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Inclusion of cover crops (CCs) in cropping systems can improve soil quality, reduce agricultural inputs, and
improve environmental sustainability. While CCs have been widely promoted in China in recent years, a
quantitative assessment of CC effect on crop yield across China is lacking. There is also no overarching analysis
on factors explaining variation in yield effects. Here, we carried out a meta-analysis to evaluate the effects of CCs
on subsequent primary crop yield in China, based on 53 published studies reporting 442 yield ratios with and
without CCs. We found that CCs increased subsequent primary crop yields by 9.7 % on average when compared
with fallow across China. The effects of CC varied with different factors related to climatic zone, field man
agement and soil properties. CC type (legume or not), CC season (growing in winter or summer) and nitrogen
input were factors substantially influencing primary crop yield. We identified high yield benefits in subtropical
rice systems with winter CCs (12.9 ± 3.9 %) but no significant yield benefits in temperate wheat systems with
summer CCs (1.9 ± 6.6 %). Within subtropical rice systems, both legume and non-legume CCs were tested
widely, and the effects of legume CCs (14.6 ± 4.0 %) on primary crop yield were greater than those of nonlegume CCs (7.9 ± 3.7 %). The yield benefits of CCs decreased with increasing fertilizer inputs. These results
may be used for developing policy recommendations to improve primary crop yield by integrating targeted CCs
associated with nitrogen management into cropping systems in China.

1. Introduction
Modern agriculture highly relies on the use of chemical fertilizers
and pesticides that ensure high crop productivity (Bennett et al., 2012;
Zhao et al., 2020). This production model, however, led to serious
environmental problems, including soil acidification (Guo et al., 2010),
ground water pollution (Alexander et al., 2008; Blesh and Drinkwater,
2013), air pollution (Liu et al., 2013) and biodiversity loss (Tilman et al.,
2002). Designing and testing of new and alternative agronomic solutions
to the conventional ones have thus become an urgent need to improve
the sustainability of the current cropping systems while maintaining or
increasing the agricultural productivity.
Cover crops (CCs) are generally grown during the fallow period be
tween the harvest of the previous and sowing of the subsequent primary
crops. CCs serve many purposes, e.g. preventing N leaching, building

