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A B S T R A C T

Enhancing soil nitrogen storage is a global concern, particularly in soils affected by salinization. 
Land use changes significantly affect soil nitrogen cycle and its metabolic processes; however, 
their impacts on nitrogen availability and microbial nitrogen transformation in saline-sodic soils 
remain unclear. To address this knowledge gap, soils of six land use types – paddy field (PF), 
dryland (DL), converted paddy field to dryland (SGH), forestland (FL), grassland (GL), and 
wasteland (WL) – were collected to investigate the underlying mechanism of nitrogen trans
formations. Compared to WL, agricultural land use systems (PF, DL, SGH) significantly decreased 
(p < 0.05) soil pH (10.65–8.38 units), electrical conductivity (EC) (1.51–0.19 dS m− 1), 
exchangeable sodium percentage (ESP) (86–8 %), sodium adsorption ratio (SAR) (203 to 13), and 
water-soluble salt ions. Moreover, agricultural land use systems significantly increased soil 
organic matter (SOM), available phosphorus (AP), available potassium (AK), and nitrogen frac
tion contents relative to WL and enriched nitrogen-metabolizing microorganisms. Furthermore, 
agricultural land use systems were more advantageous than non-agricultural land use systems in 
improving soil nitrogen availability, through affecting N fixation, nitrification, and dissimilatory 
nitrate reduction to ammonium (DNRA). In addition, network analysis revealed that soil physi
cochemical properties shaped soil nitrogen-metabolizing microbial communities. Crucially, 
ammonium nitrogen (NH4

+-N) and nitrite nitrogen (NO2
- -N) were critical determinants of soil 

nitrogen metabolism dynamics. Therefore, agricultural land use systems, especially PF and DL, 
were conducive to the improvement of soil salinization and the promotion of soil nitrogen 
metabolism and storage in saline-sodic soils.

* Correspondence to: College of Resources and Environment Sciences, China Agricultural University, No. 2 Yuanmingyuan West Road, Beijing, 
Haidian 100193, China.

E-mail addresses: zihuanfenghaojie@163.com (H. Feng), shuwenhu@cau.edu.cn (S. Hu). 

Contents lists available at ScienceDirect

Environmental Technology & Innovation

journal homepage: www.elsevier.com/locate/eti

https://doi.org/10.1016/j.eti.2025.104363
Received 11 April 2025; Received in revised form 18 June 2025; Accepted 3 July 2025  

Environmental Technology & Innovation 40 (2025) 104363 

Available online 16 July 2025 
2352-1864/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 

mailto:zihuanfenghaojie@163.com
mailto:shuwenhu@cau.edu.cn
www.sciencedirect.com/science/journal/23521864
https://www.elsevier.com/locate/eti
https://doi.org/10.1016/j.eti.2025.104363
https://doi.org/10.1016/j.eti.2025.104363
http://crossmark.crossref.org/dialog/?doi=10.1016/j.eti.2025.104363&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


1. Introduction

Nitrogen is a fundamental nutrient for life, underpinning growth and development across ecosystems. Soil nitrogen cycle, a pivotal 
component of global biogeochemical cycling, governs the transformation of inert atmospheric nitrogen into bioavailable forms, pri
marily mediated by diverse microbial communities (Kuypers et al., 2018). This intricate cycle encompasses key processes such as 
nitrogen fixation, organic N mineralization (ammonification), nitrification, denitrification, and dissimilatory/assimilatory nitrate 
reduction (DNRA/ANRA) (Xiao et al., 2019), each orchestrated by specialized functional microbial groups (e.g., ammonia-oxidizing 
archaea/bacteria, nitrite reducers). Critically, the structure and function of these microbial communities form a kinetic core that 
regulates the rates of decomposition, mineralization, and overall nitrogen flux within soils (Wang et al., 2020). Consequently, deci
phering the mechanisms controlling soil nitrogen transformations is paramount for enhancing nitrogen retention and utilization ef
ficiency in terrestrial systems.

In recent decades, serious land degradation problems, especially soil salinization, have been increasingly prominent across the 
globe due to climate change and human activities (Ivushkin et al., 2019). Saline-alkaline soils are widely distributed around the world 
in regions such as Central Asia, the Middle East, South America, North Africa, and the Pacific. It is estimated that 950 million hectares 
of soil in more than 100 countries around the world are affected by salinization (Chang et al., 2014), which poses a threat to global food 
security, restricts agricultural production, and endangers soil health (Han et al., 2021). Among them, China is one of the regions 
severely affected by soil salinization, with a total area of 99.13 million hectares, which is still growing at a rate of 1 % per year (Liu 
et al., 2019; Li and Wang, 2018).

Soil salinization led to increased soil pH, soil nutrient imbalance, reduced water availability, and altered microbial diversity, which 
further affected plant health through osmotic stress, ionic toxicity, and low nutrient bio-availability (Zhang et al., 2019a). Meanwhile, 
soil salinization showed a non-negligible impact on soil nitrogen content and transformation. Excess soluble salts increase soil osmotic 
pressure, and generate toxic ions in highly concentrated cells, thereby disrupting soil structure, increasing soil nitrogen loss, and 
inhibiting plant water and nitrogen uptake (Xu et al., 2016; Zhang et al., 2017). Soil salinization also alters nitrogen transformation 
processes such as soil N mineralization (Noe et al., 2013), nitrification (Osborne et al., 2015), denitrification (Giblin et al., 2010), and 
reduction of DNRA (Yang et al., 2015). Microbial nitrogen cycling processes drive and regulates nitrogen compounds (e.g., N2O, 
NH4

+-N and NO3
- -N); therefore, soil salinization could directly affect soil nitrogen transformations and nitrogen losses by altering soil 

microbial communities and their biochemical activities (Teixeira et al., 2013). Hence, there is an urgent need for searching rational 
means to reduce nitrogen loss, enhance nitrogen utilization efficiency, and land productivity in saline-alkaline soils, which will help to 
improve soil quality and plant growth, increase agricultural yields, and improve the ecological environment.

Land use represents a primary manifestation of human interaction with natural resources, significantly shaping regional ecology, 
soil conservation, and biogeochemical cycles (Shi et al., 2014; Wang et al., 2014). Critically, land use change (such as conversions 
between forest, grassland, cropland, and wetlands) induces profound shifts in vegetation cover, soil physicochemical properties, and 
microbial community structure and function (Fuchs et al., 2015; Bargali et al., 2019). These changes inevitably cascade to impact core 
ecosystem processes, including the soil nitrogen cycle. Rational land management practices can enhance soil nitrogen fixation, reduce 
losses, improve soil quality, and contribute to climate change mitigation (Blaud et al., 2018). For instance, rice cultivation has been 
shown to promote soil nitrogen fixation compared to natural forests or banana plantations (He et al., 2024), while optimized man
agement can significantly increase global cropland nitrogen recovery efficiency (You et al., 2023). Land use-induced differences in the 
transformation characteristics of soil N cycling may be due to (a) oxygen availability (regulating nitrification/denitrification balance) 
(Wang et al., 2025); (b) soil carbon to nitrogen ratio (driving microbial N immobilization and mineralization) (Gao et al., 2024); and 
(c) synergistic microbial community effects (Zhang et al., 2023). While wise land management can improve nitrogen retention and 
utilization efficiency in non-saline soils, the efficacy and mechanistic pathways are severely understudied in saline environments, 
where stressors such as high pH, ionic toxicity and osmotic stress inherently disrupt microbial function and nutrient cycling. This 
constitutes a critical knowledge gap: How do land use types reconfigure soil biotic-abiotic interactions to regulate nitrogen trans
formation pathways under saline-alkaline stress? Therefore, understanding these differences is essential for tailoring land management 
to optimize nitrogen cycling in degraded soils.

The western part of the Songnen Plain in northeastern China is one of the world’s three largest concentrations of saline-sodic soils, 
covering an area of up to 3.73 million ha (Zhao et al., 2022). The western Songnen Plain provides a compelling model system to address 
the above knowledge gap. This region is experiencing rapid and significant land use change, driven by agricultural intensification and 
development, manifesting as conversions of grassland (GL), wetland (WL), and unused land to cropland (e.g., PF, DL, SGH) and 
forestland (FL) (Xia et al., 2014; Lu et al., 2024). This convergence of intense land use conversion and persistent saline-sodic stress 
establishes an urgent experimental context to resolve how land use trajectories rewire nitrogen cycling mechanisms. Therefore, we 
studied six saline-sodic land use type soils (PF, DL, SGH, FL, GL and WL) in the Songnen Plain, including changes in soil salinity and 
nutrients and biotic and abiotic mechanisms of soil nitrogen transformations in different land use types. Our specific objectives are to: 
(a) quantify land use effects on soil salinity, nutrients, and nitrogen partitioning; (b) determine how different land use practices affect 
microbial communities that are key functions of the nitrogen cycle, as well as nitrogen metabolism processes; (c) elucidate the 
dominant mechanisms driving variations in soil nitrogen transformation processes by disentangling the relative contributions of 
microbial community attributes versus soil physicochemical properties. We hypothesize that agronomic practices under specific land 
uses alleviate saline-sodic stress, restructuring microbial communities to favor nitrogen-conserving microorganism, thereby enhancing 
nitrogen retention in saline-sodic soils.
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2. Materials and methods

2.1. Description of the study area

The study was conducted in the Qiangolos Mongolian Autonomous County (44◦17’-45◦28’N, 123◦35’-125◦18’E), Songyuan City, 
Jilin Province, China, located in the northwestern part of Jilin Province and the southern part of the Songnen Plain. The county has a 
temperate continental monsoon climate with four distinct seasons, an average annual temperature of 4.5 ◦C, an average annual 
precipitation of 400–500 mm, an annual evaporation of more than 1200 mm and a frost-free period of 130–140 days. The soil type of 
the site is mostly black calcium soil, meadow soil, saline soil, and wind sandy soil. The local topography is alluvial plain along the river, 
the terrain is low and flat, and the altitude is about 150 m.

