agronomy

Article

Green Manure Mediated Improvement in Saline Soils in China:
A Meta-Analysis

Yinjuan Li "**, Weiliang Zhao !, Haojie Zhu ! and Xuxia Jia !

check for
updates

Citation: Li, Y.; Zhao, W.; Zhu, H.; Jia,
X. Green Manure Mediated
Improvement in Saline Soils in China:
A Meta-Analysis. Agronomy 2024, 14,
2068. https://doi.org/10.3390/
agronomy14092068

Academic Editor: Claudio Ciavatta

Received: 19 August 2024
Revised: 5 September 2024
Accepted: 9 September 2024
Published: 10 September 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

College of Hydraulic Science and Engineering, Yangzhou University, Yangzhou 225009, China
Modern Rural Water Resources Research Institute, Yangzhou University, Yangzhou 225009, China
*  Correspondence: lyj00820@126.com

2

Abstract: The application of green manure is a traditional and valuable practice to improve the fertility
of saline soil. However, the impact of environmental factors, green manure types and returning
methods on the changes in soil fertility and soil salinity remain poorly quantified at a large scale.
In the present study, we conducted a meta-analysis to generate a comprehensive evaluation of the
effects of green manure on soil organic carbon (SOC), soil salt content, and soil nutrients compared to
bare soil in China. The results showed that compared with bare soil, green manure planting could
significantly increase the SOC content of saline soil, reduce salt content, and improve the soil total
nitrogen (N), soil available phosphorus (P) and soil available potassium (K) contents. On average,
green manure significantly enhanced SOC by 34.82% (percentage change), soil total N by 32.23%,
soil available P by 34.34% and soil available K by 17.43%, while reducing soil salt content by 47.75%,
compared to bare soil. In areas with a mean annual temperature (MAT) of <10 °C or a mean annual
precipitation (MAP) of 200-400 mm, green manure had the largest increase in SOC, soil total N, soil
available P, and soil available K. The smallest increases were observed in areas with an MAT above
15 °C and MAP greater than 800 mm. Green manure types influenced the improvement effect of
green manure on saline soil. Green manure mixtures were more conducive to increases in SOC, while
the increases in soil total N resulting from mixed green manure were lower in comparison to those
from both legumes and non-legumes. In addition, the initial salt content, experimental years, and
returning method influenced the improvement effect of green manure on saline soil. Therefore, this
meta-analysis identified green manure as a promising practice for significantly improved saline soil
in China.
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1. Introduction

Soil salinity is a major problem restricting the sustainable development of agriculture
in China [1]. In areas with arid climates, high groundwater levels and poor drainage,
there is a high amount of evaporation near the surface and a strong vertical movement
of capillary water in the soil, which carries the salt from the deep soil to the surface of
the soil, resulting in soil salinization [2]. Statistics indicate that the total area of saline
soil in China reaches approximately 99 million hectares, with over 9.2 million hectares
classified as saline arable land, accounting for 6.62% of China’s arable land area [3,4]. As
the population continues to grow and the national economy develops, the pressure on
food production is increasing, and saline soil is widely considered an important reserve of
arable land resources [5,6]. However, the high and excessive salt content in saline soil leads
to the destruction of soil structure and reductions in soil fertility and water permeability,
which in turn, adversely restrict crop growth and limit soil productivity [7,8]. Therefore, it
is imperative to develop a green and sustainable method for improving and developing
saline soils to enhance land productivity.
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The methods used to improve saline soils mainly include engineering measures,
chemical measures, biological measures and comprehensive management methods [9-12].
Among the various soil improvement measures, biological measures, due to their notable
environmental benefits, water-saving potential, and economic efficiency, are increasingly
showing their unique advantages, and gradually occupy an important position in the man-
agement of saline soils in China, becoming an important direction of development [13-15].
Historically, China has utilized green manure to enhance soil quality and agricultural
productivity. Halophytes and green manure grasses with a certain salt tolerance, such
as Sesbania cannabina, alfalfa (Medicago), Suaeda salsa, common vetch, etc., have been suc-
cessfully used to improve saline soils [16-18]. Extensive research has demonstrated that
green manure plants can absorb soil salt through their roots and store it in plant tissues,
thereby resulting in decreases in soil salinity [19]. The application of green manure can also
produce a large number of organisms that can be returned to farmland, thus providing a
large amount of soil organic matter, soil nitrogen, soil phosphorus and soil potassium, all
of which contribute to enhanced agricultural productivity [20,21]. Green manure not only
effectively improves soil quality and enhances soil fertility, but also aligns with the princi-
ples of ecological prioritization and sustainable development. Therefore, the application of
green manure for soil improvement is receiving increasing attention.

In recent years, research on the application of green manure for saline soil improve-
ment has gradually increased. SOC, N, P and K are essential metrics of farmland ecosystems
productivity, and critical indicators for evaluating the effectiveness of saline soil ameliora-
tion [22]. However, the conclusions of the current research on the effects of green manure
on soil improvement in saline soil regions have reached contradictory conclusions. For ex-
ample, some studies have shown that the introduction of green manure leads to a reduction
in SOC [23], which contradicts the mainstream notion that green manure can increase SOC.
This was attributed to the decomposition of SOC induced by plant inputs to the soil [24],
which plays an important role in changes in SOC [25]. The improvement effect of green
manure varies according to climate and management measures, but the influence of climate
and environmental factors cannot be reflected in a field experiment in a specific location.
Furthermore, most of these isolated case studies have assessed the effect of green manure in
terms of a single aspect. In order to study the relationships between multiple factors in the
improvement effect of green manure, it is necessary to use the existing data of independent
studies to conduct a comprehensive analysis. Meta-analysis is a comprehensive method
of analyzing a series of independent studies [26]. Currently, no meta-analysis is available
that quantitatively evaluates the influence of green manure on soil improvement in saline
soil areas. Therefore, it is of great significance to determine the formation mechanism
and influencing factors of green manure’s effects, especially on saline soil improvement,
in order to promote the development and utilization of low-yield fields with saline soil
in China.