soil organic matter, N fixation from the atmosphere, soil health
improvement, and weed control. CC has been recommended as a po
tential solution to replace external inputs and mitigate negative envi
ronmental impacts of agriculture (Kaye and Quemada, 2017; Bergtold
et al., 2019).
In Europe and North America, much research has been done on the
use of CCs to alleviate environmental impacts of agriculture (Poeplau
and Don, 2015). Repullo-Ruibérriz de Torres et al. (2018) reported that
CCs are a useful agro-ecological tool that can protect the soil from
erosion. Quemada et al. (2013) and Thapa et al. (2018) stated that
replacing a fallow with CCs could reduce N leaching by 50 %. Jian et al.
(2020a) reported that worldwide use of CCs could increase global soil
organic carbon by 15.5 %. Vogelweith and Thiéry (2017) found that
agricultural rotations with CCs could enhance natural enemy pop
ulations and reduce pest arthropods in vineyards. Larkin et al. (2010)
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showed that the addition of CCs had significant effects on soil microbial
characteristics that can provide improved control of soil-borne diseases.
Finally, Toler et al. (2019) found that CCs can suppress weeds and pests
in cotton.
Ensuring food security by pursuing high crop production has always
been the primary goal of agricultural development in China, because of
high Chinese population density and the small arable land area per
capita (MARA, 2015). The main purpose of Chinese farmers growing CCs
is therefore to improve the main crop yield. New farming agricultural
technologies, such as the use of synthetic fertilizers, breeding, and farm
machinery, have contributed to the large increase in crop yield observed
in China since the 1980s (Edgerton, 2009). However, increasing exog
enous fertilizers to achieve higher crop production is no longer a viable
option in China. Indiscriminate use of synthetic fertilizers, especially
nitrogen, has been regarded as the major contributor to agricultural
pollution in China (Gong et al., 2011), that resulted in environmental
concerns, such as soil acidification (Guo et al., 2010), ground water
(Alexander et al., 2008; Blesh and Drinkwater, 2013) and air pollution
(Liu et al., 2013).
In 2015, the Chinese central government imposed the “Zero-Growth
Action on fertilizer” for reducing systematic overuse of fertilizers
(MARA, 2015). To ensure an effective supply of agricultural products
and promote sustainable agricultural development, the application of
organic fertilizers and green manures (i.e. CCs), has been considered as
an efficient farming technique to replace synthetic fertilizers while
improving the soil quality. To test the potential of CCs, China has
established the Green Manure National Experiment Network since the
1970s (Cao et al., 2017). Recently, many scientific projects have been
funded to conduct CCs studies, and the Chinese central government
launched the Green Manure Planting Program (GMPP) to reduce soil
degradation and stabilize food production by taking advantage of
eco-functions of green manure crops. So far, the number of farmers
adopting the GMPP has increased over the years leading to a continuous
expansion of the GMPP area (Li et al., 2020b). The adoption of CCs has
been considered as one of the most effective agricultural diversification
practices to promote Chinese sustainable agricultural development (Li
et al., 2020b).
It is not well known how CCs influence the primary crop yield in
China. Most Chinese studies report that CCs had positive effect on pri
mary crop yield in the arable land, however, no quantitative synthesis
analysis of this information has been reported. Meta-analysis is the
quantitative and scientific synthesis that combines the results of multi
ple studies on a common subject to draw general conclusions (Makowski
et al., 2019). Several meta-analyses have been conducted to analyse the
potential of CCs to change the yield of subsequent cash crops under
different conditions. By compiling data from 269 studies globally, Jian
et al. (2020b) reported 4% increases in crop yield by applying CCs.
However, Abdalla et al. (2019) demonstrated that CCs induced a 4%
reduction in grain yield of the subsequent crop based on an analysis of
106 studies at a global scale. Osipitan et al. (2018) found that the use of
CCs for early season weed suppression did not affect main crop grain
yield when compared with fallow, based on 46 relevant studies across
the globe. Marcillo and Miguez (2017) stated that in the United States
and Canada, the effects of CCs on subsequent maize yield varied ac
cording to farming practices and soil properties. It is becoming imper
ative to make a quantitative synthesis of the available information from
China to allow policy-makers and other stake-holders to develop future
guidance for agricultural policies and crop system management.
Therefore, the overall objective of this study was to use meta-analysis to
quantitatively synthesize the effects of CCs on subsequent crop yield in
China. More specific objectives of this study were to (1) estimate crop
yields comparing systems with and without CCs; (2) analyse the relative
important variables contributing to the effects of CCs on crop yield.

2. Materials and methods
2.1. Data collection
Data used in this study were extracted from peer-reviewed papers
that were identified using searches on the Web of Science (http://apps.
webofknowledge.com/) and the China National Knowledge Infrastruc
ture (CNKI, http://www.cnki.net/). The searches were last updated on
June 30, 2020. We used the terms ‘cover crop’, or ‘catch crop’, or ‘green
manure’ and ‘China’ in the topic field in both databases to identify
potentially relevant publications. The identified publications were
screened for relevance. Detailed searching and screening procedures are
presented in Fig. S1 using the PRISMA flow diagram. Following these
criteria, the final dataset included 442 observations.
Data were directly extracted from tables and figures using the soft
ware GetData Graph Digitizer (version 2.22) (http://getdata-graph-digit
izer.com/). For each study and experiment (unique combinations of site
and year), the geographic locations, initial soil properties, and primary
crop fertilizers (N, P and K) application rates were collected from the
articles. For each treatment, the pairwise yield of the primary crops with
and without CC was recorded. For the CC treatment, the CC type
(Legume/non-legume) and CC season (growing in winter or summer CC)
were also recorded into the database (Table 1).
2.2. Variables and groupings
2.2.1. Response variable
Response ratio (RR) was used to assess the effect of CCs on primary
crop yield in comparison with fallow. The natural logarithm (LnR) of the
response ratio was used as response metric (effect size of this metaTable 1
Variables extracted from publications.
Variable

Definition

Data type/
Unit

Title
Authors
Journal name
Year of publication
Latitude

Title of publication
Authors of publication
The name of the journal
The publication year
Latitude of the experimental site

longitude

Longitude of the experimental site

MAP

Mean annual precipitation at the
experimental site
Mean annual temperature at the
experimental site
Initial soil pH of the experimental sites
Amount of N fertilizer applied to primary
crops per unit area of the whole field
Amount of P fertilizer applied to primary
crops per unit area of the whole field
Amount of K fertilizer applied to primary
crops per unit area of the whole field
Climatic zone of the experimental site
(subtropical or temperate)
Primary crops species (including Rice:
first season rice, Rice*: second season
rice, maize, wheat and others)
Whether the cover crop (CC) species is
legume or non-legume
Whether the CC is grown in winter
(winter CCs: planted in October and
terminated in March) or summer
(summer CCs: planted in June, July or
August and harvest before October)
(Winter, Summer) × (Legume, Nonlegume): Winter legume, Winter nonlegume, Summer legume (Fig.1)
Yield of primary crops with or without
CC