2.2. Experimental design and soil collection

Six land management practices were established, including paddy field (PF), dryland (DL), wasteland (WL), grassland (GL), 
forestland (FL), and converted paddy field to dryland (SGH). The six land management measure plots were each 1–2 km apart. We 
define PF, DL, and SGH as agricultural land use systems and FL, GL and WL as non-agricultural land use systems. The surface of WL 
investigated in this study is degraded grassland with low cover, the surface of GL is vegetated with alkali ponies or goat grass, the 
surface of FL is vegetated with poplar, the crop grown in DL is maize, and the crop grown in PF is rice. FL, GL and WL systems shared 
little anthropogenic external material inputs and agricultural management measures (including fertilizer application, ploughing, 
irrigation). It has been five years since the WL was reclaimed as FL and GL. Both DL and PF both follow an annual cropping pattern, and 
have been continuously monocultured for five years. SGH involves a shift from rice to maize after three years of rice cultivation and has 
been growing maize for five years. Wasteland is reclaimed as agricultural soils, then tilled, irrigated, and sown beginning in early May. 
It is managed for water level, weed control, and fertilization between May and October (Zhou et al., 2024). Nitrogen fertilizers used in 
PF, DL and SGH were based on compound fertilizers and ammonium sulphate at a dosage of 60–80 kg hm− 2 per year 
(N-P2O5-K2O=12:8:7). Crops were harvested in October each year, after which some or all of the crop residues were crushed and 
returned to the field. The residues were then ploughed into the soil tillage layer (0–30 cm) with spring ploughing the following year. All 
fields were managed with 100 % straw return and fertilizer application.

Samples (0–20 cm and 20–40 cm) were collected on April 28, 2023, prior to spring cultivation (for croplands) and during early 
vegetation growth (all land use systems), to capture baseline nitrogen transformation conditions with minimal recent disturbance. 
There were three plots for each land use pattern. Soil samples were collected at five random locations in each plot using a 5 cm 
diameter auger and combined into a composite sample, which was then transported to the laboratory below 0 ◦C. Soil samples were 
naturally air-dried to remove residues such as debris and plant roots for soil physicochemical property analysis. The majority of the 
microbial communities are present in the 0–20 cm soil layer; therefore, samples were collected from this layer for microbial molecular 
testing and stored at -80 ◦C.

2.3. Soil physicochemical properties

Soil pH and electrical conductivity (EC) were measured in a ratio of 1:5 (soil weight/ water volume) (Luo et al., 2018b). Soil cation 
exchange capacity (CEC) was determined using the sodium acetate method and measured with a flame photometer (AP1200, Aopu 
Company, Shanghai, China). Soil exchangeable sodium percentage (ESP) was measured using the flame atomic absorption spec
trometry method (Feng et al., 2019). Soil sodium adsorption ratio (SAR) was calculated using the formulae method (Murtaza et al., 
2006). Soil water-soluble K+, Na+, Ca2+ and Mg2+ ions were first extracted with deionised water and then determined by the ICP-AES 
method (Yayintas et al., 2007). Soil water-soluble CO3

2- and HCO3
- were determined by leaching with deionised water followed by dual 

indicator-neutralisation titration. Soil organic matter (SOM) was determined using the potassium dichromate external heating method 
(Zhu et al., 2020). Soil total carbon (TC) and total nitrogen (TN) were determined using a Vario Max CNS analyser (Elementar In
strument, Mt. Laurel, NJ, USA). Soil available phosphorus (AP) was determined using the molybdenum-antimony colorimetric method 
(Rowell, 1994). Soil available potassium (AK) was determined by flame photometric method (Rowell, 1994). Soil ammonium nitrogen 
(NH4

+-N) and nitrate nitrogen (NO3
- -N) were extracted with KCl and measured with a flow injection analyser (SAN++; Skalar 

Analytical B.V., Breda, The Netherlands). Soil nitrite nitrogen (NO2
- -N) was extracted with KCl solution and then determined by 

N-(1-naphthyl)-ethylenediamine hydrochloride colorimetric method (Chengdu Baihui Biotechnology Co., Ltd., China). Soil dissolved 
organic nitrogen (DON) was determined by differential subtraction method (Wang et al., 2022). Soil microbial nitrogen (MBN) was 
determined using chloroform fumigation extraction-TOC method (Vance et al., 1987).

2.4. Metagenome sequencing and bioinformatics analysis

Metagenome sequencing and analysis were conducted by OE biotech Co., Ltd. (Shanghai, China). Genomic DNA was extracted from 
soil samples using Mag Pure Soil DNA LQ Kit (Magen Biotechnology Co., Ltd, Guangzhou, China), after which the DNA concentration 
was detected using agarose gel electrophoresis and NanoDrop2000. Library amplification was carried out as follows: 95 ◦C, 3 min; 
7–8cycle (98 ◦C 20 s, 60 ◦C 15 s, 72 ◦C 30 s); 72 ◦C, 5 min; 4 ◦C hold. Reads were trimmed and filtered using fastp (v0.20.1) (Chen et al., 
2018b). Assembly was performed using MEGAHIT (v1.2.9) (Li et al., 2015). ORF prediction of assembled contigs (longer than 500 nt) 
was carried out using prodigal (v2.6.3) (Hyatt et al., 2010). Non-redundant gene sets were built for all predicted genes using MMSeqs2 
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(v13.45111) (Steinegger et al., 2017). Clustering parameters were 95 % identity and 90 % coverage. The longest gene was selected as 
representative sequence of each gene set. Clean reads of each sample were aligned against the non-redundant gene set (95 % identity) 
using salmon (v1.8.0) and the abundant information of the gene in the corresponding sample was counted. The gene set representative 
sequence (amino acid sequence) was annotated using the NR, KEGG and GO databases with an e-value of 1e− 5 through DIAMOND 
(v0.9.10.111) (Buchfink et al., 2015). The taxonomy of the species was obtained as a result of the corresponding taxonomy database of 
the NR Library.

2.5. Statistical analysis

All values are presented as mean ± standard error (SE). Lower case letters on the bar graphs indicate significant differences be
tween treatments. Significant differences in the soil variables were tested using oneway analysis of variance (ANOVA), followed by the 
least significant difference (LSD) at p < 0.05. ANOVA and Pearson correlation analyses were performed using SPSS 20.0 (IBM Corp., 
Armonk, NY, USA). DNA was extracted from five replicate samples per land use type, with triplicate PCR amplifications per extract. 
Fig. 3 data reflect means of biological replicates (n = 5). Mothur 1.30.2 (Michigan, Ann Arbor, MI, USA) was used for α diversity 
analysis, Qiime 1.9.1 (Nau, Flagstaff, AZ, USA) was used for β diversity distance calculation. The “psych” and “reshape2” packages 
were used for symbiotic network analysis, the “vegan” package for Mantel test correlation analysis, and the “plspm” package for partial 
least squares path modeling (PLS-PM), all implemented in RStudio 4.2.2 (RStudio Inc., Boston, MA, USA).

3. Results

3.1. Soil physicochemical properties

Compared to non-agricultural land use systems (FL, GL, WL), soil pH, EC, ESP, and SAR values were significantly lower (p < 0.05) in 
the agricultural land use systems (PF, DL, SGH) (Fig. 1a, b, d, e). Specifically, agricultural land use systems reduced soil pH from 10.65 

Fig. 1. Soil salinity, alkalinity and nutrient contents under different land uses. Different letters on each column indicate statistically significant 
differences (p < 0.05). pH (a), EC-electric conductivity (b), CEC-cation exchange capacity (c), ESP-exchangeable sodium percentage (d), SAR- 
sodium adsorption ratio (e), SOM-soil organic matter (f), TC-total carbon (g), AP-available phosphorus (h), AK-available potassium (i). PF-paddy 
field, DL-dryland, SGH-converted paddy field to dryland, FL-forestland, GL-grassland, WL-wasteland, same below.
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units (WL) to 8.38 units, EC from 1.51 dS m− 1 to 0.19 dS m− 1, ESP from 86 % to 8 %, and SAR from 203–13 (p < 0.05). The CEC values 
of PF were significantly higher (p < 0.05) than the other five land use systems (Fig. 1c). Agricultural land use systems also significantly 
reduced (p < 0.05) the soil water-soluble Ca²⁺, Na⁺, K⁺, Mg²⁺, CO₃²⁻ and HCO₃⁻ ion contents (Fig. S1).

Our results showed that SOM content ranged from 4.0 to 24.0 g kg− 1, which were significantly higher (p < 0.05) in the agricultural 
land use systems (PF and DL) compared to the other systems (Fig. 1f). Soil TC content ranged from 0.12 to 0.27 g kg− 1 with the lowest 
value for WL and the highest values for DL and SGH in the 0–20 cm soil layer (p < 0.05) (Fig. 1g). Soil AP content ranged from 1.2 to 
18.1 mg kg− 1, with the lowest values for GL and the highest values for PF in both soil horizons (p < 0.05) (Fig. 1h). Soil AK content 
ranged from 99.8 to 178.5 mg kg− 1 and was significantly greater in the 0–20 cm soil layer for PF and DL than for the other land types 
(p < 0.05) (Fig. 1i). Thus, SOM, AP and AK were higher in the agricultural land use systems and generally lower in the WL.

