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Abstract. Land use patterns significantly influence soil enzyme activities, microbial communities, and soil 

physicochemical properties. This study investigates the effects of land use changes on enzyme activity, soil 

properties, and bacterial communities in soil aggregates within reclaimed and no-tillage wetlands in the 

Lesser Khingan Mountains, Northeastern China. Forest wetlands converted to reclaimed and no-tillage 

systems showed declines in soil organic carbon (SOC), total nitrogen, total phosphorus, total potassium, 

cation exchange capacity, enzyme activities, and available phosphorus. Microbial diversity increased with 

changes in community composition, including higher relative abundances of Proteobacteria and 

Actinobacteria. Soil aggregate micro-environments modulated enzyme response intensity, with SOC 

negatively correlated with Firmicutes, Acidobacteriota, Chloroflexi, and Gemmatimonadota, while 

available phosphorus (AP) positively correlated with Nitrospirota, Latescibacterota, and Bacteroidota. The 

results reveal that land use changes have a more pronounced impact on microbial communities than 

aggregate size, emphasizing the critical role of sustainable land management in maintaining soil health. 

This study highlights the need for rational development of marshes in the Lesser Khingan Mountains, 

considering enzyme activities and microbial dynamics in nutrient cycling. These findings contribute to 

understanding the ecological implications of land use changes and support evidence-based conservation 

and sustainable management practices. 

Keywords: wetland ecosystem, land use change, carbon cycling, soil biodiversity, sustainable soil 

management 

Introduction 

Wetlands with are critical environments for human survival, serving as key biological 

habitats and ecosystems. They also represent natural landscapes with rich biodiversity 

(Xu et al., 2020). Wetlands are crucial for various ecological functions such as water 

conservation, climate improvement, soil fixation, protection of fertilizer, purification of 

the environment, and maintenance of biodiversity. They are often referred to as the 

“kidney of the earth”, serving as a vital component of the global ecosystem. Furthermore, 

wetlands are considered the “cradle of life” as they provide a suitable habitat for 

numerous plant and animal species to thrive. Additionally, wetlands are referred to as the 

“species gene pool”, highlighting their importance in preserving genetic diversity and 

supporting ecosystem health (Ballut-Dajud et al., 2022). The degradation and pollution 

of wetlands have become a widespread phenomenon and a significant threat to ecological 

security. They are a reflection of environmental changes, resulting in reduced biodiversity 

and the degradation of ecosystem services (Liang et al., 2020; Dar et al., 2022). The 

causes of wetland functional degradation can be attributed to both natural and 

anthropogenic factors, with research indicating that human activities have a greater 

impact on wetlands than natural factors (Chi et al., 2021). Therefore, it is necessary to 

study the influence of different land use patterns on wetland ecological conditions. 
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Wetlands, as unique ecosystems located at the transition zone between aquatic and 

terrestrial environments, are widely recognized for their nutrient retention function and 

accumulation of organic matter (Liu and Li, 2020). The decomposition of soil organic 

matter by soil enzymes plays a vital role in the biogeochemical processes within wetland 

soils, including natural substance cycling (Yang et al., 2022). The activity of enzymes 

directly affects the rate of material transformation and cycling, thus exerting a significant 

influence on the functional aspects of wetland ecosystems (Li et al., 2024). 

Soil aggregates, as primary carriers of soil elemental biogeochemical cycling, are 

essential components of soil structure due to their strong bonding forces compared to 

surrounding particles (Lavelle et al., 2020; Baiano et al., 2021). These aggregates form, 

stabilize, and decompose continuously, a process influenced by microbial communities 

(Han et al., 2021). Microorganisms play a key role in shaping the spatial arrangement of 

soil particles, stabilizing the structure with their cells and metabolic byproducts, and 

contributing to aggregate breakdown by degrading binding agents (Lakshmi et al., 2020). 

Additionally, soil microbial communities indirectly impact soil aggregate disintegration 

through interactions with mycorrhizal fungi, root-associated fungi, viruses, and bacteria, 

which can influence plants and plant communities (Liao et al., 2022). 

The Lesser Khingan Mountains, situated in northeastern China, are known for their 

dense distribution of cold-region forest wetlands. These mountains possess significant 

carbon sequestration potential, with an average carbon density higher than that of natural 

forests in Heilongjiang Province and the national forest vegetation carbon density level 

(Bing et al., 2022). Human activities have had a notable impact on the forest wetlands in 

the Lesser Khingan Mountains since the 1970s. The primary forms of human disturbance 

include land reclamation, drainage, afforestation, and the abandonment of reclaimed land 

after cultivation. Variations in hydrological conditions and vegetation in natural marsh 

wetlands lead to differences in litter inputs and root exudates received by the soil, 

resulting in varying soil carbon pools, especially active carbon (Liu et al., 2022). Soil 

enzymes are crucial for decomposing and transforming active organic carbon, playing a 

key role in regulating soil biological processes (Lee et al., 2020). However, there is 

limited research on the relationship between land use practices and soil enzyme activities, 

as well as the composition of active carbon, nitrogen, and phosphorus components in 

natural marsh wetlands in the Lesser Khingan Mountains (Diao et al., 2020). Do different 

land-use patterns significantly influence the activity of enzymes involved in carbon, 

nitrogen, and phosphorus cycling in soil aggregates of wetlands in the Lesser Khingan 

Mountains, resulting in varying levels of enzymatic activity due to changes in soil 

structure, organic matter content, and microbial community composition? This study 

focuses on wetland soils in the cold regions of northeastern China, investigating how 

different land-use practices affect the distribution of soil aggregates and the 

characteristics of functional microbial communities involved in carbon, nitrogen, and 

phosphorus cycling. Currently, there is insufficient understanding of the mechanisms by 

which soil aggregates, enzyme activities, and microbial community responses interact in 

cold-region wetlands, particularly regarding how land-use changes regulate biochemical 

cycling through adjustments in aggregate size fractions. Accordingly, we hypothesize: (1) 

different land-use practices significantly influence the structure and stability of soil 

aggregates; and (2) variations in aggregate size lead to pronounced spatial differences in 

the activity of key nutrient-cycling enzymes and in the distribution of associated 

functional microbial communities. The main objectives of this study are to quantify the 

activities of enzymes related to C, N, and P cycling across various aggregate-size 
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fractions, identify and elucidate the functional microbial communities closely associated 

with these enzymes, and clarify how these processes interact under different land-use 

scenarios. Our findings will advance the understanding of nutrient-cycling mechanisms 

in cold-region wetland soils and provide a scientific basis for optimizing land-use and soil 

conservation practices. 

Materials and methods 

Site description 

The research site is located in the middle section of the Lesser Khingan Mountains in 

northeastern Heilongjiang Province, China, specifically within the Hongxing Wetland 

National Nature Reserve in Yichun City (E 128°21'40"–128°53'30", N 48°41'20"–

49°11'00"). The reserve covers an area of 111,995 hectares, featuring forests, rivers, 

ponds, and marshes, with a wetland area of 52,349 hectares and forest and other areas 

totaling 59,646 hectares. The Lesser Khingan Mountains’ wetlands form a critical 

component of northern temperate forest ecosystems, playing an essential role in water 

regulation, carbon sequestration, and the maintenance of regional biodiversity. They also 

serve as important habitats and migration corridors for various wetland-dependent 

species, highlighting their broader ecological significance. As one of the most intact 

forested wetland regions in northeastern China, the Hongxing Wetland National Nature 

Reserve exhibits a high degree of typicity, primitiveness, and representativeness in terms 

of its vegetation and soil profile, making it pivotal for both ecological research and 

conservation efforts. These cold-region wetlands are increasingly recognized for their 

potential in mitigating climate change impacts through carbon storage, while also 

providing vital ecosystem services such as flood control and nutrient cycling. Therefore, 

understanding soil development and the underlying biogeochemical processes within 

these wetlands is of great importance for conservation and sustainable management. The 

climate of the reserve is characterized by an average annual temperature of 0.7 °C, with 

extreme minimum and maximum temperatures of −44.5 °C and 35 °C, respectively. The 

considerable temperature range throughout the year results in accumulated temperatures 

above 10 °C ranging from 1,700 to 2,000 °C, and the area receives an average of 

2,287.8 hours of sunshine annually. Annual precipitation ranges from 500 to 610 mm, 

contributing to the hydrological dynamics that define wetland characteristics. Due to the 

high latitude and the combination of natural and human influences, soil development is 

variable across the landscape. The primary zonal soil type in the reserve is dark brown 

soil, while non-zonal soils include meadow soil, swamp soil, and peat soil (Ding et al., 

2023). This diversity of soil types provides a rich context for examining the interactions 

between soil physicochemical properties, microbial communities, and wetland 

functionality under different land use practices. 

Experimental design 

This study was conducted from June 5 to September 10, 2023, in the Hongxing 

Wetland National Nature Reserve. During this period, the temperature ranged from 

20-23 °C in June and July (with frequent rainfall) and dropped to around 18 °C in early 

September. Three 40-hectare plots were selected to represent different land-use types: (1) 

a natural forest swamp wetland (FW), dominated by Xing’an larch (Larix gmelinii) and 

serving as an undisturbed control site; (2) a reclaimed wetland (RW), converted for 
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soybean cultivation through drainage ditch excavation; and (3) a no-tillage plot (NT), also 

reclaimed from forest wetland but managed under no-tillage practices, aimed at assessing 

the effects of no-tillage agriculture on soil properties. To improve sample 

representativeness and capture spatial heterogeneity within each plot, an "S"-shaped 

sampling pattern was adopted, with five sampling points established along each transect. 

At each sampling point, three soil cores (0–20 cm depth) were collected using a shovel 

with a 15 cm diameter and mixed into one composite sample. Each plot produced five 

composite samples, resulting in a total of 15 samples across the three plots. After 

collection, soil samples were placed in clean plastic bags or containers, maintained at or 

below 4 °C, and transported to the laboratory within 24 hours. In the laboratory, plant 

residues, animal remains, and stones were removed, and each composite sample was 

divided into two portions. One portion was sieved through a 2 mm mesh and stored at 

4 °C for enzyme activity and microbial diversity analyses, while the other portion was 

air-dried for measuring soil physicochemical properties (e.g., pH, bulk density, total 

carbon, and total nitrogen). Enzyme activity assays included polyphenol oxidase, lignin 

pero, endo-1,4-β-D-glucanohydrolase, xidase, β-1,4-glucosidase, xylanase and cellulase 

activity. Each composite sample was further split into three technical replicates to 

enhance the precision of measurements and ensure statistical reliability. 

Soil sampling and aggregate size distribution analysis 

The remaining soil samples will be air-dried and stored in a 4°C refrigerator for 

determining the soil aggregate content using an improved dry sieving method (Zhang et 

al., 2021; Ding et al., 2021). Soil moisture content will be monitored every 6 hours until 

it reaches approximately 10% to 15%. Once the soil moisture content is within this range, 

it will be sieved through an 8 mm sieve and then further sieved through nested sets of 

sieves with aperture sizes of 2 mm, 1 mm, and 0.25 mm, in that order. Each sieving 

process will involve 200 g of soil and will last 5 minutes. Following the model for 

aggregate hierarchy development in the reference (Tisdall and Oade, 1982; Ding et al., 

2021), the fresh aggregate samples will be sorted into mega-aggregates (> 2 mm), macro-

aggregates (2 ~ 0.25 mm), and micro-aggregates (< 0.25 mm). Parameters such as Mean 

Weight Diameter (MWD) and Geometric Mean Diameter (GMD) will be calculated using 

formulas from Li et al (2019). The Mean Weight Diameter (MWD) is a measure used to 

describe the aggregate stability of soil. It quantifies the average size of soil aggregates. 

