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Abstract: Soil salinization is a huge threat to global agricultural productivity, significantly
compromising crop development and soil health. In China, the combined pressures of population
growth and socioeconomic advancement have progressively diminished arable land area in recent
decades, with total cultivated land nearing the threshold deemed essential for national food security.
This trend has elevated saline-alkali lands to strategic importance as vital reserve resources for
agricultural expansion. However, saline-alkali soils are usually characterized by elevated pH, soil
salt content, structural destabilization, and persistent nutrient deficiencies. Thus, there is an urgent
need for improving and remediating saline soil. Green manure emerges as an innovative and cost-
effective remediation strategy for saline soils, demonstrating marked efficacy in reducing soil salinity,
improving the soil structure and fertility. In this paper, a summary is given of the effects and
mechanisms of green manure on saline soil properties, including PH, soil salt content, soil organic
matter, soil aggregates, soil nutrients and microbial activity. Furthermore, we identify the future
research directions in this field. These insights are valuable for providing theoretical foundations for
establishing effective methods for applying green manure to improve saline soil.
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1. Introduction

The global population is growing rapidly, and is expected to reach 10 billion by 2050 . Additional
food required to sustain expanding population is putting pressure on existing natural resources. Soil
degradation-primarily driven by erosion, desertification, and salinization-has intensified under
combined anthropogenic and natural pressures, compromising soil health and crop productivity .
Among these threats, salinization is the most critical challenge to global food production. Current
estimates indicate that approximately 1.1 x 10° ha of land worldwide is salt affected, with an annual
increment of 1.5 million hectares , accounting for nearly 20% of the global cultivated land .
Categorized by variations in climate, topography, and hydrological conditions, it can be classified
into coastal saline soil areas, North China saline-alkali soil areas, northwest semi-arid and arid saline-
alkali soil areas, and Northeast China saline-alkali soil areas, covering approximately 36 million
hectares, accounting for about 4.88% of China’s total available land . These soil usually have high salt
content, poor soil structure, and low soil fertility and therefor substantially constraints agricultural
production . Therefore, rational improvement and utilization of saline soil are of great significance in
alleviating arable land scarcity to ensure national food security, and achieve sustainable agricultural
development.

In recent years, green manure as a soil amendment has received increased attention, driven by
the evolving national commitment to ecological priority and green development principles . Green
manure encompasses fresh plant biomass incorporated into the soil as fertilizer during its growth
phase, or crops intercropped, relay cropped, or rotated with primary crops to promote their growth
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and development . This practice demonstrates many benefits, including structural soil improvement,
optimized nutrient cycling, and microbial community modulation, which collectively enhance plant
physiological performance and agricultural productivity [9-11]. As such, green manure primarily
functions as a soil conditioner and a nutrient source for subsequent economic crops, qualifying as
one of the premium biological fertilizer resources . Notably, green manure crops exhibit robust salt
tolerance via the following key mechanisms: reducing salt ion concentrations, modifying soil
microbial biomass communities, and improving soil fertility, thereby effectively ameliorating saline-
alkali soils [13, 14]. Consequently, green manure has been extensively adopted as a pivotal biological
remediation strategy for saline-alkali soils.

In the face of the critical challenges of climate change and food security, systematically reviewing
the applications of green manure in saline-alkali soil amelioration has become an urgent task in soil
science. This review aims to clarify the effects and underlying mechanisms of green manure on saline-
alkali soils, while identifying its advantages and limitations. To this end, the present paper
comprehensively summarizes the impacts of green manure on the physicochemical and biological
properties of saline-alkali soils, with a focus on the key mechanisms driving soil improvement.
Furthermore, this review highlights the research gaps and future research directions in the field on
green manure for saline-soil amelioration. This comprehensive review provides theoretical support
for developing green manure technologies and practical guidance for enhancing soil fertility and
promoting sustainable agriculture in saline-alkali regions.

