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Editorial on the Research Topic 
Climate change and soil microbial control of carbon sequestration


Soil microorganisms, as a major regulator in the dynamics of soil organic carbon (SOC) and nutrient availability, partake in a variety of biochemical reactions. Because of the large soil carbon pool, even small changes in the balance between inputs and outputs from the soil carbon pool can exert a significant impact on atmospheric CO2 levels. Over the past few decades, the influence of climate change on soil carbon cycling has been intensively analyzed. The focus on investigating the global carbon cycle due to its connection with climate change has led to an increasing number of studies on microbial control of SOC. It has been extensively recognized that the extent of SOC reservoir is determined by microbial involvement since soil carbon dynamics ultimately stem from microbial activity and growth. However, the mechanisms by which these microbe-regulated processes cause soil carbon stabilization under climate change is still unclear. Therefore, the Research Topic “Climate Change and Soil Microbial Control of Carbon Sequestration” were organized.
The interest for this Research Topic were mainly included 1) novel insights into the interplay in soil microbial community function; 2) recent advancements in soil carbon dynamics under the influence of global climate change; 3) biogeochemical mechanisms connecting soil microbes and SOC; 4) the role of soil microbes in the SOC conversion process; 5) the new high-throughput sequencing for soil microbes, including metagenome, transcriptomics, metabonomics methods, etc.; 6) Response of soil microbes to climate change and their impacts on SOC transformation and fixation; 7) Addressing uncertainty in estimating SOC pool at the local, regional, and global scales. Twelve articles were published in this Research Topic, highlighting key progress in the field:
Smallwood et al. demonstrated that volatile organic compounds (VOCs) can potentially serve as bioindicators of subsurface biogeochemical processes, providing high-resolution data and broad-scale measurements that can be used to characterize biological roles in the thermokarst–permafrost continuum. This study also establishes methods and approaches for effectively capturing VOCs during winter seasons that could allow for more accurate measurements of subsurface microbial rates of carbon conversion.
Zheng et al. discovered that high-affinity CH4 oxidation induced by high CH4 concentrations is widespread in paddy soils. In acid-neutral paddy soils capable of oxidizing atmospheric CH4, type II methanotrophs exhibited higher 16S rRNA: rDNA ratios and, higher potential activity than type I methanotrophs. CH4 oxidation enhanced biotic interactions between methanotrophs and other prokaryotic taxa. Soil pH and nutrient availability can significantly affect the methanotrophic community and high-affinity CH4 oxidation activity.
Liu et al. revealed that soil respiration (Rs) decreased with increasing stand age in poplar plantations throughout the growth cycle. The microbial r-strategies were the key biotic factors that influenced Rs in different-age poplar plantations. Other abiotic factors such as pH, SOC and NO3−N, and litter C: N were also important drivers of Rs. Soil properties such as pH and bulk density also significantly affected soil microbial community diversity and composition, and altered the ecological strategies of microbial communities, which in turn altered Rs.
Qiao et al. found that grazer exclosure is effective in increasing soil microbial diversity without affecting the stability of their networks. These benefits may be affected by climate warming, which reduces bacterial diversity and network complexity by increasing nitrate nitrogen contents. The recovery of soil microbial communities in degraded grasslands through grazing exclosure may be slow under future warming scenarios. Land managers need to consider the environmental as well as social and economic implications of degraded grassland restoration measures.
Wu et al. basing on 701 sampling points of topsoil, geostatistics and geodetectors revealed that the average value of effective phosphorus content in the topsoil of the study area was 14.28 mg/kg. Among all theoretical models, the exponential model has the best fitting effect. Elevation is the main controlling factor for the spatial variation of available phosphorus in the topsoil, followed by soil types, planting systems, annual precipitation, and organic matter. The diversity and complexity of spatial heterogeneity could affect available phosphorus content in cultivated soil.
Wang et al. found that higher soil organic matter levels were associated with greater species diversity, and both diversity and soil organic matter decreased with increasing soil depth. The Annelida greatly improved soil quality, fertility, and nutrient availability in karst basins. The major species influencing the soil organic matter distribution were Agrotis segetum. Earthworms thrived at relatively high soil humidity and thickness but are negatively impacted by rock outcrops. The spatial distribution of soil animals is positively influenced by interactions between soil thickness, humidity, structure, and bulk density and is negatively influenced by rock outcrops and soil types. Beneficial land use increases soil animal diversity and abundance, promoting SOM accumulation. Microtopography greatly impacts soil organic matter in karst basins by altering its spatial distribution.
Li et al. demonstrated that continuous 6-year conservation tillage (CT) significantly increased maize yields, aggregate stability, and POC (0–30 cm) and MAOC (0–20 cm) contents. Tillage practice and soil depth both influence bacterial, fungal and protistan communities. The connectivity of module 1 was significantly related to POC and MAOC contents CT increased the richness of specific fungal (Cephalotrichum) and protistan (Cercozoa) species and promoted SOC fraction accumulation through straw degradation, macroaggregate formation and predation effects. Stimulating the function of keystone taxa can drive the function of the module 1 community in SOC accumulation under CT practices, which is beneficial for maintaining soil fertility and productivity in eolian sandy soils on the Northeast China Plain.
Xuemei et al. illustrated that both climate warming and nitrogen deposition significantly increased soil organic carbon component and altered soil bacterial, leading to a positive impact on soil enzyme activity, and enzyme stoichiometry, as well as C: P and N: P ratios. Soil bacterial diversity also showed significant increments. Climate warming led to a decrease in the soil enzyme C: N ratio and C: P ratio, while increasing the soil enzyme N: P ratio. Nitrogen deposition resulted in a significant increase in the soil enzyme C: N ratio and a decrease in the soil enzyme N: P ratio. Soil organic carbon components were directly influenced by the negative impact of climate warming and the positive impact of nitrogen deposition.
