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Abstract
Improving farming practices of soil and water conservation has profound effects on the yield

of wheat (Triticum aestivum L.) in dryland farming regions of the Loess Plateau in China.

Mulching has proven to be an effective practice to increase crop yield, and possibly contrib-

ute to replenishing groundwater. This evaluation study collected and analyzed the data of

1849 observations published in 38 papers using meta-analysis to investigate effects of the

mulching practices on wheat yield in terms of different rainfall and regions in comparison

with conventional tillage. The main results of the study follow. The effects of the mulching

practices were ranked in the order of RFM (ridge–furrow mulching) >MTMC (mulching with

two materials combined) >MOM (mulching with other materials) >WSM (wheat straw

mulching) > FM (flat mulching). The effects of the mulching practices at the different levels

of rainfall during the wheat growing season were in the order: (< 150 mm) > (> 250 mm) >

(150–250 mm). The effects of the mulching practices in the different regions were in the

order of Henan > Shanxi > Shaanxi >Gansu. WSM, MTMC and FM performed better in im-

proving wheat yield for rainfall of < 150, 150–250 and > 250 mm during the growing season,

respectively. The wheat yield with FM, MTMC, MOM and MOM was higher than those with

the other mulching practices in Shaanxi, Gansu, Henan and Shanxi. The wheat yield with

RFM was 27.4% higher than that with FM, indicating that RFM was the most effective prac-

tice to improve wheat yield among all the practices. These findings have important implica-

tions for choosing appropriate crop field management to improve wheat yield.

Introduction
In China, dryland farming is practiced on about one-third of the arable land. Water stress is
the main factor limiting plant growth and crop yield in arid and semi-arid environments [1].
For farmland of the Loess Plateau, rainfall is the only reliable water source because of insuffi-
cient groundwater resources. However, annual rainfall on the Loess Plateau is in the range of
200–600 mm [2]. In some regions of the Loess Plateau, wheat (Triticum aestivum L.) yield is as
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low as 1500 kg ha-1 due to water deficits, which is one-third of the national average [3]. Thus,
current crop production can be substantially increased, perhaps threefold, by optimizing soil
water and nutrient management [4]. The challenges for increasing wheat yield in Northwest
China are low water use efficiencies (WUEs) resulting from low and erratic rainfall, and re-
moval of crop residues from farmlands as feed or cooking fuel [5,6]. With the human popula-
tion in the Loess Plateau continuously increasing, it is crucial to improve crop yields in dryland
farming by developing effective crop and water management practices to satisfy the needs of
human survival and promote sustainable development of agriculture in the future.

In the Loess Plateau, winter wheat is sown in mid-September and harvested in early July of
the following year. The winter wheat growing period does not coincide with the rainy season of
June–September, so that 47% of its yield depends strongly on in-season rainfall [7]. Tradition-
ally, Chinese farmers till soil after harvest by means of moldboard plow and fallow soil without
mulching during the rainy season (July–September). Such practices cause considerable losses
of soil moisture stored during the rainy season, lead to poor soil physical condition and nega-
tively influence soil chemical properties [8]. Shangguan et al. [6] attributed low available soil
water to high potential soil evaporation resulting from fallowing without mulching and over-
tillage, and found that the rainfall storage efficiencies of fallow farmlands were in the range of
only 35–40% under traditional tillage in the Loess Plateau, which further influences crop yield
formation [9]. Plastic film mulching has proved an effective farming practice for improving
soil water management, increasing soil moisture, promoting crop growth and increasing crop
yield in the semi-arid region of the Loess Plateau [10–12]. Soil mulching with wheat straw,
gravel or sand are regarded as effective ways of retaining more water in soil, decreasing soil
evaporation and modifying microclimates and growing conditions of crops [13,14]. Crop yield
differences are also related to different regional environments and crop varieties [15], and thus
it is necessary to understand regional mulching differences so as to develop and improve
mulching practices in different regions. It is important to quantitatively meta-analyze the limit-
ed information concerning the effects of different types of mulching on wheat yield.

Although numerous studies have been conducted to investigate effects of mulching practices
on wheat yield, there have not been any integrated analyses of their relevant data. The present
study collected data of 1849 observations carried out in 38 individual studies and meta-ana-
lyzed them to identify the general patterns of different mulching practices affecting wheat yield
at different levels of rainfall in different regions. The objectives of the study were (1) to quantify
responses of wheat yield to five different mulching practices; and (2) to compare the yield dif-
ferences between the conventional farming and mulching practices at different levels of rainfall
in regions.

Materials and Methods

Data search and collection
Relevant literature on wheat yields versus mulching practices, rainfall and regions was searched
in internet databases in the Chinese Academy of Sciences (http://www.isiknowledge.com/ and
http://www.cnki.net/). A Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) checklist was applied (S1 Table). When the data in question were expressed in the
forms of figures or charts, they were transformed into numerical values depending on their dig-
ital versions using Get-Data Graph Digitizer (ver. 2.24, Russian Federation). To avoid any dis-
tortions caused by printing, the data chosen to be transformed satisfied the following criteria:
(i) field experimental studies involved mulching treatments and controls as well as three vari-
ables in question (mulching, regions and rainfall); (ii) wheat was not irrigated during the whole
wheat growing season; and (iii) for multifactorial studies, only data of control and mulching
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treatments were cited and the interactions between treatments were excluded. Additionally, the
means, standard deviations (or standard errors) and sample sizes of the variables concerned
were directly available or could be calculated depending on the data of the studies involved.