The present study collects field trial data on green manure cultivation for saline soil im-
provement in China, and based on the meta-analysis method, aims to quantify the effects of
green manure on SOC, soil salinity and soil nutrients in saline soil, as well as quantitatively
analyze the influences of climate, soil salt content, green manure types and returning meth-
ods on the improvement effect. This study has the following aims: (1) determine whether
green manure has positive effect on saline soil improvement; (2) examine the effects of
environmental conditions and biotic factors on saline soil improvement following green
manure application; and (3) identify the key driving factors for saline soil improvement in
China. Our report offers comprehensive scientific recommendations for the application of
green manure practices in saline soil areas across China.

2. Materials and Methods
2.1. Data Collection

An extensive search of peer-reviewed literature was conducted in Web of Science,
Google Scholar, Elsevier, and China National Knowledge Infrastructure (CNKI) from 1970
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to 30 June 2023. As search terms, we used the following keywords and combinations:
“green manure”, “legume forage plant”, “halo-tolerant plant”, “coastal saline soil”, and
“alkali saline”. We limited the publications to those written in English or Chinese.

The following criteria were applied to select relevant publications: (1) The experiments
using green manure were conducted in China, and the basic information such as the start
and end year and location of the experiment is clear. (2) The experiments were conducted
in field conditions only and for at least one year. (3) The field experiment included one
treatment group with a green manure application compared with no green manure (fallow)
as a control group. (4) The experimental results included at least one of the following
indicators: SOC, soil organic matter, soil total N, available P, available K, and soil salt
content. (5) The observations of experiments included at least the top 20 cm of soil depth.
(6) The experimental results included the sample size, mean, and standard deviation
(SD), and the sample size was not less than 3 replicates. Eventually, 30 peer-reviewed
publications and 455 observations were compiled into the dataset. Most data were either
obtained from tables and the main text or extracted from figures using GetData Graph
Digitizer v2.25. In addition, the number of replicates, SDs and other relevant information
were extracted (i.e., climatic conditions, green manure types, number of experimental years,
etc.). Detailed information on the location and green manure type in each study can be
found in Supplementary Materials.

2.2. Data Calculation

SOC content (g kg~!) was transformed from soil organic matter (g kg~') content with
a conversion coefficient of 0.58 [27], in cases where the soil organic matter (SOM) value was
reported but the SOC value was missing. The formula was as follows:

SOC = SOM x 0.58 1)
where SOM means soil organic matter (g kg™').

2.3. Data Categorization

The effects of green manure on soil improvement in saline soil were further defined
according to sub-groups for mean annual temperature (MAT), mean annual precipitation
(MAP), initial soil salt content (ISSC), green manure types, experimental years, and return-
ing methods. Specifically, MAT was divided into three categories: <10 °C, 10-15 °C, and
>15 °C. MAP was categorized as four groups: <200 mm, 200-400 mm, 400-800 mm, and
>800 mm. The ISSC was divided into four categories: 1-3 g kg1, 3-5 gkg™!,5-10 g kg~ !,
and >10 g kg~!. The green manure types were grouped into three categories of legume,
non-legume and mixtures. The returning methods of green manure were divided into
incorporation and non-incorporation. The number of experimental period was categorized
according to actual conditions.

2.4. Meta-Analysis
The natural log of the response ratio (RR) as the effect size was used to test the green

manure effect on the measured parameters and was calculated as follows [28]:

InR = ln(%

c

)=In(Ye) —In(Ye) ()

where Y, and Y, represent the mean values for green manure treatments and bare fallow
controls, respectively. Use of the natural log ratio ensures that equal proportionate changes
occurred in the numerator and the denominator.

The error variance (V) was calculated as [29]:

Sz
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where Y, and Y, represent the mean values for green manure treatments and bare fallow
controls, respectively; S, and S, are standard deviations, and N, and N, are the number of
replications for green manure treatments and bare fallow controls, respectively.

The weight (W) for each RR was calculated as follows:

W=1/V (4)
The overall mean RR (RRg,.) was calculated as follows [30]:

i—1 Lj—1 WijRR;;
Z?:1 ijzl Wij

RRE++ - (5)

where 1 and m are the numbers of green manure treatments and bare fallow controls in
each category.
The standard error of RRg, . was calculated as follows [30]:

1
SE=,| ———+—— 6
VoW, ©)

The 95% confidence interval (95% CI) was calculated as follows [26]:
95%CI = RRgp, £ 1.96SE (7)

If the 95% confidence interval is >0, the green manure application has a significant
positive effect on saline soil improvement; if it is <0, green manure application has a
negative effect on saline soil improvement; if it overlaps 0, green manure application has
no significant effect on saline soil improvement.

For ease of interpretation, the overall mean RRg,, was transformed back to the per-
centage change using the formula below [31]:

RR(%) = (exp(RRg4+4+)—1) x 100% 8)

In the present study, a random effects model was used for the data analysis. Rosen-
thal’s fail-safe number was used to test the biasness of the publication. A fail-safe number >
(5n + 10), where n is the number of observations, indicates no publication bias. As shown in
the table, the heterogeneity test reached a significant level (p < 0.05), and the safety factors
were all above the threshold (5n + 10), indicating no publication bias (Supplementary
Tables S1 and S2).

2.5. Statistical Analysis

Statistical analyses were performed using MetaWin 2.1 [32] (Sinauer Associates Inc.,
Sunderland, MA, USA). All plots were prepared using GraphPad Prism 10.0 (GraphPad
Software Inc., SanDiego, CA, USA).

3. Results
3.1. Impacts of Green Manure on SOC

Compared with bare soil treatments, green manure applications had a significant
positive effect on SOC in saline soil areas (Figure 1). Excluding humid areas, green manure
had significant SOC-increasing effects in all climatic regions compared with bare soil,
and the maximum SOC increase of 78.36% was observed at MAP 200400 mm (Figure 1a).
Temperature also influenced the SOC-increasing effect of green manure in saline soils. When
MAT was in the range of 10-15 °C or <10 °C, green manure increased SOC significantly by
21.94% and 46.71%, respectively; while the SOC increase was not significant under a MAT
of >15 °C (Figure 1b). Moreover, green manure increased SOC by 26.13%, 11.88%, 25.75%,
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and 36.15% when the ISSC was in the ranges 0-3, 3-5, 5-10, and >10 g kg, respectively
(Figure 1c).
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Figure 1. The effect of green manure on soil organic carbon (SOC). The number beside each bar
indicates the number of observations. Error bars indicate the effect sizes at p < 0.05 level. The effect is
statistically significant if the error bar does not overlap the zero graduation.