Liu et al. found that the heavy metal pollution in the downwind direction of the automobile Parts Co., Ltd. is mainly As, CD, and Zn mixed heavy metal pollution, as well as the distribution is uneven. The coefficient of variation of As was the largest, and the regional variation amplitude was large. The accumulative index of AS and CD was 6, which reached a very serious pollution level. The content of As was 1994.7 mg/kg, exceeding the standard by more than 44 times, and the distribution of As in soil was uneven. The pollution level of Zn belonged to the moderate level. The pollution degree of heavy metals in the soil decreases as the distance from the downwind outlet of plant increases.
Li et al. indicated that arbuscular mycorrhizal fungi (AMF) communities varied through the increase or decrease of dominant genera and effectively buffered the impact of the ecosystem on environmental changes, finally improving the overall resilience of the dry environment. No tillage and subsoiling with mulch significantly changed the composition of AMF community at growth stages. Conventional tillage could promote proportions of the genus Claroideoglomus, whereas no tillage was good to proportion of genera Glomus and Septoglomus. No tillage and subsoiling with mulch influenced the composition of key genera by changing plant biomass and soil characteristics, result in the AMF community composition changing.
Luo et al. found that photovoltaic shading improved soil microbial biomass with the increasing of 20%–30%. Compared to light intensity, the soil depth had more important impacts on the diversity and relative abundance of soil bacterial communities. The dominant phyla were Actinobacteria, Proteobacteria, Acidobacteria, Chlorobacteria, and Dimonobacteria. The ecological network was more stable and better adapted to light stress under the photovoltaic. Euryops pectinatus is more conducive to maintaining the stability and health of subsurface ecosystems in vulnerable areas. Soil nutrients are the key driving factor in the dominant soil community changes.
Huang et al. investigated seasonal and biogeographic dynamics of soil ciliates community in the Yarlung Zangbo River and found that soil ciliates communities and environmental factors exhibited significant seasonal and geographic variations. The soil ciliate community was more complex in wet season than in dry season, and the stability of soil ciliate community in wet season was higher than that in dry season. The stability of soil ciliate community in wetland was higher than that in forestland, shrubland and grassland, and the anti-interference ability was stronger. Soil temperature, total nitrogen, soil organic matter and soil water content are the important factors affecting the structure of soil ciliate community.
The goal of this Research Topic is to explore how soil microorganisms exert two primary, contradictory impacts on controlling soil carbon dynamics by focusing on climate change and its impact on soil microbial control carbon sequestration. All results above in this Research Topic will provide good insights in understanding microbe-regulated processes cause soil carbon stabilization under climate change. In the future, we should continue to focus on soil carbon sequestration mediated by soil microorganism with the scenarios of climate change.
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Introduction: Soil ciliates, as protozoa, play a crucial role in biogeochemical cycling and the soil food web, yet they are highly sensitive to environmental fluctuations in soil conditions. The diversity and biogeographic characteristics of soil ciliates in the Tibetan Plateau remain poorly understood. As part of a regional survey focused on soil ciliate diversity, we investigated the composition and spatiotemporal variations of soil ciliate communities along the Yarlung Zangbo River, a representative soil habitat in the Tibetan Plateau.
Methods: A total of 290 soil samples were collected from four habitat types of grassland, shrubland, forestland and wetland in the middle reaches of the Yarlung Zangbo River during the wet and dry seasons, and 138 species of ciliates were identified.
Results: Soil ciliate diversity exhibited greater variation across habitat types than seasons. Moreover, soil ciliate diversity was higher during the wet season compared to the dry season, with the wetland habitat showing the highest diversity and the grassland habitat displaying the lowest. We observed spatiotemporal heterogeneity in the composition of soil ciliate communities across different seasons and habitat types. Notably, Litostomatea, Karyorelictea, and Prostomatea predominated in ciliate communities during the wet season and in grassland habitat. Phyllopharyngers dominated during dry seasons and in forested regions, while Spirotrichea species were prevalent in wetland and forested areas. The co-occurrence network analysis showed that soil ciliate community was more complex in wet season than in dry season, and the stability of soil ciliate community in wet season was higher than that in dry season. The stability of soil ciliate community in wetland was higher than that in forestland, shrubland and grassland, and the anti-interference ability was stronger. Soil temperature (ST), Total nitrogen (TN), Soil organic matter (SOM) and Soil water content (SWC) are important factors affecting the structure of soil ciliate community. By influencing the metabolic rate and nutrient acquisition of soil ciliates, the distribution pattern of soil ciliate community diversity in the middle reaches of Yarlung Zangbo River is shaped.
Discussion: In summary, this study revealed the distribution pattern of soil ciliate community diversity in the Yarlung Zangbo River Basin, and the key factors affecting the spatial and temporal differences and stability of the community, enhancing our understanding of how ciliates adapt to environmental conditions in soil habitats across the Tibetan Plateau.
Keywords: protozoa, soil ciliates, community diversity, soil ecology, Yarlung Zangbo River
1 INTRODUCTION
Protozoa is one of the main groups of soil microorganisms (Acosta-Mercado and Lynn, 2004; Abraham et al., 2019; 2019). Protozoa, as an important trophic level in microfood web, plays an important role in maintaining ecological balance, energy transport hub and biogeochemical cycle, and is an indispensable part of soil ecosystem (Bonkowski, 2004; Geisen et al., 2018; Xu et al., 2022). As the main group of soil protozoa community, soil ciliates have the characteristics of rich species, short life cycle and rapid community succession (Foissner, 1999), which has an important influence on the assembly, succession and maintenance of the community, and the change of their abundance can drive the direction of community succession (Domonell et al., 2013; Geisen et al., 2018). Soil ciliates are highly sensitive to environmental changes due to the constant interaction between their cell membranes and the external environment (Zheng et al., 2018; Liu et al., 2021). External disturbances promote rapid changes in their community structure and diversity, outpacing the responsiveness of large animals residing in the soil matrix (Bamforth et al., 2005; Foissner, 2005). This rapid response makes soil ciliates sentinel organisms of environmental changes, coupled with ease of culture and observation, can be used as dynamic indicators to assess soil environmental health (Heger et al., 2012; Debastiani et al., 2016). In addition, soil ciliates can decompose organic matter in the soil and maintain the stability of the soil environment (Xiong et al., 2018), a key role that can affect the ecological balance and overall health of the soil (Azam et al., 1983; Geisen et al., 2015). The Qinghai-Tibet Plateau is the region most sensitive to climate change in the world (Tian et al., 2020). The unique properties of soil ciliates make them valuable research objects in the context of ecological resilience of the Qinghai-Tibet Plateau, and have practical application value in assessing soil conditions of different ecosystems or different landscapes on the Qinghai-Tibet Plateau.
