soil surface directly with straw (straw mulching) and mixing the straw
into soil (straw burying) (Chen et al., 2014). Straw mulching can resist
soil erosion from wind and rain and reduce soil nutrient decline (Feng
etal.,, 2014; Tan et al., 2015). Straw burying is generally combined with
farming measures, such as plow tillage, rotary tillage, subsoiling tillage,
and so on. Some studies have shown that straw mulching has a
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significantly lower decomposition rate (by 35 %) than straw burying,
and delays the net release of nitrogen (Bradford and Peterson, 2000). In
contrast, another study found that straw mulching has significantly
higher total mineralization than straw burying; thus, straw mulching
could increase SAN (Coppens et al., 2007). These contrasting findings
call for a comprehensive nationwide assessment to compare the benefits
and limitations of straw mulching and straw burying on soil nutrients.

Mean annual precipitation (MAP) and mean annual temperature
(MAT), N application rate (NAR), straw returning amount (SRA), initial
soil pH (pH), and soil texture can influence soil microbial and soil
enzyme activity, which affects straw decomposition (Akhtar et al.,
2019b; Jarvis et al., 1996; Six et al., 2004) and soil nutrient conversion
(Dancer et al., 1973; Katyal et al., 1988). NAR and SRA influence the soil
C/N ratio (Akhtar et al., 2019b; Doring et al., 2005). The lower the C/N
ratio, the faster the decomposition rate, and vice versa (Zhang et al.,
2008). Numerous meta-analyses have revealed that straw returning
could increase crop yields and soil organic carbon and soil nitrogen
storage, but no studies have compared the effects of straw mulching and
straw burying under different edaphic, environmental, and agronomic
management factors. This information could influence the selection of
straw returning method in agricultural systems.

This study collected data from 420 straw returning publications to
undertake a meta-analysis to identify the effects of straw mulching and
straw burying application on SOC, STN, STP, STK, and soil available
nutrients in China. We used regression analysis to study trends in the
effect sizes of SOC, STN, and soil available nutrients with experimental
duration and the relationship between the effect sizes of SOC, TN, and

N
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available nutrients and the effect size of crop yield. This study 1)
analyzed differences between the effects of straw mulching and straw
burying on soil surface nutrients and crop yields, 2) identified suitable
methods of straw returning for different edaphic, environmental, and
agronomic management factors, and 3) analyzed the relationship be-
tween changes in crop yield and soil surface nutrients under straw
mulching and straw burying to provide a scientific basis for returning
straw to improve soil fertility in China.

2. Materials and methods
2.1. Data search and collection

We identified ‘straw returning’ or ‘straw mulching,” and ‘soil nutri-
ents’ as the keywords for our search. We searched the Web of Science
(http://apps.webofknowledge.com/) and the China National Knowl-
edge Infrastructure (http://www.cnki.net/) for relevant peer-reviewed
journal articles. To avoid any bias, publications were selected accord-
ing to the following criteria: (1) experiment must be conducted in the
field with an actual location in China (greenhouse and laboratory in-
cubation experiments were excluded); (2) must include at least one of
the following parameters: crop yield, SOC, STN, STP, STK, SAN, SAP, or
SAK; (3) straw returning measures clearly distinguished as straw
burying and straw mulching; (4) must include both control (no straw
return; CK) and treatments (straw mulching or straw burying); (5)
means, standard deviations (or standard errors), and number of repli-
cations must be available or can be calculated.
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®  Straw Burving
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Fig. 1. Location of straw returning experiments used in the meta-analysis of China.
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For each selected study, raw data were collected directly from tables
and text. If the data appeared in the form of a graph, then GetData
software was used to obtain the values. MAP and MAT for each site were
extracted from the publication. If no meteorological information was
provided, we obtained MAP and MAT from the nearest meteorological
station (Chinese meteorological data network, http://data.cma.cn/). If
the latitude and longitude of the test site were not provided, we used the
Baidu map to determine latitude and longitude coordinates (htt
ps://map.baidu.com/). The location of the straw mulching and straw
burying experiments used in the meta-analysis are shown in Fig. 1.