Land use practices significantly affected nitrogen fractions in saline-sodic soils (Fig. 2). Soil TN content ranged from 0.25 to 
1.51 g kg− 1 and was significantly greater in PF and DL than in the other land use systems, with WL having the lowest (p < 0.05) TN 

Fig. 2. Soil TN, NH4
+-N, NO3

- -N, NO2
- -N, MBN and DON contents under different land uses. Different letters on each column indicate statistically 

significant differences (p < 0.05). TN-total nitrogen (a), NH4
+-N-ammonium nitrogen (b), NO3

- -N-nitrate nitrogen (c), NO2
- -N-nitrite nitrogen (d), 

MBN-microbial biomass nitrogen (e), DON-dissolved organic nitrogen (f).
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content (Fig. 2a). Soil NH4
+-N content ranged from 0.34 to 2.22 mg kg− 1 and was significantly higher in PF, while WL had the lowest 

NH4
+-N content (p < 0.05) (Fig. 2b). Soil NO3

- -N content ranged from 2.9 to 23.4 mg kg− 1, with DL having highest NO3
- -N content, with 

values of 23.4 mg kg− 1 and 16.8 mg kg− 1 in two soil horizons, respectively (p < 0.05) (Fig. 2c). Soil NO2
- -N content of PF was highest 

with a value of 0.41 mg kg− 1 and WL had the lowest NO2
- -N content with a value of 0.06 mg kg− 1 (p < 0.05) (Fig. 2d). Soil MBN 

content ranged from 15.5 to 137.8 mg kg− 1 and the MBN content of DL was significantly higher (p < 0.05) than that of the other land 
use systems in the 0–20 cm soil layer(Fig. 2e). Soil DON content ranged from 1.0 to 6.7 mg kg− 1, and PF, DL and FL store more DON 
(p < 0.05) (Fig. 2f). As a result, agricultural land use systems had higher TN content. In particular, paddy field stored more NH4

+-N and 
NO2

- -N, while dryland stored more NO3
- -N, MBN and DON.

3.2. Soil nitrogen cycling microorganisms

3.2.1. Diversity analysis
The diversity of microbial communities involved in the soil nitrogen cycle is shown in Fig. 3. At the phylum level, the microbial 

communities involved in the soil nitrogen cycle were dominated by the Proteobacteria, Actinobacteria, Acidobacteria, Gemmatimonadetes 
and Chloroflexi (Fig. 3a). The relative abundance of Proteobacteria was significantly higher (p < 0.05) in the PF, DL and SGH than in the 
FL, GL and WL. Whereas the relative abundance of Actinobacteria was significantly lower (p < 0.05) in the PF and SGH than in the other 
land type systems and the relative abundance of Acidobacteria was significantly lower in PF than in the other land use systems (Fig. 3a). 
At the genus level, the dominant genera of PF were Polaromonas and Thiobacillus, the dominant genus of SGH was Bradyrhizobium, the 
dominant genera of DL were Pseudomonas and Flavobacterium, the dominant genus of WL was Streptomyces, the dominant genus of FL 
were Streptomyces, Nitriliruptor and Sphingosinicella, and the dominant genus of GL was Pontibacter (Fig. 3b). Taken together, the 
relative abundance of dominant genera was significantly higher in the PF, DL and SGH than in the FL, GL and WL. The number of 
species observed and community richness were lowest in DL, with higher values found in the non-agricultural land use system 
compared to the agricultural land use system (Fig. 3c and d). The Shannon index was highest in PF, which exhibited the greatest 
community diversity (Fig. 3e).

Fig. 3. Species composition and diversity analysis of soil nitrogen cycle under different land uses. Species composition at the phylum level (a), 
species composition at the genus level (b), Alpha diversity (c-e). Different letters on each column indicate statistically significant differences 
(p < 0.05). *, 0.01 <p < 0.05，**, p < 0.01，***, p < 0.001.
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3.2.2. LEfSe analysis
LEfSe analysis used to identify soil nitrogen-metabolizing microbial community taxa as biomarkers under different land use 

practices. The LDA filtering threshold for the LEfSe analysis was set to 4. In the cladogram, the circles radiating from inside to outside 
represented the taxonomic level from phylum to genus (Fig. 4a). Statistically distinct biomakers were also distributed from phylum to 
genus in Fig. 4b. The highest number of species with significant differences was found in DL with 29 microbial taxa, the lowest in FL 
with only 4 microbial taxa, and the agricultural land use system had a higher number of significantly different species (Fig. 4b). 
Gammaproteobacteria and Actinobacteria in DL, Betaproteobacteria in PF, Proteobacteria and Alphaproteobacteria in SGH, Actinobacteria in 
GL, Gemmatimonadetes in WL and Pseudonocardiaceae in FL could be used as biomarkers in different treatment groups (Fig. 4b).

3.2.3. KEGG analysis of soil nitrogen metabolism
Soil nitrogen metabolism usually proceeds through six modular pathways, which are nitrogen fixation (M00175), nitrification 

(M00528), denitrification (M00529), dissimilatory Nitrate Reduction to ammonium (DNRA) (M00530), assimilatory nitrate reduction 
to ammonium (ANRA) (M00531), and complete ammonia oxidation (M00804) (Fig. 5a–f). The abundance of functional genes cor
responding to these six soil nitrogen metabolism modules was shown in Fig. 5g–l. The relative abundance of soil nitrogen fixation 
modules of PF and SGH was significantly higher (p < 0.05) than in the other four land types (Fig. 5a). Additionally, the relative 
abundance of nitrogen fixation functional genes was highest (p < 0.001) in PF (Fig. 5g). The relative abundance of the soil nitrification 
module was highest (p < 0.05) in DL (Fig. 5b), with the nitrification functional genes pmoA-amoA, pmoB-amoB and pmoC-amoC 
showing the highest (p < 0.001) relative abundance (Fig. 5h). Additionally, the highest (p < 0.05) relative abundance of soil deni
trification, DNRA, and complete ammonia oxidation modules were found in PF (Fig. 5c, d, f). The relative abundance of soil deni
trification functional genes (narG , narH, norC and norB, etc.), DNRA functional genes (nrfA), and complete ammonia oxidation 
functional genes (hao) were significantly higher (p < 0.001) in PF than in the other land types (Fig. 5i, j, l). There was no significant 

Fig. 4. Linear discriminant analysis (LDA) Effect Size (LEfSe) of soil nitrogen cycle under different land uses. LDP evolutionary cladogram (a) and 
histogram of LDA value distribution (b). In the cladogram, the taxa associated with small circles and the shading in the colour of a specific soil 
played an important part in the structure of the microbial community in that soil (significantly different from other soils). The diameter of the small 
circle represents the relative abundance of the taxa. The taxa without a significant difference are coloured yellow.
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difference in the relative abundance of ANRA modules among the land types (Fig. 5e). The highest (p < 0.05) relative abundance of soil 
ANRA functional genes NR, nasA and nasB was found in PF (Fig. 5k).

3.3. Correlation analysis of soil physicochemical properties, microbial communities and functional genes abundance

3.3.1. Symbiotic network analysis
The symbiotic network of microbial communities and soil environmental factors at the level of soil nitrogen metabolizing genera is 

shown in Fig. 6. In PF soils, MBN, NO2
- -N, SOM, Mg2+, and DON showed correlation with soil nitrogen metabolizing microbial genera 

(Fig. 6a). Pseudoxanthomonas showed positive correlation with SOM, MBN, and Mg2+, and negative correlation with NO2
- -N and DON 

(Fig. 6a). Thiobacillus was negatively correlated with MBN, Mg2+ and SOM (Fig. 6a). In DL soils, ESP, CO3
2-, and NO3

- -N correlated with 
soil nitrogen-metabolizing microbial genera (Fig. 6b). Rubrobacter showed a negative correlation with ESP, while Agrobacterium and 
Pseudomonas showed a positive correlation (Fig. 6b). Novosphingobium and Blastococcus were negatively correlated with CO3

2-, whereas 
Sphingosinicella, Luteimonas, Nonomuraea, and Steroidobacter were positively correlated with NO3

- -N (Fig. 6b). In FL soils, Kutzneria and 
Actinophytocola were negatively correlated with ESP, EC and Mg2+ (Fig. 6d). In GL soils, Nitrosospira was positively correlated with 
CO3

2- (Fig. 6e). In WL soils, Gemmatirosa showed positive correlation with NO3
- -N, TN and negative correlation with DON. Janthino

bacterium was positively correlated with SOM and AK, and negatively correlated with pH, CEC, and K+ (Fig. 6f). Comparison of the 
topological characteristics of the networks revealed that the co-occurring networks of DL, PF, and WL exhibited higher nodes, edges, 
average degree, network diameter, and average path length, suggesting that the networks were more connected and that nitrogen- 
metabolizing microbial communities were more intricately and tightly linked to each other (Table S1). The modularity indices of 
the co-occurring networks of FL, DL, GL, and PF were greater than 0.44, suggesting that the nitrogen-metabolizing microbial com
munities and environmental factors have formed a certain modularity (Table S1).