The search was performed in June 2014, yielding a total of 178 studies. We obtained addi-
tional 8 studies from colleagues. After removal of duplicates, 89 studies remained. Study selec-
tion was a three-stage process. First, 57 studies with relevant titles were selected. Second,
selection was made based on abstracts, after which 45 studies remained. Full paper content was
assessed in the third stage, leaving 38 studies (including 1849 observations at 18 sites) for the
meta-analysis after screening some data no published (Fig 1, see S2 and S3 Tables for database
and references).

The wheat yields (kg ha-1) were aligned with four different regions of the Loess Plateau:
Shaanxi, Gansu, Henan and Shanxi (Fig 2). The field management practices were grouped into
five types: CT, FM, RFM, WSM, MOM and MTMC (see Table 1 for details). Three rainfall lev-
els were used during the period of crop growth involved (< 150, 150–250 and> 250 mm); and
if no exact rainfall data were available, they were estimated using relevant reported monthly
rainfall. Average monthly climatic characteristics data of four sites (Table 2) were taken from
China Data Sharing Infrastructure of Earth System Science of Loess Plateau (http://loess.data.
ac.cn/). The soil types of the four regions were all considered suitable for crop production, and
the basic soil characteristics were presented in Table 3.

Data processing
The data were analyzed using the meta-analysis methods described by Hedges et al. [16]. The
effects of mulching practices, rainfall and regions for each individual observation of yield were

Fig 1. Flow diagram reporting the number of records identified, excluded, and added during the
screening process.

doi:10.1371/journal.pone.0127402.g001
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estimated by the SMD (standardized mean difference, g):

g ¼ ð�XE � �XCÞ
Swithin

J

Swithin ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðNE � 1ÞðSEÞ2 þ ðNC � 1ÞðSCÞ2

NE þ NC � 2

s

J ¼ 1� 3
4ðNC þ NE � 2Þ � 1

Vg ¼ ðNC þ NE

NCNE

þ d2

2ðNC þ NEÞ
ÞJ2

where �XE and �XC are the means of the treatment and control groups, respectively; NE and NC

are the sample sizes for the treatment and control groups, respectively; Vg is the variance of in-
dependent research; and SE and SC are the standard deviations for all comparisons in the treat-
ment and control groups, respectively. Several studies did not report standard deviations; in
these cases, we calculated the average coefficient of variation (CV) within each data set and
then approximated the missing standard deviations by multiplying the reported means by the
average CVs.

In the study, the indices concerned were continuous variables and their SMDs were calculat-
ed by meta-analysis to indicate the effects of mulching on wheat yield. The yield differences of
wheat among the different mulching practices, rainfall during the growing season, and regions

Fig 2. Map of the Loess Plateau with a map of China enclosed on its upper left. The locations of the field
experiments of wheat involved in the peer–reviewed literatures in the meta-analysis are shown on the map.
The area below the black southeastern line is the typical winter wheat planting regions in the Loess Plateau.

doi:10.1371/journal.pone.0127402.g002
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were calculated by the fixed or random-effects models using the Review Manager program
(RevMan version 5.2, 2012; Cochrane Collaboration). In this study, the inverse variances and
SMDs were adopted as the statistical methods and effects for the meta-analysis, respectively.
Random-effects models were adopted where there were moderate-to-high heterogeneities (in-
dicated by X2 > 50% and P< 0.05) [17]. The mean differences of the different experiments
with the conventional tillage (CT) and mulching practices were weighted according to their

Table 1. A brief description of the different mulching and conventional tillage practices in wheat field
experiments.

Mulching practice and tillage Brief description

Conventional tillage (CT) Plowing and fallowing without mulching until the next sowing time, a
farming practice most widelypracticed by local farmers (no mulching)

Flat mulching (FM) Keep soil surface flat and mulching it with plastic film of 7 or 8 μm
thickness without color

Ridge–furrow mulching (RFM) Preparing soil surface into ridges and furrows and mulching the ridges
with plastic film to concentraterainfall into the furrows; the ridge height
was 5–40 cm and ridge bredth was 20–60 cm

Wheat straw mulching (WSM) Evenly covering soil surface with wheat straw, chopped or not chopped
at coverage rate of 1–9 t ha-1over the location

Mulching with other materials
(MOM)

Mulching with liquid film (450 kg ha-1), water-permeability plastic film or
sand (1–2 cm)

Mulching with two materials
combined (MTMC)

Plastic film + wheat straw; liquid film + straw; and plastic film + liquid
film

doi:10.1371/journal.pone.0127402.t001

Table 2. Averagemonthly rainfall, pan evaporation andmaximum andminimum temperature at the experimental sites of Shaanxi, Gansu, Henan
and Shanxi.