Text
Text
Text
Text
Decimal
degree
Decimal
degree
mm/year

MAT
Soil pH
N input
P input
K input
Climatic zone
Primary crop species
CC type
CC season

Combinations of CC
type and CC season
Yield

2

℃
None
kg/ha
kg/ha
kg/ha
Categorical
Categorical
Categorical
Categorical

Categorical
t/ha
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analysis):

(Table 2).
(1)

LnR = ln (YieldC/YieldF)

2.3. Statistical analysis

Where YieldC and YieldF represent the arithmetic mean value of the
primary crop yield in the CC treatment and control (fallow) treatments,
respectively. LnR is commonly used in meta-analysis to correct the dif
ferences in scale and size of response variables between studies (Hedges
et al., 1999; Koricheva et al., 2013) and is considered a robust metric for
making statistical comparisons (Seufert et al., 2012). The overall mean
effect size LnR and its 95 % confidence interval was estimated while
accounting for random study effects using mixed effects models
(Makowski et al., 2019), as explained below (Table 2). The mean effect
size was exponentially transformed back to a percentage yield change,
calculated as [exp(LnR)-1] X 100 %.

All analyses were conducted in the R statistical software version
4.0.2 (R Core Team, 2020). Linear regression with mixed-effects model
(function lme in nlme package; Pinheiro et al. (2009)) was used to es
timate the effect size and the 95 % confidence interval (CI) (Table 2). If
the 95 % CI of LnR did not include zero, CCs treatments were considered
to represent a significant increase (> 0) or decrease (< 0) when
compared with the control (P < 0.05). Publications and experiments
within publication were treated as random effects to account for dif
ferences between the publications and between experiments (sites ×
years) (Makowski et al., 2019). The R functions AIC() (Calculating
Akaike’s information criterion) and anova() (Analysis of Variance) were
used to identify the best random effects structure and model selection.
Significance of differences between levels of categorical explanatory
variables were assessed using ANOVA. Because only 49 standard de
viations or standard errors were recorded out of a total of 442 obser
vations, an unweighted analysis of effect size was conducted.
Unweighted analyses can provide a valid and unbiased evaluation
(McDaniel et al., 2014) and have been commonly used in agriculture and
ecology (Yu et al., 2015; Wang et al., 2017; Martin-Guay et al., 2018; Li
et al., 2020a). A funnel plot relating effect sizes to sample sizes was used
to determine whether there was evidence of publication bias (Philibert
et al., 2012). Study size was defined as the total number of replicates
over all the records per study (Yu et al., 2015). The best models in this
study are presented in Table 2. Most analyses included one or two
explanatory variables. All cases reporting the variables required for
analyzing a specific factor or interaction were included in the analysis.
Therefore, analyses for different factors are based on potentially
different subsets of the data (Table 2).
We conducted a principal component analysis (PCA) and correlation
analysis to assess collinearity between predictors (Climatic zone, CC
type, CC season, Soil pH, Crop species, N, P and K inputs). The PCA
analysis could only be done for complete cases, and the subset for PCA
included 319 observation records from 30 studies. PCA was performed
using the “vegan” package (Oksanen et al., 2019) in R. The correlation
between LnR and above variables was conducted using the “corrplot”
package (Wei and Simko, 2017).
To assess the relative weight of predictors, we conducted multiple
linear regression with mixed models, followed by model averaging using
the R package “MuMin” (Barton, 2009). “MuMin” creates a set of models