3.3.2. Mantel test and PLS-PM analysis
Mantel test analysis of soil physicochemical properties and abundance of functional genes classified into six nitrogen metabolism 

modules was shown in Fig. 7. Soil salinity and alkalinity indicators (pH, EC, ESP, SAR, water-soluble salt ions) were significantly 
positively correlated (p < 0.05) with each other, whereas SOM, AP, AK, TN, and soil salinity and alkalinity were significantly nega
tively correlated (p < 0.05) (Fig. 7). Soil NH4

+-N was significantly positively correlated (p < 0.05) with CEC and AK (Fig. 7). Soil NO3
- -N 

and pH were significantly negatively correlated (p < 0.05) (Fig. 7). Soil NO2
- -N was significantly positively correlated (p < 0.01) with 

CEC and NH4
+-N (Fig. 7). Soil MBN was significantly negatively correlated (p < 0.05) with CO3

2- and positively correlated (p < 0.05) 
with NO3

- -N (Fig. 7). Soil DON and NO3
- -N were significantly positively correlated (p < 0.05) (Fig. 7). Notably, there were significant 

Fig. 5. KEGG analysis of soil nitrogen cycle under different land uses. Module abundance (a-f) and functional gene abundance (g-l) for soil nitrogen 
fixation (a, g), nitrification (b, h), denitrification (c, i), DNRA (d, j), ANRA (e, k) and complete ammonia oxidation (f, l). Pearson correlation analysis 
of abundance of three microbial communities and abundance of nitrogen metabolism modules at the phylum level (m). *,** and *** Significant 
effects at 0.05, 0.01 and 0.001 probability level, respectively.

Y. Meng et al.                                                                                                                                                                                                           Environmental Technology & Innovation 40 (2025) 104363 

8 



correlations between soil nitrogen fixation, nitrification, denitrification, ANRA, and complete ammonia oxidation metabolism gene 
abundance with soil NH4

+-N and NO2
—N, as well as significant correlation between soil DNRA metabolism gene abundance and soil pH 

(Fig. 7). Therefore, we conducted PLS-PM analysis to further investigate the direct and indirect effects of soil physicochemical 
properties on soil NH4

+-N, NO2
- -N, pH and soil nitrogen metabolism processes under different land uses (Fig. 8). Soil nutrients had 

significant positive indirect effects on soil nitrogen fixation, denitrification, ANRA, and complete ammonia oxidation processes by 
influencing NH4

+-N and NO2
- -N (Fig. 8a, c, d, f). Soil nutrients directly influenced soil nitrification and DNRA processes (Fig. 8b, e). Soil 

salinity and alkalinity had a direct significant negative effect on soil nitrogen fixation, denitrification, ANRA and complete ammonia 
oxidation processes (Fig. 8a, c, d, f). Soil NO2

- -N had the largest standardized positive total effect on soil nitrogen fixation, denitrifi
cation, ANRA and complete ammonia oxidation processes, whereas salinity metrics had the largest standardized negative total effect 
on these five processes (Fig. 8g, i, j, l). Soil nutrients had the largest standardized positive total effect on soil nitrification and DNRA 
processes (Fig. 8h, k).

4. Discussion

4.1. Soil salinization mitigation and nutrient enrichment through agricultural land use systems

Traditionally, land use transformation involved mutual transformation of forestland, grassland, and cropland, among others. 
(Fuchs et al., 2015). Reasonable land use practices not only mitigate soil salinization, improve soil carbon and nitrogen fixation ca
pacity, and reduce nutrient loss, but also improve soil quality and mitigate climate change (Blaud et al., 2018). In this study, compared 
to non-agricultural land use systems, agricultural land use systems significantly reduced soil pH, EC, ESP, and SAR while significantly 
increased SOM, AP and AK contents (Fig. 1). This could be attributed to the fact that salt leaching effect during the cultivation of crops, 
such as rice and maize, along with the substances secreted by the roots of the crops, could lower the soil pH and salinity (Xu et al., 
2020). In addition, straw return measures could replenish organic acids in saline-sodic soils and lower soil pH (Shao et al., 2022). 
Elevated SOM and AP/AK under agriculture are attributed to organic amendments (e.g., manure) and phosphate/potash fertilization 
(Cui et al., 2018; Qi et al., 2021). These inputs offset salt-induced nutrient immobilization, promoting microbial mineralization. The 

Fig. 6. Symbiotic network analysis of soil physicochemical properties and nitrogen metabolizing microbial genera in different land uses. Paddy field 
(a), dryland (b), converted paddy field to dryland (c), forestland (d), grassland (e) and wasteland (f). (Red line indicates positive correlation, green 
line indicates negative correlation.).
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SOM content in the 0–20 cm soil layer of FL soils was significantly lower than that of GL soils, while in the 20–40 cm layer, it was 
significantly higher in FL soils than in GL soils (Fig. 1f). This might be because grass roots were short and die easily, storing organic 
matter at the surface, while forestland plants had long roots and tended to store more organic matter at deeper depths (Anderson et al., 
2019). Therefore, artificial agricultural management measures could reduce soil saline-alkali stress and increase soil nutrient through 
crop-root secreted substances and straw returning measures.

It has been reported that soil nitrogen inputs vary widely depending on the type of vegetation cover under different land use 
practices. In this study, the highest soil TN was observed in PF and DL soils, with highest NH4

+-N found in PF soils, and highest NO3
- -N 

and MBN in DL soils (Fig. 2). These results are similar to those of Gao et al. (2014), who proposed that orchard and farmland soils 
exhibited higher N density and storage than forest soils. As is widely known, soil nitrogen in paddy fields mainly exists in the form of 
NH4

+, while in dryland soils, it primarily exists as NO3
- -N (Chen et al., 2018a; Liu et al., 2015). NO3

- -N is easily lost due to runoff and 
water leaching when planting rice. Meanwhile, the anaerobic environments of paddy field tends to promote soil denitrification and 
NH4

+-N accumulation (Wang et al., 2022). As a result, the NO3
- -N content in paddy fields is usually lower than that in dryland soils, 

while the NH4
+-N content follows the opposite trend. Dryland is mostly an aerobic environment, which provides a suitable habitat for 

soil microorganisms and improves the decomposition efficiency of apoplastic materials (Gong et al., 2022). These could be the reasons 
why dryland soils shared great MBN content. In addition, compared to wasteland, grassland and agricultural soils exhibit higher DON 
content due to fertilizer inputs, and forestland has higher DON content due to the input and decomposition of apoplastic matter from 
plants (Liu et al., 2016). Thus, we propose that agricultural land use practices contribute to enhancing soil nitrogen storage in saline 
soils.

4.2. Microbial community enhancement driving nitrogen transformation in agricultural land use systems

Changes in land use practices can directly affect soil physicochemical properties and reshape the community composition. In this 
study, land use practices significantly altered the microbial community composition (Fig. 3a). Specifically, the relative abundance of 
Proteobacteria was significantly higher in the three agricultural soils (PF, DL and SGH) than in non-agricultural soils, a pattern also 
observed by Bai et al. (2022) in their study of grassland-to-cropland conversion in North China. Conversely, the abundance of Acti
nobacteria and Acidobacteria was significantly lower in PF and SGH than in other land types (Fig. 3a). Dominance of Proteobacteria 
aligns with studies of saline-alkali soils (Gu et al., 2022), where their halotolerance and role in N-cycling under stress are established. 
The disruption of soil aggregates and accelerated mineralization of organic matter induced by anthropogenic tillage alters physico
chemical properties (e.g., aeration, moisture distribution, nutrient availability) and creates localized microenvironments, thereby 
favoring the proliferation of copiotrophic bacterial phyla such as the Proteobacteria (Goldfarb et al., 2011). It has been reported that 
Actinobacteria can easily survive in neutral and alkaline conditions, while Acidobacteria thrive in low nutrient environments (Peng 

Fig. 7. Mantel test analysis of soil nitrogen cycle under different land uses. Pairwise correlations of soil properties are shown, with red and blue 
indicating Pearson’s correlation. Vector length and angle are related to each soil property by the Mantel test. Edge width corresponds to Mantel’s r 
value, edge color denotes statistical significance. Shaded areas show 95 % confidence intervals of the fit in the line regression analysis.
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et al., 2017); thus, these two phyla are well adapted to salinized and non-agricultural soils. Additionally, our study found that species 
diversity and community richness were greater in non-agricultural systems (Fig. 3c, d). This is likely because agricultural system is 
ploughed for monoculture cropping, which reduces species richness (Beckmann et al., 2019). The increased diversity in PF and SGH 
(Fig. 3e) was likely due to improved soil structure and pore space resulting from plowing method of tillage, which enhanced microbial 
community distribution and diversity (Connell, 1978). LEfSe analysis revealed that the number of biomarkers was significantly higher 
in agricultural soils than in non-agricultural systems, with the highest number observed in DL (Fig. 4). This findings aligns with earlier 
studies by Zheng et al. (2022), who suggested that dryland could enrich microbial species due to factors such as tillage, fertilization and 
aerobic environment, compared to abandoned land. Therefore, the microbial communities in agricultural land systems exhibited 
greater responsiveness to soil conditions than those in non-agricultural land use systems. Thus significant enrichment of microbial 
communities may be associated with their role in resisting salinity stress and promoting nitrogen conversion functions.