The Yarlung Zangbo River Basin is located in the southern part of the Qinghai-Tibet Plateau. With its high average altitude, long sunshine time and low temperature, this region has become a hotspot for studying biodiversity pattern due to its diverse and complex climatic and geographical characteristics (Liu et al., 2018; Shi et al., 2018). In recent years, under the influence of global warming and local human activities, the biodiversity and ecosystem stability of the Brahmaputra River Basin are changing, and the regional ecological risks are increasing (Liu et al., 2018). At present, there are relatively few research reports on protozoa in this region. Researchers Zhang et al. revealed the distribution pattern of protozoa diversity in the upper reaches of the Yarlung Zangbo River (Zhang et al., 2022), and researchers Yang et al. clarified the diversity and composition distribution pattern of eukaryotic microorganisms along the altitude gradient in the middle reaches of the Yarlung Zangbo River (Yang Q. et al., 2023). However, the diversity of soil ciliates in the Yarlung Zangbo River Basin has not been reported, and the soil ecological health status of different ecosystems or different landscapes in the basin is still unclear. The spatial and temporal distribution pattern, community stability, ecological networks among species and main driving factors of soil ciliates in the basin remain to be revealed. In this context, we studied the community composition, spatial and temporal distribution and diversity pattern of soil ciliates in the middle reaches of the Yarlung Zangbo River, analyzed the species association and community stability of soil ciliates in different seasons and different ecosystem types, and discussed the adaptability of soil ciliates in different habitats and the main environmental driving factors.
The purpose of this study was to reveal: (1) the spatial and temporal distribution pattern of soil ciliate communities in the middle reaches of Yarlung Zangbo River; (2) Species association and community stability of soil ciliates in different seasons and different ecosystem types; (3) Adaptability of soil ciliates in different habitats and its main environmental driving factors. This study provided valuable insights for the environmental adaptation of soil ciliates, and provided scientific basis for ecological environmental protection, biogeochemical cycle research and soil ecological risk assessment on the Qinghai-Tibet Plateau.
2 MATERIALS AND METHODS
2.1 Study area overview and sample collection
The Yarlung Zangbo River Basin (82°00′—97°07′E, 28°00′—31°16′N) is located between the Gangdis-Nianqing Tanggula Mountain range and the Himalayas (Zhang et al., 2014). It originates from Jemayang Zongqu in Zhongba County, Shigatze City, Tibet Autonomous Region, China. It runs through southern Tibet from east to west, with a high terrain in the west and low in the east. The drainage area is 240,000 km2 (You et al., 2007). The river is divided according to the terrain characteristics and climate types of the basin. The middle reaches of the river are about 1,293 km long and the basin area is 165,000 km2 (Li et al., 1999). The river banks are dominated by floodplains and terraces, and the average annual precipitation is between 300 mm and 600 mm in plateau temperate semi-arid climate (Wu et al., 2021). The complex habitats and vegetation types transition from alpine meadow to alpine scrub and then to forest. The study area covers the middle reaches of the Yarlung Zangbo River. A total of 29 sampling sites were set up in this area (Figure 1), and the sampling sites were divided according to habitat characteristics, including four types of grassland (GL), shrubland (SL), forestland (FL) and wetland (WL) (Table 1). Soil biological sample collection and soil physicochemical index determination will be carried out in August (wet season) and November (dry season) in 2021.
[image: Figure 1]FIGURE 1 | Distribution of the 29 sampling sites on the Yarlung Zangbo River.
TABLE 1 | Sites information of the middle reaches of the Yarlung Zangbo River.
[image: Table 1]Five sampling sites were set up within an area of about 100 m2 in each sample plot, and the area of each sampling site was 25 m2 (5 m × 5 m). Fresh litter on the soil surface was picked off before sample collection, and relevant data such as soil quality, soil temperature, altitude, geographical coordinates and vegetation status were recorded. Soil sampler (LEICI, JC-802B, China) was used to collect 0–5 cm surface soil samples according to the “five-point pattern of blossom” sampling method (Liu et al., 2022). One soil sample was collected from each sampling point, and a total of five soil samples were collected from each sample plot. The samples were mixed, sealed in bags, and marked. At the same time, the soil ring knife sampler (LEICI, JC-TRCY01A, China) with a volume of 100 cm3 was used to cut the in-situ soil, fill the soil sample with it, seal it and bring it back to the laboratory for the determination of water content. A total of 290 soil samples were collected from 29 sites in two seasons (29 sites × 2 seasons × 5 replicates), and the number of samples was consistent among different habitat types. The soil samples were separately treated after being brought back to the laboratory. The fresh soil samples were used to determine the soil physical and chemical indexes, and the remaining soil samples were naturally air-dried in the laboratory for qualitative observation and quantitative culture of soil ciliates.