From each publication, we extracted information on the test site
(location, MAP, MAT, pH, soil texture), agronomic management (NAR,
SRA), and experimental duration. The dataset was categorized based on
MAP (<400, 400-800, >800 mm), MAT (<7, 7-14, >14 °C), soil texture
(loam, clay loam, clay) (International Standard for Soil Texture Classi-
fication), pH (acidic, neutral, alkaline), SRA (<4500, 4500-9000,
>9000 kg ha™!), NAR (<100, 100-200, >200 kg ha™1), and experi-
mental duration (0-3, 4-10, and >10 years).

Our dataset incorporated data from 420 publications, including 168
on straw mulching and 287 on straw burying. Straw mulching studies
included covering the soil surface directly with whole straw/smashed
straw, straw burying studies included mixing total straw/smashed straw
into the soil at depths ranging from 5 to 40 cm. Straw mulching or
burying in selected studies occurred wither after harvesting the previous
crop or before planting the subsequent crop. The selected studies pro-
vided 6820 measurements of response variables, including 908 for yield,
1506 for SOC, 950 for STN, 390 for STP, 268 for STK, and 2798 for soil
available nutrients (Fig. S1).

2.2. Data analysis

Where standard deviations (SD) were not reported, we calculated the
average coefficient of variation within each dataset and then estimated
the missing SD using the following equation (Wang and Shangguan,
2015):

SD=XxCV

where X is the mean of the treatment (straw mulching or straw burying)
and the control group (CK, no straw returning).

A meta-analysis was used to analyze the responses of SOC, STN, SAP,
SAK, and available nutrients in straw mulching and straw burying
treatments using Meta Win 2.1. The effect size (InR) was used (Hedges
et al., 1999):

InR = InX; — InX.

where X, is the mean value of the experimental group under straw

mulching or straw burying, X, is the mean value of the corresponding
control treatment (no straw returning)
The variance (V) of InR is:

IO

V(InR) =~ 2]
n(X,)” n(X)

where S; and S, are the corresponding SDs, and n is the number of rep-
licates in the treatment.

To derive the overall response effect of the treatment group relative
to the control group, the mean effect size (InR) was calculated as follows:

k ,
— § - InR.W

lnR:#

Wi

i=1
W—l
‘7Vi

where W; is the weight for study i, calculated as the inverse of V(InR)
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(Curtis and Wang, 1998). Thus, studies with large variance among
replicates have smaller weights. InR; is the effect size for study i, k is the
number of studies, and InR is the mean effect size

Means and 95 % confidence intervals (CI) on the estimated effect size
were generated using the bootstrapping test. If the 95 % confidence
interval values for the effect size of a variable did not overlap zero, then
the treatment effects on the variable studied were considered statisti-
cally significant. The means of the categorical variables were considered
significantly different if their 95 % CIs did not overlap (Xia et al., 2018).
We used the statistical software program SPSS for the correlation anal-
ysis, Sigmaplot for graphing, and ArcGIS to map experimental locations.

3. Results
3.1. Effect of straw returning on SOC and STN

Straw burying increased SOC (mean effect size: 0.126, 95 % CL:
0.122-0.130) significantly more than straw mulching (mean effect size:
0.114, 95 % CI: 0.110-0.119) (Fig. 2), and the effect of straw returning
on SOC differed under various edaphic, environmental, and agronomic
management factors (Fig. 3A). When MAP was <400 mm, straw
mulching had a more significant positive effect on SOC (mean effect size:
0.111, 95 % CI: 0.098-0.122) than straw burying (mean effect size:
0.072, 95 % CI: 0.062-0.083), and the reverse was true when MAP was
>800 mm. When MAT was <7 °C, straw returning improved SOC
significantly more than when MAT was >7 °C; the effect size of straw
burying on SOC significantly decreased with increasing MAT (P < 0.05,
Table S1). Straw burying (mean effect size: 0.153, 95 % CIL:
0.147-0.159) was better than straw mulching (mean effect size: 0.105,
95 % CI: 0.098-0.113) in alkaline soil, while straw mulching (mean
effect size: 0.145, 95 % CI: 0.133-0.158) was superior to straw burying
(mean effect size: 0.063, 95 % CI: 0.055-0.071) in neutral soil. The SOC
of straw mulching increased with increasing SRA (P < 0.05), and the
SOC of straw burying decreased with increasing NAR (P < 0.05,
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Fig. 2. Effect of straw mulching (SM) and straw burying (SB) on soil organic
carbon (SOC), soil total nitrogen (STN), soil total phosphorus (STP), soil total
potassium (STK), soil available nitrogen (SAN), soil available phosphorus
(SAP), and soil available potassium (SAK). Error bars and numbers in paren-
theses represent 95 % confidence intervals and sample size, respectively, for SM
and SB. Dashed line indicates effect size = 0.
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Table S1). The largest positive effect size of straw returning on SOC
occurred under straw burying with SRA >9000 kg ha~! and NAR < 100
kg ha™L.