The formula to calculate MWD is as follows: 
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where: 

xi is the mean diameter of the ith size fraction of soil aggregates. 

wi is the weight fraction of the total sample that corresponds to the ith size fraction. 

n is the number of size fractions. 

The Geometric Mean Diameter (GMD) is another measure used to describe the 
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where: 

xi is the mean diameter of the ith size fraction of soil aggregates (in millimeters). 

wi is the weight fraction of the total sample that corresponds to the ith size fraction. 

n is the number of size fractions. 

exp denotes the exponential function. 

After fractionation, samples for microbial analysis and long-term storage will be kept 

at −80 °C until DNA extraction within two days. Samples for chemical analysis will be 

air-dried, sieved, and stored at room temperature for subsequent analysis. 

Soil chemical analysis 

Soil pH was determined in a 2.5:1 water/soil suspension using a pH meter. Soil 

exchange capacity (EC) was determined by the BaCl2 compulsive exchange method 

(Gillman and Sumpter, 1986). The Walkley-Black titration method was carried out to 

determine the soil’s organic carbon (SOC) content (Faina et al., 2012). The methods of 

concentrated H2SO4 digestion and Kjeldahl were used to determine the total nitrogen 

content (TN) of the soil samples (Abujabhah et al., 2016). Total phosphorus content (TP) 

of the soil samples was determined by HClO4 and H2SO4 digestion molybdenum 

antimony anti-colorimetry (Pan et al., 2016). Total potassium content (TK) was 

determined by atomic absorption spectrophotometry (Guan, 1986). The soil’s available 

nitrogen (AN) was measured using the Alkali-diffusion method (Deng et al., 2016). 

Determination of the available phosphorus (AP) in soil was measured by using NaHCO3 

extraction- Mo-Sb Anti-colorimetry (Mehlich, 1984). Available potassium content (AK) 

was extracted with 1 mol·L−1 NH4OAc, and then determined by flame absorption 

spectroscopy (Bao, 2005). The activities of 16 enzymes were determined using enzyme-

linked immunosorbent assay (ELISA) kits, following the manufacturer's instructions 

(Jiangsu Enzyme Immunoassay Co., Ltd.). The analyzed enzymes included polyphenol 

oxidase, lignin peroxidase, endo-1,4-β-D-glucanohydrolase, xylanase, β-1,4-glucosidase, 

cellulase, nitrogenase, ammonia monooxygenase, nitrite reductase, nitrate reductase, 

nitric oxide reductase, nitrous oxide reductase, N-acetyl-glucosaminidase, leucine 

aminopeptidase, alkaline phosphatase, fluorescein diacetate hydrolase, coenzyme F420 

hydrogenase, and phosphodiesterase (Shi et al., 2023). For each assay, soil enzymes were 

extracted using a phosphate-buffered saline solution (PBS, pH 7.4) at a 1:5 (w/v) soil-to-

buffer ratio. The mixture was homogenized and centrifuged at 10,000 × g for 20 minutes 

at 4 °C, and the supernatant was collected as the enzyme extract. ELISA plates were 

coated with specific enzyme antibodies provided in the kit, followed by incubation with 

the enzyme extract. After washing to remove unbound materials, a substrate specific to 

the target enzyme was added, and the reaction was allowed to proceed under the 

conditions specified in the kit (e.g., 37 °C for 30 minutes). Enzyme activity was quantified 

by measuring absorbance at the appropriate wavelength (e.g., 450 nm) using a microplate 

reader. The enzyme activity was calculated based on standard curves generated using 

known concentrations of the corresponding enzyme standards. The reaction velocity, 

proportional to the color intensity, was used to determine enzyme activity, which was 

expressed in specific activity units (e.g., μmol product formed per gram of soil per hour) 

or as activity relative to dry soil weight, depending on the enzyme and its function. For 

enzymes with ecological significance in nutrient cycling, such as nitrogenase and 

phosphatase, activity indices were normalized to account for soil organic matter content 

and microbial biomass, allowing for more accurate comparisons across samples. This 
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approach ensured precise quantification and comprehensive assessment of enzyme 

activities under different land-use practices. 

DNA extraction and high-throughput 16S rRNA gene paired-end sequencing 

Genomic DNA of the soil microorganisms was extracted with an Omega E.Z.N.A 

DNA Kit (Omega Bio-tek, Norcross, GA, USA). The extracted genomic DNA was 

detected by 1% agarose gel electrophoresis. The PCR was performed on a Geneamp 9700 

PCR system (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA). The 

universal primers 515f (5’-gtgccagcmgcgg-3’) and 907r (5’-ccgtcaattcmttragtt-3’) were 

used to amplify the V3-V4 region of the bacterial 16S rRNA gene. The PCR products 

were quantified using a QuantiFluor® – ST fluorometer (Promega, Madison, WI, USA), 

and the samples were adjusted as needed for sequencing. Finally, they were sent to 

Shanghai Meiji Biotechnology Co., Ltd. (Shanghai, China) for high-throughput 

sequencing using an Illumina HiSeq 2500 PE250 platform (San Diego, CA, USA). 

Realtime quantitative PCR (RT-qPCR) analysis was conducted on 0.25 g of fresh soil. 

The DNA was extracted using the Mo Bio’s PowerSoil® DNA Extraction Kit (Qiagen, 

Germany). The quality and concentration of extracted DNA were measured using 

NanoDrop Spectrophotometer (NanoDrop Technologies, Wilmington, DE) (Horwath, 

2017). By using an ABI7500 fluorescence quantitative PCR instrument (Applied 

Biosystems, USA) and SYBR® Premium Ex Taq Kit (Takara, Japan). 

Statistical analysis 

We used R v. 3.1.2 (R Core Team, 2013) and SPSS version 16.0 for Windows (SPSS 

Inc., USA) to generate thermographs and Venn diagrams and to perform one-way analysis 

of variance (ANOVA). Graphs were created using Origin 2019. Statistical significance 

was determined at a level of α = 0.05 for testing main effects and interactions. Pairwise 

comparisons of means were conducted using Tukey's honestly significant difference 

(HSD) test, also with a significance level of α = 0.05. To ensure consistency and accuracy 

in reporting results, statistical differences are explicitly presented only for findings 

meeting the significance threshold, with effect sizes provided to quantify the magnitude 

of differences between groups. The term "significant" is strictly used to describe 

statistically significant results, avoiding overinterpretation of trends or nonsignificant 

findings. Additionally, the geometric mean (GEA) of all enzyme activities in each soil 

sample was calculated as a composite enzyme activity index, representing overall soil 

quality (García-Ruiz et al., 2008). Redundancy analysis (RDA) was conducted using the 

vegan package in R to explore the relationships between soil enzyme activities and 

environmental variables. RDA was chosen for its ability to analyze multivariate datasets, 

enabling the joint assessment of variations in enzyme activities in response to multiple 

environmental factors. This method is particularly suitable for identifying patterns where 

dependent variables (enzyme activities) are influenced by several independent 

environmental variables. The RDA results are reported with a focus on statistically 

significant associations between the primary ordination axes and environmental factors, 

highlighting the key drivers of soil biochemical processes without extrapolating beyond 

the observed relationships. These analyses provide robust insights into the connections 

between environmental conditions and soil enzyme activity dynamics, offering a 

statistically grounded interpretation of the data. 
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Results 

Characteristics of soil aggregate composition 

The presence of mega-aggregate (> 2 mm) in soil is crucial for maintaining soil 

structure stability. The distribution of soil aggregates under various land use practices is 

depicted in Table 1. In the provided soil samples, mega-aggregate (> 2 mm) constitute 

the highest percentage, ranging from 36.33 % to 41.34 % of the total soil particle size 

distribution. Differences in the mean weight diameter (MWD) values of soil aggregates 

were observed between FW and NT compared to RW, while the geometric mean diameter 

(GWD) values showed an opposite trend following changes in land use. 

 
Table 1. Land uses change on aggregate distribution and stability. Values are mean ± 

standard deviation 

Treatment 
Mechanically stable aggregates 

Me / % Ma / % Mi / % MWD / mm GMD / mm 

FW 41.34 ± 2.55 a 32.49 ± 2.04 a 26.17 ± 2.80 b 3.96 ± 0.36 a 2.59 ± 0.11 a 

RW 36.33 ± 2.04 b 30.74 ± 1.61 a 32.93 ± 3.78 a 3.32 ±0 .41 b 2.28 ± 0.13 b 

NT 40.90 ± 1.97 a 30.95 ± 2.71 a 28.15 ± 2.60 ab 4.02 ± .027 a 2.41 ± 0.16 a 

Different lower letters in the same column indicate significant differences among treatments (p < 0.05). 

Me, mega-aggregate; Ma, macro-aggregate; Mi, micro-aggregate; GMD, geometric mean diameter; 

MWD, mean weight diameter 

 

 

Soil physical and chemical properties 

Table 2 presents the results of soil physical and chemical properties analysis. The soil 

sample provided has a slightly acidic pH, with consistent pH values ranging from 6.330 

to 6.668 across different treatments. The two-way ANOVA results indicate that land use 

type had a significant impact on SOC content, while TP content was only significantly 

affected by RW treatment. Among the tested nutrients, the levels of TN, AN, TP, and TK 

followed the order: FW > NT > RW. AP content ranged from 70.125 mg·kg−1 (NT) to 

35.155 mg·kg−1 (FW), with the RW showing higher AN content compared to FW. AK 

content was notably higher in abandoned land compared to other soil types. Additionally, 

EC was significantly higher in FW compared to RW and NT treatments. 

Effects of land-use patterns on microbial alpha diversity 

The diversity gradient was evident across the fractions, with mega-aggregates 

exhibiting the highest Chao1 and Shannon index values compared to micro-aggregates 

(Table 3). Community richness and evenness were lowest in the micro-aggregate 

fractions across all libraries. FW displayed higher aggregate-associated α-diversity than 

RW (p < 0.05), and the Shannon index difference among land use types was statistically 

significant. The Chao1 index in the micro-aggregate fraction was significantly higher in 

FW compared to RW (p < 0.05). Mega-aggregates consistently showed higher α-diversity 

than macro-aggregates and micro-aggregates, irrespective of land use type. 
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Table 2. Soil physical and chemical properties in land uses changes 

Index 
FW RW NT 

F P F P F P 

pH 6.572 0.099 6.668 0.361 6.330 0.303 

SOC (g·kg−1) 30.118 < 0.001 19.753 < 0.001 25.318 <0.001 

TN (g·kg−1) 3.543 0.190 1.848 0.842 2.538 0.852 

AN (mg·kg−1) 146.237 17.871 119.318 15.297 149.781 27.575 

TP (g·kg−1) 0.330 0.083 0.058 < 0.001 0.225 0.029 

AP (mg·kg−1) 35.155 2.779 70.125 1.674 50.403 3.235 

TK (g·kg−1) 2.620 0.350 1.840 0.109 2.085 0.479 

AK (mg·kg−1) 153.640 9.957 156.505 4.702 182.348 3.817 

EC (mS·cm−1) 12.722 0.734 8.223 0.868 5.535 0.305 

Analysis of variance (Duncan’s multiple comparison test) was used to test the significance of differences. 

pH, the soil pH value. TN, the total nitrogen content of the soil samples. TP, the total phosphorus content 

of the soil samples. AN, the available nitrogen of the soil samples. AP, the available phosphorus content 

of the soil samples. SOC, the soil organic carbon content. EC, the exchange capacity in soils. TK, the 

total potassium content of the soil samples. AK, the available potassium content of the soil samples 

 