2.2 Sample handling and species identification
The “Non-Flooded Petri Dish Method” was employed for qualitative research (Foissner, 1992). Fifty grams of air-dried soil samples were added to Petri dishes with a diameter of 15 cm. Soil leachate was then added until the soil was thoroughly moistened but not submerged. The dishes were placed in a 25°C incubator and continuously cultured for 20 days. Species identification was performed by OLYMPUS CKX53 inverted fluorescence microscope every day after culture, and observations were recorded continuously. Quantitative research was conducted using the direct counting method in cultivation (Ning et al., 2018). Thirty grams of air-dried soil samples were weighed and placed in culture dishes with a diameter of 10 cm, with a water-to-soil ratio of 1:1. These dishes were maintained at a constant liquid level in a 25°C incubator until the maximum counting day (day 9, 10, or 11). On that day, the culture dishes were tilted at a 45° angle and allowed to stand for 5–7 min. The supernatant was then completely drawn off and measured. A drop of the supernatant was taken onto a glass slide, fixed under a microscope for counting, and records were maintained. This process was repeated five times for each soil sample. The obtained counts were converted into ciliate density per 1 mL of water (approximately equal to 22 drops). Using the ciliate density per 1 mL of water, the number of soil ciliates in 30 g of soil samples was calculated.
2.3 Measurement of environmental parameters
Soil temperature (ST) was measured in situ (-10–60°C) with a curved pipe geotherm (NENGH, NHSQ2803,China). Soil pH value (soil: water = 1:2.5) was measured by soil acidity meter (LEICI, TSS-851,China) (Thunjai et al., 2001). The soil moisture content (SWC) was measured by drying method (Davidson et al., 1998). The content of soil available phosphorus (AP) was determined by ultraviolet spectrophotometer (INESA, 752N, China) according to sodium bicarbonate extraction and molybdenum-antimony resistance colorimetric method (Xue et al., 2004). Available potassium (RAK) was determined by ammonium acetate extraction and flame photometer (Chen et al., 2020). The content of total nitrogen (TN) was determined by elemental analyzer (VELP, CN802, Italy) (Bremner, 1960). The content of total potassium (TK) was determined by flame spectrophotometry (Zhang et al., 2013). Soil organic matter (SOM) was determined by potassium dichromate volumetric method using elemental analyzer (VELP, CN802, Italy) (Nóbrega et al., 2015). The content of total phosphorus (TP) was determined by ultraviolet spectrophotometer (INESA, 752N, China) according to sodium hydroxide alkali-molybdenum-antimony reactance colorimetry (Xue et al., 2004).
2.4 Statistical analysis
Alpha diversity indices (including richness index, Shannon-Wiener diversity index, Pielou evenness index, and Simpson dominance index) were calculated using “vegan” package in R (version 4.2.1). One-way analysis of variance was used to determine the significance of associations of alpha diversity indices with seasons or habitat types. Principal coordinate analysis (PCoA) and PERMANOVA analysis were performed based on the Bray–Curtis distance using the “Micoeco” package in R. Mantel tests were used to determine correlations between environmental variables and selected characteristics of ciliates composition. Ciliates co-occurrence patterns were constructed based on Spearman’s rank correlation coefficients. Co-occurrence events were identified as statistically robust correlations (|R| > 0.6, p < 0.05) and the co-occurrence network was visualized in Gephi (version 0.9.7). Sampling sites were mapped in ArcMap 10.6.1.
3 RESULTS
3.1 Environmental factors and ciliates diversity varied
The environmental factors of season and habitat type are presented in Supplementary Figure S1, The average concentrations of SWC and TP in wet season were 36.65% and 0.7 g/kg, respectively, as compared to the 10.31% and 0.54 g/kg in dry season. The Environmental factors SWC and TP contents in wet season were significantly higher than dry season (p < 0.05). In addition, Other environmental factors of average wet than dry season (Supplementary Figure S1A), including TN (1.49 g/kg and 1.35 g/kg, respectively), SOM (29.53 g/kg, 27.77 g/kg), RAK (96.65 mg/kg, 79.59 mg/kg), AP (18.42 mg/kg, 15.29 mg/kg)、pH (7.76, 7.40), TK (20.43 g/kg, 19.99 g/kg), ST (24.20°C, 20.83°C)and VC (71.65%, 67.90%). However, the majority of these environmental factors showed no significant difference between wet and dry season (p > 0.05). In addition, some environmental factors were significantly different among the different habitat types (p < 0.05), such as pH, TK and VC (Supplementary Figure S1B). The pH values of forestland, wetland and grassland were significantly higher than those of shrubland. TK and VC values were higher in forestland and grassland than in shrubland and wetland. The value of TN, SOM and TP in grassland were higher than in shrubland than in wetland than in forestland. The values of RAK, AP, and ST were higher in grassland than in shrubland, forestland, and wetland. The SWC value was higher in wetland than in forestland, shrubland, and grassland. However, there was no significant (p < 0.05) difference in these factors among the different habitat types.
In this study, 58 samples were obtained, of which 29 were wet samples and 29 were dry samples (Supplementary Table S1). In total, we obtained 138 species of ciliates from all samples. These ciliates were belonged to 20 orders, 37 families, 57 genera of wet season, and 20 orders, 37 families, 55 genera of dry season (Supplementary Table S2). The alpha diversity of ciliates varied among different seasons and habitat types for the different indices (Supplementary Table S3). For different seasons, the mean value of richness indices, Shannon indices and Simpson indices in wet was higher than in dry season, but these was no significant (p > 0.05) difference (Figure 2A). Of different habitat types, the mean value of richness and Simpson indices in wetland were higher than in forestland, shrubland and grassland, with significant difference (p < 0.05). The mean value of Shannon indices in wetland were higher than in shrubland and grassland, with significant difference. The mean value of Pielou indices in wetland were higher than in shrubland and grassland, with no significant difference. In general, alpha diversity of ciliates varied in a spatiotemporal manner. In addition, the alpha diversity indices suggested significant differences in ciliates diversity among environment types: wetland samples had the greatest diversity, forestland samples had the lowest Pielou index, and grassland had the lowest diversity (Figure 2B).
[image: Figure 2]FIGURE 2 | Alpha diversity of soil ciliate communities. Seasonal comparisons of alpha diversity estimators for soil ciliate communities (A). Comparisons of alpha diversity estimators for soil ciliate communities in different habitat types (B). Notes: SL: Shrubland; GL: Grassland; FL: Forestland; WL: Wetland.