A nitrogen metabolism (ko00910) functional gene set was constructed to annotate nitrogen metabolism-related functions. KEGG 
analysis showed that nitrogen metabolism genes were most abundant in paddy field for fixation, denitrification, DNRA, and ammonia 

Fig. 8. Partial least squares path model (PLS-PM) analysis showing effect of soil environmental factors on soil nitrogen cycle under different land 
uses (a-f) and standardized total effects of variables (g-l). Note: The numbers adjacent to arrows are standardized path coefficients. Goodness-of-fit 
statistics for model is shown below the model. *, 0.01 <p < 0.05，**, p < 0.01，***, p < 0.001.
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oxidation, whereas in dryland, they were most abundant for nitrification (Fig. 5). Consequently, we assumed that agricultural land use 
systems exhibited a superior capacity to facilitate the metabolic transformation of soil nitrogen compared to non-agricultural land use 
systems. Paddy field are affected by nutrient and fertilizer inputs during ploughing, which significantly enhance their nitrogen fixation 
capacity (Li et al., 2022). Whereas the anaerobic environment promote denitrification and DNRA processes in paddy soil nitrogen 
(Tang et al., 2024; Wei et al., 2022). Moreover, DNRA process has the potential to reduce nitrogen loss by competing with denitri
fication and anaerobic ammonia oxidation processes in paddy soils (Putz et al., 2018). The high abundance of hao and narG/H genes in 
paddy field and their high capacity for complete ammonia oxidation also echoed the high NO2

- -N content in paddy field (Fig. 5). 
Besides, Luo et al. (2023) found that land use conversion from dryland to paddy field increase soil nitrogen fixation and decrease soil 
nitrification and N2O production, which was similar with our study. Dryland soils had the highest gene abundance of pmoA/B/C-a
moA/B/C (Fig. 5h), as they were well aerated and had a high nitrification potential; however, future studies should further investigate 
nitrate accumulation in these soils. Notably, Proteobacteria played a major role in soil N metabolism processes in agricultural land use 
soils (Hou et al., 2023; Zhang and Lv, 2021), which aligns with our results on soil nitrogen fixation, denitrification, DNRA, and 
complete ammonia oxidation processes (Fig. 5m). These processes were particularly significant in paddy fields (Figs. 3a and 5). Our 
results further suggest that agricultural practices, especially fertilizer use and crop management, can facilitate key processes in soil 
nitrogen cycling by enhancing microbial communities.

4.3. Determinants of N-metabolizing microbial communities and nitrogen transformation: Soil pH, NH4
+-N and NO2

- -N

Changes in land use practices affect the physicochemical properties of soils, thereby shifting the soil microbial communities (Sui 
et al., 2019; Turley et al., 2020). Our study showed a strong relationship between the abundance of soil nitrogen-metabolizing mi
crobial community and soil properties under different land use types (Fig. 6). For instance, Pseudoxanthomonas and Thiobacillus in 
paddy fields were associated with soil SOM, MBN and Mg2+ (Fig. 6a). Higher SOM content elevated the abundance of Pseudox
anthomonas (Fig. 6a), thereby promoting nitrogen fixation (Gao et al., 2024). Additionally, Thiobacillus increase was accompanied by a 
decrease in mg2+ (Fig. 6a). This is similar to a previous study in which Thiobacillus could lower soil saline by increasing soil sulfate 
content (Xiao et al., 2023). Furthermore, changes in soil salinity and nutrients are important factors affecting microbial diversity, 
especially in agricultural ecosystems. Increased nutrient inputs from fertilizers, manure, and crop residues can enhance bacterial and 
fungal interactions with soil nitrogen metabolizing nutrients (Kang et al., 2024). In summary, soil salinity and nutrients were key 
factors affecting soil nitrogen metabolism microbial communities, which differ with land use practices.

Both Mantel test and PLS-PM analysis showed that soil salinity, alkalinity, and nutrients influence nitrogen processes (Figs. 7–8). 
Soil properties (SOM and pH) emerged as important drivers influencing the abundance of functional genes (nifH, amoA, norB, and nosZ) 
during the nitrogen cycle (Li et al., 2024). This is similar to our findings that soil salinity and nutrients drive nitrogen metabolic 
processes and functional genes for nitrogen metabolism (Fig. 8). Additionally, Soil pH and NO2--N/NH4

+-N were significantly corre
lated with the abundance of microbial functional genes during the nitrogen transformation processes, which is consistent with our 
findings that NO2--N and NH4

+-N are key determinants of soil N metabolism processes (Fig. 8) (Chen et al., 2021). NH4
+ is the main 

substrate of nitrification and its availability directly constrains the rate of nitrification, whereas the concentration of NO2
- as a central 

intermediate in nitrification and denitrification-regulates denitrification efficiency and N loss pathways (e.g., N2O emissions) (Chen 
et al., 2015; Zhang et al., 2019b). In contrast, NO3

- -N is more stable but less biochemically constrained, thus NH4
+-N and NO2

- -N are 
closer to regulators of microbial activity and N fluxes (Zhang et al., 2018). However, since changes in soil properties affected the 
denitrification, future research should focus on nitrogen loss from this process. Additionally, our results showed that agricultural land 
use systems, especially paddy fields and drylands, played an important role in increasing soil nitrogen content and promoting nitrogen 
metabolism transformation processes. This is because management practices (e.g. tillage and fertilization) can directly and indirectly 
affect soil nutrient transformation. Therefore, the research and development of new, efficient fertilizers is urgent for enhancing ni
trogen use efficiency and ensuring the sustainable management of salinity-affected farmland.

5. Conclusion

In conclusion, agricultural land use systems (PF, DL and SGH) significantly decreased soil pH, EC, ESP, SAR, and water-soluble salt 
ion contents, while significantly increasing SOM, AP and AK contents, compared to non-agricultural land use systems (FL, GL and WL). 
Moreover, agronomic management practices, especially in PF and DL, significantly enhanced microbial community diversity and 
enriched nitrogen metabolism-related microorganisms, thereby contributing to soil nitrogen gene abundance and transformation (N 
fixation, nitrification and DNRA). Soil ESP, CO3

2-, NO2
- -N, NO3

- -N, and MBN were important factors for soil nitrogen-metabolizing 
microbial communities. More importantly, NH4

+-N, and NO2
- -N were critical determinants of the dynamics of soil nitrogen meta

bolism. In summary, in the saline-sodic soils of the Songnen Plain, compared to abandoned land, the selection of salt-tolerant crops, 
combined with optimized fertilizer management (particularly organic amendments or balanced NPK to boost nutrients) and improved 
water management (controlled irrigation or drainage to leach salts), were effective measures to improve soil salinization, promote N 
cycling, and increase N efficacy. Practices in paddy field and dryland systems were most impactful for enhancing microbial-mediated N 
processes. Further research should focus on the sustainable practices for managing saline-sodic soils and the development of new, 
efficient fertilizers, to reduce soil salinization, increase soil nitrogen storage, and improve soil nitrogen utilization.

Y. Meng et al.                                                                                                                                                                                                           Environmental Technology & Innovation 40 (2025) 104363 

12 



CRediT authorship contribution statement

Xueqin Ren: Supervision, Formal analysis. Qilin Lv: Resources, Investigation. Tairan Zhou: Methodology, Investigation, Data 
curation. Marcela Hernández: Writing – review & editing, Methodology. Hong Pan: Writing – review & editing, Resources, Formal 
analysis. Haojie Feng: Writing – review & editing, Supervision, Funding acquisition, Conceptualization. Shuwen Hu: Writing – review 
& editing, Supervision, Project administration, Methodology, Investigation, Funding acquisition, Conceptualization. Xu Yang: 
Methodology, Investigation. Xuepeng Zhou: Methodology, Investigation. Tianhao Wang: Software, Methodology, Formal analysis. 
Yunshan Meng: Writing – review & editing, Writing – original draft, Methodology, Investigation.

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Acknowledgements

This work was supported by National Key Technology R & D Program of the Ministry of Science and Technology of China 
(2023YFD150050305), National Key Research and Development Program (2021YFD190090207) and “Double First-Class” project of 
the Ministry of Education of China (2024AC008).

Appendix A. Supporting information

Supplementary data associated with this article can be found in the online version at doi:10.1016/j.eti.2025.104363.

Data Availability

The raw reads were deposited into the NCBI Sequence Read Archive (SRA) database (Accession Number: PRJNA1226390).

References

Anderson, J., Prescott, C.E., Grayston, S.J., 2019. Organic matter accumulation in reclaimed soils under spruce, poplar and grass in the Alberta Oil Sands. New 50, 
307–322. https://doi.org/10.1007/s11056-018-9646-4.

Bai, Z., Zheng, L., Bai, Z., Jia, A., Wang, M., 2022. Long-term cultivation alter soil bacterial community in a forest-grassland transition zone. Front. Microbiol. 13, 
1001781. https://doi.org/10.3389/fmicb.2022.1001781.

Bargali, S.S., Padalia, K., Bargali, K., 2019. Effects of tree fostering on soil health and microbial biomass under different land use systems in the Central Himalayas. 
Land Degerad. Dev. 30 (16), 1984–1998. https://doi.org/10.1002/ldr.3394.

Beckmann, M., Gerstner, K., Akin-Fajiye, M., Ceausu, S., Kambach, S., Kinlock, N.L., Phillips, H.R.P., Verhagen, W., Gurevitch, J., Klotz, S., Newbold, T., Verburg, P.H., 
Winter, M., Seppelt, R., 2019. Conventional land-use intensification reduces species richness and increases production: a global meta-analysis. Glob. Change Biol. 
25 (6), 1941–1956. https://doi.org/10.1111/gcb.14606.

Blaud, A., van der Zaan, B., Menon, M., Lair, G.J., Zhang, D., Huber, P., Schiefer, J., Blum, W.E.H., Kitzler, B., Huang, W.E., van Gaans, P., Banwart, S., 2018. The 
abundance of nitrogen cycle genes and potential greenhouse gas fluxes depends on land use type and little on soil aggregate size. Appl. Soil Ecol. 125, 1–11. 
https://doi.org/10.1016/j.apsoil.2017.11.026.