 
Table 3. Diversity index of soil bacterial phylotype diversity of 16S rRNA gene libraries in 

different land-use patterns 

Land Use Types Aggregates size Chao1 Shannon 

FW 

Me 3868.57 ± 12.44 a 6.92 ± 0.07 a 

Ma 3797.16 ± 40.94 b 6.63 ± 0.02 c 

Mi 3377.40 ± 30.17 c 6.58 ± 0.03 c 

RW 

Me 2605.40 ± 39.52 e 6.10 ± 0.04 d 

Ma 2335.19 ± 18.62 f 5.72 ± 0.06 e 

Mi 1684.86 ± 70.21 g 5.43 ± 0.02 f 

NT 

Me 3711.84 ± 18.75 b 6.79 ± 0.04 b 

Ma 3448.97 ± 90.03 c 6.21 ± 0.01 d 

Mi 3259.35 ± 15.62 d 6.16 ± 0.07 d 

Mean values (means ± SD, n = 3) followed (a, b, c, d, e, f, g) indicate significant difference between land-

use types at the p < 0.05 level. FW, Natural Forest Swamp Wetland; RW, Reclaimed wetland; NT, No-

Tillage; Me, mega-aggregate; Ma, macro-aggregate; Mi, micro-aggregate 

 

 

Enzyme activity of soil carbon cycle 

The enzyme activities related to carbon cycle in soil aggregates of varying particle 

sizes under different land use practices are illustrated in Figure 1. The FW treatment 

notably boosts the activities of polyphenol oxidase, lignin peroxidase, and β-1,4-

glucosidase in total soil aggregates compared to RW and NT treatments. Specifically, soil 

aggregates in < 0.25 mm (Mi), the FW treatment shows a significant increase in endo-

1,4-β-D-glucanohydrolase activity compared to RW and NT treatments, with increments 

of 16.32 % and 29.44 %, respectively. Moreover, RW and NT treatments increase 

xylanase and cellulase activity in < 0.25 mm soil aggregates compared to FW treatment, 

but decrease these activities in soil aggregates of 0.25 ~ 2 mm (Ma) and > 2 mm (Me). 
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Figure 1. Soil carbon cycle enzyme activities under land-uses patterns. “*” indicates a 

significant interaction at the 0.05 level; “**” indicates a significant interaction at the 0.01 

level; “***” indicates a significant interaction at the 0.001 level. Different letters above the 

bars indicate statistical differences among treatments in the same size, the horizontal line 

indicates the difference between two groups. FW, Natural Forest Swamp Wetland; RW, 

Reclaimed wetland; NT, No-Tillage; Me, mega-aggregate; Ma, macro-aggregate; Mi, micro-

aggregate 

 

 

Enzymes activity of soil nitrogen cycle 

Key enzymes such as nitrate reductase, nitrite reductase, nitric oxide reductase, and 

nitrous oxide reductase play a crucial role in controlling the denitrification processes in 

soil. In this study (Figure 2), nitrogenase activity, ammonia monooxygenase activity, and 

nitrate reductase activity in total soil aggregates were significantly increased with the NT 

treatment compared to FW and RW. Similarly, a notable increase in nitrite reductase 

activity was observed in the macro-aggregate and mega-aggregate under the NT 

treatment, showing enhancements of 10.78%, 29.86%, 42.40%, and 24.21%, 

respectively. Moreover, nitric oxide reductase activity and n-acetyl-glucosaminidase 

activity in the mega-aggregate exhibited significant increases of 33.06 %, 31.38%, 

56.27%, and 32.15% with the NT treatment compared to FW and RW treatments. 

Furthermore, FW and RW treatments resulted in significantly higher leucine 

aminopeptidase activity in total soil aggregates compared to the NT treatment. 

Enzymes activity of soil phosphorus cycle  

As shown in Figure 3, the NT treatment significantly increased alkaline phosphatase 

activity in the mega-aggregate by 17.35% compared to FW treatment and by 13.84% 

compared to RW treatment. Conversely, the FW treatment significantly increased 

alkaline phosphatase activity by 15.04% and 13.06% compared to the RW and NT 



Li: Effect of land-use patterns on soil enzymatic activity and microbial dynamics in carbon, nitrogen and phosphorus cycling of 

wetlands in the Lesser Khingan Mountains, Northeastern China 
- 4426 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(3):4417-4442. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/2303_44174442 

© 2025, ALÖKI Kft., Budapest, Hungary 

treatments, respectively. On the other hand, the RW treatment resulted in significant 

increases in fluorescein diacetate activity and coenzyme F420 hydrogenase activity in 

both the mega-aggregate and macro-aggregate when compared to FW and NT treatments, 

with increases of 19.19%, 35.29%, 19.84%, and 28.63% respectively. Furthermore, FW 

treatment exhibited significantly higher phosphodiesterase activity in the total soil 

aggregates compared to RW and NT treatments. 

 

Figure 2. Soil nitrogen cycle enzyme activities under land-uses patterns. FW, Natural Forest 

Swamp Wetland; RW, Reclaimed wetland; NT, No-Tillage; Me, mega-aggregate; Ma, macro-

aggregate; Mi, micro-aggregate. “*” indicates a significant interaction at the 0.05 level; “**” 

indicates a significant interaction at the 0.01 level; “***” indicates a significant interaction at 

the 0.001 level 

 

 

Figure 3. Activities of Alkaline phosphatase, Fluorescein diacetate activity, Coenzyme activity 

and Phosphodiesterase activity under land uses patterns. FW, Natural Forest Swamp Wetland; 

RW, Reclaimed wetland; NT, No-Tillage; Me, mega-aggregate; Ma, macro-aggregate; Mi, 

micro-aggregate. “*” indicates a significant interaction at the 0.05 level; “**” indicates a 

significant interaction at the 0.01 level; “***” indicates a significant interaction at the 0.001 

level 
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Microbial community composition 

As shown in Figure 4, high-throughput Illumina sequencing of the V4 region in soil 

samples generated 1,652,617 reads after quality filtering. A total of 8897 OTUs were 

detected at a 3% dissimilarity threshold. The sequences were classified into 83 known 

and 24 potential bacterial phyla, with Proteobacteria and Actinobacteria being prevalent 

in all soil samples. Variations in the abundances of Acidobacteriota, Chloroflexi, 

Firmicutes, and Gemmatimonadota were noted in soil mega-aggregates, with MAFW 

showing higher levels. Nitrospirota, Planctomycetota, Latescibacterota, and MBNT15 

phyla were sporadically present at low levels. Additionally, Firmicutes, 

Gemmatimonadota, and Myxococcaota in the RW group (MeRW, MaRW, and MiRW) 

exhibited significant differences compared to the FW and NT groups (MeFW, MaFW, 

MiFW, MeNT, MaNT, and MiNT). Moreover, Bacteroidota had higher abundances in 

the MiNT group. 

 

Figure 4. Relative abundance of dominant bacteria phyla on the size of soil aggregates in land 

uses patterns. Taxonomic classification of OTUs at level of phyla. Abbreviations: MeFW, mega-

aggregate of forest wetland; MaFW, maro-aggregate of forest wetland; MiFW, micro-

aggregate of forest wetland; MeRW, mega-aggregate of reclamation wetland; MaRW, macro-

aggregate of reclamation wetland; MiRW, micro-aggregate of reclamation wetland; MeNT, 

mega-aggregate of no-tillage; MaNT, macro-aggregate of no-tillage; MiNT, micro-aggregate of 

no-tillage 

 

 

Environmental determinants of soil bacteria community 

The Redundancy Analysis (RDA) clearly distinguished between different land use 

patterns (Figure 5) and was utilized to analyze the OTU composition of soil bacteria. The 

cumulative contribution rate of both axes was 84.17% (Figure 5). The reclamation 

wetland groups were found to be distributed in the positive direction of the first sorting 

axis, whereas the abandoned land groups were distributed in the negative direction of the 

first sorting axis, indicating that cultivation and natural restoration were the primary 

influencing factors. Forest wetland with large aggregates (MeFW and MaFW) were 

positioned in the positive direction of the second sorting axis, while micro aggregates of 

forest wetland (MiFW) were in the negative direction. Parameters such as AP, AK, and 

EC showed a positive correlation with the first sorting axis, while SOC, TN, TP, TK, AN, 
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and pH displayed a negative correlation. The permutation test highlighted that EC, SOC, 

AP, pH, TN, and AN had the most significant impacts on the structure of the soil bacterial 

community. 

 

Figure 5. Redundancy analysis (RDA) and spearman correlation heatmap analysis of soil 

bacteria community in relation to environmental factors in land uses patterns. Abbreviations: 

MeFW, mega-aggregate of forest wetland; MaFW, maro-aggregate of forest wetland; MiFW, 

micro-aggregate of forest wetland; MeRW, mega-aggregate of reclamation wetland; MaRW, 

macro-aggregate of reclamation wetland; MiRW, micro-aggregate of reclamation wetland; 

MeNT, mega-aggregate of no-tillage; MaNT, macro-aggregate of no-tillage; MiNT, micro-

aggregate of no-tillage. pH, the soil pH value. TN, the total nitrogen content of the soil samples. 

TP, the total phosphorus content of the soil samples. AN, the available nitrogen of the soil 

samples. AP, the available phosphorus content of the soil samples. SOC, the soil organic 

carbon content. EC, the exchange capacity in soils. TK, the total potassium content. AK, the 

available potassium content 

 

 

Environmental determinants of soil bacteria community 

As shown in Figure 6, the correlation heatmap analysis results showed that 

Proteobacteria was significantly positively correlated with SOC, TN (r=0.74, p=0.0003), 

and TP (r=0.72, p=0.0007). AP was significantly positively correlated with Nitrospirota, 

Latescibacterota, Bacteroidota, and Desulfobacteriota, while negatively correlated with 

Actinobacteriota (r=-0.49, p=0.0389); SOC is negatively correlated with Firmicutes, 

Acidobacteriota, Chloroflexi, and Gemmatimonadota; TN is negatively correlated with 

Firmicutes and Latescibacterota. 

Mantel test analysis of soil enzyme activity with soil physicochemical properties and 

Microbial community composition 

As shown in Figure 7, AN, Actinobacteriota, Proteobacteria, Bacteroidota and 

Firmicutes had highly significantly positive correlation with the soil C-cycle, but pH, TP, 

AP had negative correlation. TK, Actinobacteriota, Bacteroidota and Desulfobacterota 

had a positive correlation with the soil N-cycling, but AK, Chloroflexi, 

Verrucomicrobiota had negative correlation. EC, TN, Proteobacteria and Firmicutes had 

significant positive correlation with the soil P-cycle, but pH, SOC, TP, AP, 

Acidobacteriota and Chloroflexi had negative correlation. 
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Figure 6. Spearman correlation heatmap analysis of soil bacteria community in relation to 

environmental factors in land uses patterns. Abbreviations: pH, the soil pH value. TN, the total 

nitrogen content of the soil samples. TP, the total phosphorus content of the soil samples. AN, 

the available nitrogen of the soil samples. AP, the available phosphorus content of the soil 

samples. SOC, the soil organic carbon content. EC, the exchange capacity in soils. TK, the total 

potassium content. AK, the available potassium content. “*” indicates a significant interaction 

at the 0.05 level; “**” indicates a significant interaction at the 0.01 level; “***” indicates a 

significant interaction at the 0.001 level 

 

 

Figure 7. Mantel test analysis based on the relative activity of key enzymes of the soil nutrient 

cycle. Abbreviations: pH, the soil pH value. TN, the total nitrogen content of the soil samples. 

TP, the total phosphorus content of the soil samples. AN, the available nitrogen of the soil 

samples. AP, the available phosphorus content of the soil samples. SOC, the soil organic 

carbon content. EC, the exchange capacity in soils. TK, the total potassium content. AK, the 

available potassium content. “*” indicates a significant interaction at the 0.05 level; “**” 

indicates a significant interaction at the 0.01 level; “***” indicates a significant interaction at 

the 0.001 level 
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Discussion 

Soil aggregates, as the fundamental unit of soil structure, are porous formations 

resulting from the clustering and binding of soil mineral particles (Cates et al., 2016). 