2.2.2. Explanatory variables
The effects of CCs on the primary crop yield are likely to vary in
response to climate, soil properties, crop species, and management
(Sileshi et al., 2008; Alvarez et al., 2017; Marcillo and Miguez, 2017;
Toler et al., 2019). These factors were considered as explanatory vari
ables to explain variation in lnR. Several categorical moderator variables
were defined (Table 1). The climatic zone of each site was classified as
subtropical or temperate zone, based on Li (1999). Primary annual field
crop species were classified in five categories, viz. Rice: first season rice
(where rice was planted following CC, growth period normally from
March to late June, could be early rice and middle rice), Rice*: second
season rice (where rice was planted after harvesting first season rice,
growth period from June to October, only for late rice), wheat, maize,
and others (including cotton, melon and tobacco). Rice was planted only
once in a year (one season rice) across some areas while the crop was
planted twice per year across other areas (two season rice). In the latter
case, the yields of both first and second season rice were recorded. We
distinguished first season and second season rice to identify the time
effectiveness of CCs. CC type was categorized as legume CCs and
non-legume CCs, while CC season was classified as winter CC and
summer CC. Winter CCs were normally planted in October and termi
nated in March, whereas summer CCs were normally planted in late
June, July or August and terminated in late September or October.
Furthermore, CC type combined with CC season were defined as three
main groups: winter legume, winter non-legume and summer legume
based on the data structure (Figs. 1 and S2 only 3 observations of
summer non-legume). Mean effect sizes for the above categories were
estimated using mixed effects models with categorical co-variables

Table 2
List of mixed effects models fitted to the data. The indices i, j and k represent study ID, experiment ID and treatment ID, respectively. In all mixed effects models (models
1–9), ai is a random publication effect. bij is a random experiment effect nested within the study. ai and bij are assumed normally distributed with constant variances. εijk
is a residual random error assumed normally distributed with constant variance. The variance terms ai, bij and εijk are all assumed independent.
Model
1
2

Explanatory variables

Equations

Data

LnRijk=β0+ai+bij+εijk
LnRijk=β0+β1*pHijk+β2*ClimaticZoneijk+β3*CCtypeijk
+β4*CCseasonijk+β5*Nijk+β6*Pijk+β7*Kijk+β8*Crop-speciesijk+ai+bij+εijk

All data
Only for records with full information (no missing
data) on soil pH, Climatic zone, CC types, CC season,
N input, P input, K input and Crop species
Only for legume CCs grown in winter
Only for non-legume CCs grown in winter
Only for legume CCs grown in summer
Records with information on N concerning legume
CC grown in winter, non-legume CCs grown in
winter, and legume CC grown in summer
Records with information on P concerning legume
CCs grown in winter, non-legume CCs grown in
winter, and legume CCs grown in summer
Records with information on K concerning legume
CCs grown in winter, non-legume CCs grown in
winter, and legume CCs grown in summer
Only for legume CCs grown in winter, non-legume
CCs grown in winter, and legume CCs grown in
summer

3
4
5
6

pH, CC type, CC Season, Climatic
zone, N inputs, P inputs, K inputs,
Crop species
Crop-species, winter legume
Crop-species, winter non-legume
Crop-species, Summer legume
N input, Combinations

7

P input, Combinations

LnRijk=βP+β1*Pijk+β2*Combinationsijk+ai+bij+εijk

8

K input, Combinations

LnRijk=βK+β1*Kijk+β2*Combinationsijk+ai+bij+εijk

9

Combination

LnRijk=βA+β1*Combinationijk+ai+bij+εijk

LnRijk=βwinter-legume(Crop-speciesijk)+ai+bij+εijk
LnRijk=βwinter-nonlegume(Crop-speciesijk)+ai+bij+εijk
LnRijk=βSummer-legume(Crop-speciesijk)+ai+bij+εijk
LnRijk=βN+β1*Nijk+β2* Combinationsijk+ai+bij+εijk
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Fig. 1. Structure of the data base used in this study. Of a total
of 442 records, 306 represent studies with legume cover crops
(CCs) and 136 represent studies with non-legume CCs. Legume
CCs were grown both during the winter season (223 records) or
the summer season (83 records). For non-legume CCs, almost
all records were grown in winter. There were not enough re
cords to analyze performance of non-legume CCs grown in
summer. Winter CCs were mostly grown preceding rice, but
also maize and other species. Summer CCs were predominantly
grown preceding wheat, with insufficient data for other crop
species to allow analysis. See also Fig. S2.

with all possible combinations of the explanatory variables. The func
tions dredge() and model.avg() (R package MuMIn; Barton, 2009) were
used to rank the resulting set of models according to BIC and calculate
overall average predictions based on BIC weights. The set of top models
was delineated with a total model weight of 0.95 (Grueber et al., 2011).
R packages plotrix, graphics (Lemon, 2016; R Core Team, 2020) were
used for data visualization.