January February March April May June July August September October November December

Shaanxi

Tmax (°C) 2.6 5.8 12.2 19.0 24.4 29.7 30.1 29.0 22.9 17.7 10.3 4.0

Tmin (°C) −8.8 −5.6 0.5 6.4 11.2 17.5 19.2 18.3 12.6 6.6 −0.7 −6.7

Rainfall (mm) 4.5 8.2 19.9 42.4 51.7 49.7 110.6 97.3 94.7 50.2 21.5 4.4

Pan evaporation (mm) 50.6 69.6 111.0 189.5 228.1 268.2 220.2 187.2 134.9 98.9 63.7 48.6

Gansu

Tmax (°C) 1.1 3.8 10.2 16.9 21.2 25.1 26.5 25.4 19.7 14.7 7.7 2.4

Tmin (°C) −10.1 −7.0 −0.7 4.3 8.6 11.7 14.7 14.1 9.7 4.3 −2.2 −8.1

Rainfall (mm) 3.0 4.8 12.9 31.5 49.0 50.3 96.7 99.1 79.2 37.9 12.0 2.3

Pan evaporation (mm) 0.5 41.7 57.0 117.6 180.0 210.1 222.6 208.7 186.1 115.0 89.5 55.3

Henan

Tmax (°C) 5.8 8.3 14.3 21.2 27.0 32.3 31.6 30.4 26.4 21.4 14.1 7.5

Tmin (°C) −4.4 −2.2 2.5 8.9 13.8 19.4 22.3 21.4 15.8 10.0 3.2 −2.2

Rainfall (mm) 7.2 11.7 23.9 50.7 45.4 65.1 146.9 99.1 84.4 47.4 27.6 7.7

Pan evaporation (mm) 70.1 81.1 135.9 175.7 232.9 289.6 204.3 177.8 139.7 128.7 93.0 76.5

Shanxi

Tmax (°C) 0.2 3.6 10.4 18.0 24.4 28.6 28.8 27.4 22.5 17.0 8.7 1.8

Tmin (°C) −11.1 –8.6 −1.9 4.1 9.8 14.6 17.8 16.4 10.3 4.1 −2.9 −10.1

Rainfall (mm) 3.3 5.7 11.6 23.8 29.1 55.1 124.2 108.8 67.1 30.7 13.1 3.5

Pan evaporation (mm) 46.8 65.3 128.5 212.2 292.6 299.6 224.9 190.3 144.0 120.3 70.8 46.7

doi:10.1371/journal.pone.0127402.t002
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sample sizes and SD, as determined by the RevMan program and accordingly the confidence
intervals (CI) on their weighted effects were generated. If the 95% CI values of the effect size
for a variable did not reach zero, the effect of mulching on the variable was considered as differ-
ing significantly between two treatments.

Results
The meta-analysis of the data in the 18 experiment sites during 1979–2014 indicated that the
overall effects of the mulching practices significantly increased the yield of wheat (Fig 3,
Table 4). The mean effects of FM, RFM, WSM, MTMC and MOM were 0.34 (95% CI: 0.02–
0.67), 2.48 (95% CI: 1.95–3.01), 0.56 (95% CI: 0.25–0.87), 1.59 (95% CI: 1.03–2.15) and 0.78
(95% CI: 0.43–1.13), respectively (Fig 3A). Compared with CT, the effects of the mulching
practices had CI> 0, suggesting that the mulching practices had significant positive effects on
wheat yield. The effects of the different mulching practices were ranked in the order of
RFM>MTMC>MOM>WSM> FM. Wheat yield for RFM was 27.4% higher than for FM
(Fig 4A), and 22% higher than for CT.

The mean effect size of the mulching practices on wheat yield at rainfalls of< 150 mm,
150–250 mm and> 250 mm during the growing season were 2.55 (95% CI: 2.04, 3.05), 0.31
(95% CI: 0.06, 0.56) and 2.48 (95% CI: 1.95, 3.00), respectively, and the 95% CI did not cover
zero (Fig 3B), indicating that the five mulching practices had significant positive effects on
wheat yield for the different levels of rainfall. The effects at the different rainfalls during the
growing season were ranked in the following order: (< 150 mm)> (> 250 mm)> (150–250
mm). Across all mulching practices, the wheat yield at rainfall of< 150 mm was 19.4% higher
than for rainfall of 150–250 mm during the growing season (Fig 4B), and the wheat yield at
rainfall of< 150 mm across all mulching practices was 22% higher than for CT.

The yield of wheat in different regions showed different responses to the mulching practices
(Fig 3C). There were less< 10 publications involving mulching practices and wheat yield in
Henan and Shanxi; in Henan, wheat yield was most affected by mulching practices (mean effect
size = 3.71; 95% CI: 2.81–4.60), based on the limited number of samples collected. The effects
in the different regions were ranked in the order of Henan (with mean effect size at 3.71 and
95% CI in the range of 2.81–4.60)> Shanxi (mean effect size 1.57, 95% CI of 0.91–2.23)>
Shaanxi (mean effect size 0.77, 95% CI of 0.44–1.09)> Gansu (mean effect size 0.40, 95% CI of
0.05–0.76). For all mulching practices, the wheat yield in Henan was nearly twice that in Gansu
(Fig 4C); and in Henan, the yields of wheat across all mulching practices increased by 10%
compared with those of CT.