Straw burying increased STN (mean effect size: 0.095, 95 % CI:
0.082-0.107) more than straw mulching (mean effect size: 0.079, 95 %
CI: 0.064-0.094) (Fig. 2). The results of the subgroup analysis showed
significant heterogeneities between STN and subgroups of MAT, NAR,
pH (Fig. 3B). When MAT was <7 °C, straw returning improved STN
more than when MAT was >7 °C. Straw burying increased STN more
than straw mulching in acidic and alkaline soils.

3.2. Effect of straw returning on SAN, SAP, and SAK

Straw mulching and straw burying substantially increased SAN
(mean effect size: 0.125 and 0.118, respectively) and SAP (mean effect
size: 0.152 and 0.117, respectively) (Fig. 2), with the mean effect size
significantly affected by agronomic management, environmental, and
edaphic factors (Fig. 4A). Straw burying significantly increased SAN
more than straw mulching at MAT >14 °C and MAP > 800 mm (Fig. 4A).
Straw mulching significantly increased SAN more than straw burying at
MAT 7-14 °C, MAP 400-800 mm, NAR 100-200 kg ha!, SRA
4500-9000 kg ha™!, alkaline soil, and clay loam soil texture (Fig. 4A).
Straw mulching significantly increased SAN more than straw burying
under MAP 400-800 mm, MAT 7-14 °C, and SRA > 9000 kg ha™!. The
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effect size of SAP under straw mulching decreased with increasing MAT
(P < 0.05) and increased with increasing SRA (P < 0.05, Table S1).

Straw mulching increased SAK more than straw burying (mean effect
size: 0.150 and 0.138, respectively) (Fig. 2), with significant heteroge-
neities between subgroups of MAT and pH (Fig. 4B). Straw mulching
significantly increased SAN more than straw burying with MAT 7-14 °C.
When pH was neutral, straw returning improved SAK more than when
pH was alkaline and acidic. The effect size of SAK under straw mulching
decreased with increasing NAR (P < 0.05), and the effect size of SAK
under straw burying increased with increasing MAT (P < 0.05,
Table S1).

3.3. The relationship between effect sizes of straw returning on yield and
soil nutrients

Approximately 90 % of the comparison studies (135/152 for straw
mulching and 280/302 used for straw burying) revealed a positive effect
of straw returning on yield, relative to straw removal (Fig. 5A, B). The
mean effect sizes did not differ significantly between straw mulching
and straw burying (Fig. 5C). The InRs of yield had a significant positive
relationship with the InRs of SAK (R% = 0.044, P < 0.05), SAP (R% =
0.051, P < 0.05), and SOC R%= 0.13, P < 0.05) for straw burying but no
significant relationship for straw mulching (Fig. 6). The mean effect size
of crop yield was significantly affected by MAP (Fig. S2). Straw
mulching had a significantly greater effect on yield (mean effect size:
0.178, 95 % CI: 0.139-0.217) than straw burying (mean effect size:
0.109, 95 % CI: 0.083-0.136) at MAP < 400 mm; the gap between straw
burying and straw mulching gradually decreased with increasing MAP
(Fig. S2).

3.4. Effect of straw returning on soil nutrients with experimental duration

Straw returning significantly increased yield and soil nutrient con-
tents (except STK and SAP) (Fig. 7), and experimental duration had a
significant positive relationship with the InRs of yield, SOC, STN, and
SAK (Table 1). The InRs of STP increased with experimental duration
under straw mulching and decreased under straw burying (Table 1). The
experimental duration had no significant relationship with the InRs of
STK, SAN, or SAP (Table 1), and subgroups had no significant hetero-
geneities for STK or SAN (Fig. 7E, F). STN and SOC improved more under
straw burying than straw mulching for the three experimental durations
(Fig. 7B, C). For experimental durations <3 years, STP, STK, and SAK
improved more under straw burying than straw mulching. For experi-
mental durations of 4-10 years, SAN improved more under straw
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Fig. 6. Relationship between the effect size of yield and soil nutrients on straw
mulching and straw burying. SOC, soil organic carbon; STN, soil total nitrogen;
STP, soil total phosphorus; STK, soil total potassium; SAN, soil available ni-
trogen; SAP, soil available phosphorus; SAK, soil available potassium. Red
arrow represents positive correlation; green arrow represents negative
correlation.