was 0.092, which means that CCs significantly (p < 0.001) increased the
primary crop yield by 9.7 ± 3.7 % across the entire country (n = 442).
3.2. Importance of the explanatory variables
Climate zone, soil pH, CC type, CC season, crop species and fertilizers
(N, P and K) inputs might affect the effects of CCs on primary crop yield.
A multi-variable analysis and model selection with all possible combi
nations of the above variables were conducted to evaluate the relative
importance of explanatory variables. CC type (legume or non-legume)
was consistently included in all models, such that the total weight of
CC type reached the theoretical maximum value of 1.00. The second
most important variable was the CC season (winter or summer) with a
total weight of 0.67. Likewise, the third most important variable was N
input with a weight of 0.16 (Fig. 4). Calculations were repeated using
AIC weights, with similar results (Fig. S5). The top models from model
comparison based on BIC and AIC are presented in Tables S1 and S2.

3. Results
3.1. Overview of study
The frequency distributions of LnR based on data from the” Web of
Science” and from “CNKI” were similar (Fig. S3). The KolmogorovSmirnov identified no significant difference between the two cumula
tive probability distributions of the data based on the two databases
(D = 0.0841, P = 0.5769). Therefore, the two databases were com
bined. The final dataset included data from a total of 53 publications: 16
from the web of Science and 37 from the CNKI. In total, 442 comparisons
(response ratios) were extracted from 173 experiments (sites × years)
across China. The results of the funnel plot for LnR showed no publi
cation bias (Fig. S4).
Most studies were conducted in the subtropical zone of China (34
publications and 129 experiments) while only 19 publications and 44
experiments were originated from the temperate zone of the country
(Fig. 2). Both winter legume and non-legume CCs were widely planted in
subtropical zone of China (Southern China; Figs. 1 and 2). In temperate
zone of China (Northern China), predominantly summer legume CCs
were planted due to the continental climate with very cold and dry
winter which is less suitable for growing winter CCs. Only a few of
winter CCs were observed in Northern China Plain before planting
spring maize, cotton and Tobacco (Fig. S2).
About 368 out of 442 values of the lnR (83 %) were higher than zero
(Fig. 3) while the median, the first and the third quartile of effect size
were 0.042, 0.104, and 0.174, respectively, corresponding to yield in
creases due to CCs of 4.3, 11.0 and 19.0 %. On average, the primary crop
yield increased when replacing a fallow period by CCs. The average LnR

3.3. Relationships between variables
The PCA and correlation matrix showed that explanatory variables
were not dependent (Figs. 5 and S6). The PCA showed that climatic zone
(temperate and subtropical zone), CC season, soil pH, crop species and
LnR were correlated (Fig. 5). The correlation matrix also showed that
climatic zone was highly correlated with CC season, soil pH, and LnR (R
= -0.90, 0.76, and -0.49, respectively Fig. S6). The relative importance
analysis highlighted that CC type and CC season are the two major
factors influencing the effects of CCs on crop yield. Here we chose CC
season as a predictor to represent other confounded explanatory factors,
including climatic zone, soil pH, and crop species). We combined the
two factors CC type and CC season and defined three groups (winter
legume, winter non-legume and summer legume) while analyzing the
crop yield response to those CC sub-groups (Table1, Fig. S2). A fourth
group (summer non-legume) had too few observation records (three) to
be included in analysis.

4
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Fig. 2. Overview of cover crop experimental sites considered in the meta-analysis. Red and blue colors represent temperate and subtropical zone while triangles and
circles represent cover cropping in summer and winter, respectively. (For interpretation of the references to colour in the Figure, the reader is referred to the web
version of this article).

3.4. Effect of CC sub-groups on main crop yield

effect of winter legume CCs on crop yield was consistently larger than
that of winter non-legume CCs and summer legume CCs (Fig. 8a). The
effect of CCs on primary crop yield decreased when N fertilizer increased
from 0 kg/ha to 100 N kg/ha: from 23.0–18.5% with winter legume
CCs, from 14.0–9.6% with winter non-legume CCs, and from 8.6 to 4.6
% with summer legume CCs (Fig. 8a).