Of the 1849 observations analyzed in the meta-analysis, 763 involved the five mulching
practices, 588 involved the three levels of rainfalls during the growing period and 498 involved
the four regions, and all showed significant promoting effects. The wheat yields of the different
mulching practices obviously increased compared with controls (Fig 5A). The slopes and coef-
ficients of the correlations between the wheat yields and the mulching practices, the rainfall

Table 3. Basic soil characteristics (0–20 cm) at the experimental sites. N: nitrogen; P: phosphorus; K: potassium.

Site Soil type Organic matter Bulk density Total N Available N Available P Available K
(g kg-1) (g cm-3) (g kg-1) (mg kg-1) (mg kg-1) (mg kg-1)

Shaanxi Eum-orthic Anthrosol, silt loam 12.8 1.3 0.8 57.0 11.49 141.2

Gansu Loess Orthic Entisol 8.8 1.2 1.0 51.3 8.6 121.9

Henan Light loam 15.8 1.5 0.8 62.7 10.4 166.0

Shanxi Cinnamon loess soil, sandy loam 19.4 1.3 1.0 43.3 35.6 216.1

doi:10.1371/journal.pone.0127402.t003
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during the growing season and the regions were similar, which supported the view that mulch-
ing and rainfall were equally important in these regions of the Loess Plateau (Fig 5).

Wheat yields of the five mulching practices at the three levels of rainfall are shown in Fig 6.
At the rainfall of< 150 mm during the growing season, wheat yield benefited greatly from
WSM and MOM among the different mulching practices (Fig 6A). WSM performed better
than the other three measures at the rainfall of< 150 mm. Wheat yield of WSM was 3.37,
53.27 and 67.67% higher than for MOM, RFM and FM, respectively, and wheat yield of RFM
was 761.84 kg ha-1 higher than controls. MTMC performed better than the other four mulch-
ing practices at the rainfall of 150–250 mm (Fig 6B). Wheat yield of MTMC was 44.06, 19.63,
26.17 and 22.77% higher than of FM, RFM, WSM and MOM, respectively. Moreover, the
wheat yield of MTMC was 885.67 kg ha-1 higher than for controls. FM performed better than
RFM, WSM, MTMC and MOM at the rainfall of> 250 mm (Fig 6C), and wheat yield of FM
was correspondingly 22.47, 35.92, 54.78 and 72.76% higher; and the yield of FM was 861.89 kg
ha-1 higher than of controls.

The limited available data showed that the different mulching practices were extensively
adopted in the four regions (Fig 7). FM, RFM, WSM and MTMC were commonly adopted in
Shaanxi; FM, WSM and MTMC in Gansu; FM, RFM, WSM and MOM in Henan; and FM and
MOM in Shanxi. The yields were higher with FM than with the other mulching practices in

Fig 3. Relative yields of wheat for the mulching practices in the Loess Plateau. (A) The five mulching
practices, (B) three rainfalls during the wheat growing period and (C) the four regions. The error bars stand for
the 95% CI, and the values close to the bars are the corresponding number of observations. FM: flat
mulching; RFM: ridge–furrow mulching; WSM: wheat strawmulching; MTMC: mulching with two materials
combined; MOM: mulching with other materials.

doi:10.1371/journal.pone.0127402.g003

Table 4. Meta-analysis results on the wheat yields for five mulching practices, three rainfalls and four regions using the fixed or random-effects
models.

Item Categorical Heterogeneity

variable K Qwi df P-value of I2

chi-square test (%)

Mulching FM 173 18.83* 13 0.13 31

practice RFM 139 14.60** 11 0.2 25

WSM 202 41.89** 13 < 0.0001 69

MOM 91 12.95** 7 0.07 46

MTMC 153 13.61** 8 0.09 41

Rainfall < 150 mm 141 16.90** 9 0.05 47

150–250 mm 292 34.46* 23 0.06 33

> 250 mm 152 19.64** 15 0.19 24

Region Shaanxi 172 17.63** 12 0.13 32

Gansu 153 20.57* 13 0.08 37

Henan 86 27.39** 6 0.0001 78

Shanxi 53 1.00** 3 0.8 0

Notes: FM: flat mulching; RFM: ridge–furrow mulching; WSM: wheat straw mulching; MTMC: mulching with two materials combined; MOM: mulching with

other materials. K: the number of observations involved in each of the analysis levels including conventional tillage (CT). Several individual studies were

excluded because their heterogeneities could not be eliminated.

* P < 0.05;

** P < 0.01.

doi:10.1371/journal.pone.0127402.t004
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Shaanxi, Henan, Gansu and Shanxi. The average wheat yields were 4720, 2573, 4953 and
4196kg ha-1 in Shaanxi, Gansu, Henan and Shanxi, respectively.