Compared with bare soil, the highest increase (66.09%) in SOC was observed under
mixtures of legume and non-legume green manure, followed by non-legume green manure
at 47.04%, and the legume green manure had the smallest increase at 30.23% (Figure 1d).
Green manure under both returning methods has a positive effect on SOC, which increased
by 42.5% under green manure with incorporation and by 29% under green manure without
incorporation (Figure 1le). Compared with bare soil, green manure significantly increased
the SOC of saline soil by 55.88% (1 year), 25.84% (2 years), and 28.92% (3 years). However,
the SOC increase was not significant when the experimental period was 4 and 5 years.
However, when the experimental period exceeded 5 years, the SOC significantly increased
by 77.24% (8 years) and 108.78% (25 years) (Figure 1f).

3.2. Impacts of Green Manure on Soil Salt Content

Compared with bare soil, green manure significantly reduced the salt content of saline
soil overall, with a decrease of 47.75% (Figure 2). Rainfall influenced the decreasing effects
of green manure on soil salt content. In areas with MAP <200 mm and MAP > 800 mm,
green manure significantly reduced soil salt content by 48.56% and 45.18% compared to
bare soil. Under the conditions of MAT > 15 °C, 10-15 °C, and <10 °C, green manure
significantly reduced soil salinity by 52.68%, 47.37%, and 46.84%, respectively, compared to
bare soil. The above results show that the higher the annual temperature, the higher the
rate of soil salt content decrease. In addition, the decreasing effect of green manure on soil
salinity varies among different types of saline soils. Compared to bare soil, green manure
decreased soil salt content significantly, by 53.28%, 42.74%, 24.23% and 60.83%, when the
ISSC was <3, 3-5,5-10,and >10 g kg’l, respectively.

It is worth noting that green manure types also had a significant impact on the salt
content of saline soil, with the reduction effect of legume green manure (49.74%) being
higher than that of non-legume green manure (42.15%). Compared with bare soil, green
manure with non-incorporation reduced soil salt content by 49.27%, while the reduction
effect of green manure with incorporation was 25.26%, which was also significant but lower
than the former. Finally, with the increase in experimental years, the decrease in soil salinity
showed an increasing trend. From 1 year to 25 years, the decrease in soil salt content was
39.93%, 33.64%, 56.01%, 52.20%, 69.33%, and 76.59%, respectively.
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Figure 2. The effect of green manure on soil salt content. The number beside each bar indicates the
number of observations. Error bars indicate the effect sizes at p < 0.05 level. The effect is statistically
significant if the error bar does not overlap the zero graduation.
3.3. Impacts of Green Manure on Soil Nutrients
3.3.1. Impacts of Green Manure on Soil Total N
Compared with bare soil, green manure significantly increased the soil total N in
saline soil (with an average effect size of 32.23%). Compared with bare soil, green manure
increased soil total N significantly, by 32.79% in MAP < 200 mm, by 41.65% in 200-400 mm,
by 38.32% in 400-800 mm and by 9.76% in MAP > 800 mm (Figure 3a). In areas with a
MAT of 10-15 °C and <10 °C, the increases in soil total N were similar, at 35.27% and
35.57%, respectively. However, soil total N showed no significant change as a result of the
introduction of green manure in areas with a MAT of >15 °C (Figure 3b). In saline soils
with different ISSC, the highest soil total N increase of 66.98% was observed at 3-5 g kg !
of ISSC, and the lowest soil total N increase (36.95%) was observed at 5-10 g kg~! of ISSC.
Moreover, the soil total N increase was 44.64% under ISSC < 3 g kg~ !, and 41.86% under
ISSC > 10 g kg~! (Figure 3c).
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Figure 3. The effect of green manure on soil total nitrogen (N). The number beside each bar indicates
the number of observations. Error bars indicate the effect sizes at p < 0.05 level. The effect is
statistically significant if the error bar does not overlap the zero graduation.

Compared to bare soil, the legume green manure had the greatest soil total N increase
rate of 38.48%, while the non-legume and mixed green manure had soil total N increases of
20.87% and 9.65%, respectively (Figure 3d). Green manure with incorporation reduced soil
salt content by 27.41%, while the reduction effect of green manure with non-incorporation
was 39.32%, which was higher than the former (Figure 3e). Compared to bare soil, soil total
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N was significantly increased by 10.35% (1 year); over 1 year, the increase in soil total N
became larger (by an average value of 34.87%) for 2-5-year experimental periods; after
applying green manure for 8 and 25 years, the soil total N significantly increased, reaching
131.45% and 178.18%, respectively (Figure 3f).

3.3.2. Impacts of Green Manure on Soil Available P

Compared with bare soil, green manure significantly increased soil available P by
64.32% and 38.05% in areas with MAP < 200 mm and >800 mm, while its effect on soil
available P was not significant for areas with MAP of 200-400 mm and 400-800 mm
(Figure 4a). The P-increasing effect of green manure was in the following order: 10-15 °C
(39.05%) > above 15 °C (34.06%) > below 10 °C (30.13%) (Figure 4b). Under <3, 3-5, 5-10
and >10g kg_1 ISSC, the soil available P increases were 35.98%, 43.4%, 46.00%, and 50.04%,
respectively. The overall trend showed an increase with the increase in salinity (Figure 4c).

Change in soil available phosphorus (%)

Figure 4. The effect of green manure on soil available phosphorus (P). The number beside each bar
indicates the number of observations. Error bars indicate the effect sizes at p < 0.05 level. The effect is
statistically significant if the error bar does not overlap the zero graduation.