2. Effects of Green Manure on Soil Salt and Soil PH in Saline Soils

Saline-alkali soil, featuring high pH and salt concentrations, alters soil structure, directly
influencing the fertility of saline soils and crop productivity . In current research on saline soil
remediation, enhancing desalinization effects through green manure has emerged as a key focus.
Extensive studies demonstrate that green manure can effectively reduce salt content in saline soil and
promote soil desalinization in saline soil improvement [16,17]. Liu et al. conducted rape green
manure trials in Xinjiang saline soil, finding that soil pH decreased by approximately 1.1 units and
electrical conductivity (EC) in the 0-60 cm layer decreased by 0.6 mS/cm compared to non-amended
soil. The mechanism by which green manure reduces soil salinity can be explained from three
perspectives: (1) Planting green manure can increase soil surface vegetation coverage, inhibit soil
evaporation, and suppress salt accumulation in the surface layer ; (2) The extensive root systems of
green manure physically penetrate and aerate the soil, improving soil structure and increasing the
soil total porosity. The improvement can often enhance soil permeability, allowing salts dissolved in
water to move downward more easily through these pathways, helping remove salts from the soil
[20,21]. (3) Plants with developed root systems, such as Sesbania cannabina and Astragalus sinicus,
stabilize groundwater levels by consuming large amounts of infiltrated water, potentially lowering
the groundwater table and effectively inhibiting upward salt movement . (4) Ca? is an important ion
to replace Na*.Green manure releases root exudates that dissolve Ca?* in the soil, and the higher Ca?
enhances the replacement of Na* content in rhizosphere soil [23-25].
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Figure 1. Schematic diagram of salt reduction mechanism of green manure.

Green manure species exhibit substantial variations in their ability to regulate soil pH and
reduce salinity. Zhao et al. observed the planting salt-tolerant species significantly decreases soil
Na* content, with Kalidium foliatum showing superior salt absorption capacity. Wang et al.
reported a 10.81% desalinization rate for Sesbania cannabina in coastal saline soils (0-80 cm depth),
outperforming alfalfa (4.03%) and Sorghum sudanense (0.97%). Notably, Suaeda salsa exhibited
paradoxical effects, increasing soil salt content by 0.50% compared to untreated soil. Jing et al.
documented simultaneous reductions in soil pH, total salt content, and alkalization degree following
Sesbania cannabina and Melilotus officinalis cultivation, with Sesbania cannabina demonstrating
superior performance across all metrics. Hou et al. found that purple alfalfa achieved an average
desalinization rate of 41.81% in the Yellow River Delta, surpassing both Sesbania cannabina and
Melilotus officinalis. These results collectively highlight that plant selection serves as a critical
determinant of desalination efficacy in saline soils. Sesbania cannabina and alfalfa emerges as a
promising candidate for coastal salt-affected lands, demonstrating superior salt removal capabilities.

The desalination effect of green manure on saline soil is also influenced by soil depth. Previous
studies demonstrated that green manure can effectively promote soil desalination, and the
desalination of the upper soil layer was more obvious than that of the lower layer . Yang et al. found
that the salt content planted with Suaeda salsa in saline alkali land was lower than that in bare land
plots, and the difference gradually decreased with increasing soil depth. Wang et al. further
demonstrated that soil EC values in coastal saline land planted with Sesbania cannabina and alfalfa
differed significantly from bare soil across various depths, with average desalinization rates reaching
up to 45% in the 0-20 cm layer, whereas no significant differences were observed at 60-80 cm layer,
indicating that green manure primarily improves surface soil.

3. Effects of Green Manure on Soil Physical Properties in Saline Soils

Saline soils typically exhibit poor physical structure characterized by dispersed clay particles,
macro porosity deficiency, and susceptibility to compaction, resulting in high bulk density, low
porosity, and severely restricted crop growth and soil productivity . As a sustainable soil remediation
strategy, green manure demonstrates significant potential in improving and regulating soil physical
structure . On the one hand, the root system of green manure improves the permeability of saline soil
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through stretching; in addition, green manure produces a large number of plant residues left in the
soil till layer, which, after decaying and decomposing, can reduce the soil bulk density and increase
the porosity, providing a suitable environment for crop growth.