Discussion
The relationship between soil water storage and wheat yield indicated the importance of prac-
tices in harvesting and retaining seasonal rainfall (Fig 5C). Greater water storage with mulching
means more available water for wheat growth so that the stomata of wheat plants can open
more freely and generate higher WUE relative to that for conventional practice [18]. Plastic
film mulching can promote earlier seed germination and earlier spike differentiation [19,20];
improve root weight, and extend root distribution [21]; increase tiller number, growing period,
spikelet and grain numbers per spike, and grain filling period, which is beneficial for wheat to
allocate and transport assimilates stored in vegetative organs into reproductive organs [22].
Owing to its many advantageous effects, mulching improves both crop yield and quality [23]

Fig 4. Yields of wheat versusmulching practices. (A) The five mulching practices, (B) the three rainfalls during the wheat growing period and (C) the four
regions. FM: flat mulching; RFM: ridge–furrow mulching; WSM: wheat strawmulching; MTMC: mulching with two materials combined; MOM: mulching with
other materials.

doi:10.1371/journal.pone.0127402.g004

Fig 5. Relationships of wheat yields betweenmulching and conventional practices. (A) The five mulching practices, (B) the three rainfalls during the
wheat growing period and (C) the four regions. In the figure, each black point represents one individual comparison result between the yields of wheat for the
mulching practices and the control. The points lying on the 1:1 line indicate that the yield of wheat responded similarly to the mulching practices and the
control, whereas the points distributed above or below the line indicate a positive or negative effect of the mulching practices on the yield of wheat,
respectively. FM: flat mulching; RFM: ridge–furrow mulching; WSM: wheat strawmulching; MTMC: mulching with two materials combined; MOM: mulching
with other materials.

doi:10.1371/journal.pone.0127402.g005
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(Figs 2A and 5A). Therefore, mulching played an important role in improving plant growth,
especially on farmland in semi–arid regions of the Loess Plateau where rainfall is the most im-
portant water source for wheat or other crops.

Fig 6. Wheat yields for the different mulching and conventional practices at different levels of rainfall during the growing period. (A) < 150 mm, (B)
150–250 mm and (C) > 250 mm. FM: flat mulching; RFM: ridge–furrow mulching; WSM: wheat straw mulching; MTMC: mulching with two materials
combined; MOM: mulching with other materials.

doi:10.1371/journal.pone.0127402.g006

Fig 7. Wheat yields for the different mulching and conventional practices in different regions. (A) Shaanxi, (B) Gansu, (C) Henan and (D) Shanxi. FM:
flat mulching; RFM: ridge–furrow mulching; WSM: wheat straw mulching; MTMC: mulching with two materials combined; MOM: mulching with
other materials.

doi:10.1371/journal.pone.0127402.g007
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Yield responses to mulching practices
Some studies have shown that prevailing mulching practices commonly increase the seed and
fruit yields of a wide range of agricultural species compared with conventional practices [3,24],
and this is important for food security and economic development in the dryland farming prac-
ticed in Northwest China. The meta-analysis of the peer-reviewed literature indicated that
mulching practices had positive effects on wheat yield (Fig 3A). Without mulching, the lower
yield of wheat for CT could be attributed to compact topsoil and exacerbated surface runoff
and erosion [18,25,26]. RFM increased the wheat yield by up to 22% compared with CT and its
effect was the greatest of the different mulching practices. Furthermore, in 18 experimental
sites of the Loess Plateau, the MTMC, MOM andWSM exerted greater influence on wheat
yield, and FM showed a weaker effect (Fig 3A). The wheat yield for RFM was 27.4% higher
than for FM (Fig 4A). Similarly, RFM effectively improved yield of winter wheat in the Wei Bei
highlands of northwest China, and demonstrated that it was a suitable farming practice for
winter wheat in this region [27].

An extensive literature review on the effects of mulching practices on crop yield showed
that mulching practices tended to increase wheat yield compared to CT (Fig 3). This was likely
because film mulching prevented soil evaporation thereby causing higher soil temperature,
which played a role in soil water re-distribution, and the effects of film mulching on soil tem-
perature appear to be very important to improving water–temperature conditions and crop
yield formation [28]. RFM reduces soil water evaporation by blocking water vapor exchange at
the soil–atmosphere interface [29], and increases water harvested during small rainfall events
(< 5 mm) [30]. This would improve water availability to plants compared with flat-farming
practices [28], so that both the seed number per spike and the 1000-seed weight of wheat for
RFM reached their maximum and as a result the wheat yields for RFM were obviously higher
than for the other treatments (Fig 3A). In the dryland farming regions of the Loess Plateau,
MTMC reduced soil evaporation, and promoted rainfall infiltration into soil, which improved
soil water retention. MTMC is recommended as an efficient means for increasing crop yield
and maintaining or improving soil fertility in semi-arid regions [28,31]. Higher soil moisture
and increased yield of wheat resulting from straw mulching were previously reported in India
and Bangladesh [32,33]. With the global drive to increase soil carbon by retaining crop residues
in soil, it is important to further research the physiological consequences of retaining water by
mulching. The effects of the different mulching practices were ranked in the order of
RFM>MTMC>MOM>WSM> FM (Fig 3A), which was not consistent with Chen’s result
[34] that the effect of straw mulching on soil water storage was more evident than that of
ridge-formed tillage—these discrepancies of different mulching practices were probably due to
differences in soil, climate conditions and crop planting and in particular test duration. Addi-
tionally, Gao et al. [35] showed that the instability of production increases due to straw mulch-
ing was probably related to many factors, such as soil moisture, fertility and temperature.
Therefore, it is worth further investigating the responses of various crop varieties to WSM
where WSM is suitable.