3.2 Community structure of soil ciliates in the middle reaches of Yarlung Zangbo River
The application of principal coordinate analysis (PCoA) and PERMANOVA analysis unveiled noteworthy dissimilarities in the composition of soil ciliates communities across various seasons and environmental habitat types. The findings indicated that PcoA1 and PcoA2 accounted for 9.0% and 8.2%, respectively, of the overall variation in ciliates communities among different seasons and habitat types (Figures 3A, B). The PERMANOVA analysis provided evidence that the composition of ciliates communities across different habitat types (R2: 0.88, p = 0.001) displayed statistically significant disparities (p < 0.05), whereas variations in different seasons (R2: 0.02, p = 0.22) were not statistically significant. Analysis of the seasonal richness of species revealed that 58.7% (n = 81) of species were present in samples from all two seasons (Figure 3C), 17.4% (n = 24) unique species in the dry season, 23.9% (n = 33) unique species in the wet season. Furthermore, we analyzed the ciliates community composition in different seasons and habitat types based on species abundance information (Figure 3E). In the wet season, the top three ciliate taxa at class levels with their mean relative abundance are as follows: Colpodea (28.2%), Spirotrichea (24.52%) and Oligohymenophorea (14.7%). In the dry season, the top three ciliate taxa at class levels with their mean relative abundance are as follows: Spirotrichea (31.42%), Colpodea (23.75%) and Oligohymenophorea (18.64%) (Supplementary Table S4). In the wet season, the top three ciliates taxa at genus levels with their mean relative abundance are as follows (Supplementary Table S5): Colpoda (21.83%), Plagiocampa (6.31%) and Cyrtolophosis (6.3%). In the dry season, the top three ciliates taxa at genus levels with their mean relative abundance are as follows: Colpoda (14.33%), Cyrtolophosis (9.42%) and Halteria (8.09%).
[image: Figure 3]FIGURE 3 | Species composition and abundance of soil ciliate communities. Principal coordinate analysis (PcoA) and PERMANOVA analysis of ciliate communities in the two seasons (A) and four habitat types (B). Venn diagram showing the number of shared and specific species of soil ciliates for each season (C) and habitat types (D). Relative abundance of the main phyla of soil ciliates in the two seasons and four habitat types (E). Relative abundance of the main general of soil ciliates in the two seasons and four habitat types (F). Notes: SL: Shrubland; GL: Grassland; FL: Forestland; WL: Wetland.
Analysis of samples from the four different habitats types showed that species from soil samples clustered separately, and the differences were statistically significant (Figure 3B): 18.1% (n = 25) were shared by the four different types (Figure 3D), 2.9% (n = 4) were shared wetland and grassland, 8% (n = 11) were shared by forestland and wetland, 5.1% (n = 7) were shared by wetland and shrubland, 2.2% (n = 3) were shared by forestland and grassland. Furthermore, we conducted an analysis of ciliate community composition in different habitat types based on species abundance information at the class level (Figure 3E). The results revealed the top three ciliate taxa at the class level for each habitat: In grassland: Colpodea (28.96%), Litostomatea (21.64%), and Oligohymenophorea (16.46%). In shrubland: Colpodea (30.37%), Spirotrichea (27.61%), and Oligohymenophorea (13.3%). In forestland: Spirotrichea (35.55%), Colpodea (25.14%), and Oligohymenophorea (13.54%). In wetland: Spirotrichea (32.97%), Oligohymenophorea (23.81%), and Colpodea (19.53%) (Supplementary Table S6). At the genus level, the top three ciliate taxa with their mean relative abundance are as follows: In grassland: Colpoda (24.11%), Lagynophrya (11.14%), and Plagiocampa (7.47%). In shrubland: Colpoda (21.58%), Cyrtolophosis (8.79%), and Halteria (5.89%). In forestland: Colpoda (17.01%), Halteria (15.6%), and Cyrtolophosis (8.14%). In wetland: Colpoda (9.92%), Cyrtolophosis (9.62%), and Colpidium (6.53%) (Figure 3F, Supplementary Table S7).
To unveil the associations driving these spatiotemporal patterns, we focused on characterizing the composition of soil ciliate communities. Specifically, we identified distinct ciliate communities associated with different seasons and environmental habitat types. Subsequently, we employed the LEfSe tool to identify biomarkers ranging from the phylum level down to the species level Figure 4. In the dry season, the ciliate biomarkers included Sporadotrichia, Oxytrichidae, and Spirotrichea. In the wet season, the biomarkers consisted of Loxodidae, Loxodes, Plagiocampa, Plagiocampidae, Operculariidae, Plagiocampa longis, Karyorelictea, and Protostomztida. Regarding habitat types, in shrubland, the ciliate biomarkers were Trachelophyllidaec and Colpodeac. In grassland, they included Litostomateas, Colpoda, Colpodida, Colpodidae, and Colpoda. In forestland, the biomarkers were Halteriidae, Halteria, Grandinellas, Lagyonphrya mucicola, Lagynophrya, Glaucomidae, and Glaucoma. In wetland, they consisted of Spirotrichea, Sporadotrichia, Haptorida, Oligohymenophorea, Hymenostomatida, and Oxytrichidae.
[image: Figure 4]FIGURE 4 | Indicator ciliate with LDA scores and relative abundance in soil ciliate communities associated with rhizosphere of different seasons (A) and habitat types (B). Notes: SL: Shrubland; GL: Grassland; FL: Forestland; WL: Wetland.