Green manure types also influenced the increase rate of soil available P, with legume
green manure and non-legume green manure significantly increasing soil available P by
30.21% and 44.15%, respectively; under green manure mixture conditions, soil available
P increase reached the greatest value of 57.53% (Figure 4d). Both green manure with or
without incorporation had a positive effect on soil available P, which significantly increased
by 36.94% under incorporation and by 33.23% under non-incorporation (Figure 4e). In
terms of experimental years, the application of green manure for one year did not show a
significant P-increasing effect compared to bare soil; over two years, the increase in soil
available P became larger with multiple experimental years until it reached its maximum
value of 85.45% for a four-year experimental period, but over four years, the increase
dropped to 55.73% (Figure 4f).

3.3.3. Impacts of Green Manure on Soil Available K

Compared with bare soil, green manure significantly increased soil available K by
27.81% and 34.18% in areas with MAP of <200 mm and 200-400 mm, while its effect on soil
available K was not significant in areas with MAP of 400-800 mm and >800 mm (Figure 5a).
The K-increasing effect of green manure was in the following order: 10 °C (23.84%) > above
15 °C (15.09%) > 10-15 °C (7.96%) (Figure 5b). Under <3,3-5,5-10 and >10 g kg’1 ISSC,
the soil available K increases were 16.05%, 6.88%, 15.57%, and 40.20%, respectively. The
overall trend showed a decrease followed by an increase (Figure 5c).
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Figure 5. The effect of green manure on soil available potassium (K). The number beside each bar
indicates the number of observations. Error bars indicate the effect sizes at p < 0.05 level. The effect is
statistically significant if the error bar does not overlap the zero graduation.

Legume green manure and non-legume green manure significantly increased soil
available K by 15.6% and 25.24%, while the green manure mixture did not have a significant
positive effect on soil available K (Figure 5d). Both green manure with or without incor-
poration had a positive effect on soil available K, which significantly increased by 22.52%
under incorporation and by 14.47% under non-incorporation (Figure 5e). With increased
experimental years, the overall trend was an increase in soil available K. The maximum
soil available K increase of 22.86% was observed when the number of experimental years
was 5 (Figure 5f).

3.3.4. Factors Affecting the Response of SOC, Soil Salt Content, Soil Total N, Soil Available
P, and Soil Available K to Green Manure in Saline Soils

MAP and MAT were predominant predictors influencing SOC and available K under
green manure application. Overall, 39.54% and 23.67% of the variation in SOC could
be explained by the MAP and MAT factors, respectively. Experimental years was the
most dominant factor driving variation in soil salt content (RI = 62.71%), in soil total N
(RI =71.31%), and soil available P (RI = 37.38%).

4. Discussion
4.1. SOC Changes Due to Green Manure

The results from this meta-analysis indicated that green manure significantly increased
the SOC content of saline soil compared to bare soil treatment (Figure 1). On the one hand,
the organic matter such as roots and litter from green manure is returned back into the
soil, where it undergoes decomposition and mineralization, thereby releasing essential
nutrients and contributing to an increase in soil carbon storage [33,34]. On the other hand,
the application of green manure enhances the soil carbon sequestration capacity through
several mechanisms. The root secretions and humus from green manure bind soil particles
into larger aggregate structures, which encapsulate organic carbon [35]. This physical
protective effect mitigates the decomposition and utilization of organic carbon, thereby
improving its sequestration in the soil [36]. Additionally, green manure increases surface
vegetation coverage, reduces soil erosion [22], and consequently diminishes the loss of SOC.
The initial soil salt content has a great influence on the effects of green manure on SOC.
The results show that the organic carbon increase in saline soils with a ISSC of 1-3 g kg ™!
was higher than that for soils at 3-5 g kg ! and at 5-10 g kg !, while the organic carbon
increase at >10 g kg ~! was significantly higher than the former three (Figure 1c). This result
indicates that there was not a simple linear relationship between salt content and SOC
increase. This might be due to the fact that green manure crops used in saline soil areas
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usually have a certain salt tolerance. Low salt concentration can promote their growth and
contributes to increasing SOC input, while high salt stress shows inhibition of green manure
growth. Furthermore, the salt content affects organic carbon mineralization by influencing
soil microorganisms and soil carbon and nitrogen fixation ability [37], which ultimately
leads to more SOC accumulation in saline soils with a salt content of 1-3 g kg~ . It should
be noted that the highest observed increase in SOC may be related to the initially low native
organic carbon content of these soils. The relative increase in SOC following green manure
planting was much greater in saline soils at a salt content >10 g kg !, compared to the
other three types of saline soils with different salt concentrations (<3 g kg1, 3-5 g kg,
5-10 g kg™ 1).

Precipitation and temperature are key climatic factors influencing the effects of green
manure on SOC in saline soil areas (Figure 6). The SOC-increasing effect of green manure
was not significant in areas with MAT > 15 °C or MAP > 800 mm (Figure 1a,b), indicating
that a humid and warm climate was not conducive to the accumulation of organic carbon
in saline soils. Previous research reports that runoff and erosion are closely related to soil
SOC change. Green manure cultivation can reduce the runoff and erosion effects through
the presence of vegetative cover, which in turn promotes the accumulation of SOC [38];
however, in warm and humid environments, there is more surface and underground runoff,
as well as intensified hydraulic erosion and microbial activity compared to other climates.
Studies have shown that as temperature and humidity increase, soil respiration and soil
microbial biomass carbon are relatively high, leading to higher SOC losses than in other
climates [39]. Mo et al. [25] observed that the microbial priming effect, namely the organic
carbon decomposition induced by exogenous plant organic matter input, is an important
driving factor for SOC changes, leading to stronger priming effects and greater SOC losses
in areas with humid and hot climates. Based on the above reasons, the SOC losses caused
by a humid climate cannot be balanced by the SOC-increasing effect of green manure,
resulting in insignificant SOC increases under this climate condition.

Experimental
L years
Initial soil salt
MAT content
Returning
Green manure method
type MAT
Returning
method MAP
Experimental Green manure
years v type . . .
0 5 10 15 20 25 30 35 40 45 50 0 10 20 30 0 50 60
soc Soil salt content
Returning Experimental
method years
Green manure MAP
type
MAT MAT
Green manure
MAP type
. Returning
Experimental
B s ‘ . ‘ . . ‘ method ‘ . . ‘ . . ‘ .
years 0 10 20 30 40 50 60 70 0 5 10 15 20 25 30 35 40
Soil total N Soil available P

MAP

MAT
Experimental
years

Returning
method

Green manure
type

0 1‘0 2‘0 3‘0 4‘0 5‘0 6'0
Soil available K

Figure 6. The relative influence (RI: %) of MAP, MAT, initial soil salt content, green manure types,

returning method, and experimental years on SOC, soil salt content, soil total N, soil available P, and

soil available K.