Sun et al. found that the soil bulk density of green manure returning treatment at 0-20 cm
topsoil layer was reduced from 1.51 g cm™ to 1.33 g cm™, while bare soil showed no significant
improvement. The improvement effect of different green manure species varies in modifying soil
bulk density. Jing et al. planted five kinds of green manure, such as Sesbania cannabina,
Meadowsweet and Gauldan grass, in heavily saline soil, and found that all five kinds of green manure
could significantly reduce the soil bulk density and improve the soil porosity, among which the
decrease in the bulk density of the soil of the cultivated layer planted with Gauldan grass was the
largest, which reached 4.1%; the increase in the total porosity of the soil of the cultivated layer was
the largest increase in the experimental area planted with Sesbania cannabina, with an increase of
4.9%. This indicates that the improvement effect of green manure species on soil bulk density and
porosity of saline soil varies significantly, primarily due to variations in root biomass, diameter,
depth, and decomposition rates of green manure .

Soil aggregates are fundamental units of soil structure and critical indicators of soil fertility. The
distribution of soil aggregates is closely related to soil nutrient retention and supply, microbial
quantity and activity. Due to their high salt content, the aggregates of soil particles in saline alkali
soil is weak. Na* in saline soils is a strong dispersant, which is easy to gather on the surface of soil
colloids to form a thicker ionic layer, and soil colloids wrapped in the ionic layer repel each other,
hindering the formation and stabilization of aggregates [36,37]. The limited quantity and
predominantly small size of soil aggregates significantly contribute to the formation of well-
developed capillary pore networks, which not only promotes salt accumulation on soil surfaces but
also concurrently inhibits natural salt leaching processes [38,39]. Consequently, enhancing
interparticle cohesion to foster soil aggregation and increasing the proportion of macroaggregates
have emerged as pivotal strategies for remediating saline-alkali soils. Studies have shown that green
manure significantly promotes the formation of saline soil aggregates and enhances their stability .
On the one hand, green manure can reduce the salt content, thereby alleviating the dispersion effect
of colloids in saline alkali soil; on the other hand, root exudates, roots, and residues to the field can
increase soil organic matter content, promote mineral soil particle aggregation, and facilitate the
formation of large aggregates [41,42]. Shen et al. reported that after planting green manure, the soil
water-stable aggregates of 1-2 mm particle size in saline soils increased by 4.5%-19%. Similar results
were also reported by Xiao et al., who observed that after planting green manure crops on saline soil
in the Hetao irrigation area, the particle size of<0.0lmm aggregates decreased by 44% -65%,
while>0.25mm aggregates increased by 95% -203%.

4. Effects of Green Manure on Soil Organic Matter in Saline Soils

Soil organic matter (SOM), a critical indicator of farmland basic fertility and soil productivity,
directly influenes crop growth, development, and the sustainability of agro-ecosystems. In saline
soils, high salt stress suppresses primary productivity, leading to low carbon input into the soil
carbon pool . Additionally, soil salinization inhibited the rate of soil carbon cycle, affected the process
of carbon fixation, and reduced the accumulation of organic carbon . Research shows that organic
material input can increase soil organic matter content . Green manure improves SOM in non-saline
soils by adding external carbon and adjusting microbial activities, as evidenced by many studies
[47,48], and the organic matter enhancement effect of green manure has also been confirmed in saline
soils. [49,50]. Research indicates that one season of green manure cultivation in moderately saline
soils increased SOM by 34.3% to 69.7% . In moderately saline soils in northern Xinjiang, planting rape
as green manure for one and two years increased the SOM content in the 0-20 cm soil layer by 107.6%
and 167.7%, respectively, compared to the control . A four-year field experiment conducted by Lu et
al. revealed that the turnover of green manure roots, continuous renewal of root nodules, and
increasing litter input led to continuous accumulation of SOM in the soil, with a significant positive
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correlation between SOM accumulation rate and green manure cultivation age . Given SOM's role as
a major carbon reservoir, even minor changes may significantly impact global carbon cycling. Under
the "dual carbon" goals, the long-term carbon sequestration potential of green manure in saline soils
warrants further exploration.