The frequencies of LnR showed differences between CC sub-groups
(Fig. 6). The LnR were 97 % (211 out of 218 records) positive in the
winter legume sub-group (Fig. 6a), 87 % (116 out of 133 records) pos
itive in the winter non-legume sub-group (Fig. 6b) and 52 % (out 43 of
83 records) positive in the summer legume sub-group (Fig. 6c). The yield
benefit of different crop species varied (Fig. 7). Almost all the crop
species exhibited significant yield benefit after planting the winter CC
(Fig. S7). The yields of rice, rice*, maize and other crops increased by
16.0 ± 3.0 %, 19.9 ± 3.8 %, 27.2 ± 9.9 % and 7.9 ± 6.3 %, respectively
following winter legume CCs (Fig. 7a). Likewise, the yield of rice, rice*
and other crops increased by 10.6 ± 3.8 %, 17.1 ± 4.2 % and 9.7 ± 5.7
%, respectively after winter non-legume CCs (Fig. 7b). In contrast,
summer legume CCs did not increase any of the main crop yield (Fig. 7c).

4. Discussion
4.1. Influence of different variables
Our study confirms that benefits of CCs on primary crop yield varied
from one region to another (Figs. 5 and S7). Shackelford et al. (2017)
and Alvarez et al. (2017) reported that CCs had, on average, no signif
icant effect on grain yield in California and the Mediterranean and in
South America, respectively. However, in the Nordic countries, the
negative effects of CCs on grain yield were reported (Valkama et al.,
2015). Our study, for the first time, shows that CCs significantly increase
crop yield by ca. 10 % across the entire China. This increase in crop yield
is higher than that reported from other regional (Alvarez et al., 2017;
Shackelford et al., 2019) or global scale (Osipitan et al., 2018; Abdalla
et al., 2019; Jian et al., 2020b). Indeed, several studies reported neutral
or negative effects of CCs on crop yield (Valkama et al., 2015; Abdalla

3.5. Effects of fertilizers applications
The yield benefits due to CCs decreased significantly with higher N
input, but not with higher P and K fertilizer inputs (Fig. 8a, p < 0.001,
Fig. 8b, p = 0.221, Fig. 8c, p = 0.065). The same trends of N input were
found under different CC sub-groups (winter legume, winter nonlegume, and summer legume Fig. 8a, slope = 0.00307). However, the
5
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Fig. 3. Frequency distribution of the log response ratio of crop yield with and without preceding cover crop (LnR). Red vertical lines indicate the first quartile (Q1),
median and the third (Q3) quartile of LnR. Blue vertical line indicates average LnR. (For interpretation of the references to colour in the Figure, the reader is referred
to the web version of this article).

Fig. 4. Relative importance of predictors on the effects of cover crops on primary crop yield in China. The relative importance of variables is estimated as the total
model weight of sub-models in which the variable was selected. The importance value is based on the sum of BIC weights derived from model selection using the
corrected Bayesian information criterion.

et al., 2019; Shackelford et al., 2019; Jian et al., 2020b). The difference
between our and previous findings could be related to the different
purposes of growing CCs. In China, maintaining or even improving crop
production has always been considered as the primary objective of

planting CCs to feed the large population with relatively limited arable
land. In contrast, enhanced provision of other ecosystem services than
that of crop yield has been the key objective of CC-based cropping sys
tems in Europe and North America (Quemada et al., 2013; Basche et al.,
6
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Fig. 5. Principal component analysis of the key
explanatory variables and response variable
(LnR) based on 319 complete cases originating
from 30 studies. The red and black circles
represent legume cover crops (CCs) grown in
summer and winter, respectively while the
black triangles indicate non-legume CCs grown
in winter. The black and colored arrows repre
sent continuous and categorical variables,
respectively. Rice represents first season rice
while Rice* indicates second season rice. (For
interpretation of the references to colour in the
Figure, the reader is referred to the web version
of this article).

Fig. 6. Frequency distribution of response variable (LnR) of three different cover crops (CCs) sub-groups (a: legume CCs grown in winter; b: non-legume CCs grown
in winter; c: legume CCs grown in summer). Red vertical lines in each panel indicate the median LnR. The dashed line represents an LnR of zero, i.e. no yield
difference with or without CCs. (For interpretation of the references to colour in the Figure, the reader is referred to the web version of this article).
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Fig. 7. Different primary crop responses to cover crops (CCs) compared with fallow under three different CC sub-groups (a: legume CCs grown in winter; b: nonlegume CCs grown in winter; c: legume CCs grown in summer). Points show the means within each category. Horizontal bars represent 95 % confidence in
tervals. The number of observations and numbers of studies (in parentheses) are listed for each category. Error bars that do not overlap 0 indicate significant yield
increase due to cover cropping at p < 0.05.

Fig. 8. Relationship between LnR and N input rate (a), P input rate (b) and K input rate (c) under three different cover crop (CC) sub-groups (a: legume CCs grown in
winter; b: non-legume CCs grown in winter; c: legume CCs grown in summer), P-value is related to the slopes of the regression.