Green manure types influenced the impact on SOC content. In the present study,
legume green manure was associated with lower increases in SOC compared to non-
legume green manure (Figure 1d). The reasons might be as follows: (1) Most of the
non-legume green manure samples in this study belonged to the Poaceae family. The
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biomass of Poaceae green manure is greater than that of legume green manure [40], which
means there is a greater input of organic matter into the soil. Studies have shown that
there is a strong positive correlation between the amount of organic matter input and
SOC content [41], and the increased biomass of Poaceae plants is more conducive to
enhanced SOC accumulation. (2) The carbon-to-nitrogen (C/N) ratio of green manure
significantly influences its decomposition and the conversion of organic carbon in the soil.
Organic materials with lower C/N ratios are more readily assimilated by microorganisms,
resulting in a substantial portion of the carbon being incorporated into the microorganisms
themselves, which can reduce the growth rate of SOC. Pan et al. [42] reported that when
green manure with low C/N ratios is incorporated, the growth rate of SOC was only 2.6%
to 8.9% of the carbon released from its decomposition. In contrast, approximately 50%
of the carbon released from straw with high C/N ratios can be converted into SOC [43].
Considering the methods of returning green manure into the field, when green manure is
left on the surface without being incorporated into the soil, its residues remain exposed
and are not easily decomposed by microorganisms. In contrast, when green manure
is incorporated into the soil, the plant residues are mixed with the mineral soil, which
provides a protective effect on the organic matter. Therefore, this incorporation results in a
more significant increase in SOC compared to simply spreading the green manure on the
surface. Additionally, the duration of green manure planting influences SOC accumulation.
As the number of planting years increases, the biomass yield of green manure rises, leading
to a significant enhancement in the growth rate of SOC [44].

4.2. Soil Salt Content Changes Due to Green Manure

The results of this study indicate that green manure significantly reduces the soil salt
content of saline soils (Figure 2). This reduction may be attributed to several reasons: (1) The
root system of the green manure penetrates the soil, which reduces soil bulk density and im-
proves soil structure, thereby facilitating the downward leaching of salts [45,46]. (2) Green
manure could enhance surface coverage, which decreases the ineffective evaporation of soil
moisture, and then inhibits the return of soil salts [47]. (3) The humus resulting from the
decomposition of green manure possesses buffering and absorption capacities [48], which
contribute to a reduction in soil salinity. The organic matter in green manure increases the
solubility of cations and anions in the soil, further promoting soil desalination. (4) Green
manure itself can also absorb soil salts [49], thereby further decreasing soil salt content.

In the present study, the results show that climate type has a relatively minor effect on
soil salinity. The reduction in soil salinity was similar in MAP < 200 mm and 400-800 mm
regions (Figure 2a). However, the reduction was slightly greater in areas with MAT above
15 °C compared to those with MAT at 10-15 °C (Figure 2b). This difference is attributed
to the more favorable climate in warmer regions, which supports a larger green manure
biomass and greater surface vegetation coverage, both of which could effectively reduce soil
salt content. The relative importance analysis revealed that annual precipitation and annual
temperature contribute only 2.68% and 7.37%, respectively, to the impact of green manure
planting on soil salinity. The number of experimental years has the most significant effect
on the salt content of saline soil (Figure 6). As the number of planting years increases, soil
salt content decreases progressively, demonstrating that long-term green manure planting
can substantially reduce soil salinity, thereby promoting soil desalination.

4.3. Soil N, P and K Changes Due to Green Manure

The research results demonstrate that green manure significantly enhances the content
of soil total N, available P, and available K. Considering legume green manure, they can
fix atmospheric nitrogen through rhizobia, thereby increasing soil total N [50]. Although
non-legume green manure does not possess biological N fixation capacity, its roots can
absorb nitrogen from deeper soil layers and accumulate it in the plant body, which in turn,
releases N compounds at the soil surface after it is returned to the field [51]. Green manure
also positively affects soil P and K in saline soil areas. Green manure plants absorb P and K
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from the soil in forms that are not easily absorbed and utilized by other crops. After the
green manure is returned to the field and decomposed, the phosphorus and potassium
return to the soil in more accessible forms, increasing soil available P and available K
contents significantly. Furthermore, the rhizosphere effect of green manure accelerates the
conversion of non-available nutrients to available forms, thereby enhancing soil nutrient
availability [52].

5. Conclusions

In China, green manure application can significantly reduce soil salt content, improve
SOC, total N, available P and available K contents in saline soil. The impact of green
manure on SOC and nutrient content varies depending on the method of returning green
manure to the field. Compared with green manure with non-incorporation, the increase in
SOC, soil available P and K, and the decrease in salt content are greater under the condition
of green manure with incorporation. The SOC-increasing effect of green manure varies
according to green manure types. Mixed planting of legumes and non-legumes is more
conducive to increases in SOC in saline soil. Taken together, our findings suggest that,
in China, mixtures of legume and non-legume green manure with incorporation into the
field should be considered to improve saline soil. We also found that climate and planting
years are two key factors affecting the effectiveness of green manure. Among them, SOC is
more susceptible to the influence of climate factors. Especially in warm and humid areas,
the increase in various improvement indicators is relatively low. This discovery provides
important theories for us to gain a deeper understanding of the improvement effect of green
manure. Therefore, in practical applications, we need to adjust and optimize the green
manure planting strategy according to climate conditions to achieve the best improvement
effect on saline soil.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy14092068/s1. Table S1: The change rate and publication
bias test results of SOC, soil salt content, soil total N, soil available P, and soil available K; Table S2:
Results of random effects model inter-group heterogeneity testing.