Their stability is crucial for soil structural properties, nutrient cycling, and microbial 

activities, thereby influencing key nutrient transformation processes such as carbon, 

nitrogen, and phosphorus recycling (Pinheim et al., 2004; Cosmas and Johan, 2019). Land 

use patterns directly impact soil aggregates, with forest swamp reclamation decreasing 

aggregate stability and cultivated land abandonment enhancing it (Zhuang et al., 2017; 

Chen et al., 2019). Soil aggregate stability, reflecting soil structure stability, directly 

influences other soil physical and chemical properties (Nath and Rattan, 2017). The 

average weight diameter (MWD) and geometric mean diameter (GMD) of aggregates are 

key indicators of stability, with higher values indicating greater aggregation and stability 

(Cao et al., 2021). Soil organic carbon, a vital cementing material in aggregate formation, 

is influenced by different land use patterns, subsequently affecting aggregate stability. 

The levels of aggregates > 0.25 mm are known as soil aggregate structures and are crucial 

for maintaining soil structure stability. This study observed that the average soil organic 

carbon content was highest in forest wetlands, followed by abandoned land and cultivated 

land. Converting forestland to cultivated land led to a decrease in macro-aggregates 

(> 0.25 mm), as well as a significant reduction in mean weight diameter (MWD) and 

geometric mean diameter (GMD) values (P < 0.05). The conversion of forestland to 

farmland resulted in a decrease in soil organic carbon content, leading to the dispersion 

of soil macro-aggregates. Conversely, leaving farmland as abandoned land promoted the 

formation of intermediate aggregates with larger particle sizes, thereby enhancing soil 

structure stability. Abandoning sloping farmland decreased the content of micro-

aggregates (< 0.25 mm) while promoting the formation of macro-aggregate (2 mm ~ 

0.25 mm), ultimately improving soil aggregate stability. These findings align with 

previous research. Cultivated land must enhance and safeguard soil organic carbon levels 

through various management practices, such as using organic fertilizer alongside 

chemical fertilizer, returning straw to the field, and implementing protective farming 

measures. These actions aim to boost the presence of macro-aggregates in the soil and 

bolster soil structure stability. In comparison to forest wetlands, cultivated soil exhibits a 

notable decrease in organic carbon content, along with reduced levels of 

aggregates > 0.25 mm, as well as MWD and GMD values. This decline may be attributed 

to factors like root exudates. The lower surface vegetation density and shorter cultivation 

periods on cultivated land, in contrast to forest land, likely lead to fewer underground root 

systems. Plants influence soil physical properties and microorganisms through root 

exudate release and growth activities, impacting soil aggregation. Plant root exudates 

produce polymer clay that strongly adheres to soil particles, facilitating aggregate 

formation. In farmland, the limited amount of root exudates results in fewer soil adhesives 

that promote aggregation, leading to decreased aggregate content and reduced soil 

aggregate stability. 

Previous research has indicated that the composition of soil microbial communities in 

wetland ecosystems is influenced by a range of physicochemical properties, including 

soil porosity, temperature, water content, pH, and salinity (Cheung et al., 2018; Xie et al., 

2021). The physicochemical characteristics of wetland soil, along with the cycling 

processes of biological activity, are particularly sensitive to water conditions and the 

types of surface vegetation present (Zhang et al., 2019). Forest wetlands, as observed in 

this study, demonstrated higher levels of total nitrogen and total phosphorus compared to 
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other land use types (Tan et al., 2022). This difference can be attributed to the notable 

water retention capacity of forest wetlands, which promotes the proliferation and 

metabolic activity of aerobic microorganisms in the soil, ultimately resulting in a positive 

accumulation of nutrients in the soil. Arable farmland soils exhibited higher available 

phosphorus content, potentially due to lower microbial activity. The conversion 

efficiency of insoluble phosphorus is largely influenced by surface biomass, leading to 

inadequate absorption and utilization of phosphorus, resulting in its accumulation in the 

soil (Ibrahim et al., 2022). Studies have shown that wetland and marsh meadow soils in 

high-altitude cold river wetlands on the Qinghai-Tibet Plateau had significantly higher 

total nitrogen, total phosphorus, and alkaline nitrogen content compared to other 

vegetation types (Wang et al., 2020). This is attributed to the seasonal climate changes in 

northern regions, creating alternating wet and dry conditions in wetland soils that promote 

microbial decomposition and transformation of soil organic residues, thereby enhancing 

the utilization of organic nitrogen, phosphorus, and other nutrients (Ding et al., 2020). 

Soil electrical conductivity is a crucial indicator for assessing soil fertility, influenced by 

factors such as soil moisture, temperature, organic matter content, salinity, and soil 

texture (Javed et al., 2022). In forest wetlands, the soil electrical conductivity was notably 

higher compared to other land use types, attributed to the elevated levels of soil moisture 

and organic carbon content characteristic of wetland environments (Liu and Li, 2015). 

The research indicates that β-1,4-glucosidase activity is susceptible to environmental 

factors, with a positive correlation observed between its activity and soil organic matter 

content. Land use practices were found to have a significant impact on soil enzyme 

activity, with β-1,4-glucosidase playing a crucial role in soil carbon cycle and organic 

matter decomposition. Soil aggregates from forest wetlands exhibited higher β-1,4-

glucosidase activity, likely due to the abundant vegetation in these areas, which includes 

trees and wetland plants. These plants contribute substantial amounts of organic matter 

rich in cellulose and other polysaccharides, including β-1,4-glucosidic bonds. 

Consequently, forest wetland soils provide a greater organic matter pool for β-1,4-

glucosidase degradation, leading to enhanced enzyme activity. Lignin peroxidase is 

essential in soil processes such as organic matter decomposition, lignin degradation, 

heavy metal removal, and degradation of harmful compounds. It plays a key role in 

facilitating the cycling and degradation of soil organic matter, thus maintaining soil health 

and ecosystem functionality. Research analyzing soil organic carbon content and 

microbial alpha diversity has shown that higher organic matter content in forest wetland 

soils provides more substrate for lignin peroxidase to catalyze lignin degradation 

reactions. In contrast, agricultural and fallow lands generally have lower organic matter 

content due to crop harvesting and soil management practices, leading to organic matter 

loss. Forest wetland soils host more abundant and diverse microbial communities, 

including fungi and bacteria capable of producing lignin peroxidase. These rich microbial 

communities result in more lignin peroxidase producers, thereby enhancing the enzyme's 

activity. Xylanase plays a critical role in soil carbon cycling by breaking down xylan, a 

major polysaccharide in plant cell walls, into xylose and glucose monomers. This released 

glucose serves as a carbon source for soil microorganisms, stimulating microbial growth 

and activity. The level of xylanase activity can significantly impact the rate and 

mechanisms of carbon transformation in soil. Higher xylanase activity can expedite xylan 

degradation, providing more carbon sources for soil microorganisms. This process is vital 

for organic matter decomposition and carbon cycling in soil, ultimately affecting the 

stability and persistence of organic carbon. Xylanase exhibits its primary activity in soil 
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aggregates with particle sizes between 0.25~2 mm (Ma) and >2 mm (Me) in FW. High 

organic matter content in forest soils provides a greater substrate for enzyme reactions, 

leading to increased cellulase activity. Furthermore, forest wetland soils typically exhibit 

a more porous texture compared to agricultural and fallow lands. Smaller to medium-

sized soil aggregates offer a larger particle surface area, which enhances enzyme diffusion 

and substrate contact, thus supporting cellulase activity (Xu et al., 2019). In contrast, 

agricultural and fallow lands often contain chemical substances like fertilizers, pesticides, 

and herbicides, which can potentially suppress cellulase activity (Meena et al., 2020). 

Soil nitrogenase, the key enzyme in biological nitrogen fixation, consists of ferredoxin 

and molybdenum-iron protein complexes, with most microorganisms utilizing the 

molybdenum-iron nitrogenase system. This enzyme plays a crucial role in converting 

molecular nitrogen (N2) into ammonia (NH3), serving as a nitrogen source for organisms 

and contributing to the synthesis of amino acids and proteins (Mikha and Rice, 2004). 

Research has shown that high oxygen levels in black soil can reduce nitrogenase activity 

(Marhan et al., 2007). In this study, it was observed that aggregates with particle sizes 

0.25 mm), possibly due to smaller pore size and lower oxygen content in smaller 

aggregates. Fallow land was found to increase the activity of nitrite reductase and nitrate 

reductase in aggregates of different sizes, while also affecting the activity of nitric oxide 

reductase and leucine aminopeptidase (Cayuela et al., 2014). The changes in enzyme 

activity suggest that land use patterns, particularly under fallow land, have a significant 

impact on soil denitrification, influencing the structure and function of the soil microbial 

community. These alterations in the microbial community can impact denitrification 

processes and microbial interactions, ultimately affecting the efficiency of denitrification 

in fallow land. Both N-acetyl-β-D-glucosaminidase and leucine aminopeptidase are 

classified as nitrogen assimilation enzymes. This research demonstrated that N-acetyl-β-

D-glucosaminidase exhibited higher activity in micro-aggregate, aligning with findings 

from Ma et al (2021). This discrepancy in activity levels could be attributed to the 

enzymes' distinct hydrolytic substrates, influencing microbial community dynamics. 

Essentially, smaller aggregates may favor microorganisms producing N-acetyl-β-D-

glucosaminidase, while medium-sized aggregates may be more conducive to 

microorganisms generating leucine aminopeptidase. As per the Michaelis-Menten theory, 

the enzymatic activity is influenced by substrate availability, suggesting that variations in 

substrate availability across different aggregate sizes could be a contributing factor (Min 

and Suseela, 2020). Ammonia monooxygenase is crucial in the initial step of nitrification, 

converting ammonium (NH4
+) to nitrite (NO2

-). Denitrification in soil primarily involves 

nitrate reductase, nitrite reductase, nitric oxide reductase, and nitrous oxide reductase, 

with nitrous oxide (N2O) emissions mainly stemming from this process. This research 

uncovered noteworthy variations in the activities of these denitrification enzymes across 

different aggregate sizes, although no clear trends were evident. Prior studies have 

demonstrated that elevated soil organic carbon levels enhance the growth of denitrifying 

microorganisms, with the soil organic carbon content strongly linked to the composition 

of nirK gene communities and the abundance of nirS genes in paddy soils (Yang et al., 

2021). Interestingly, alkaline phosphatase exhibited greater activity in larger aggregates, 

indicating reduced substrate availability for phosphatase in such aggregates, necessitating 

increased enzyme production by microorganisms. This also implies higher phosphorus 

availability in larger aggregates. Coenzyme F420 and FDA hydrolytic enzymes serve as 

reliable indicators of changes in soil microorganisms and overall microbial activity. In 

cultivated farmland, aggregates with particle sizes on < 2 mm (Me) and 0.25 ~ 2 mm (Ma) 
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displayed heightened activity of these enzymes, suggesting that increased coenzyme F420 

and FDA hydrolytic enzyme activity may signal greater abundance and activity of 

methanotrophic bacteria in the soil (Wang et al., 2020). This, in turn, promotes the 

breakdown and transformation of organic carbon, resulting in lower organic carbon 

content in farmland compared to forest wetlands and fallow land (Zhu et al., 2020). 