3.3 Linkages between environmental factors and ciliate composition and diversity
We analyzed the relationship between the alpha diversity of ciliate communities and environmental factors. The Shannon index showed a significant positive correlation with VC and exhibited an initial increase followed by a decrease in relation to SWC. The Pielou index displayed a positive correlation with TN and SWC. The Simpson index was positively correlated with VC and displayed an initial increase followed by a decrease in relation to SWC. These results suggest a restricted alpha diversity of ciliate communities in conditions of extremely high SWC levels. The Richness index showed a positive correlation with VC, TN, and SOM. These findings indicate that alpha diversity was significantly influenced by TN, SOM, VC, and SWC. Particularly, VC and SWC were identified as the most important factors affecting alpha diversity (Figure 5A). To explore the associations underlying these spatiotemporal patterns, we employed the Mantel test to determine which environmental parameters significantly correlated with the abundance of ciliate communities. Ciliate communities exhibited significant correlations with TK values in the wet season, and with SOM and SWC values in the dry season (Figure 5B). The analysis of different habitat types revealed significant correlations between ciliate communities and SOM in forestland and SWC in wetland. In summary, SWC, TK, and SOM were identified as the major factors influencing the turnover in the seasonal and environmental type composition of ciliate communities (Figure 5C).
[image: Figure 5]FIGURE 5 | Relationship between soil ciliate communities and environmental factors. (A) Relationship between soil ciliate diversity and environmental factors. Environmental drivers of soil ciliate communities, as evaluated by Mantel tests in two seasons (B) and four habitat types (C). Notes: SL: Shrubland; GL: Grassland; FL: Forestland; WL: Wetland; TN: Total nitrogen; TP: Total phosphorus; SOM: Soil organic matter; RAK: Rapidly available potassium; AP: Available phosphorus; TK: Total potassium; ST: Soil temperature; VC: Vegetation coverage; SWC: Soil water content.
3.4 Co-occurrence network analysis of ciliate communities
Co-occurrence network analysis was performed to explore potential relationships between ciliate communities (Figure 6A). The co-occurrence network of ciliate communities followed different patterns on the basis of six network topological parameters (Figure 6B). Modularity coefficients for all co-occurrence networks were >0.4, indicating clear modularity. Different network metrics were found for all two seasons and four habitat types (Supplementary Table S3); particular differences were seen in node and edge numbers, indicating dynamic changes within soil ciliate communities. Analysis of the seasons showed that the co-occurrence network for wet season had the higher total number of edge and total number of nodes. This season also had the lower average path length, network diameter, and modularity than dry season. These results indicate that interactions within the ciliate communities are more complex in wet than in dry. Analysis of the four habitat types (Figure 6B) showed that the co-occurrence network for wetland and forestland types had the highest total number of nodes, edge, and average degree. This environmental type also had the lowest mean clustering coefficient. These results indicate that interactions within the ciliate community are more complex in wetland and forestland than in grassland and shrubland types.
[image: Figure 6]FIGURE 6 | Co-occurrence network analysis. Co-occurrence ecological network of ciliates communities in middle of Yarlung Zangbo River (A), and network topological parameters (B). Notes: SL: Shrubland; GL: Grassland; FL: Forestland; WL: Wetland. The nodes in Figure 6A represent the different classes of ciliates.
4 DISCUSSION
4.1 Comprehensive analysis of soil ciliate diversity in the Yarlung Zangbo River
Ciliates, as a major group of protists, play important roles in microorganism communities, exhibiting high diversity in various environments, including rivers, lakes, and soil ecosystems (Bahram et al., 2018; Oshima et al., 2020). In this study, we identified 138 soil ciliate species across two seasons and four habitat types in the middle reaches of the Yarlung Zangbo River. While previous research has reported on the biodiversity of protist in the river environment, there has been relatively limited research on soil ciliates in this region (Zhang et al., 2022; Yang Q. et al., 2023). To our knowledge, this is the first study to investigate protist diversity using morphological methods and to explore the diversity, composition, and seasonal and biogeographic dynamics in the Yarlung Zangbo River. Our findings revealed that soil ciliate diversity was slightly higher in the wet season compared to the dry season, although the differences were not statistically significant, this is consistent with previous studies on soil ciliates communities in the Gannan, which also found higher soil ciliates diversity in wet season than in dry season (Yang C. et al., 2023). The middle reaches of the Yarlung Zangbo River is an arid area with great seasonal temperature variation. Temperature is an important environmental factor regulating the biochemical processes of terrestrial ecosystems (Leavit, 1998). The accumulation and decomposition of litter, soil respiration and CO2 release, and the feeding activities and metabolism of soil animals are all regulated by soil temperature (Kardol et al., 2011; AlSayed et al., 2018). In the seasonal changes, more precipitation in wet season, abundant nutrients available to soil ciliates, frequent feeding activities of soil ciliates, and higher soil temperature in wet season lead to increased metabolic rate of soil ciliates and rapid reproduction, which may be the main reason for the higher diversity of soil ciliates community in wet season than in dry season (Reth et al., 2005). However, this seasonal pattern differs from the biodiversity of protists found in the aquatic environment of the middle reaches of the Yarlung Zangbo River, suggesting significant seasonal variations in the region’s biodiversity (Zhang et al., 2022; Yang Q. et al., 2023). Additionally, our research indicated that soil ciliate diversity varies significantly across different habitat types, with the highest diversity in wetlands, followed by farmland and forestland, and the lowest in grasslands. These findings align with the conclusions of previous studies. Furthermore, we observed substantial variations in soil ciliate diversity among sampling points, indicating the significant environmental variations in the middle reaches of the Yarlung Zangbo River, closely related to the large and dynamic environmental conditions in the region. Despite the relatively high diversity of soil ciliates in the middle reaches of the Yarlung Zangbo River, our use of morphological identification methods may inevitably underestimate their diversity (Li et al., 2021). In today’s era of rapid development in high-throughput sequencing technologies, we propose that future research should comprehensively explore the diversity of soil ciliates in the Yarlung Zangbo River’s middle reaches using environmental DNA (eDNA) techniques such as metagenomics and metabarcoding (Bello et al., 2018; Ke et al., 2022). This research will significantly contribute to our understanding of the biodiversity patterns and maintenance mechanisms of the largest river basin in the Tibetan Plateau—the Yarlung Zangbo River—and hold crucial importance in the context of global biodiversity studies.