Author Contributions: Conceptualization, Y.L. and H.Z.; methodology, H.Z.; software, Y.L.; valida-
tion, W.Z., X.J. and H.Z,; formal analysis, W.Z.; investigation, H.Z.; resources, Y.L.; data curation, W.Z.
and Y.L.; writing—original draft preparation, Y.L. and W.Z.; writing—review and editing, Y.L. and
H.Z.; visualization, Y.L. and X.J.; supervision, Y.L.; project administration, Y.L.; funding acquisition,
Y.L. All authors have read and agreed to the published version of the manuscript.

Funding: This study was financially supported by the National Natural Science Foundation of China
(grant number 32301435) and the Natural Science Foundation of Jiangsu Province, China (grant
number BK20220564).

Data Availability Statement: The data that support this study cannot be publicly shared due to
ethical or privacy reasons and may be shared upon reasonable request to the corresponding author
if appropriate.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Wang, J.L.; Huang, X.J.; Zhong, T.Y.; Chen, Z.G. Review on sustainable utilization of salt-affected land. Acta Geogr. Sin. 2011, 66,

673-684.

2. Yang, ]S, Yao, R].; Wang, X.P,; Xie, W.P; Zhang, X.; Zhu, W.; Zhang, L.; Sun, R.J. Research on salt-affected soils in China: history,
status quo and prospect. Acta Pedol. Sin. 2022, 59, 10-27.

3. Li,RH,; Yu, H.L. Effects of long-term sand mixing ameliorating measures on soil salinity characteristics of saline-alkali land in
northern Shaanxi. In IOP Conference Series: Earth and Environmental Science; IOP Publishing: Bristol, UK, 2021; Volume 781.

4. Zhang, H.O. Analysis on the distribution and evolution characteristics of saline soil in China. Agric. Technol. 2022, 42, 104-107.

5. Cui, X.C; Hu, ]J.L; Wang, ] H.; Yang, ].S.; Lin, X.G. Reclamation negatively influences arbuscular mycorrhizal fungal community
structure and diversity in coastal saline-alkaline land in Eastern China as revealed by Illumina sequencing. Appl. Soil Ecol. 2016,

98, 140-149. [CrossRef]


https://www.mdpi.com/article/10.3390/agronomy14092068/s1
https://www.mdpi.com/article/10.3390/agronomy14092068/s1
https://doi.org/10.1016/j.apsoil.2015.10.008

Agronomy 2024, 14, 2068 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Li, P; Jeewon, R.; Aruna, B,; Li, H.Y;; Lin, EC.; Wang, H.K. Metabarcoding reveals differences in fungal communities between
unflooded versus tidal flat soil in coastal saline ecosystem. Sci. Total Environ. 2019, 690, 911-922. [CrossRef]

Gao, G,; Yan, L.; Tong, K.Q.; Yu, HL.; Lu, M.; Wang, L.; Niu, Y.S. The potential and prospects of modified biochar for
comprehensive management of salt-affected soils and plants: A critical review. Sci. Total Environ. 2023, 912, 169618. [CrossRef]
Wang, S.; Liu, J.; Wang, Y.; Liu, Y.L.; Tian, C.Y. Performance of halophytes in soil desalinization and its influencing factors: A
meta-analysis. Front. Environ. Sci. 2023, 11, 1198540. [CrossRef]

Wang, Z.; Heng, T.; Li, WH.; Zhang, ].Z.; Zhangzhong, L.L. Effects of subsurface pipe drainage on soil salinity in saline-sodic soil
under mulched drip irrigation. Irrig. Drain. 2020, 69, 95-106. [CrossRef]

Wang, Y.H.; Yin, C.J.; Wang, ] K,; Ji, X. H.; Liu, X.W. The influence of green manure planting on the spectroscopic characteristics of
dissolved organic matter in freshwater-leached saline-alkali soil at different depths. Agronomy 2024, 14, 1546. [CrossRef]

Wang, J.; Shi, D.; Huang, C.; Zhai, B.Y.; Feng, S.Y. Effects of common biochar and acid-modified biochar on growth and quality of
spinach in coastal saline soils. Plants 2023, 12, 3232. [CrossRef]

Chang, ED.; Zhang, H.Y.; Zhao, N.; Zhao, N.; Zhao, P.Y,; Song, ].S.; Yu, R.; Kan, Z.R.; Wang, |.; Liu, H.J.; et al. Green manure
removal with reduced nitrogen improves saline-alkali soil organic carbon storage in a wheat-green manure cropping system. Sci.
Total Environ. 2024, 926, 171827. [CrossRef]

Barrett-Lennard, E.G. Restoration of saline land through revegetation. Agric. Water Manag. 2002, 53, 213-226. [CrossRef]

Zhang, F; Han, Y,; Shang, H.; Ding, Y. Effects of green manure cultivation for aboveground carbon store and returning to the field
to ameliorate soil quality in saline alkali soil. Grass Res. 2023, 3, 1. [CrossRef]

Redondo-Goémez, S.; Mesa-Marin, J.; Pérez-Romero, J.A.; Lopez-Jurado, J.; Garcia-Lépez, J.V.; Mariscal, V.; Molina-Heredia,
F.P; Pajuelo, E.; Rodriguez-Llorente, I.D.; Flowers, T.J.; et al. Consortia of plant-growth-promoting rhizobacteria isolated from
halophytes improve response of eight crops to soil salinization and climate change conditions. Agronomy 2021, 11, 1609. [CrossRef]
Liang, J.P.,; Shi, W.J. Cotton/halophytes intercropping decreases salt accumulation and improves soil physicochemical properties
and crop productivity in saline-alkali soils under mulched drip irrigation: A three-year field experiment. Field Crops Res. 2021,
262,108027. [CrossRef]

Qadir, M; Steffens, D.; Yan, E; Schubert, S. Sodium removal from a calcareous saline-sodic soil through leaching and plant uptake
during phytoremediation. Land Degrad. Dev. 2003, 14, 301-307. [CrossRef]

Wang, L.; Wang, X.; Jiang, L.; Zhang, K.; Mohsin, T.; Tian, C.Y.; Zhao, Z.Y. Reclamation of saline soil by planting annual
euhalophyte Suaeda salsa with drip irrigation: A three-year field experiment in arid northwestern China. Ecol. Eng. 2021,
159, 106090. [CrossRef]