Buchfink, B., Xie, C., Huson, D.H., 2015. Fast and sensitive protein alignment using DIAMOND. Nat. Methods 12 (1), 59–60. https://doi.org/10.1038/nmeth.3176.
Chang, P., Gerhardt, K.E., Huang, X.D., Yu, X.M., Glick, B.R., Gerwing, P.D., Greenberg, B.M., 2014. Plant growth-promoting bacteria facilitate the growth of barley 

and oats in salt-impacted soil: implications for phytoremediation of saline soils. Int. J. Phytorem. 16 (11), 1133–1147. https://doi.org/10.1080/ 
15226514.2013.821447.

Chen, Q., Qi, L., Bi, Q., Dai, P., Sun, D., Sun, C., Liu, W., Lu, L., Ni, W., Lin, X., 2015. Comparative effects of 3, 4-dimethylpyrazole phosphate (DMPP) and 
dicyandiamide (DCD) on ammonia-oxidizing bacteria and archaea in a vegetable soil. Appl. Microbiol. Biotechnol. 99, 477–487. https://doi.org/10.1007/ 
s00253-014-6026-7.

Chen, Q., Yuan, Y., Hu, Y., Wang, J., Si, G., Xu, R., Zhou, J., Xi, C., Hu, A., Zhang, G., 2021. Excessive nitrogen addition accelerates N assimilation and P utilization by 
enhancing organic carbon decomposition in a Tibetan alpine steppe. Sci. Total Environ. 764, 142848. https://doi.org/10.1016/j.scitotenv.2020.142848.

Chen, H., Zhang, Q., Cai, H., Zhou, W., Xu, F., 2018a. H2O2 mediates nitrate-induced iron chlorosis by regulating iron homeostasis in rice. Plant Cell Environ. 41 (4), 
767–781. https://doi.org/10.1111/pce.13145.

Chen, S., Zhou, Y., Chen, Y., Gu, J., 2018b. fastp: an ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 34 (17), 884–890. https://doi.org/10.1093/ 
bioinformatics/bty560.

Connell, J.H., 1978. Diversity in tropical rain forests and coral reefs: high diversity of trees and corals is maintained only in a non-equilibrium state. Science 199 
(4335), 1302–1310. https://doi.org/10.1126/science.199.4335.1302.

Cui, J., Li, Y., Wang, C., Kim, K.S., Wang, T., Liu, S., 2018. Characteristics of the rhizosphere bacterial community across different cultivation years in saline-alkaline 
paddy soils of Songnen Plain of China. Can. J. Microbiol. 64 (12), 925–936. https://doi.org/10.1139/cjm-2017-0752.

Feng, H., Wang, S., Gao, Z., Wang, Z., Ren, X., Hu, S., Pan, H., 2019. Effect of land use on the composition of bacterial and fungal communities in saline-sodic soils. 
Land Degerad. Dev. 30 (15), 1851–1860. https://doi.org/10.1002/ldr.3386.

Fuchs, R., Herold, M., Verburg, P.H., Clevers, J.G.P.W., Eberle, J., 2015. Gross changes in reconstructions of historic land cover/use for Europe between 1900 and 
2010. Glob. Change Biol. 21 (1), 299–313. https://doi.org/10.1111/gcb.12714.

Gao, Y., He, N., Yu, G., Chen, W., Wang, Q., 2014. Long-term effects of different land use types on C, N, and P stoichiometry and storage in subtropical ecosystems: a 
case study in China. Ecol. Eng. 67, 171–181. https://doi.org/10.1016/j.ecoleng.2014.03.013.

Gao, W., Zhao, J., Guo, X., Wang, F., Chen, X., Zhu, Z., Ge, T., Wang, L., Kuzyakov, Y., Wu, J., Jia, Z., 2024. Intensive N2 fixation accelerates microbial turnover in 
cropland soils. Sci. Total Environ. 916, 170081. https://doi.org/10.1016/j.scitotenv.2024.170081.

Y. Meng et al.                                                                                                                                                                                                           Environmental Technology & Innovation 40 (2025) 104363 

13 

https://doi.org/10.1016/j.eti.2025.104363
https://doi.org/10.1007/s11056-018-9646-4
https://doi.org/10.3389/fmicb.2022.1001781
https://doi.org/10.1002/ldr.3394
https://doi.org/10.1111/gcb.14606
https://doi.org/10.1016/j.apsoil.2017.11.026
https://doi.org/10.1038/nmeth.3176
https://doi.org/10.1080/15226514.2013.821447
https://doi.org/10.1080/15226514.2013.821447
https://doi.org/10.1007/s00253-014-6026-7
https://doi.org/10.1007/s00253-014-6026-7
https://doi.org/10.1016/j.scitotenv.2020.142848
https://doi.org/10.1111/pce.13145
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1126/science.199.4335.1302
https://doi.org/10.1139/cjm-2017-0752
https://doi.org/10.1002/ldr.3386
https://doi.org/10.1111/gcb.12714
https://doi.org/10.1016/j.ecoleng.2014.03.013
https://doi.org/10.1016/j.scitotenv.2024.170081


Giblin, A.E., Weston, N.B., Banta, G.T., Tucker, J., Hopkinson, C.S., 2010. The effects of salinity on nitrogen losses from an oligohaline estuarine sediment. Estuar. 
Coast 33, 1054–1068. https://doi.org/10.1007/s12237-010-9280-7.

Goldfarb, K.C., Karaoz, U., Hanson, C.A., Santee, C.A., Bradford, M.A., Treseder, K.K., Wallenstein, M.D., Brodie, E.L., 2011. Differential growth responses of soil 
bacterial taxa to carbon substrates of varying chemical recalcitrance. Front. Microbiol 2, 94. https://doi.org/10.3389/fmicb.2011.00094.

Gong, S., Feng, Z., Qu, A., Sun, J., Xu, X., Yong, L., Kong, Y., 2022. Effects of land-use types on the temporal dynamics of soil active carbon and nitrogen in the rocky 
mountainous of North China. Soil Sci. Plant. Nutr. 68 (1), 72–80. https://doi.org/10.1080/00380768.2021.1985383.

Gu, Y., Zhang, H., Liang, X., Fu, R., Li, M., Chen, C., 2022. Effect of different biochar particle sizes together with bio-organic fertilizer on rhizosphere soil 
microecological environment on saline–alkali land. Front. Environ. Sci. 10, 949190. https://doi.org/10.3389/fenvs.2022.949190.

Han, X., Qu, Y., Li, D., Qiu, Y., Yu, Y., Feng, Y., 2021. Remediation of saline-sodic soil by plant microbial desalination cell. Chemosphere 277, 130275. https://doi. 
org/10.1016/j.chemosphere.2021.130275.

He, C., Li, K., Li, J., Fan, P., Ruan, Y., Jia, Z., 2024. Rice straw increases microbial nitrogen fixation, bacterial and nifH genes abundance with the change of land use 
types. Front. Microbiol 14, 1283675. https://doi.org/10.3389/fmicb.2023.1283675.

Hou, P., Zhao, S., He, S., Zhou, Y., Petropoulos, E., Willett, I., Xue, L., Yang, L., Chen, D., 2023. Effect of nitrification inhibitor addition on rice N utilization and soil 
bacterial community. J. Soil Sci. Plant Nutr. 23 (1), 1019–1029. https://doi.org/10.1007/s42729-022-01100-7.

Hyatt, D., Chen, G.L., LoCascio, P.F., Land, M.L., Larimer, F.W., Hauser, L.J., 2010. Prodigal: prokaryotic gene recognition and translation initiation site identification. 
BMC Bioinforma. 11, 1–11. https://doi.org/10.1186/1471-2105-11-119.

Ivushkin, K., Bartholomeus, H., Bregt, A.K., Pulatov, A., Kempen, B., de Sousa, L., 2019. Global mapping of soil salinity change. Remote Sens. Environ. 231, 111260. 
https://doi.org/10.1016/j.rse.2019.111260.

Kang, P., Zhang, Y., Pan, Y., Gyrat, A., Bai, H., Yan, X., 2024. Soil pathogenic fungal groups and soil nutrient cycling under land use practices in Liupanshan Mountain 
in China. Land Degerad. Dev. 35 (16), 4781–4794. https://doi.org/10.1002/ldr.5257.

Kuypers, M.M.M., Marchant, H.K., Kartal, B., 2018. The microbial nitrogen-cycling network. Nat. Rev. Microbiol. 16 (5), 263–276. https://doi.org/10.1038/ 
nrmicro.2018.9.

Li, D., Liu, C.M., Luo, R., Sadakane, K., Lam, T.W., 2015. MEGAHIT: an ultra-fast single-node solution for large and complex metagenomics assembly via succinct de 
Bruijn graph. Bioinformatics 31 (10), 1674–1676. https://doi.org/10.1093/bioinformatics/btv033.

Li, J., Wang, J., 2018. Integrated life cycle assessment of improving saline-sodic soil with flue gas desulfurization gypsum. J. Clean. Prod. 202, 332–341. https://doi. 
org/10.1016/j.jclepro.2018.08.062.

Li, Q., Zhang, Y., Hu, J., Dai, Q., 2022. Response of bacterial communities and nitrogen-cycling genes in newly reclaimed mudflat paddy soils to nitrogen fertilizer 
gradients. Environ. Sci. Pollut. R. 29 (47), 71113–71123. https://doi.org/10.1007/s11356-022-20770-5.

Li, B., Zhu, D., Li, J., Liu, X., Yan, B., Mao, L., Zhang, M., Wang, Y., Li, X., 2024. Converting upland to paddy fields alters soil nitrogen microbial functions at different 
depths in black soil region. Agr. Ecosyst. Environ. 372, 109089. https://doi.org/10.1016/j.agee.2024.109089.