4.2 Spatiotemporal patterns of soil ciliate in Yarlung Zangbo River
Ciliates communities form large and highly diverse groups of microbiotas in soil ecosystems (Watson, 1943; Gabilondo, 2018). Our study gives a clear picture of the spatiotemporal patterns of soil ciliates communities in the Yarlung Zangbo River. Significant fluctuations in community composition were found between wet and dry seasons. Similarly, seasonal differences in soil ciliates communities have been reported for other areas (Jousset et al., 2010; Li et al., 2010; Kumar and Foissner, 2016). During the wet season, Colpodea exhibits the highest relative abundance at the class level, whereas in the dry season, Spirotrichea dominates with the highest relative abundance at the class level. This finding aligns with the results observed in Yang et al. ‘s study conducted in the Gannan region (Yang C. et al., 2023). Additionally, we observed that species unique of ciliate community to the wet season outnumber those unique to the dry season, consistent with the findings in Kumar et al.'s research (Kumar and Foissner, 2016). This indicates a higher complexity in the ciliate community during the wet season. These seasonal patterns were also revealed by our analysis of co-occurrence networks. The wet network had the highest node number and network connectivity, indicating that the soil ciliates community is more complex in wet than in dry. Soil ciliates have a complex relationship with their living environment, and they can promote the circulation of nutrients in litter and soil system through their life activities (Schulz-Bohm et al., 2017; Fiore-Donno et al., 2019), especially in the circulation of soil nutrients, especially nitrogen and phosphorus (Adl and Gupta, 2006). In this study, soil TN in wet season was higher than that in dry season (Supplementary Figure S1A). Correlation analysis showed that soil ciliate community richness was significantly positively correlated with TN, while negatively correlated with Pielou index (Figure 5A). The greater the richness and the less the uniformity of the community, the higher the complexity and stability of the co-occurrence network, indicating that the stability of the soil ciliate community in the middle reaches of the Yarlung Zangbo River in the wet season is higher than that in the dry season, and the seasonal difference of TN is the main reason for this phenomenon. In diffident habitat types, significant differences exist in the composition of soil ciliate communities, potentially linked to ecological niche variations among different ciliate taxa in response to soil conditions. The research results of Zhang et al. showed that the species, quantity and biomass of soil ciliates were positively correlated with the content of soil organic matter (Zhang et al., 1999; Abraham et al., 2019). In this study, soil ciliate richness showed a significant positive correlation with SOM (Figure 5A), while SOM showed significant differences in different habitat types (Supplementary Figure S1B), indicating that SOM was a key factor affecting the community structure characteristics of soil ciliates in different habitats. We observed the least divergence in soil ciliate community composition between wetlands and shrubland habitats, while the most significant differences were found between grassland and wetland communities. This divergence may be associated with the heterogeneity of soil physicochemical properties across different habitat types (Bahram et al., 2018; Philippot et al., 2023). For instance, Plagiocampa longis are saprotrophic and exhibit a higher prevalence in wetland environments, whereas Colpoda inflata thrive in dry conditions, leading to a more abundant distribution in grassland habitats (Robinson et al., 2002; Li et al., 2005).
4.3 SWC is an important determinant of soil ciliate composition and diversity
Determining the relationship between soil ciliate composition and diversity and environmental factors is key to understanding the spatiotemporal distribution patterns of the soil ciliate community (Li et al., 2013; Shi et al., 2013; Gabilondo et al., 2015). The diversity of soil ciliate was significantly affected by several water environmental factors, including VC, SWC, SOM and TN. This finding is consistent with the results of previous studies, which showed that SWC is important ecological factor for structuring ciliates community diversity, this is consistent with previous findings in Li et al. and Robinson et al. (Robinson et al., 2002; Li et al., 2013). In addition, we found that SWC seems to limit the diversity of ciliates communities. This discrepancy may be attributed to the predominantly soil moisture conditions in the Yarlung Zangbo River area during the wet season. The combination of low precipitation and high evaporation leads to reduced soil moisture, consequently resulting in decreased diversity (Gui et al., 2023; Roy et al., 2023). This also elucidates the observed pattern of diversity, wherein soil ciliate diversity is highest in wetland habitats and lowest in grassland habitats. Soil water content is the main limiting factor for the survival, reproduction and distribution of soil protozoa (Zou et al., 2009). Most soil organisms live in soil pores and their activities depend on the availability of water (Lee and Foster, 1991; Lavelle and Spain, 2001). In this study, SWC was significantly different in different seasons. Due to more rainfall in the wet season, soil water content was higher, soil ciliates could obtain sufficient water for their own metabolism, and the reproductive ability of the community was enhanced, which may lead to the survival of some species limited by soil water content, and the diversity of the community increased accordingly. Among different habitat types, SWC of wetland was significantly higher than that of the other three types (Supplementary Figure S1B), and the Shannon diversity index, Simpson dominance index and richness index of soil ciliate community of wetland type were higher than those of the other three types (Figure 2B). SWC and soil ciliate abundance and diversity index were significantly positively correlated (Figure 5), indicating that SWC differences affected the spatial and temporal distribution characteristics of soil ciliates and shaped the diversity pattern of soil ciliate community in the middle reaches of Yarlung Zangbo River.
In summary, our study provides a comprehensive examination of the spatiotemporal dynamics of soil ciliates diversity and composition in the Yarlung Zangbo River, enhancing our understanding of the environmental adaptation of ciliates inhabiting soil habitats at the high altitude of the Tibetan Plateau.