Yield responses to mulching practices at different levels of rainfall during
the growing season
Highly effective exploitation of rainfall and water balance is crucial for the sustainability of
agro-ecosystems in semi-arid regions, where crop production generally depends on rainfall
and thus it is crucial to conserve soil moisture for grain production [36]. The relationship be-
tween soil water storage and crop yield indicates the importance of practices to harvest seasonal
rainfall, and accumulated rainfall resulting from mulching is beneficial to replenish
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groundwater during the crop growing season [37]. In Northern China, where the rotation of
winter wheat–summer maize is practiced, seasonal rainfall and its distribution play an impor-
tant role at all growth and development stages of maize, especially in the month before its polli-
nation [38]. The present study showed that the effects of the different levels of rainfall during
the growing period were ranked in the order of (< 150 mm)> (> 250 mm)> (150–250 mm)
(Fig 3B), which were not consistent with Zhou’s result [28] that mulching exhibited great po-
tential in crop production with limited rainfall. This difference shown by (> 250 mm)> (150–
250 mm) was probably because the effects of FM andWSM at the rainfall of 150–250 mm were
less than for MTMC at rainfall of> 250 mm (Fig 3A); Due to the soil in Loess Plateau with
characteristics of deep, porous and homogenous, the rainfall can penetrate to depths below the
depth of rooting and contributed to deep drainage to improve soil water content and soil tem-
perature under mulching practice when the rain rich [28, 39]; and the mulching system may af-
fect the properties of soil due to increased crop straw and root residues returned to the soil
which varies with rainfall. We consider that more in-depth research is needed to further study
the mechanisms influencing the relationships among mulching materials, rainfall and
soil characteristics.

This study also showed that the yield of WSM was higher than of FM, RFM and MOM at
the rainfall of< 150 mm (Fig 6A); yield of MTMC was higher than of FM, RFM, WSM and
MOM at 150–250 mm (Fig 6B); and yield of FM was higher than of RFM, WSM, MTMC and
MOM at> 250 mm (Fig 6C). These results showed that the yield performance differences
among the different mulching practices probably resulted from different soil water retention
capacities of the different mulching practices.

Yield responses to mulching practices for different regions
Of the mulching practices, the effects in the different regions were ranked in the order of
Henan> Shanxi> Shaanxi> Gansu. The wheat yield in Henan was nearly twice that in
Gansu (Fig 4C), and in Henan the mulching practices increased wheat yield by 10% compared
with CT. The annual rainfall was higher in Henan than in the other regions of the Loess Plateau
(S2 Table). Because there were very close relationships between soil moisture accumulation in
the fallow period and wheat yield, the differences in the effects among the experiment sites
were related to the rainfall or rain intensities in these regions.

Uncertainty in meta-analysis
The representative data of the study, screened from literature obtained in long–term experi-
ment sites, involved the main types of mulching practices used in the Loess Plateau. Differences
in researcher experience and preference, experimental conditions and research methods to ob-
tain similar types of data make it hard to eliminate inconsistencies among qualities of different
types of reported data. This introduced uncertainties into the meta-analysis of wheat yield. In
addition, the study could not exclude that some seasonal variations were caused by slight spa-
tial variations in soil characteristics. The effects of the mulching practices on soil water storage
and crop yield depend on soil type, climate, environmental conditions, fertilization and land
type. The effect size proportions of the different mulching practices on wheat yield vary de-
pending on factors affecting ground cover percentage (e.g. previous crops and crop varieties),
field management (e.g. fertilization strategy and sowing time), climate and soil hydraulic prop-
erties [40]. At the same time, the dynamic yield changes of wheat yield arise from many inter-
acting factors. Although the effect size and CI of the yield change of wheat can be quantified by
meta-analysis to some extent, the underlying sources of meta-analysis uncertainties require in-
depth study in the future.
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Conclusions
Evaluating the feasibility of mulching practices offers a wide range of solutions to guarantee
both food security and system sustainability in the Loess Plateau, which suffers from water
shortages. Using results of past research, the present study concluded the following. (1) The ef-
fects of the mulching practices on wheat yield were ranked in the order of RFM>MTMC>
MOM>WSM> FM. The effects of the different levels of rainfall on wheat yield during the
growing season were ranked in the order of (< 150 mm)> (> 250 mm)> (150–250 mm). The
effects on wheat yield in the different regions were ranked in the order of Henan> Shanxi>
Shaanxi> Gansu. (2) Correlation coefficients between the wheat yields and mulching prac-
tices, rainfall and regions were high and similar. (3) WSM performed better than FM, RFM
and MOM at rainfall of< 150 mm during the growing season; MTMC performed better than
FM, RFM, WSM and MOM at 150–250 mm; and FM performed better than RFM, WSM,
MTMC and MOM at> 250 mm. More field research is needed to develop best performing
mulching practices under different site conditions and so to provide guidelines for farmers to
better arrange field management practices for wheat production.

Supporting Information
S1 Table. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses)
checklist.
(DOC)

S2 Table. Database used in the meta-analysis, which plots the effect of mulching practices
versus conventional tillage on wheat yield in the Loess Plateau, China. FM: flat mulching;
RFM: ridge–furrow mulching; WSM: wheat straw mulching; MTMC: mulching with two mate-
rials combined; MOM: mulching with other materials.
(DOCX)

S3 Table. Full references for the 38 studies included in the meta-analysis.
(DOCX)

Author Contributions
Conceived and designed the experiments: LW JC ZS. Performed the experiments: LW. Ana-
lyzed the data: LW. Contributed reagents/materials/analysis tools: LW JC. Wrote the paper:
LW ZS.