Liu, L., Bai, X., Jiang, Z., 2019. The generic technology identification of saline-alkali land management and improvement based on social network analysis. Clust. 
Comput. 22, 13167–13176. https://doi.org/10.1007/s10586-018-2705-y.

Liu, M., Ussiri, D.A.N., Lal, R., 2016. Soil organic carbon and nitrogen fractions under different land uses and tillage practices. Commun. Soil Sci. Plan 47 (12), 
1528–1541. https://doi.org/10.1080/00103624.2016.1194993.

Liu, J., Zhan, A., Chen, H., Luo, S., Bu, L., Chen, X., Li, S., 2015. Response of nitrogen use efficiency and soil nitrate dynamics to soil mulching in dryland maize (Zea 
mays L.) fields. Nutr. Cycl. Agroecosys. 101, 271–283. https://doi.org/10.1007/s10705-015-9678-5.

Lu, Z., Li, C., Zhang, J., Lei, G., Yu, Z., Dong, Z., 2024. Impact of land use change on actual evapotranspiration in the Songnen Plain, China. J. Hydrol. Reg. Stud. 54, 
101854. https://doi.org/10.1016/j.ejrh.2024.101854.

Luo, S., Jia, Z., Tian, L., Wang, S., Chang, C., Ji, L., Chang, J., Zhang, J., Tian, C., 2023. Potential functional differentiation from microbial perspective under dryland- 
paddy conversion in black soils. Agr. Ecosyst. Environ. 353, 108562. https://doi.org/10.1016/j.agee.2023.108562.

Luo, S., Wang, S., Tian, L., Shi, S., Xu, S., Yang, F., Li, X., Wang, Z., Tian, C., 2018. Aggregate-related changes in soil microbial communities under different ameliorant 
applications in saline-sodic soils. Geoderma 329, 108–117. https://doi.org/10.1016/j.geoderma.2018.05.023.

Murtaza, G., Ghafoor, A., Qadir, M., 2006. Irrigation and soil management strategies for using saline-sodic water in a cotton-wheat rotation. Agr. Water Manag. 81 (1- 
2), 98–114. https://doi.org/10.1016/j.agwat.2005.03.003.

Noe, G.B., Krauss, K.W., Lockaby, B.G., Conner, W.H., Hupp, C.R., 2013. The effect of increasing salinity and forest mortality on soil nitrogen and phosphorus 
mineralization in tidal freshwater forested wetlands. Biogeochemistry 114, 225–244. https://doi.org/10.1007/s10533-012-9805-1.

Osborne, R.I., Bernot, M.J., Findlay, S.E.G., 2015. Changes in nitrogen cycling processes along a salinity gradient in tidal wetlands of the Hudson River, New York, 
USA. Wetlands 35, 323–334. https://doi.org/10.1007/s13157-014-0620-4.

Peng, M., Jia, H., Wang, Q., 2017. The effect of land use on bacterial communities in saline-alkali soil. Curr. Microbiol 74, 325–333. https://doi.org/10.1007/s00284- 
017-1195-0.

Putz, M., Schleusner, P., Rutting, T., Hallin, S., 2018. Relative abundance of denitrifying and DNRA bacteria and their activity determine nitrogen retention or loss in 
agricultural soil. Soil Biol. Biochem 123, 97–104. https://doi.org/10.1016/j.soilbio.2018.05.006.

Qi, J.Y., Jing, Z.H., He, C., Liu, Q.Y., Wang, X., Kan, Z.R., Zhao, X., Xiao, X.P., Zhang, H.L., 2021. Effects of tillage management on soil carbon decomposition and its 
relationship with soil chemistry properties in rice paddy fields. J. Environ. Manag. 279, 111595. https://doi.org/10.1016/j.jenvman.2020.111595.

Rowell, D.L., 1994. Soil Science: Methods and Applications. Longman Group, Harlow, pp. 350–351.
Shao, X., Ran, C., Gao, D., Liu, W., Guo, L., Bai, T., Geng, Y., 2022. Straw and nitrogen amendments improve soil, rice yield, and roots in a saline sodic soil. 

Rhizosphere 24, 100606. https://doi.org/10.1016/j.rhisph.2022.100606.
Shi, W.Y., Yan, M.J., Zhang, J.G., Guan, J.H., Du, S., 2014. Soil CO2 emissions from five different types of land use on the semiarid Loess Plateau of China, with 

emphasis on the contribution of winter soil respiration. Atmos. Environ. 88, 74–82. https://doi.org/10.1016/j.atmosenv.2014.01.066.
Steinegger, M., Soeding, J., 2017. MMseqs2 enables sensitive protein sequence searching for the analysis of massive data sets. Nat. Biotechnol. 35 (11), 1026–1028. 

https://doi.org/10.1038/nbt.3988.
Sui, X., Zhang, R., Frey, B., Yang, L., Li, M.-H., Ni, H., 2019. Land use change effects on diversity of soil bacterial, acidobacterial and fungal communities in wetlands of 

the Sanjiang Plain, Northeastern China. Sci. Rep. 9 (1), 18535. https://doi.org/10.1038/s41598-019-55063-4.
Tang, Y., Su, X., Wen, T., McBratney, A.B., Zhou, S., Huang, F., Zhu, Yg, 2024. Soil properties shape the heterogeneity of denitrification and N2O emissions across 

large-scale flooded paddy soils. Glob. Change Biol. 30 (2), e17176. https://doi.org/10.1111/gcb.17176.
Teixeira, C., Magalhaes, C., Joye, S.B., Bordalo, A.A., 2013. The role of salinity in shaping dissolved inorganic nitrogen and N2O dynamics in estuarine sediment-water 

interface. Mar. Pollut. Bull. 66 (1-2), 225–229. https://doi.org/10.1016/j.marpolbul.2012.11.004.
Turley, N.E., Bell-Dereske, L., Evans, S.E., Brudvig, L.A., 2020. Agricultural land-use history and restoration impact soil microbial biodiversity. J. Appl. Ecol. 57 (5), 

852–863. https://doi.org/10.1111/1365-2664.13591.
Vance, E.D., Brookes, P.C., Jenkinson, D.S., 1987. An extraction method for measuring soil microbial biomass C. Soil Biol. Biochem 19 (6), 703–707. https://doi.org/ 

10.1016/0038-0717(87)90052-6.
Wang, J., Jin, W., Xie, N., Che, Z., Zhang, C., Li, X., Wu, G., Yang, S., Dong, Z., Song, H., 2025. Oxygen availability governs the mitigating effect of 3,4-dimethyl

pyrazole phosphate on nitrous oxide emissions from paddy soils under various water managements. J. Agric. Food Chem. 73 (10), 5781–5791. https://doi.org/ 
10.1021/acs.jafc.4c09965.

Wang, J., Lin, C., Han, Z., Fu, C., Huang, D., Cheng, H., 2022. Dissolved nitrogen in salt-affected soils reclaimed by planting rice: How is it influenced by soil 
physicochemical properties? Sci. Total Environ. 824, 153863. https://doi.org/10.1016/j.scitotenv.2022.153863.

Wang, Y., Liu, L., Yang, J., Duan, Y., Luo, Y., Taherzadeh, M.J., Li, Y., Li, H., Awasthi, M.K., Zhao, Z., 2020. The diversity of microbial community and function varied 
in response to different agricultural residues composting. Sci. Total Environ. 715, 136983. https://doi.org/10.1016/j.scitotenv.2020.136983.

Y. Meng et al.                                                                                                                                                                                                           Environmental Technology & Innovation 40 (2025) 104363 

14 

https://doi.org/10.1007/s12237-010-9280-7
https://doi.org/10.3389/fmicb.2011.00094
https://doi.org/10.1080/00380768.2021.1985383
https://doi.org/10.3389/fenvs.2022.949190
https://doi.org/10.1016/j.chemosphere.2021.130275
https://doi.org/10.1016/j.chemosphere.2021.130275
https://doi.org/10.3389/fmicb.2023.1283675
https://doi.org/10.1007/s42729-022-01100-7
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1016/j.rse.2019.111260
https://doi.org/10.1002/ldr.5257
https://doi.org/10.1038/nrmicro.2018.9
https://doi.org/10.1038/nrmicro.2018.9
https://doi.org/10.1093/bioinformatics/btv033
https://doi.org/10.1016/j.jclepro.2018.08.062
https://doi.org/10.1016/j.jclepro.2018.08.062
https://doi.org/10.1007/s11356-022-20770-5
https://doi.org/10.1016/j.agee.2024.109089
https://doi.org/10.1007/s10586-018-2705-y
https://doi.org/10.1080/00103624.2016.1194993
https://doi.org/10.1007/s10705-015-9678-5
https://doi.org/10.1016/j.ejrh.2024.101854
https://doi.org/10.1016/j.agee.2023.108562
https://doi.org/10.1016/j.geoderma.2018.05.023
https://doi.org/10.1016/j.agwat.2005.03.003
https://doi.org/10.1007/s10533-012-9805-1
https://doi.org/10.1007/s13157-014-0620-4
https://doi.org/10.1007/s00284-017-1195-0
https://doi.org/10.1007/s00284-017-1195-0
https://doi.org/10.1016/j.soilbio.2018.05.006
https://doi.org/10.1016/j.jenvman.2020.111595
http://refhub.elsevier.com/S2352-1864(25)00349-9/sbref45
https://doi.org/10.1016/j.rhisph.2022.100606
https://doi.org/10.1016/j.atmosenv.2014.01.066
https://doi.org/10.1038/nbt.3988
https://doi.org/10.1038/s41598-019-55063-4
https://doi.org/10.1111/gcb.17176
https://doi.org/10.1016/j.marpolbul.2012.11.004
https://doi.org/10.1111/1365-2664.13591
https://doi.org/10.1016/0038-0717(87)90052-6
https://doi.org/10.1016/0038-0717(87)90052-6
https://doi.org/10.1021/acs.jafc.4c09965
https://doi.org/10.1021/acs.jafc.4c09965
https://doi.org/10.1016/j.scitotenv.2022.153863
https://doi.org/10.1016/j.scitotenv.2020.136983


Wang, D., Wu, G.L., Zhu, Y.J., Shi, Z.H., 2014. Grazing exclusion effects on above- and below-ground C and N pools of typical grassland on the Loess Plateau (China). 
Catena 123, 113–120. https://doi.org/10.1016/j.catena.2014.07.018.