Villiers, A.].D.; Rooyen, M.W.V,; Theron, G.K.; Claassens, A.S. Removal of sodium and chloride from a saline soil by Mesembryan-
themum barklyi. |. Arid Environ. 1995, 29, 325-330. [CrossRef]

Damon, PM.; Bowden, B.; Rose, T.; Rengel, Z. Crop residue contributions to phosphorus pools in agricultural soils: A review. Soil
Biol. Biochem. 2014, 74, 127-137. [CrossRef]

Li, X.X,; Serensen, P; Li, EC.; Petersen, S.; Olesen, J. Quantifying biological nitrogen fixation of different catch crops, and residual
effects of roots and tops on nitrogen uptake in barley using in-situ >N labelling. Plant Soil 2015, 395, 273-287. [CrossRef]

Xu, M.G.; Zhang, X.B.; Sun, N.; Zhang, W.J. Advance in research of synergistic effects of soil carbon sequestration on crop yields
improvement in croplands. J. Plant Nutr. Fertil. 2017, 23, 1441-1449.

Derrien, D.; Barré, P.,; Basile-Doelsch, I.; Cécillon, L.; Chabbi, A.; Créme, A.; Fontaine, S.; Henneron, L.; Janot, N.; Lashermes, G.;
et al. Current controversies on mechanisms controlling soil carbon storage: Implications for interactions with practitioners and
policy-makers. A review. Agron. Sustain. Dev. 2023, 43, 21. [CrossRef]

Mwafulirwa, L.; Baggs, E.M.; Morley, N.; Paterson, E. Ryegrass root and shoot residues differentially affect short-term priming of
soil organic matter and net soil C-balance. Eur. ]. Soil Biol. 2019, 93, 103096. [CrossRef]

Mo, E; Ren, C.J.; Yu, K.L.; Zhou, Z.H,; Phillips, R.; Luo, Z.K.; Zhang, Y.Y.; Dang, Y.T.; Han, ].; Ye, ].S.; et al. Global pattern of soil
priming effect intensity and its environmental drivers. Ecol. Soc. Am. 2022, 103, €3790. [CrossRef]

Xiang, Y.Z.; Li, Y.; Liu, Y,; Zhang, S.Y.; Yue, X.J.; Yao, B.; Xue, ] M.; Lv, W.Q.; Zhang, L.Y.; Xu, X.Y,; et al. Factors shaping soil
organic carbon stocks in grass covered orchards across China: A meta-analysis. Sci. Total Environ. 2022, 807, 150632. [CrossRef]
Mcclelland, S.C.; Paustian, K.; Schipanski, M.E. Management of cover crops in temperate climates influences soil organic carbon
stocks: A meta-analysis. Ecol. Appl. 2012, 31, €2278. [CrossRef]

Hedges, L.V.; Gurevitch, J.; Curtis, P.S. The meta-analysis of response ratios in experimental ecology. Ecology 1999, 80, 1150-1156.
[CrossRef]

Liu, X.Y,; Zhou, T,; Liu, Y.; Zhang, X.H.; Li, L.Q.; Pan, G.X. Effect of mid-season drainage on CHy and N,O emission and grain
yield in rice ecosystem: A meta-analysis. Agric. Water Manag. 2019, 213, 1028-1035. [CrossRef]

Zhang, S.H.; Wang, J.; Rajan, G.; Xing, W.C.; Hu, Y.M.; Zhang, N.N. Effect of green manure on soil water and crop yield in the
Loess Plateau of China: A Meta-analysis. Chin. J. Eco-Agric. 2021, 29, 1879-1892.

Duan, Y.; Chen, L.; Li, YM.; Wang, Q.Y.; Zhang, C.Z.; Ma, D.H.; Li, YJ.; Zhang, ].B. N, P and straw return influence the accural of
organic carbon fractions and microbial traits in a Mollisol. Geoderma 2021, 403, 115373. [CrossRef]

Rosenberg, M.S.; Adams, D.C.; Gurevitch, J. MetaWin: Statistical Software for Meta-Analysis Version 2. Q. Rev. Biol. 1998,
73,126-128.


https://doi.org/10.1016/j.scitotenv.2019.06.473
https://doi.org/10.1016/j.scitotenv.2023.169618
https://doi.org/10.3389/fenvs.2023.1198540
https://doi.org/10.1002/ird.2383
https://doi.org/10.3390/agronomy14071546
https://doi.org/10.3390/plants12183232
https://doi.org/10.1016/j.scitotenv.2024.171827
https://doi.org/10.1016/S0378-3774(01)00166-4
https://doi.org/10.48130/GR-2023-0001
https://doi.org/10.3390/agronomy11081609
https://doi.org/10.1016/j.fcr.2020.108027
https://doi.org/10.1002/ldr.558
https://doi.org/10.1016/j.ecoleng.2020.106090
https://doi.org/10.1016/S0140-1963(05)80111-9
https://doi.org/10.1016/j.soilbio.2014.03.003
https://doi.org/10.1007/s11104-015-2548-8
https://doi.org/10.1007/s13593-023-00876-x
https://doi.org/10.1016/j.ejsobi.2019.103096
https://doi.org/10.1002/ecy.3790
https://doi.org/10.1016/j.scitotenv.2021.150632
https://doi.org/10.1002/eap.2278
https://doi.org/10.1890/0012-9658(1999)080[1150:TMAORR]2.0.CO;2
https://doi.org/10.1016/j.agwat.2018.12.025
https://doi.org/10.1016/j.geoderma.2021.115373

Agronomy 2024, 14, 2068 13 of 13

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Wang, J.Z.; Lu, C.A.; Zhang, W].; Feng, G.; Wang, X.J.; Xu, M.G. Decomposition of organic materials in cropland soils across
China: A meta-analysis. ]. Soil Sci. 2016, 53, 16-27.