2014; Wortman, 2016; Mahal et al., 2018; Shackelford et al., 2019).
Our study identified CC type, CC season and N input as the most
important variables affecting subsequent crop yields (Fig. 4). Legume
CCs as a pre-crop increased first season rice yield by 16.0 ± 3.0 % while
non-legume CCs increased first season rice yield by 10.6 ± 3.8 % (Fig. 7a
and b). The greater effect of legume CCs may be due to an increased N
input provided in the cropping system via biological N-fixation and Nrich residues (Thorup-Kristensen et al., 2003; Gao et al., 2018). This
finding is consistent with earlier studies. Quemada et al. (2013); Thapa
et al. (2018), and Shackelford et al. (2019) reported that primary crop
yield in agro-systems with legume CCs was significantly greater than
primary crop yield in systems with non-legume CCs, globally. According
to the literature, primary crop yield was always increased with legume
CCs (Quemada et al., 2013; Valkama et al., 2015; Marcillo and Miguez,
2017; Shackelford et al., 2019), but not always with non-legume CCs.
Quemada et al. (2013); Marcillo and Miguez (2017); Tonitto et al.
(2006), and Alvarez et al. (2017) reported a neutral effect of non-legume
CCs on primary crops yields, while Valkama et al. (2015) and Shack
elford et al. (2019) demonstrated significant negative effect of these CCs
on subsequent crop yield. Our meta-analysis found the positive effects of
legume CCs and non-legume CCs on primary crop yield in subtropical
zone, but neutral effects in temperate zone (Fig. 7). The differences
between our study and previous studies might be due to climatic and
environmental conditions. Non-legume CCs require higher soil moisture

and nutrients than legumes, which results in relatively lower soil
moisture and nutrients for succeeding crops leading to negative effects
on primary crop yield in drier areas (Dabney et al., 2001; Alvarez et al.,
2017). Here we showed that non-legume CCs were mainly planted in
subtropical zone of China, where a high MAT and MAP would not
restrict rice growth, due to sufficient water and heat resources (Cherr
et al., 2006). Our study also found that effect of both legume and
non-legume CCs on yield of the second season rice (19.9 ± 3.8 %,
17.1 ± 4.2 %, respectively) were higher than that of the first season rice
(16.0 ± 3.0 %, 10.6 ± 3.8 %, respectively) (Fig. 7a and b). This may
especially occur as most of the nutrients from CC were organically
bounded and that the CC decomposition rate of the first season rice was
slower than that of the second season rice, due to higher MAP and MAT
in the latter rice growth period (Yao et al., 2017; Raheem et al., 2019).
The CC season was another important variable influencing primary
crop yield (Fig. 5). In this study, two important different CC-based
cropping systems have been identified in China and they are associ
ated with two types of environmental conditions (Fig. 5). The first
regards the rice system associated with winter CCs, mainly distributed in
the subtropical zones of China, with high MAT, MAP and low soil pH
(Fig. S8). The effects of winter CCs on yield of first and second season
rice were positive (Fig. 5). The second concerns the wheat-based system
with summer CCs, distributed in temperate zones of China, with rela
tively low MAT, MAP but high soil pH (Fig. S8). No significant benefit of
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growing CCs was found in this system (Fig. 5). Winter CCs planted in
subtropical zones with higher values of MAP and MAT would not restrict
rice growth due to sufficient water and heat resources (Cherr et al.,
2006). Furthermore, higher values of MAT in the subtropical zone may
improve soil microbial activity with higher rates of CC residue decom
position and nutrient turn over, which finally improve soil nutrient
availability for the following primary crop growth (Varela et al., 2014;
Hallama et al., 2018). Besides, winter CCs could improve the content of
water-stable aggregates in the plow layer soil, which would have a
positive effect on the subsequent crop yield (Basche and DeLonge, 2017;
Jian et al., 2020b). However, summer CCs were only planted in
temperate region with lower values of MAP and MAT in China, whereby
summer CCs would have consumed water. This results in a more con
strained water resource for the subsequent wheat growth, and conse
quently, decreased wheat yield by lower number of wheat tillers
compared with fallow (Dabin et al., 2015). Furthermore, lower MAT
values in temperate zone of China may limit mineralization of CC resi
dues without any yield benefits of the subsequent crop (Schroth et al.,
2001).
Overall, we found that N input was negatively related to the positive
yield effect of cover cropping on the subsequent crop (Fig. 8a) as shown
previously (Valkama et al., 2015; Marcillo and Miguez, 2017). The yield
gap between growing CC (winter legume CC, winter non-legumes CC,
and summer legume CC) and control is more pronounced at lower N
rates and narrows with increasing N input. This could be explained by a
relatively higher mineralization of CCs residues at lower fertilizer
application rates compared with that occurring at higher fertilizer
application rates. With more N input, crop uptakes fertilizer N as a
priority. However, with lower N input, N capture in winter and miner
alization during summer is more important for crop performance.
Our study showed that legume CCs field experiments have been
widely tested in the subtropical and temperate zone of China and that
the observations of legume CC account for ca. 70 % of the total obser
vations (i.e. 442) in China. This proportion is significantly higher than
that reported from other countries or regions of the world (Valkama
et al., 2015; Abdalla et al., 2019; Shackelford et al., 2019; Jian et al.,
2020a). This can also explain that the overall potential of CCs on crop
yield in China is higher than that reported from other regional or global
scale.