References
1. Shao HB, Chu LY, Jaleel CA, Zhao CX. Water-deficit stress–induced anatomical changes in higher

plants. C R Biol. 2008; 331: 215–225. doi: 10.1016/j.crvi.2008.01.002 PMID: 18280987

2. Fan TL, Stewart BA, PayneWA, Wang Y, Song SY, Luo JJ, et al. Supplemental irrigation and water-
yield relationships for plasticulture crops in the Loess Plateau of China. Agron J. 2005a; 97: 177–188.

3. Huang YL, Chen LD, Fu BJ, Huang ZL, Gong J. The wheat yields and water-use efficiency in the Loess
Plateau: strawmulch and irrigation effects. Agri Water Manage. 2005; 72: 209–222.

4. Fan XL, Zhang FS. Soil water, fertility and sustainable agricultural production in arid and semiarid re-
gions on the Loess Plateau. J Plant Nutr Soil Sci. 2000; 163: 107–113.

5. Fan TL, Wang SY, Tang XM, Luo JJ, Stewart BA, Gao YF. Grain yield and water use in a long-term fer-
tilization trial in Northwest China. Agric. Water Manage. 2005b; 76: 36–52.

6. Shangguan ZP, Shao MA, Lei TW, Fan TL. Runoff water management technologies for dryland agricul-
ture on the Loess Plateau of China. Int J Sustain DevWorld Ecol. 2002; 9: 341–350.

7. Schillinger WF, Schofstoll SE, Alldredge JR. Available water and wheat grain yield relations in a Medi-
terranean climate. Field Crop Res. 2008; 109: 45–49.

Wheat Yield under Mulching Practices on Loess Plateau

PLOS ONE | DOI:10.1371/journal.pone.0127402 May 28, 2015 13 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127402.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127402.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127402.s003
http://dx.doi.org/10.1016/j.crvi.2008.01.002
http://www.ncbi.nlm.nih.gov/pubmed/18280987


8. Huang MB, Shao MA, Zhang L, Li YS. Water use efficiency and sustainability of different long-term crop
rotation systems in the Loess Plateau of China. Soil Till Res. 2003; 72: 95–104.

9. Jiao F, Wen ZM, An SS. Changes in soil properties across a chronosequence of vegetation restoration
on the Loess Plateau of China. Catena. 2011; 86: 110–116.

10. Li FM, Wang J, Xu JZ, Xu HL. Productivity and soil to plastic film mulching durations for spring wheat on
entisols in the semiarid Loess Plateau of China. Soil Till Res. 2004; 78: 9–20.

11. Liang YL, Zhang CE, Guo DW. Mulch types and their benefit in cropland ecosystems on the Loess Pla-
teau in China. J Plant Nutr. 2002; 25: 945–955.

12. Wang HX, Zhang L, DawesWR, Liu CM. Improving water use efficiency of irrigated crops in the North
China plain–measurements and modelling. Agric Water Manage. 2001; 48: 151–167.

13. Baumhardt RL, Jones OR. Residue management and tillage effects on soil-water storage and grain
yield of dryland wheat and sorghum for a clay loam in Texas. Soil Till Res. 2002; 68: 71–82.

14. Li XY. Gravel-sand mulch for soil and water conservation in the semiarid loess region of northwest
China. Catena. 2003; 52: 105–127.

15. Richter GM, Semenov MA. Modelling impacts of climate change on wheat yields in England and
Wales: assessing drought risks. Agric Syst. 2005; 84: 77–97.

16. Hedges V, Olkin I. Statistical Methods for Meta-analysis. New York: Aeademie Press; 1985.

17. Smithers LG, Gibson RA, McPhee A, Makrides M. Effect of long-chain polyunsaturated fatty acid sup-
plementation of preterm infants on disease risk and neurodevelopment: a systematic review of random-
ized controlled trials. Am J Clin Nutr. 2008; 87: 912–920. PMID: 18400714

18. Jin K, Cornelis WM, Schiettecatte W, Lu JJ, Yao YQ, Wu HJ, et al. Effects of different management
practices on the soil–water balance and crop yield for improved dryland farming in the Chinese Loess
Plateau. Soil Till Res. 2007; 96: 131–144.

19. Banerjee MJ, Gerhart VJ, Glenn EP. Native plant regeneration on abandoned desert farmland: effects
of irrigation, soil preparation, and amendments on seedling establishment. Restor Ecol. 2006; 14: 339–
348.

20. Li JM, Liu HX, Duan LS, Eneji AE, Li ZH. Spike differentiation in winter wheat (Triticum aestivum L.)
mulched with plastic films during over-wintering period. J Sustain Agric. 2008; 31: 133–144.

21. Xie ZK, Wang YJ, Wei XH, Zhang ZS. Impacts of a gravel-sand mulch and supplemental drip irrigation
on watermelon (Citrullus lanatus [Thunb.] Mats. & Nakai) root distribution and yield. Soil Till Res. 2006;
89: 35–44.