SOM accumulation in saline soils is influenced by green manure incorporation rates, planting
patterns, and management methods. In the saline soils of northern Jiangsu Province, SOM content is
positively correlated with the amount of green manure incorporated. However, low incorporation
rates may trigger a priming effect, stimulating microbial activity and SOM decomposition .
Insufficient green manure input risks depleting recalcitrant SOM, potentially diminishing long-term
soil fertility. Intercropping strategies, such as combining leguminous and non-leguminous species,
enhance SOM more effectively than monocropping. Lu et al. indicated that intercropping leguminous
and non-leguminous green manures can further increase SOM content in saline soils . The combined
application of organic fertilizers can enhance the remediation effect of green manure on saline soils.
For instance, a single application of cow manure on coastal saline soils increased the biomass of
ryegrass and Sesbania, reduced the mineralization rate of soil organic carbon after incorporation, and
promoted the conversion of exogenous carbon into stable carbon humus . This synergy improves
fertility by facilitating green manure decomposition into soil organic carbon. Therefore, combining
green manure with organic amendments represents a promising research direction for sustainable
saline soil management.

5. Effects of Green Manure on Soil Nutrients in Saline Soils

The decomposition of green manure litter and residual roots in the soil increases the organic
matter and inorganic nutrients in the soil, and can promote the activities of soil microorganisms,
thereby accelerating the decomposition of soil organic matter and increase soil nutrients. Green
manure, particularly leguminous species, enhances nitrogen input through root nodule symbiosis
with nitrogen-fixing bacteria. This process increases total nitrogen (TN) and available nitrogen (AN)
in saline soil . Studies showed that leguminous green manure significantly outperforms green
manure species in improving nitrogen availability. Zhang et al. analyzed soil nitrogen dynamics
under non-legume and legume green manure varieties in northwest China's saline soil, results
indicated that all varieties increased TN and AN, but legumes showed more pronounced TN
enhancement . The nitrogen-fixing capacity of legumes is influenced by soil salinity. When soil
salinity reached 20 dSm™, Medicago sativa's symbiotic nitrogen fixation declined, but remained
stable at 1.7-16 dSm™ . This indicates that legumes maintain effective nitrogen fixation within
moderate salinity ranges, with minimal salt-induced suppression. In saline soil, one season of
Sesbania cannabina cultivation significantly increased alkali-hydrolyzable nitrogen, with higher
increments in low-salinity soil (36.16%) compared to high-salinity soil (23.85%) .

Green manure effects on phosphorus (P) and potassium (K) in saline soil are variable. Studies
have shown that green manure application could increase available P and K. Zhang et al. observed
33.3% and 12.8% increases in available P and K, following two years of alfalfa cultivation in coastal
saline soil. This might be attributed to the release of organic acids produced during green manure
decomposition, which solubilize insoluble P and K. However, some studies have pointed out the
negative effects of green manure on P and K in saline soil. Zhu et al. found that Sesbania cannabina
and M. officinalis reduced total and available P/K, with available P declining from 20.1-22.5 mg kg™*
t0 16.1-17.4 mg kg™ and available K from 136.7-140.8 mg kg™ to 86.2-102.4 mg kg™'. In Daging's severe
saline soil, three years of Sesbania cannabina cultivation decreased available P from 2.3 mg kg to 1.4
mg kg and available K from 35.7 mg kg to 22.7 mg kg'. This might attributed to that after planting
Sesbania cannabina, the nutrient demand of Sesbania cannabina ( H %) itself will consume
phosphorus and potassium in the soil to a certain extent . Similarly, Zhang et al found that in the year
of planting Sesbania cannabina, due to crop growth and consumption, the content of available
phosphorus and available potassium in the soil decreased, and began to rise gradually in the second
year . This discrepancy arises from species-specific nutrient demand; Sesbania cannabina is a high
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P/K consumer. Thus, supplemental P/K fertilization may enhance green manure-based saline soil
remediation. Wang etal. revealed that combining Sesbania cannabina with P/K fertilization boosted
available phosphorus and potassium by 28.2% and 11.4%, respectively, outperforming the 15.7% and
1.6% increases from only green manure application.