burying than straw mulching, and STP, SAP, and SAK improved more
under straw mulching than straw burying. For experimental durations
>10 years, SAN and SAP improved more under straw burying than straw
mulching, and SAK and STP improved more under straw mulching than
straw burying (Fig. 7D-H).

4. Discussion

4.1. Response of SOC, STN, and available nutrients to different straw
returning methods

Our study confirmed that straw returning improves soil nutrient
contents and availability, as reported elsewhere (Guan et al., 2019; Li
et al., 2020; Su et al., 2020; Yang et al., 2020). Straw burying is more
beneficial for increasing SOC, STN, and STK than straw mulching (Fig. 2)
because it increases the contact area of straw with soil microorganisms
and enzymes (Stemmer et al., 1999; Wingeyer et al., 2012), forming
more humus in soil than straw mulching. With straw mulching, the
straw is left on the surface of the soil in a semi-dry state—the changing
temperature and humidity of the soil surface results in more carbon and
nitrogen losses in the gaseous form during straw decomposition than
straw burying. Thus, straw burying is more conducive to straw
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Fig. 5. Density distribution of the effect size for yield with (A) straw mulching (SM) and (B) straw burying (SB). Dashed line indicates effect size = 0; (C) effect size
for yield with SM and SB. Letters indicate no significant difference between treatments.
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Table 1
Relationship between experimental duration and the effect size of straw mulching and straw burying on yield and soil nutrients.
Straw mulching Straw burying
n Coefficient R? P n Coefficient R? P
Yield 150 0.006 0.027 0.024 298 0.003 0.016 0.017
Soil organic carbon 272 0.012 0.127 <0.001 471 0.005 0.015 0.005
Soil total nitrogen 178 0.007 0.024 0.022 296 0.003 0.012 0.036
Soil total phosphorus 82 0.187 0.021 <0.001 111 —0.004 0.078 0.002
Soil total potassium 56 0.000 —0.018 0.974 74 —0.003 0.006 0.232
Soil available nitrogen 166 0.004 —0.003 0.480 227 0.003 0.004 0.165
Soil available phosphorus 205 0.000 —0.005 0.973 296 —0.002 —0.001 0.446
Soil available potassium 187 0.018 0.096 <0.001 306 0.007 0.030 0.001

decomposition, releasing more C, N, and K into the soil than straw
mulching (Chen et al., 2006; Kuang et al., 2012).

However, the soil available nutrients content under straw mulching
was more than straw burying (Fig. 2) because: (1) available nutrient loss
caused by ground runoff loss is less than straw burying (Tan et al., 2015);
(2) the nutrient release from straw under straw mulching are distributed
in the soil surface, but straw burying not limited to surface soil; (3) straw
mulching suppresses water evaporation from soil and enhances soil
surface water content (Dong et al., 2018; Yu et al., 2018), which improve
the mineralization ratio of soil organic matter.

4.2. Effect of straw returning on soil nutrients under MAP, MAT, soil
texture, and pH

In the field, MAT and MAP directly affect soil temperature and hu-
midity (Jarvis et al., 1996; Shen and Chen, 2009). Generally, soil tem-
peratures from 28 to 35 °C and relative soil moisture contents from 60 to
70 % are most conducive to straw decomposition (Nan et al., 2010). Our
study found that MAT had significant effects on all soil nutrients, while
MAP only had significant effects on SOC, SAN, and SAP after straw
returning. In arid areas of China with MAP 400-800 mm, straw

mulching had greater SAN, SAP, SAK than straw burying, which may be
because straw mulching can regulate surface soil temperatures and
suppress water evaporation from soil (Dong et al., 2018; Gong et al.,
2003; Yu et al., 2018), improving the mineralization ratio of soil organic
matter and availability of soil nutrients. In addition, straw mulching
reduces surface water runoff loss, reducing soil nutrient losses (Yi et al.,
2007). So, straw burying may have better effects on nutrient enhance-
ment in arid areas if the ridges and furrows are covered with plastic film
to collect rain and improve soil moisture. In areas of China with MAP >
800 mm, straw burying significantly increased SAN, SAP, SAK more than
straw mulching, which could be ascribed to the higher decomposition
rate after straw burying than straw mulching, or that the fields are
moisture-rich in these areas, leaching nutrients more easily than drier
areas. Straw burying could reduce soil available nutrient leaching by
promoting soil nutrient uptake and nutrient immobilization induced by
soil organic matter (Wang et al., 2014; Yang et al., 2018).