22. Li FM, Guo AH, HongW. Effects of clear plastic film mulch on yield of spring wheat. Field Crop Res.
1999; 63: 79–86.

23. Jabran K, Ullah E, Hussain M, Farooq M, Zaman U, Yaseen M, et al. Mulching improves water produc-
tivity, yield and quality of fine rice under water-saving rice production systems. J Agro Crop Sci. 2014
Aug 3. doi: 10.1111/jac.12099

24. Sharma SP, Leskovar DI, Crosby KM, Volder A, Ibrahim AMH. Root growth, yield, and fruit quality re-
sponses of reticulatus and inodorusmelons (Cucumis melo L.) to deficit subsurface drip irrigation.
Agric Water Manage. 2014; 136: 75–85.

25. Zhang JJ, Wang Y, Tang XM, Fan TL, Li SZ, Dang Y, et al. The effects of different tillage methods and
fertilizer treatments on yield of winter wheat and soil fertility in the loess plateau of east Gansu. Agric
Res Arid Areas. 2010; 28: 247–254 (in Chinese).

26. Huang GB, Zhang RZ, Li GD, Li LL, Chan KY, Heenan DP, et al. Productivity and sustainability of a
spring wheat–field pea rotation in a semi–arid environment under conventional and conservation tillage
systems. Field Crop Res. 2008; 107: 43–55.

27. Li XY, Gong JD. Effects of different ridge: furrow ratios and supplemental irrigation on crop production
in ridge and furrow rainfall harvesting system with mulches. Agric Water Manage. 2002; 54: 243–254.

28. Zhou LM, Li FM, Jin SL, Song YJ. How two ridges and the furrow mulched with plastic film affect soil
water, soil temperature and yield of maize on the semiarid Loess Plateau of China. Field Crop Res.
2009; 113: 41–47.

29. Li FM, Song QH, Liu HS, Li FR, Liu XL. Effects of pre-plant irrigation and phosphate application on
water use and yield of spring wheat under semi–arid conditions. Agric Water Manage. 2001; 45: 32–
48.

30. Zhu K, Zhang L, Hart W, Liu MC, Chen H. Quality issues in harvested rainwater in arid and semi-arid
Loess Plateau of northern China. J Arid Environ. 2004; 57: 487–505.

31. Gan YT, Siddique KHM, Turner NC, Li XG, Niu JY, Yang C, et al. Ridge–FurrowMulching Systems–an
innovative technique for boosting crop productivity in semiarid rain-fed environments. Adv Agron. 2013;
117: 429–476.

Wheat Yield under Mulching Practices on Loess Plateau

PLOS ONE | DOI:10.1371/journal.pone.0127402 May 28, 2015 14 / 15

http://www.ncbi.nlm.nih.gov/pubmed/18400714
http://dx.doi.org/10.1111/jac.12099


32. Sidhu HS, Manpreet-Singh, Humphreys E, Yadvinder-Singh, Balwinder-Singh, Dhillon SS, et al. The
Happy Seeder enables direct drilling of wheat into rice stubble. Aust J Exp Agric. 2007; 47: 844–854.

33. Rahman MA, Chikushi J, Safizzaman M, Lauren JG. Rice straw mulching and nitrogen response of no-
till wheat following rice in Bangladesh. Field Crop Res. 2005; 91: 71–81.

34. Chen SY, Zhang XY, Sun HY, Ren TS, Wang YM. Effects of winter wheat row spacing on evapotranspi-
ration, grain yield and water use efficiency. Agric Water Manag. 2010; 97: 1126–1132.

35. Gao J, Li S. Cause and mechanism of crop yield reduction under straw mulch in dryland. Trans CSAE.
2005; 21: 15–19 (in Chinese).

36. Makurira H, Savenije HHG, Uhlenbrook S, Rockström J, Senzanje A. The effect of system innovations
on water productivity in subsistence rain-fed agricultural systems in semi-arid Tanzania. Agric Water
Manage. 2011; 98: 1696–1703.

37. Baker JM, Griffis TJ, Ochsner TE. Coupling landscape water storage and supplemental irrigation to in-
crease productivity and improve environmental stewardship in the U.S. Midwest. Water Resour Res.
2012; 48: W05301, doi: 10.1029/2011WR011780 PMID: 24976651

38. Wang TC, Wei L, Wang HZ, Ma SC, Ma BL. Responses of rainwater conservation, precipitation-use ef-
ficiency and grain yield of summer maize to a furrow-planting and straw-mulching system in northern
China. Field Crop Res. 2011; 124: 223–230.

39. He J, Li HW,Wang XY, McHugh AD, Li WY, Gao HW, et al. The adoption of annual subsoiling as con-
servation tillage in dryland maize and wheat cultivation in northern China. Soil Till Res. 2007; 94: 493–
502.

40. Zhang HP, Oweis TY, Garabet S, Pala M. Water–use efficiency and transpiration efficiency of wheat
under rain-fed conditions and supplemental irrigation in a Mediterranean-type environment. Plant Soil.
1998; 201: 295–305.

Wheat Yield under Mulching Practices on Loess Plateau

PLOS ONE | DOI:10.1371/journal.pone.0127402 May 28, 2015 15 / 15

http://dx.doi.org/10.1029/2011WR011780
http://www.ncbi.nlm.nih.gov/pubmed/24976651