(conventional or conservation tillage) (Pittelkow et al., 2015a, b;
Behnke et al., 2020), and single or mixture CC species (Shackelford
et al., 2019). Future studies should fill this knowledge gap.
Our study showed that some of the factors among the investigated
predictor variables do not influence the effect size independently. CC
growing season, climate zone, soil pH and crop species were correlated
variables and their effects are not easily separated. Simple statistical
methods (e.g. meta-regression analysis) could not identify the relation
ships between those variables. Multiple methods (including PCA, rela
tive importance, and correlation analysis) are useful tools to analyse the
confounded effects and make the meta-regression analysis more robust.
Combining meta-regression and other statistical methods is, therefore,
highly recommended for future meta-analysis studies.
5. Conclusions
This study represents a first attempt to quantify the effects of CCs on
crop yield in China. We showed that there is a great crop yield increase
(Ca. 10 %) potential of growing CCs in the country compared with fallow
with an important contribution to food security.
Long-term over use of chemical fertilizers has accelerated the soil
acidification in China (Guo et al., 2010; Zeng et al., 2017). Ca. 37 % of
paddy soil has been degraded to some extent in the last decade (NSB).
With the strict regulation governing “Zero-Growth Action on systematic
fertilizer” in China, the ability of CC to supply N and increase main crop
yield might become more attractive to farmers in the coming years. Our
study shows that CCs might be a useful option to replace or minimize the
use of chemical fertilizers in the paddy soil, and, at the same time,
protect the environment. Policy makers are thus encouraged to extend
the GMPP policy to the subtropical zone, characterized by paddy fields.
Introducing winter legume CCs in subtropical zone is highly recom
mendable for farmers to increase rice yield. However, due to no signif
icant beneficial effect on yield, summer CC introduction is not advisable
for wheat-based cropping system in the temperate zone due to the lower
rainfall and the possibility of competition for scarce water resources
between cover crops and main crops.
Declaration of Competing Interest

4.2. Limitations and perspectives

This material has not been published elsewhere and has not been
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Research.

This study only focused on the effect of CCs on crop yield, which was
the main purpose of planting CCs in China. However, crop yield is one
out of multiple ecosystems services provided by CCs (Schipanski et al.,
2014). How CCs affect the nutrients enrichment (especially N leaching)
and other ecosystem services are still unknown in China. Previous
studies reported the need to find a trade-off between crop yield and
other ecosystem services provided by CCs (Abdalla et al., 2019; Shack
elford et al., 2019). However, whether these trade-offs exist in China or
not are still unknown. Further analysis of including multiple ecosystem
services provided by CCs is needed to shed light in this regard.
Our study showed an average primary crop yield increase associated
with CCs in China. This means that farmer can increase their gross in
come by introducing CCs into their cropping systems. However, whether
there is a higher benefit-cost ratio due to CC is still unknown as only a
few studies conducted to date reported the cost of growing CC in China.
The economic value of ecosystem services provided by CC should be an
important future research topic that will facilitate the decision-making
process aimed at sustainable agroecosystem management.
While a range of variables affecting the potential of CC on primary
crop yield have been identified in this study, additional factors related to
CCs might also affect primary crop yield, which were not considered
here due to the limited data availability. These factors may include soil
structure (Valkama et al., 2015; Toler et al., 2019), CC termination time
(Marcillo and Miguez, 2017), the type of seedbed preparation
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