Initial soil pH can affect soil microbial and soil enzyme activity, and
thus straw decomposition (Akhtar et al., 2019b) and soil nutrient con-
version (Dancer et al., 1973; Katyal et al., 1988). In our study, soil pH
significantly affected all soil nutrients—straw burying in acidic soils
increased SAN and SAP, while straw mulching in neutral and alkaline
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soils increased soil available nutrient contents (Fig. 4)—and may be
related to the geographical distribution of pH in China. Acidic soils are
mostly distributed in East China and South China, while alkaline soils
are generally distributed in Northwest China (Dai et al., 2009).

Soil texture usually determines soil aeration (Yu et al., 2018), with
clay content playing a critical role in soil water holding capacity (Liu
et al., 2014). Studies have shown that clay content is a critical soil
property influencing the soil’s capacity to store C (Jagadamma and Lal,
2010; Six et al., 2004). We found that straw returning is more conducive
to increasing SOC accumulation in clay soil (Fig. 3). Clay soils often have
poor air permeability, inhibited aerobic microorganisms, relatively slow
decomposition of organic material, and high organic matter accumula-
tion (Jagadamma and Lal, 2010; Yu et al., 2018). Straw burying is more
conducive to straw decomposition and increasing soil available nutri-
ents in clay soil (Fig. 4). Loam soil has better drainage capacity than clay
soil (Yu et al., 2018), such that straw mulching is more conducive to soil
water storage, straw decomposition, and increasing soil available nu-
trients (Fig. 4).

4.3. Effect of different straw returning methods on soil nutrients under
NAR and SRA

Straw returning can improve the physical and chemical properties
and nutrient storage capacity of soil (Akhtar et al., 2019b), but inorganic
N fertilizer is needed when returning straw to the field. Inorganic N
fertilizer will accelerate the decomposition of straw with a high C/N
ratio (Conde et al., 2005; Shaukat et al., 2011). Our research showed
that straw burying increased STN more than straw mulching at various N
fertilizer gradients and straw return amount gradients. A high NAR did
not significantly increase STN and SAN, relative to a low NAR (Figs. 3
and 4). Therefore, N fertilizers should not be used excessively as they
will waste fertilizer and pollute the environment. At SRA > 9000 kg ha™?
and NAR < 100 kg ha™!, straw returning improved soil nutrients the
most.

4.4. The relationship between effect sizes of straw returning on yield and
with soil nutrients

Our research showed that both straw mulching and straw burying
significantly increase crop yields but for differing reasons. Under straw
burying, the InR of yield had a positive relationship with the effect size
of SOC, SAP and SAK (Fig. 6), revealing that increasing soil nutrient
contents is important for increasing crop yield after straw burying.
However, for straw mulching, the InR of yield had no significant rela-
tionship with the changing soil nutrients. Straw mulching is mainly used
in the arid and semi-arid northwest and central China (Fig. 1), and im-
provements in crop yields are mainly due to the improved soil moisture
conditions after straw mulching (Fig. S3).

5. Conclusion

Straw returning significantly increases soil nutrient contents—with
more significant positive effects on SAN, SAP, and SAK than STN, STP,
and STK. Straw burying is more beneficial for increasing SOC, STN, and
STK, while straw mulching is more beneficial for increasing available
nutrients. STN and SOC increased with experimental duration, more so
under straw burying than straw mulching. Appropriate straw returning
methods should be adopted under different climates, soil textures, and
farming measures. Straw mulching is recommended when moisture is
the main limiting factor, while straw burying is more conducive to
improving soil nutrients than straw mulching. In conclusion, our results
provide a scientific basis for the rational selection of straw returning
methods to improve soil fertility and yield.
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