The dominance of Proteobacteria and Actinobacteriota in the soils was expected, as 

these groups are typically abundant in farmland and wetland soils. However, shifts in land 

use types markedly influenced the composition of the bacterial community. Following 

the transition from forest wetlands to farmland and no-tillage systems, there was a 

significant increase in the relative abundance of Acidobacteriota, Chloroflexi, and 

Firmicutes. This shift can be attributed to the effects of land use on microbial community 

composition through factors such as root exudates, litter chemistry, and soil management 

practices (Ji et al., 2020). Proteobacteria are recognized as one of the most abundant 

bacterial groups in soils due to their metabolic versatility and role in nutrient cycling 

(Kalam et al., 2020). The positive relationship observed between Actinobacteria and 

SOC, TN and TP underscores their ecological importance. Actinobacteria are key 

decomposers, capable of breaking down complex organic matter, such as plant residues 

and animal carcasses, into simpler compounds. This microbial activity releases carbon, 

nitrogen, and phosphorus, which become available for other microorganisms and plants 

(García-Ruiz et al., 2008). Moreover, Actinobacteria produce extracellular 

polysaccharides that bind soil particles, enhancing soil structure and forming stable 

aggregates. These ecological functions make Actinobacteria critical for maintaining soil 

health and nutrient cycling. Among the Actinobacteria, Streptomyces plays a vital role in 

soil ecosystems through its production of secondary metabolites, which regulate soil 

microbial communities, promote plant growth, aid nitrogen fixation, and suppress 

harmful microorganisms (Koza et al., 2020). Many Actinobacteria strains, including 

Streptomyces and phosphate-solubilizing bacteria, exhibit the ability to fix atmospheric 

nitrogen and solubilize organic and inorganic phosphorus. These processes contribute to 

increased TN and TP levels in the soil, improving nutrient availability for plants. 

Actinobacteria also form symbiotic relationships with plant roots, utilizing root exudates 

and mycorrhizal structures to retain nutrients in the rhizosphere. This symbiosis helps 

reduce nutrient loss through leaching, thereby stabilizing and enhancing soil nutrient 

pools (Asghar et al., 2024). Beyond Actinobacteria, other phyla such as Latescibacterota, 

Nitrospirota, and Bacteroidota also play critical roles in soil nutrient cycling. These 

groups participate in nitrogen and phosphorus cycling through processes such as 

mineralization, dissolution, and transformation of phosphorus, converting organic 

phosphorus into forms readily absorbed by plants. Their interactions with plant roots and 

rhizosphere processes enhance phosphorus availability, directly linking their activity to 

soil phosphorus content and plant uptake efficiency (Ding et al., 2021). Different land-

use practices, such as agricultural croplands and no-tillage systems, significantly 

influence the structure and function of soil microbial communities. For instance, 

management practices like fertilizer application, organic amendments, and pesticide use 

can indirectly alter the abundance and activity of microbial taxa such as Latescibacterota, 

Nitrospirota, Bacteroidota, and Desulfobacterota, which are essential for phosphorus 

cycling. These microbial communities interact with plant roots, influencing nutrient 

cycling, plant productivity, and overall ecosystem functioning (Liu et al., 2024). In the 

Lesser Khingan wetlands, changes in land use patterns are expected to affect soil 

physicochemical properties, leading to shifts in microbial community composition. 
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Variations in indicators such as SOC, TN, TP, and pH under different land use types 

influence microbial functional groups and their ecological roles. For example, agricultural 

practices may enhance the abundance of specific taxa involved in nitrogen and 

phosphorus cycling, while reducing the diversity or activity of other important microbial 

groups. These findings highlight the need for sustainable land management practices to 

maintain soil microbial diversity and optimize ecosystem services, such as nutrient 

cycling and soil fertility (Teague and Kreuter, 2020). 

In wetland ecosystems, plants, soil, and microorganisms are intricately connected, 

interacting to form a unified organic whole through material cycling and energy flow 

(Silva and Lambers, 2021). Soil microorganisms are key regulators of soil nutrient status 

and quality, playing a central role in driving nutrient cycling processes (Yang et al., 2016). 

The essential elements carbon (C), nitrogen (N), and phosphorus (P) exhibit strong 

coupling interactions, functioning not only within individual plants but also across entire 

ecosystems (Lynn et al., 2017). Soil carbon cycling, a crucial metabolic process in global 

biogeochemical cycles, is closely linked to climate regulation (Deng et al., 2017; Hu et 

al., 2019). Microorganisms drive soil carbon cycling through activities such as organic 

carbon fixation, decomposition, methane metabolism, and interconnected processes of 

carbon migration and transformation, thereby facilitating energy flow and material 

cycling within ecosystems (Kuypers et al., 2018). Land-use changes significantly 

influence soil microbial community structure, enzyme activity, and nutrient cycling 

dynamics. In this study, we observed that shifts in land use from natural wetlands to 

farmland and no-tillage systems led to significant changes in microbial diversity and 

enzyme activities associated with carbon cycling. Specifically, bacterial taxa such as 

Actinobacteriota, Proteobacteria, Bacteroidota, and Firmicutes were strongly correlated 

with enzyme activities that mediate organic matter decomposition, respiration, and carbon 

sequestration. These bacteria play critical roles in the breakdown of organic matter, 

releasing carbon stored in plant residues and soil organic matter, while also contributing 

to biological carbon fixation and storage (Chen et al., 2017). The observed increase in 

carbon-related enzyme activities, such as β-glucosidase and cellulase, under no-tillage 

management suggests that reduced soil disturbance promotes microbial communities 

capable of maintaining soil organic carbon pools. Our findings align with previous 

research indicating that microbial taxa like Actinobacteriota and Proteobacteria are 

essential drivers of soil nutrient cycling, including carbon and nitrogen dynamics (Yang 

et al., 2016). These microbial groups are particularly sensitive to land-use changes, as 

they respond to variations in soil organic carbon content, root exudates, and litter 

chemistry. Furthermore, the coupling of carbon and nitrogen cycles is mediated by these 

microbial communities, which regulate key processes such as nitrification, denitrification, 

and organic matter mineralization, processes closely tied to enzyme activity. Enzyme 

activity serves as a biochemical indicator of microbial function, reflecting the capacity of 

soil microbial communities to adapt to and process the inputs resulting from land-use 

changes. By integrating our results with existing literature, we highlight that microbial 

dynamics and enzyme activities are shaped by land-use practices, which determine soil 

carbon quality and stability. Practices like no-tillage, which enhance soil organic matter 

and reduce erosion, promote the activity of functional microbial groups involved in 

carbon cycling. These findings underscore the importance of sustainable land 

management in maintaining microbial diversity and optimizing soil carbon cycling, 

ultimately contributing to improved ecosystem resilience and soil health. This study 

contributes to a growing body of evidence linking land-use changes to microbial 
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community structure and enzyme activity, emphasizing the interconnectedness of 

microbial dynamics and biogeochemical cycles in wetland ecosystems. 

Nitrogen cycling is a critical process in terrestrial ecosystems, impacting ecosystem 

stability and functions (Li et al., 2022). Soil nitrogen cycling involves various 

interconnected processes driven by microorganisms, including biological nitrogen 

fixation, mineralization, nitrification, and denitrification (Shukla et al., 2021). Bacterial 

communities like Actinobacteriota, Bacteroidota, and Desulfobacterota in the soil use 

nitrate as an electron acceptor through specific enzyme systems and metabolic pathways, 

converting nitrate to nitrite, nitric oxide, and nitrogen gas (Zhang et al., 2022). These 

denitrification processes help regulate nitrogen levels in the soil, releasing it into the 

atmosphere and maintaining nitrogen balance (Liu et al., 2023). The activity of these 

bacteria is vital for soil health, plant growth, and the global nitrogen cycle (Wang et al., 

2022). This study reveals a negative correlation between nitrogen cycling processes and 

soil pH. Actinobacteriota, Bacteroidota, and Desulfobacterota are key microbial taxa 

involved in soil denitrification, with soil pH being a primary factor influencing the 

distribution of soil microbial communities. Avşar and Aras observed a significant 

negative correlation between pH and the abundance of the nirK gene, suggesting that 

alkaline soil environments inhibit the growth of denitrifying microorganisms, aligning 

with the current study's findings (Yang et al., 2017; Avşar and Aras, 2020). 

Phosphorus, as an essential macronutrient, plays a crucial role in crop growth and 

ecosystem functioning (Turner et al., 2015). Microorganisms are key regulators of soil 

phosphorus cycling and availability, solubilizing mineral phosphates and transforming 

soil-bound phosphorus into forms accessible to plants and microbes (Bergkemper et al., 

2016; Li et al., 2021). This study found a positive correlation between soil phosphorus 

cycling and EC, TN, Proteobacteria, and Firmicutes. Phosphorus primarily exists in the 

form of phosphate in soil, directly available to plants. EC and TN can impact phosphorus 

adsorption and desorption processes, with high levels associated with increased ion 

concentrations and organic matter content. This may lead to competitive adsorption of 

anions and organic matter onto soil particles, potentially increasing phosphate release into 

the soil solution and influencing phosphorus cycling (Dai et al., 2020). Microorganisms 

like Proteobacteria and Firmicutes are important in soil phosphorus cycling, with EC and 

TN affecting their community structure and activity, thus impacting phosphorus 

microbial transformations (Li et al., 2020). EC and TN levels in the soil can create 

favorable environmental conditions that enhance microbial growth and activity. 

Microorganisms play a crucial role in phosphorus cycling by breaking down organic 

matter, releasing enzymes, and interacting with plant roots (Zhang et al., 2021; Jiang et 

al., 2023; Hu et al., 2023). As a result, increased EC and TN levels can boost microbial 

activity, ultimately affecting phosphorus transformation and cycling. Certain 

microorganisms like Proteobacteria and Firmicutes have the ability to produce enzymes 

like phosphatases, which break down organic phosphorus compounds or convert 

inorganic phosphates into forms that plants can absorb and use (Wang et al., 2023). These 

bacteria can use both organic and inorganic phosphates as sources of phosphorus and 

release them into the soil through phosphatase activity (Yu et al., 2021). Some strains 

within Proteobacteria and Firmicutes can establish symbiotic relationships with plant 

roots, such as rhizobia and legume nodulation (Liu et al., 2023). Through these 

relationships, these bacteria interact with plant roots and provide plants with essential 

phosphorus and nitrogen nutrients through nitrogen fixation and phosphorus 
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solubilization. This symbiotic interaction plays a key role in promoting phosphorus 

cycling and enhancing plant uptake of phosphorus (Bergkemper et al., 2016). 

The findings of this study emphasize the critical role of microbial communities and 

enzyme activities in regulating soil carbon cycling and overall soil health under different 

land-use practices. Sustainable land management practices, such as no-tillage agriculture, 

not only preserve soil organic matter but also enhance the activity of microbial taxa 

involved in carbon and nutrient cycling, thereby improving soil fertility and ecosystem 

resilience. By promoting functional microbial diversity and reducing soil disturbance, 

these practices can mitigate the negative impacts of land-use changes on soil quality. 

Incorporating organic amendments, minimizing chemical inputs, and adopting crop 

rotation systems can further support microbial communities and maintain soil 

functionality, particularly in wetlands undergoing agricultural conversion. To optimize 

nutrient cycling in wetlands of the Lesser Khingan Mountains, sustainable development 

strategies should be implemented. The results also carry important implications for 

policymakers aiming to balance agricultural productivity with environmental 

conservation. Policies that incentivize sustainable practices, such as no-tillage, organic 

farming, and wetland preservation, can encourage the adoption of land management 

strategies that enhance soil health and carbon sequestration. Additionally, integrating 

microbial and enzymatic indicators into national soil health monitoring programs could 

provide a more comprehensive assessment of land-use impacts on soil quality and inform 

data-driven decision-making. Policymakers should prioritize initiatives that promote 

education and training for land managers on the benefits of sustainable practices and 

support research on land-use impacts on soil microbiomes to guide evidence-based 

conservation and restoration efforts. By aligning agricultural and conservation policies, 

governments can foster long-term soil sustainability and contribute to global efforts to 

mitigate climate change. 