Yan, Z.].; Zhou, J.; Liu, C.Y,; Jia, R.; Mganga, K.Z.; Yang, L.; Yang, Y.D.; Peixoto, L.; Zang, H.D.; Zeng, Z.H. Legume-based crop
diversification reinforces soil health and carbon storage driven by microbial biomass and aggregates. Soil Tillage Res. 2023,
234,105848. [CrossRef]

Cergioglu, M.; Anderson, S.H.; Udawatta, R.P.; Alagele, S. Effect of cover crop management on soil hydraulic properties. Geoderma
2019, 343, 247-253. [CrossRef]

Ji, G.H.; Zhao, S.J.; Wang, R.; Xu, D.B.; Qin, X.C.; Tan, J.; Xiang, B.K.; Yuan, ].F. Effects of continuous overturning of green manure
soil physical and biological characteristics of tobacco planting fields. . Plant Nutr. Fertil. 2014, 4, 905-912.

Hao, C.K,; Zhou, R.R,; Lu, M.; Wang, H.; Hu, G.Q. Soil organic carbon mineralization of coastal soils with different salinity levels.
J. Agric. Resour. Environ. 2020, 37, 36-42.

Berhe, A.A.; Harte, J.; Harden, ].W.; Torn, M.S. The Significance of the Erosion-induced Terrestrial Carbon Sink. Bioscience 2007,
57,337-346. [CrossRef]

Jian, J.; Du, X,; Reiter, M.S.; Stewart, R.D. A meta-analysis of global cropland soil carbon changes due to cover cropping. Soil Biol.
Biochem. 2020, 143, 107735. [CrossRef]

Zhang, K.; Maltais-Landry, G.; Liao, H. How soil biota regulate C cycling and soil C pools in diversified crop rotations. Soil Biol.
Biochem. 2021, 156, 108219. [CrossRef]

Mazzoncini, M.; Sapkota, T.B.; Barberi, P.; Antichi, D.; Risaliti, R. Long-term effect of tillage, nitrogen fertilization and cover crops
on soil organic carbon and total nitrogen content. Soil Tillage Res. 2011, 114, 165-174. [CrossRef]

Pan, EX; Lu, JW.; Liu, W,; Geng, M.].; Li, X.K.; Cao, W.D. Effect of different green manure application on soil fertility. J. Plant
Nutr. Fertil. 2011, 17, 1359-1364.

Nan, X.X; Tian, X.H.; Zhang, L.; You, D.H.; Wu, Y.H.; Cao, Y.X. Decomposition characteristics of maize and wheat straw and their
effects on soil carbon and nitrogen contents. J. Plant Nutr. Fertil. 2010, 16, 626—-633.

Zhang, G.; Zhou-Zhi, Y.; Zhang, C.P. The impact of utilization methods on organic matter and salinity in saline soil. J. Grassl. Ind.
2007, 16, 15-20.

Gao, ES,; Cui, Z.X,; Fan, RW.; Zhang, S.F. The improvement effect of organic materials on saline alkali soil. Chin. J. Soil Sci. 1997,
1,10-12.

Tejada, M.; Gonzalez, ].L.; Garcia-Martinez, A.M.; Parrado, J. Application of a green manure and green manure composted with
beet vinasse on soil restoration: Effects on soil properties. Bioresour. Technol. 2008, 99, 4949—4957. [CrossRef]

Eshel, G.; Egozi, R.; Goldwasser, Y.; Kashti, Y.; Fine, P.; Hayut, E.; Kazukro, H.; Rubin, B.; Dar, Z.; Keisar, O.; et al. Benefits of
growing potatoes under cover crops in a Mediterranean climate. Agric. Ecosyst. Environ. 2015, 211, 1-9. [CrossRef]

Edesi, L.; Jarvan, M.; Noormets, M.; Lauringson, A.; Akk, E. The importance of solid cattle manure application on soil microor-
ganisms in organic and conventional cultivation. Acta Agric. Scand. Sect. B—Soil Plant Sci. 2012, 62, 583-594. [CrossRef]

Zhang, L.B.; Xu, H.L.; Zhao, G.X. Salt tolerance of Suaeda salsa and its soil ameliorating effect on coastal saline soil. Soil 2007,
2,310-313.

Lee, HH.; Kim, S.U.; Han, HR,; Hur, D.Y.; Owens, V.N.; Kumar, S.; Hong, C.O. Mitigation of global warming potential and
greenhouse gas intensity in arable soil with green manure as source of nitrogen. Environ. Pollut. 2021, 288, 117724. [CrossRef]
Jahanzad, E.; Barker, A.V.; Hashemi, M.; Sadeghpour, A.; Weis, S.A. Nitrogen release dynamics and de-composition of buried and
surface cover crop residues. Agron. J. 2016, 108, 1735-1741. [CrossRef]

Ma, D.K;; Yin, L.N,; Ju, W.L,; Li, X.K,; Liu, X.X.; Deng, X.P.; Wang, S.W. Meta-analysis of green manure effects on soil properties
and crop yield in northern China. Field Crops Res. 2021, 266, 108146. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.still.2023.105848
https://doi.org/10.1016/j.geoderma.2019.02.027
https://doi.org/10.1641/B570408
https://doi.org/10.1016/j.soilbio.2020.107735
https://doi.org/10.1016/j.soilbio.2021.108219
https://doi.org/10.1016/j.still.2011.05.001
https://doi.org/10.1016/j.biortech.2007.09.026
https://doi.org/10.1016/j.agee.2015.05.002
https://doi.org/10.1080/09064710.2012.678380
https://doi.org/10.1016/j.envpol.2021.117724
https://doi.org/10.2134/agronj2016.01.0001
https://doi.org/10.1016/j.fcr.2021.108146

	Introduction 
	Materials and Methods 
	Data Collection 
	Data Calculation 
	Data Categorization 
	Meta-Analysis 
	Statistical Analysis 

	Results 
	Impacts of Green Manure on SOC 
	Impacts of Green Manure on Soil Salt Content 
	Impacts of Green Manure on Soil Nutrients 
	Impacts of Green Manure on Soil Total N 
	Impacts of Green Manure on Soil Available P 
	Impacts of Green Manure on Soil Available K 
	Factors Affecting the Response of SOC, Soil Salt Content, Soil Total N, Soil Available P, and Soil Available K to Green Manure in Saline Soils 


	Discussion 
	SOC Changes Due to Green Manure 
	Soil Salt Content Changes Due to Green Manure 
	Soil N, P and K Changes Due to Green Manure 

	Conclusions 
	References