6. Effects of Green Manure on Microbial Biomass and Activity in Saline Soils

Soil microorganisms, as the most abundant and metabolically active biological components in
subsurface ecosystems, play an irreplaceable role in maintaining soil ecological service functions.
They directly or indirectly regulate biogeochemical cycles and ecosystem services, and have been
widely adopted as indicators of soil quality . Soil microorganisms can promote the transformation of
substances in the soil, and play an important regulatory role in many processes such as nitrogen
fixation, nitrification denitrification, and decomposition and synthesis of humus , making microbial
abundance and activity reliable indicators of soil quality . Especially in saline soil, the structural and
functional characteristics of microbial communities are regarded as important bioindicators to
evaluate soil health. At present, although research on green manure induced microbial community
and activity changes in saline soil is still in the initial stage, accumulating evidence demonstrates that
green manure will affect soil microbial community and activity while improving the physicochemical
properties and soil nutrient status of saline soil . Sun et al. reported that the number of fungi, bacteria
and actinomycetes in the soil of 0-20 cm soil layer increased dramatically with green manure
application, compared with the bare land .

The underlying mechanisms by which green manure affects the microorganisms of saline soil
may be, Modifying the soil environment by providing carbon/nitrogen sources, thereby altering
microbial biomass, optimizing community structure, and stimulating enzyme activities [71,72]; (2)
Green manure root penetration can effectively reduce the soil bulk density, improve the pore
structure, and create a more suitable habitat for microorganisms. (3) Organic matter was significantly
and positively correlated with soil microbiota, while soil salinity was significantly and negatively
correlated with soil microbiota . By increasing organic carbon input, green manure promotes
microbial metabolism and population growth, and this carbon serves as both energy and nutrient
source for microbial communities, thereby stimulating microbial metabolism and increases microbial
population and activity. At present, conventional molecular biology techniques such as isolation and
culture, phospholipid fatty acids and PCR-DGGE are usually used to study soil microbial diversity,
but due to the limitations of traditional methods, the composition and population structure of soil
microbial diversity cannot be adequately reflected, and in the future, high-throughput sequencing
technology can be strengthened for the study of microbial community aspects of green manure-
amended saline soils.

7. Summary and Prospect

Improving the saline soil can increase land and secure food. This paper provides an overview of
the critical role that green manure play in saline soil improvement. In conclusion, green manure
effectively reduces salt content in saline soil, enhances soil nutrient availability, and increases
microbial abundance and enzymatic activity, playing a pivotal role in saline soil remediation. While
research in this field has made progress, many studies date back to the 1960s-1970s, with a recent
resurgence in interest. Several critical gaps remain to be addressed. To further promote agricultural
green development, future research should focus on the following areas: (1) Current research
primarily emphasizes SOM quantity, with limited attention to temporal dynamics and input-output
balances. Future research should apply isotopic tracing methods to elucidate SOM transformation
pathways and fates under green manure cultivation, and optimize incorporation techniques for
enhanced SOM sequestration. (2) Soil aggregate stability and porosity are critical for carbon
sequestration and desalinization in saline soils. However, their dynamic processes, quantitative
expressions, and mechanistic impacts in saline environments remain poorly understood. Future
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studies should integrate CT scanning and image analysis technologies to quantify aggregate-pore
characteristics and elucidate green manure-induced formation mechanisms. (3) Current research has
primarily focused the short-term effects of green manure on soil properties. However, there is a lack
of research on the long-term effects of green manure on saline soil improvement. Future research
should prioritize extended field experiments, combined with biogeochemical models (e.g., DNDC,
RothC), to analyze climate-soil-management interactions and assess green manure efficacy under
diverse climatic conditions. (4) Current understanding of green manure-induced microbial responses
in saline soil is limited, relying heavily on traditional methods. High-throughput sequencing
technologies should be employed to characterize bacterial and fungal community shifts during green
manure decomposition, revealing microbial-environmental interactions and remediation
mechanisms. (5) Further research is needed into the soil health assessment frameworks applied to
evaluate green manure remediation efficacy objectively, providing theoretical support for technology
dissemination.
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