Conclusions 

This study demonstrates that different land-use patterns in the Lesser Khingan 

Mountains significantly affect soil physicochemical properties, aggregate composition, 

enzyme activities, and microbial community structure. The conversion of forest wetlands 

to farmland and no-tillage systems introduces notable anthropogenic disturbances, 

leading to changes in vegetation types, soil aggregate structure, and microbial community 

composition. Key bacterial groups such as Proteobacteria, Actinobacteria, Acidobacteria, 

Chloroflexi, Firmicutes, and Diplomycetes were identified as being sensitive to land-use 

changes, with their abundance varying by land-use type and aggregate size. Notably, the 

results indicate that land-use changes primarily influence the structure of soil microbial 

communities rather than their overall abundance. These findings provide actionable 

insights for conservation and land-use planning. The development of marshes in the 

Lesser Khingan Mountains should be approached with caution to preserve soil health and 

promote a balanced ecosystem. Sustainable land management practices, such as no-tillage 

and organic amendments, should be prioritized to mitigate the impacts of land-use 

changes and maintain the functionality of soil microbial communities. Future research 

should focus on the long-term effects of land-use changes and assess the interactions 

between land-use strategies, climate change, and soil health to guide evidence-based 

conservation and sustainable development efforts. 



Li: Effect of land-use patterns on soil enzymatic activity and microbial dynamics in carbon, nitrogen and phosphorus cycling of 

wetlands in the Lesser Khingan Mountains, Northeastern China 
- 4437 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(3):4417-4442. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/2303_44174442 

© 2025, ALÖKI Kft., Budapest, Hungary 

Acknowledgements. This study was supported by the National Key Research and Development Program 

of China (2023YFD1500702). 

Conflict of interests. The authors confirm, that this article content has no conflict of interests. 

REFERENCES 

[1] Abujabhah, I. S., Bound, S. A., Doyle, R., Bowman, J. P. (2016): Effects of biochar and 

compost amendments on soil physico-chemical properties and the total community within 

a temperate agricultural soil. – Appl Soil Ecol. 98: 243-253. 

https://doi.org/10.1016/j.apsoil.2015.10.021. 

[2] Asghar, W., Craven, K. D., Swenson, J. R., Kataoka, R., Mahmood, A., Farias J. G. (2024): 

Enhancing the resilience of agroecosystems through improved rhizosphere processes: a 

strategic review. – Int J Mol Sci. 26(1): 109. https://doi.org/10.3390/ijms26010109. 

[3] Baiano, S., Fabiani, A., Fornasier, F., Ferrarini, A., Innangi, M., Mocali, S., Morra, L. 

(2021): Biowaste compost amendment modifies soil biogeochemical cycles and microbial 

community according to aggregate classes. – Appl Soil Ecol. 168: 104132. 

https://doi.org/10.1016/j.apsoil.2021.104132. 

[4] Ballut-Dajud, G. A., Sandoval Herazo, L. C., Fernández-Lambert, G., Marín-Muñiz, J. L., 

López Méndez, M. C., Betanzo-Torres, E. A. (2022): Factors affecting wetland loss: A 

review. – Land 11: 434. https://doi.org/10.3390/land11030434. 

[5] Bao, S. D. (2005): Soil agrochemical analysis. – Beijing: China Agriculture Press. 

[6] Bergkemper, F., Schöler, A., Engel, M., Lang, F., Krüger, J., Schloter, M., Schulz, S. 

(2016): Phosphorus depletion in forest soils shapes bacterial communities towards 

phosphorus recycling systems. – Environ Microbiol 18: 1988-2000. 

https://doi.org/10.1111/1462-2920.13188. 

[7] Bing, X. J., Wang, K., Ma, H. H., Liu, F., Jiang, J., Ding, J., Zhu, Y. R., Wei, J. (2020): 

Geochemical cycling of phosphorus and iron in a typical reservoir in the area of 

Xiaoxing’an mountains, northeastern China. – Front Env Sci. 10: 998046. 

https://doi.org/10.3389/fenvs.2022.998046. 

[8] Cao, S., Zhou, Y. Z., Zhou, Y. Y., Zhou, X., Zhou, W. J. (2021): Soil organic carbon and 

soil aggregate stability associated with aggregate fractions in a chronosequence of citrus 

orchards plantations. – J Environ Manage 293: 112847. 

https://doi.org/10.1016/j.jenvman.2021.112847. 

[9] Cates, A. M., Ruark, M. D., Hedtcke, J. L., Posner, J. L. (2016): Long-term tillage, rotation 

and perennialization effects on particulate and aggregate soil organic matter. – Soil Till Res 

155: 371-380. https://doi.org/10.1016/j.still.2015.09.008. 

[10] Cayuela, M. L., Van Zwieten, L., Singh, B. P., Jeffery, S., Roig, A., Sánchez-Monedero, 

M. A. (2014): Biochar's role in mitigating soil nitrous oxide emissions: A review and meta-

analysis. – Agricul Eco Environ 191: 5-16. https://doi.org/10.1016/j.agee.2013.10.009. 

[11] Chen, Z. J., Liao, C. H., Huang, S. F. (2010): Effects of land use change on organic carbon 

in soil aggregates. – J Anhui Agri Sci 38: 13203-13204, 13254. 

[12] Chen, J., Luo, Y., Zhou, X. (2017): Soil microbial community responses to warming and 

increased precipitation and their implications for ecosystem carbon cycling: a meta-

analysis. – J Soil Sediment 17: 533-543. https://doi.org/10.1007/s00442-013-2685-9. 

[13] Cheung, M. K., Wong, C. K., Chu, K. H., Kwan, H. S. (2018): Community structure, 

dynamics and interactions of bacteria, archaea and fungi in subtropical coastal wetland and 

sediments. – Sci Rep 8: 14397. https://doi.org/10.1038/s41598-018-32529-5. 

[14] Chi, Z. F., Hou, L. N., Li, H., Wu, H. T., Yan, B. X. (2021): Indigenous bacterial 

community and function in phenanthrene-polluted coastal wetlands: potential for 

phenanthrene degradation and relation with soil properties. – Environ Res 199: 111357. 

https://doi.org/10.1016/j.envres.2021.111357. 

https://doi.org/10.1016/j.apsoil.2015.10.021
https://doi.org/10.1016/j.apsoil.2021.104132
https://doi.org/10.3390/land11030434
https://doi.org/10.1111/1462-2920.13188
https://doi.org/10.3389/fenvs.2022.998046
https://doi.org/10.1016/j.jenvman.2021.112847
https://doi.org/10.1016/j.still.2015.09.008
https://doi.org/10.1016/j.agee.2013.10.009
https://doi.org/10.1007/s00442-013-2685-9
https://doi.org/10.1038/s41598-018-32529-5
https://doi.org/10.1016/j.envres.2021.111357


Li: Effect of land-use patterns on soil enzymatic activity and microbial dynamics in carbon, nitrogen and phosphorus cycling of 

wetlands in the Lesser Khingan Mountains, Northeastern China 
- 4438 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(3):4417-4442. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/2303_44174442 

© 2025, ALÖKI Kft., Budapest, Hungary 

[15] Dai, Z. M., Liu, G. F., Chen, H. H., Chen, C. R., Wang, J. K., Ai, S. Y., Wei, D., Li, D. M., 

Ma, B., Tang, C. X., Brookes, P. C., Xu, J. M. (2020): Long-term nutrient inputs shift soil 

microbial functional profiles of phosphorus cycling in diverse agroecosystems. – ISME J. 

14: 757-770. https://doi.org/10.1038/s41396-019-0567-9. 

[16] Dar, S. A., Hamid, A., Rashid, I., Bhat, S. U. (2022): Identification of anthropogenic 

contribution to wetland degradation: Insights from the environmetric techniques. – Stoch 

Env Res Risk At 36: 1397-1411. 

https://springer.dosf.top/article/10.1007/s00477-021-02121-x. 

[17] Deng, Z., Mo, Y. F., Ong, S. P. (2016): Computational studies of solid-state alkali 

conduction in rechargeable alkali-ion batteries. – NPG Asia Mater 8: e254. 

[18] Deng, L., Shangguan, Z. P. (2017): Afforestation drives soil carbon and nitrogen changes 

in China. – Land Degrad Dev. 28: 151-165. https://doi.org/10.1002/ldr.2537. 

[19] Diao, M. M., Yang, K., Zhu, J. J., Li, M. C., Xu, S. (2020): Native broad-leaved tree species 

play key roles on maintaining soil chemical and microbial properties in a temperate 

secondary forest, Northeast China. – Forest Ecol Manag 462: 117971. 

https://doi.org/10.1016/j.foreco.2020.117971. 

[20] Ding, J. N., Yu, S. P., Shi, C. Q. (2020): Differences of physical, chemical and biological 

properties in soils of marsh, forest land and farmland in Heilongjiang Harbin Baiyupo 

National Wetland Park. – Wetl Sci. 18: 1-8. 

[21] Ding, W. L., Cong, W. F., Lambers, H. (2021): Plant phosphorus-acquisition and-use 

strategies affect soil carbon cycling. – Trends Ecol Evol 36: 899-906. 

[22] Ding, J. N., Yu, S. P., Shi, C. Q., Wang, H. (2021): Effects of land use types on soil 

physicochemical properties and aggregates stability in cold region wetland. – Chin J Ecol 

40: 3543-3551. 

[23] Ding, J. N., Xu, N., Shi, C. Q., Yu, S. P. (2023): Effect of reclamation and restoration on 

soil microbial community structures in cold region wetland. – Appl Ecol Envir Res 21: 

1007-1023. http://dx.doi.org/10.15666/aeer/2102_10071023. 

[24] Faina, G., Ruth, B., Ludwik, H. (2012): Application of the Walkley-Black titration for the 

organic carbon quantification in organic rich sedimentary rocks. – Fuel 96: 608-610. 

https://doi.org/10.1016/j.fuel.2011.12.053. 

[25] García-Ruiz, R., Ochoa, V., Hinojosa, M. B., Carreira, J. A. (2008): Suitability of enzyme 

activities for the monitoring of soil quality improvement in organic agricultural systems. – 

Soil Biol Biochem 40: 2137-2145. https://doi.org/10.1016/j.soilbio.2008.03.023. 

[26] Gillman, G., Sumpter, E. (1986): Modification to the compulsive exchange method for 

measuring exchange characteristics of soils. – Soil Res 24: 61-66. 

https://doi.org/10.1071/SR9860061. 

[27] Guan, S. (1986): Soil enzymes and their research method. – Higher Education Press: 

Beijing, China. 

[28] Han, S., Delgado-Baquerizo, M., Luo, X., Liu, Y., Van Nostrand, J. D., Chen, W., Huang, 

Q. (2021): Soil aggregate size-dependent relationships between microbial functional 

diversity and multifunctionality. – Soil Biol Biochem 154: 108143. 

https://doi.org/10.1016/j.soilbio.2021.108143. 

[29] Hu, Y. G., Zhang, Z. S., Huang, L., Qi, Q., Liu, L. C., Zhao, Y., Wang, Z. R., Zhou, H. K., 

Lv, X. U., Mao, Z. C., Yang, Y. F., Zhou, J. Z., Kardol, P. (2019): Shifts in soil microbial 

community functional gene structure across a 61-year desert revegetation chronosequence. 

– Geoderma 347: 126-134. https://doi.org/10.1016/j.geoderma.2019.03.046. 

[30] Hu, M. J., Le, Y. X., Sardans, J., Yan, R. B., Zhong, Y., Sun, D. Y., Tong, C., Peñuelas, J. 

(2023): Moderate salinity improves the availability of soil P by regulating P-cycling 

microbial communities in coastal wetlands. – Global Change Biol 29: 276-288. 

https://doi.org/10.1111/gcb.16465. 