Wei, Z., Senbayram, M., Zhao, X., Li, C., Jin, K., Wu, M., Rahman, M.M., Shan, J., Yan, X., 2022. Biochar amendment alters the partitioning of nitrate reduction by 
significantly enhancing DNRA in a paddy field. Biochar 4 (1), 44. https://doi.org/10.1007/s42773-022-00166-x.

Xia, T., Wu, W.B., Zhou, Q.B., Yu, Q.Y., Verburg, P.H., Yang, P., Lu, Z.J., Tang, H.J., 2014. Spatio-temporal changes in the rice planting area and their relationship to 
climate change in northeast China: a model-based analysis. J. Integr. Agric. 13 (7), 1575–1585. https://doi.org/10.1016/S2095-3119(14)60802-9.

Xiao, Z., Rasmann, S., Yue, L., Lian, F., Zou, H., Wang, Z., 2019. The effect of biochar amendment on N-cycling genes in soils: a meta-analysis. Sci. Total Environ. 696, 
133984. https://doi.org/10.1016/j.scitotenv.2019.133984.

Xiao, W., Zhang, Q., Zhao, S., Chen, D., Gao, N., Huang, M., Ye, X., 2023. Citric acid secretion from rice roots contributes to reduction and immobilization of Cr(VI) by 
driving microbial sulfur and iron cycle in paddy soil. Sci. Total Environ. 854, 158832. https://doi.org/10.1016/j.scitotenv.2022.158832.

Xu, Z., Shao, T., Lv, Z., Yue, Y., Liu, A., Long, X., Zhou, Z., Gao, X., Rengel, Z., 2020. The mechanisms of improving coastal saline soils by planting rice. Sci. Total 
Environ. 703, 135529. https://doi.org/10.1016/j.scitotenv.2019.135529.

Xu, N., Tan, G., Wang, H., Gai, X., 2016. Effect of biochar additions to soil on nitrogen leaching, microbial biomass and bacterial community structure. Eur. J. Soil 
Biol. 74, 1–8. https://doi.org/10.1016/j.ejsobi.2016.02.004.

Yang, W.H., Traut, B.H., Silver, W.L., 2015. Microbially mediated nitrogen retention and loss in a salt marsh soil. Ecosphere 6 (1), 1–15. https://doi.org/10.1890/ 
es14-00179.1.

Yayintas, O.T., Yilmaz, S., Turkoglu, M., Dilgin, Y., 2007. Determination of heavy metal pollution with environmental physicochemical parameters in waste water of 
Kocabas Stream (Biga, Canakkale, Turkey) by ICP-AES. Environ. Monit. Assess. 127 (1), 389–397. https://doi.org/10.1007/s10661-006-9288-4.

You, L., Ros, G.H., Chen, Y., Shao, Q., Young, M.D., Zhang, F., De Vries, W., 2023. Global mean nitrogen recovery efficiency in croplands can be enhanced by optimal 
nutrient, crop and soil management practices. Nat. Commun. 14 (1), 5747. https://doi.org/10.1038/s41467-023-41504-2.

Zhang, J., Cai, Z., Mueller, C., 2018. Terrestrial N cycling associated with climate and plant-specific N preferences: a review. Eur. J. Soil. Sci. 69 (3), 488–501. https:// 
doi.org/10.1111/ejss.12533.

Zhang, Y., Guo, G., Wu, H., Mu, Y., Liu, P., Liu, J., Zhang, C., 2019b. The coupling interaction of NO2
- with NH4

+ or NO3
- as an important source of N2O emission from 

agricultural soil in the North China Plain. Sci. Total Environ. 692, 82–88. https://doi.org/10.1016/j.scitotenv.2019.07.244.
Zhang, L., Lv, J., 2021. Land-use change from cropland to plantations affects the abundance of nitrogen cycle-related microorganisms and genes in the Loess Plateau of 

China. Appl. Soil Ecol. 161, 103873. https://doi.org/10.1016/j.apsoil.2020.103873.
Zhang, M., Tian, Y., Zhao, M., Yin, B., Zhu, Z., 2017. The assessment of nitrate leaching in a rice-wheat rotation system using an improved agronomic practice aimed 

to increase rice crop yields. Agr. Ecosyst. Environ. 241, 100–109. https://doi.org/10.1016/j.agee.2017.03.002.
Zhang, W.W., Wang, C., Xue, R., Wang, L.J., 2019a. Effects of salinity on the soil microbial community and soil fertility. J. Integr. Agric. 18 (6), 1360–1368. https:// 

doi.org/10.1016/s2095-3119(18)62077-5.
Zhang, C., Zhao, X., Liang, A., Li, Y., Li, X., Li, D., Hou, N., 2023. Insight into the soil aggregate-mediated restoration mechanism of degraded black soil via biochar 

addition: emphasizing the driving role of core microbial communities and nutrient cycling. Environ. Res. 228, 115895. https://doi.org/10.1016/j. 
envres.2023.115895.

Zhao, Y., Wang, G., Zhao, M., Wang, M., Jiang, M., 2022. Direct and indirect effects of soil salinization on soil seed banks in salinizing wetlands in the Songnen Plain, 
China. Sci. Total Environ. 819, 152035. https://doi.org/10.1016/j.scitotenv.2021.152035.

Zheng, Z., Liu, B., Fang, X., Fa, K., Liu, Z., 2022. Dryland farm soil may fix atmospheric carbon through autotrophic microbial pathways. Catena 214, 106299. https:// 
doi.org/10.1016/j.catena.2022.106299.

Zhou, T., Wang, Z., Lv, Q., Zhang, Y., Tao, S., Ren, X., Gao, H., Gao, Z., Hu, S., 2024. Sulfur dynamics in saline sodic soils: The role of paddy cultivation and organic 
amendments. Ecol. Indic. 162, 112014. https://doi.org/10.1016/j.ecolind.2024.112014.

Zhu, C., Zhang, Z., Wang, H., Wang, J., Yang, S., 2020. Assessing soil organic matter content in a coal mining area through spectral variables of different numbers of 
dimensions. Sensors 20 (6), 1795. https://doi.org/10.3390/s20061795.

Y. Meng et al.                                                                                                                                                                                                           Environmental Technology & Innovation 40 (2025) 104363 

15 

https://doi.org/10.1016/j.catena.2014.07.018
https://doi.org/10.1007/s42773-022-00166-x
https://doi.org/10.1016/S2095-3119(14)60802-9
https://doi.org/10.1016/j.scitotenv.2019.133984
https://doi.org/10.1016/j.scitotenv.2022.158832
https://doi.org/10.1016/j.scitotenv.2019.135529
https://doi.org/10.1016/j.ejsobi.2016.02.004
https://doi.org/10.1890/es14-00179.1
https://doi.org/10.1890/es14-00179.1
https://doi.org/10.1007/s10661-006-9288-4
https://doi.org/10.1038/s41467-023-41504-2
https://doi.org/10.1111/ejss.12533
https://doi.org/10.1111/ejss.12533
https://doi.org/10.1016/j.scitotenv.2019.07.244
https://doi.org/10.1016/j.apsoil.2020.103873
https://doi.org/10.1016/j.agee.2017.03.002
https://doi.org/10.1016/s2095-3119(18)62077-5
https://doi.org/10.1016/s2095-3119(18)62077-5
https://doi.org/10.1016/j.envres.2023.115895
https://doi.org/10.1016/j.envres.2023.115895
https://doi.org/10.1016/j.scitotenv.2021.152035
https://doi.org/10.1016/j.catena.2022.106299
https://doi.org/10.1016/j.catena.2022.106299
https://doi.org/10.1016/j.ecolind.2024.112014
https://doi.org/10.3390/s20061795

	Evaluating the optimal land use pattern for saline-sodic soils from the perspective of nitrogen metabolism
	1 Introduction
	2 Materials and methods
	2.1 Description of the study area
	2.2 Experimental design and soil collection
	2.3 Soil physicochemical properties
	2.4 Metagenome sequencing and bioinformatics analysis
	2.5 Statistical analysis

	3 Results
	3.1 Soil physicochemical properties
	3.2 Soil nitrogen cycling microorganisms
	3.2.1 Diversity analysis
	3.2.2 LEfSe analysis
	3.2.3 KEGG analysis of soil nitrogen metabolism

	3.3 Correlation analysis of soil physicochemical properties, microbial communities and functional genes abundance
	3.3.1 Symbiotic network analysis
	3.3.2 Mantel test and PLS-PM analysis


	4 Discussion
	4.1 Soil salinization mitigation and nutrient enrichment through agricultural land use systems
	4.2 Microbial community enhancement driving nitrogen transformation in agricultural land use systems
	4.3 Determinants of N-metabolizing microbial communities and nitrogen transformation: Soil pH, NH4+-N and NO2--N

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supporting information
	Data Availability
	References