[31] Ibrahim, M., Iqbal, M., Tang, Y. T., Khan, S., Guan, D. X., Li, G. (2022): Phosphorus 

mobilization in plant–soil environments and inspired strategies for managing phosphorus: 

A review. – Agronomy 12: 2539. https://doi.org/10.3390/agronomy12102539. 

https://doi.org/10.1038/s41396-019-0567-9
https://springer.dosf.top/article/10.1007/s00477-021-02121-x
https://doi.org/10.1002/ldr.2537
https://doi.org/10.1016/j.foreco.2020.117971
http://dx.doi.org/10.15666/aeer/2102_10071023
https://doi.org/10.1016/j.fuel.2011.12.053
https://doi.org/10.1016/j.soilbio.2008.03.023
https://doi.org/10.1071/SR9860061
https://doi.org/10.1016/j.soilbio.2021.108143
https://doi.org/10.1016/j.geoderma.2019.03.046
https://doi.org/10.1111/gcb.16465
https://doi.org/10.3390/agronomy12102539


Li: Effect of land-use patterns on soil enzymatic activity and microbial dynamics in carbon, nitrogen and phosphorus cycling of 

wetlands in the Lesser Khingan Mountains, Northeastern China 
- 4439 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(3):4417-4442. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/2303_44174442 

© 2025, ALÖKI Kft., Budapest, Hungary 

[32] Javed, A., Ali, E., Afzal, K. B., Osman, A., Riaz, S. (2022): Soil fertility: Factors affecting 

soil fertility, and biodiversity responsible for soil fertility. – Inter J Plant Animal Environ 

Sci 12: 21-33. 

[33] Ji, L., Yang, Y. C., Yang, L. X., Zhang, D. P. (2020): Effect of land uses on soil microbial 

community structures among different soil depths in northeastern China. – Eur J Soil Biol. 

99: 103205. https://doi.org/10.1016/j.ejsobi.2020.103205. 

[34] Jiang, Y. Y., Yang, X. D., Ni, K., Ma, L. F., Shi, Y. Z., Wang, Y., Cai, Y. J., Ma, Q. X., 

Ruan, J. Y. (2023): Nitrogen addition reduces phosphorus availability and induces a shift 

in soil phosphorus cycling microbial community in a tea (Camellia sinensis L.) plantation. 

– J Environ Manage 342: 118207. https://doi.org/10.1016/j.jenvman.2023.118207. 

[35] Kalam, S., Basu, A., Ahmad, I., Sayyed, R. Z., El-Enshasy, H. A., Dailin, D. J., Suriani, N. 

L. (2020): Recent understanding of soil acidobacteria and their ecological significance: a 

critical review. – Front Microbiol 11: 580024. https://doi.org/10.3389/fmicb.2020.580024. 

[36] Koza, N. A., Adedayo, A. A., Babalola, O. O., Kappo, A. P. (2022): Microorganisms in 

plant growth and development: Roles in abiotic stress tolerance and secondary metabolites 

secretion. – Microorganisms 10: 1528. https://doi.org/10.3390/microorganisms10081528. 

[37] Kuypers, M. M., Marchant, H. K., Kartal, B. (2018): The microbial nitrogen-cycling 

network. – Nat Rev Microbiol 16: 263-276. https://doi.org/10.1038/nrmicro.2018.9. 

[38] Lakshmi, G., Okafor, B. N., Visconti, D. (2020): Soil microarthropods and nutrient cycling. 

– In: Fahad, S. et al. (eds.) Environment, Climate, Plant and Vegetation Growth. Springer, 

Cham, pp. 453-472. https://doi.org/10.1007/978-3-030-49732-3_18 

[39] Lavelle, P., Spain, A., Fonte, S., Bedano, J. C., Blanchart, E., Galindo, V., Zangerlé, A. 

(2020): Soil aggregation, ecosystem engineers and the C cycle. – Acta Oecol 105: 103561. 

https://doi.org/10.1016/j.actao.2020.103561. 

[40] Lee, S. H., Kim, M. S., Kim, J. G., Kim, S. O. (2020): Use of soil enzymes as indicators 

for contaminated soil monitoring and sustainable management. – Sustainability 12: 8209. 

https://doi.org/10.3390/su12198209. 

[41] Li, W., Dai, Z., Zhang, G. X., Liu, Y., Han, J. (2019): Combination of biochar and nitrogen 

fertilizer to improve soil aggregate stability and crop yield in Lou soil. – J Plant Nutr Fertil 

25: 782-791. DOI: 10.11674/zwyf.18191. 

[42] Li, W. X., Zhang, Y. P., Mao, W., Wang, C. S., Yin, S. X. (2020): Functional potential 

differences between Firmicutes and Proteobacteria in response to manure amendment in a 

reclaimed soil. – Can J Microbiol 66: 689-697. https://doi.org/10.1139/cjm-2020-0143. 

[43] Li, J. T., Lu, J. L., Wang, H. Y., Fang, Z., Wang, X. J., Feng, S. W., Wang, Z., Yuan, T., 

Zhang, S. C., Ou, S. N., Yang, X. D., Wu, Z. H., Du, X. D., Tang, L. Y., Liao, B., Shu, W. 

S., Jia, P., Liang, J. L. (2021): A comprehensive synthesis unveils the mysteries of 

phosphate - solubilizing microbes. – Biol Rev 96: 2771-2793. 

https://doi.org/10.1111/brv.12779. 

[44] Li, S. L., Liu, X., Yue, F. J., Yan, Z. F., Wang, T. J., Li, S. J., Liu, C. Q. (2022): Nitrogen 

dynamics in the Critical Zones of China. – Progress in Physical Geography: Earth and 

Environment 46: 869-888. https://doi.org/10.1177/03091333221114732. 

[45] Li, T., Ge, L. M., Zhao, R. T., Peng, C. H., Zhou, X. L., Li, P., Liu, Z. L., Song, H. X., 

Tang, J. Y., Zhang, C. C., Li, Q., Wang, M., Zou, Z. Y. (2024): Phenolic compounds 

weaken the impact of drought on soil enzyme activity in global wetlands. – Front Microbiol 

15: 1372866. https://doi.org/10.3389/fmicb.2024.1372866. 

[46] Liang, J., Tang, S. Q., Gong, J. L., Zeng, G. M., Tang, W. W., Song, B., Zhang, P., Luo, 

Y. (2020): Responses of enzymatic activity and microbial communities to biochar/compost 

amendment in sulfamethoxazole polluted wetland soil. – J Hazard Mater 385: 121533. 

https://doi.org/10.1016/j.jhazmat.2019.121533. 

[47] Liao, H., Hao, X., Zhang, Y., Qin, F., Xu, M., Cai, P., Huang, Q. (2022): Soil aggregate 

modulates microbial ecological adaptations and community assemblies in agricultural 

soils. Soil Biol Biochem. – 172: 108769. https://doi.org/10.1016/j.soilbio.2022.108769. 

https://doi.org/10.1016/j.jenvman.2023.118207
https://doi.org/10.1038/nrmicro.2018.9
https://doi.org/10.1007/978-3-030-49732-3_18
https://doi.org/10.1016/j.actao.2020.103561
https://doi.org/10.3390/su12198209
https://doi.org/10.1139/cjm-2020-0143
https://doi.org/10.1111/brv.12779
https://doi.org/10.1177/03091333221114732
https://doi.org/10.3389/fmicb.2024.1372866
https://doi.org/10.1016/j.jhazmat.2019.121533
https://doi.org/10.1016/j.soilbio.2022.108769


Li: Effect of land-use patterns on soil enzymatic activity and microbial dynamics in carbon, nitrogen and phosphorus cycling of 

wetlands in the Lesser Khingan Mountains, Northeastern China 
- 4440 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(3):4417-4442. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/2303_44174442 

© 2025, ALÖKI Kft., Budapest, Hungary 

[48] Liu, F. Z., Li, Y. J. (2020): Soil Monitoring and Analysis Techniques. – Beijing: Chemical 

Industrial Press. 

[49] Liu, W. W., Guo, Z. L., Jiang, B., Lu, F., Wang, H. N., Wang, D. A., Zhang, M. Y., Cui, 

L. (2020): Improving wetland ecosystem health in China. – Ecol Indic 113: 106184. 

https://doi.org/10.1016/j.ecolind.2020.106184. 

[50] Liu, X., Liu, Y., Ma, Y., Mou, X., Wu, L. (2022): Impact of litter quality on the stability 

and storage of soil carbon in flooded wetlands. – Soil Res 60: 804-815. 

https://doi.org/10.1071/SR21136. 

[51] Liu, L., Gao, Z. Y., Yang, Y., Gao, Y., Mahmood, M., Jiao, H. J., Wang, Z. H., Liu, J. S. 

(2023): Long-term high-P fertilizer input shifts soil P cycle genes and microorganism 

communities in dryland wheat production systems. – Agr Ecosyst Environ 342: 108226. 

https://doi.org/10.1016/j.agee.2022.108226. 

[52] Liu, Y. H., Mohamad, O. A., Gao, L., Xie, Y. G., Abdugheni, R., Huang, Y., Li, L., Fang, 

B. Z., Li, W. J. (2023): Sediment prokaryotic microbial community and potential 

biogeochemical cycle from saline lakes shaped by habitat. – Microbiol Res 270: 127342. 

https://doi.org/10.1016/j.micres.2023.127342. 

[53] Liu, L., Gao, Y., Yang, W. J., Liu, J. S., Wang, Z. H. (2024): Community metagenomics 

reveals the processes of nutrient cycling regulated by microbial functions in soils with P 

fertilizer input. – Plant Soil 499: 139-154. https://doi.org/10.1007/s11104-023-05875-1. 

[54] Lynn, T. M., Ge, T. D., Yuan, H. Z., Wei, X. M., Wu, X. H., Xiao, K. Q., Kumaresan, D., 

Yu, S. S., Wu, J. S., Whiteley, A. S. (2017): Soil carbon-fixation rates and associated 

bacterial diversity and abundance in three natural ecosystems. – Micr Ecol 73: 645-657. 

[55] Ma, H., Hu, H., Li, Y., Guo, Y., Ren, C., Zhao, F. (2021): Stability of soil aggregates at 

different altitudes in Qinling Mountains and its coupling relationship with soil enzyme 

activities. – Environ Sci 42: 4510-4519. https://doi.org/10.13227/j.hjkx.202101236. 

[56] Marhan, S., Kandeler, E., Scheu, S. (2007): Phospholipid fatty acid proiles and xylanase 

activity in particle size fractions of forest soil and casts of Lumbricus terrestris L. (Oli-

gochaeta, Lumbricidae). – Appl Soil Ecol 35: 412-422. 

https://doi.org/10.1016/j.apsoil.2006.06.003. 

[57] Meena, R. S., Kumar, S., Datta, R., Lal, R., Vijayakumar, V., Brtnicky, M., Sharma, M. P., 

Yadav, G. S., Jhariya, M. K., Jangir, C. K., Pathan, S. I., Dokulilova, T., Pecina, V., Marfo, 

T. D. (2020): Impact of agrochemicals on soil microbiota and management: a review. – 

Land 9: 34. https://doi.org/10.3390/land9020034. 

[58] Mehlich, A. (1984): Mehlich 3 soil test extractant: a modification of Mehlich 2 extractant. 

– Commun Soil Sci Plan 15: 1409-1416. https://doi.org/10.1080/00103628409367568. 

[59] Min, K., Suseela, V. (2020): Plant invasion alters the Michaelis–Menten kinetics of 

microbial extracellular enzymes and soil organic matter chemistry along soil depth. – 

Biogeochemistry 150: 181-196. https://doi.org/10.1007/s10533-020-00692-5. 

[60] Mikha, M. M., Rice, C. W. (2004): Tillage and manure effects on soil and aggregate-

associated carbon and nitrogen. – Soil Sci Soc Am J 68: 809-816. 

https://doi.org/10.2136/sssaj2004.8090. 

[61] Nath, A. J., Rattan, L. A. (2017): Effects of tillage practices and land use management on 

soil aggregates and soil organic carbon in the north Appalachian region, USA. – 

Pedosphere 27: 172-176. https://doi.org/10.1016/S1002-0160(17)60301-1. 

[62] Pan, F., Li, Y., Chapman, S. J., Khan, S., Yao, H. (2016): Microbial utilization of rice straw 

and its derived biochar in a paddy soil. – Sci Total Environ 559: 15-23. 

https://doi.org/10.1016/j.scitotenv.2016.03.122. 

[63] Parwada, C., Van Tol, J. (2019): Effects of litter quality on macroaggregates reformation 

and soil stability in different soil horizons. – Environ Dev Sustain 21: 1321-1339. 

https://doi.org/10.1007/s10668-018-0089-z. 

[64] Pinheim, E. F. M., PeIeira, M. G., Anjos, L. H. C. (2004): Aggregate distribution and soil 

organic matter under different tillage systems for vegetable crops in a Red latosol from 

Brazil. – Soil Till Res 77: 79-84. https://doi.org/10.1016/j.still.2003.11.005. 

https://doi.org/10.1016/j.ecolind.2020.106184
https://doi.org/10.1071/SR21136
https://doi.org/10.1016/j.agee.2022.108226
https://doi.org/10.1016/j.micres.2023.127342
https://doi.org/10.1016/j.apsoil.2006.06.003
https://doi.org/10.3390/land9020034
https://doi.org/10.1080/00103628409367568
https://doi.org/10.1007/s10533-020-00692-5
https://doi.org/10.2136/sssaj2004.8090
https://doi.org/10.1016/S1002-0160(17)60301-1
https://doi.org/10.1016/j.scitotenv.2016.03.122
https://doi.org/10.1007/s10668-018-0089-z
https://doi.org/10.1016/j.still.2003.11.005


Li: Effect of land-use patterns on soil enzymatic activity and microbial dynamics in carbon, nitrogen and phosphorus cycling of 

wetlands in the Lesser Khingan Mountains, Northeastern China 
- 4441 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(3):4417-4442. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/2303_44174442 

© 2025, ALÖKI Kft., Budapest, Hungary 

[65] Shi, Z., Deng, C., Luo, S., Wang, S., Gao, Q. (2023): Effects of straw and bochar on the 

activities of key enzymes in carbon, nitrogen and phosphorus cycle of aggregates in 

northeast black soil. – Chin J Soil Sci 54: 1128-1136. 

[66] Shukla, S., Shukla, K., Mishra, A., Jindal, T., Sharma, S., Upadhyay, D., Singh, V. (2021): 

Ecological perspectives on soil microbial community involved in nitrogen cycling. – Soil 

Nitrogen Ecology, pp. 51-91. Cham: Springer International Publishing. 

https://doi.org/10.1007/978-3-030-71206-8_3. 

[67] Silva, L. C., Lambers, H. (2021): Soil-plant-atmosphere interactions: structure, function, 

and predictive scaling for climate change mitigation. – Plant Soil 461: 5-27. 

https://doi.org/10.1007/s11104-020-04427-1. 

[68] Tan, L. S., Ge, Z. M., Ji, Y. H., Derrick, Y., Lai, F., Temmerman, S., Li, S. H., Li, X. Z., 

Tang, J. W. (2022): Land use and land cover changes in coastal and inland wetlands cause 

soil carbon and nitrogen loss. – Global Ecol Biogeogr 31: 2541-2563. 

https://doi.org/10.1111/geb.13597. 

[69] Teague, R., Kreuter, U. (2020): Managing grazing to restore soil health, ecosystem 

function, and ecosystem services. – Front Sustain Food Syst 4: 534187. 

https://doi.org/10.3389/fsufs.2020.534187. 

[70] Tisdall, J. M., Oades, J. M. (1982): Organic matter and water stable aggregates in soils. – 

J Soil Sci 33: 141-163. https://doi.org/10.1111/j.1365-2389.1982.tb01755.x. 

[71] Turner, B. L., Cheesman, A. W., Condron, L. M., Reitzel, K., Richardson, A. E. (2015): 

Introduction to the special issue: Developments in soil organic phosphorus cycling in 

natural and agricultural ecosystems. – Geoderma 257/258: 1-3. 

https://doi:.org/10.1016/j.geoderma.2015.06.008. 

[72] Wang, Q. X., Li, M. L., Chen, X. Q., Su, Y., Yu, M., Shen, A. L. (2020): Effects of nitrogen 

management on soil microbial community structure at different growth stages under straw 

returning in paddy soils. – Chin J Appl Ecol 31: 935-944. 

[73] Wang, T., Zhang, Y. C., Zhao, Z. Z. (2020): Characteristics of the vegetation community 

and soil nutrient status in a degraded alpine wetland of Qinghai-Tibet Plateau. – Acta 

Prataculturae Sinica 29: 9-18. 

[74] Wang, K., Pan, R., Fei, H., Tong, Q., Han, F. P. (2022): Changes in soil prokaryotic 

communities and nitrogen cycling functions along a groundwater table drawdown gradient 

in desert wetlands. – Sci Total Envir 842: 156868. 

https://doi.org/10.1016/j.scitotenv.2022.156868. 

[75] Wang, H., Chen, J. P., Ruan, Y. H., Sun, W., Wang, S. L., Wang, H. T., Zhang, Y. L., Guo, 

J. M., Wang, Y. C., Guo, H. Y., Shao, R. X., Yang, Q. H. (2024): Metagenomes reveal the 

effect of crop rotation systems on phosphorus cycling functional genes and soil phosphorus 

availability. – Agr Ecosyst Environ 364: 108886. 

https://doi.org/10.1016/j.agee.2024.108886. 

[76] Xie, X. F., Xiang, Q., Wu, T., Jiang, G. J., Sun, X. M., Zhu, M., Pu, L. J. (2021): Progress 

and prospect of soil microorganisms and their influencing factor in coastal wetland 

ecosystem. – Acta Ecolog Sin 41: 1-12. 10.5846/stxb201909201961. 

[77] Xu, X., Thornton, P. E. (2019): Climate-driven variation of microbial carbon use efficiency 

across global terrestrial ecosystems. – Nat Commun 10: 1-10. 

doi: 10.1038/s41467-019-12357-2. 

[78] Xu, X. B., Chen, M. K., Yang, G. S., Jiang, B., Zhang, J. (2020): Wetland ecosystem 

services research: A critical review. – Glob Ecol Conserv 22: e01027. 

https://doi.org/10.1016/j.gecco .2020.e01027. 

[79] Yang, Y. S., Li, H. Q., Zhang, L., Zhu, J., He, H. D., Wei, Y. X., Li, Y. N. (2016): 

Characteristics of soil water percolation and dissolved organic carbon leaching and their 

response to long-term fencing in an alpine meadow on the Tibetan Plateau. – Environ Earth 

Sci 75: 1-10. https://doi.org/10.1007/s12665-016-6178-0. 

https://doi.org/10.1007/978-3-030-71206-8_3
https://doi.org/10.1007/s11104-020-04427-1
https://doi.org/10.1111/geb.13597
https://doi.org/10.1111/j.1365-2389.1982.tb01755.x
https://doi.org/10.1016/j.scitotenv.2022.156868
https://doi.org/10.1016/j.agee.2024.108886
https://doi.org/10.1007/s12665-016-6178-0


Li: Effect of land-use patterns on soil enzymatic activity and microbial dynamics in carbon, nitrogen and phosphorus cycling of 

wetlands in the Lesser Khingan Mountains, Northeastern China 
- 4442 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(3):4417-4442. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/2303_44174442 

© 2025, ALÖKI Kft., Budapest, Hungary 

[80] Yang, Y. D., Zhao, J., Jiang, Y., Hu, Y. G., Zhang, M. C., Zeng, Z. H. (2017): Response of 

bacteria harboring nirS and nirK genes to different N fertilization rates in an alkaline 

northern Chinese soil. – Eur J Soil Biol 82: 1-9. 

https://doi.org/10.1016/j.ejsobi.2017.05.006. 

[81] Yang, Y. D., Nie, J. W., Wang, S., Shi, L. L., Li, Z. Z., Zeng, Z. H., Zang, H. D. (2021): 

Differentiated responses of nirS-and nirK-type denitrifiers to 30 years of combined 

inorganic and organic fertilization in a paddy soil. – Arch Agron Soil Sci 67: 79-92. 

https://doi.org/10.1080/03650340.2020.1714032. 

[82] Yang, Y., Moorhead, D. L., Craig, H., Luo, M., Chen, X., Huang, J., Chen, J. (2022): 

Differential responses of soil extracellular enzyme activities to salinization: implications 

for soil carbon cycling in tidal wetlands. – Global Biogeochem Cycles 36(6): 

e2021GB007285. https://doi.org/10.1029/2021GB007285. 

[83] Yu, H., Wang, F., Shao, M., Huang, L., Xie, Y. Y., Xu, Y. X., Kong, L. R. (2021): Effects 

of rotations with legume on soil functional microbial communities involved in phosphorus 

transformation. – Front Microbiol 12: 661100. https://doi.org/10.3389/fmicb.2021.661100. 

[84] Zhang, H. H., Wang, S. B., Wang, J. R., Wu, X. Y., Ma, S. L., Wu, Y. N., Li, J. B., Xu, N. 

(2019): Effects of different land use types on soil physicochemical properties and aggregate 

composition in Sanjiang Plain wetland. – Chin J Ecol 38: 1679-1687. 

[85] Zhang, H. J., Wang, S. J., Zhang, J. X., Tian, C. J., Luo, S. S. (2021): Biochar application 

enhances microbial interactions in mega-aggregates of farmland black soil. – Soil Till Res 

213: 105145. https://doi.org/10.1016/j.still.2021.105145. 

[86] Zhang, Y., Finn, D., Bhattacharyya, R., Dennis, P. G., Doolette, A. L., Smernik, R. J., 

Dalal, R. C., Meyer, G., Lombi, E., Klysubun, W., Jones, A. R. (2021): Long-term changes 

in land use influence phosphorus concentrations, speciation, and cycling within subtropical 

soils. – Geoderma 393: 115010. https://doi.org/10.1016/j.geoderma.2021.115010. 

[87] Zhang, K. P., Shi, Y., Lu, H. Y., He, M. Y., Huang, W., Siemann, E. (2022): Soil bacterial 

communities and co-occurrence changes associated with multi-nutrient cycling under rice-

wheat rotation reclamation in coastal wetland. – Ecol Indic 144: 109485. 

https://doi.org/10.1016/j.ecolind.2022.109485. 

[88] Zhu, M. T., Liu, X. X., Wang, J. M., Liu, Z. W., Zheng, J. F., Bian, R. J., Wang, G. M., 

Zhang, X. H., Li, L. Q., Pan, G. X. (2020): Effects of biochar application on soil microbial 

diversity in soil aggregates from paddy soil. – Acta Ecologica Sinica 40: 1505-1516. 

[89] Zhuang, Z., Zhang, Y., Zhang, Y., Li, Y. J., Gao, W. J., Liu, A. Q. (2017): Study on 

distribution characteristics and stability of soil aggregate in Chinese fir plantation at 

different developmental stages. – J Soil Water Conser 31: 183-188. 

 

https://doi.org/10.1016/j.ejsobi.2017.05.006
https://doi.org/10.1080/03650340.2020.1714032
https://doi.org/10.1029/2021GB007285
https://doi.org/10.3389/fmicb.2021.661100
https://doi.org/10.1016/j.still.2021.105145
https://doi.org/10.1016/j.geoderma.2021.115010
https://doi.org/10.1016/j.ecolind.2022.109485