5 CONCLUSION
In conclusion, our study firstly investigated the seasonal and biogeographic dynamics of the soil ciliates community in the Yarlung Zangbo River. The results show that soil ciliates communities and environmental factors exhibited significant seasonal and geographic variations. The alpha diversity of soil ciliates was highest in wet and declined in dry season. Moreover, alpha diversity was much higher in the wetland than in the grassland. The co-occurrence network analysis showed that soil ciliate community was more complex in wet season than in dry season, and the stability of soil ciliate community in wet season was higher than that in dry season. The stability of soil ciliate community in wetland was higher than that in forestland, shrubland and grassland, and the anti-interference ability was stronger. ST, TN, SOM and SWC are important factors affecting the structure of soil ciliate community. By influencing the metabolic rate and nutrient acquisition of soil ciliates, the distribution pattern of soil ciliate community diversity in the middle reaches of Yarlung Zangbo River is shaped. This study may be a valuable contribution to advance the understanding of the global biogeographic diversity of soil ciliates communities.
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Solar photovoltaic (PV) power generation is a major carbon reduction technology that is rapidly developing worldwide. However, the impact of PV plant construction on subsurface microecosystems is currently understudied. We conducted a systematic investigation into the effects of small-scale light stress caused by shading of PV panels and sampling depth on the composition, diversity, survival strategy, and key driving factors of soil bacterial communities (SBCs) under two vegetation restoration modes, i.e., Euryops pectinatus (EP) and Loropetalum chinense var. rubrum (LC). The study revealed that light stress had a greater impact on rare species with relative abundances below 0.01% than on high-abundance species, regardless of the vegetation restoration pattern. Additionally, PV shadowing increased SBCs’ biomass by 20–30% but had varying negative effects on the numbers of Operational Taxonomic Unit (OTU), Shannon diversity, abundance-based coverage estimator (ACE), and Chao1 richness index. Co-occurrence and correlation network analysis revealed that symbiotic relationships dominated the key SBCs in the LC sample plots, with Chloroflexi and Actinobacteriota being the most ecologically important. In contrast, competitive relationships were significantly increased in the EP sample plots, with Actinobacteriota having the most ecological importance. In the EP sample plot, SBCs were found to be more tightly linked and had more stable ecological networks. This suggests that EP is more conducive to the stability and health of underground ecosystems in vulnerable areas when compared with LC. These findings offer new insights into the effects of small-scale light stress on subsurface microorganisms under different vegetation restoration patterns. Moreover, they may provide a reference for optimizing ecological restoration patterns in fragile areas.
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1 Introduction

The atmospheric level of the main greenhouse gas (CO2) has reached new record highs in 2021. It has increased by more than 49% from pre-industrial levels (278.3 ppb) to 415.7 ppb, primarily due to emissions from the combustion of fossil fuels and cement production, according to the Global Greenhouse Gas Bulletin from the World Meteorological Organization (WMO). Carbon neutrality is becoming a global consensus for green development (He et al., 2023). Renewable energy is a crucial strategy for reducing CO2 emission over time (Chen et al., 2019). Solar energy is a clean and renewable energy source with numerous advantages, including zero carbon emissions, no liquid or solid waste, and widespread availability (Liu et al., 2019). Therefore, solar photovoltaic power (SPP) generation technology is rapidly becoming one of the major carbon reduction technologies (Choi et al., 2020).

Global installed solar photovoltaic (PV) capacity has rapidly expanded, reaching 843.086 GW in 2021. According to the International Energy Agency, global installed solar power capacity is expected to approach 1,700 GW by 2030 (He et al., 2023). However, land constraints will be a major limitation to PV expansion. Arid and semi-arid regions are vast and rich in solar energy resources, making them ideal for PV application. Numerous SPP stations have been constructed in these areas due to the rapid expansion of the PV industry (Liu et al., 2019).

The deployment of large-scale SPP will have a significant impact on the local ecosystem by affecting environmental factors such as the temperature, photosynthetically active radiation, precipitation, evaporation, wind speed, surface albedo, soil heat flux, humidity and temperature, etc. (Broadbent et al., 2019; Yue et al., 2021a). Solar panels partially shading have been shown to delay bloom and increase floral abundance for pollinators in a dryland, agri-voltaic ecosystem (Graham et al., 2021). Nonetheless, most studies have focused on the impact of PV on above-ground macro-ecosystems, and the impact of PV on below-ground micro-ecosystems has not been well studied.

Bacteria are the most prevalent type of soil microorganism and play a crucial role in the material cycling and energy flow. Due to their abundance and high reproductive capacity, bacteria are frequently used as sensitive indicators to evaluate changes in soil ecosystems and characterize soil quality (Trivedi et al., 2016). Light can affect soil temperature, moisture, and nutrient cycling, thus leading to environmental heterogeneity that can impact the composition, distribution, and functional features of soil bacterial communities (SBCs) (Del Pino et al., 2015; Helbach et al., 2022). However, investigations into the effects of light on soil microbial communities have primarily focused on large-scale circumstances, such as the impact of light differences caused by latitude gradients on soil microorganisms (Maestre et al., 2015; Ochoa-Hueso et al., 2018). There are only a few studies on how small-scale light heterogeneity caused by PV arrays affects soil microbial communities, particularly in karst regions with very sensitive geology and heavy human disturbance. A study conducted by Wu et al. (2016) investigated the impact of fluoride and chloride pollution on microbial communities in soils surrounding a solar PV facility. The results indicated a strong correlation between the population size and total biological activity of the SBCs and different levels of fluoride and chloride pollution. The analysis of microbial communities between and under various types of PV panels at Gonghe PV power station, Qinghai Province, has allowed researchers to examine the community abundance, diversity, structure, and distribution characteristics of soil bacteria and archaea. The conclusion drawn from this analysis is that PV stations have minimal impact on the community structure of soil bacteria and archaea (Wu C. et al., 2022; Wu W. et al., 2022; Yuan et al., 2022). However, none of the previous studies have examined the response of soil microbial communities to small-scale light gradients caused by shading from PV modules under different vegetation restorations, nor have they investigated the vertical distribution of bacterial communities. The impact of light changes on soil microbial communities may vary depending on the land use type and vegetation restoration measures employed. This is due to variations in the structure, richness, and diversity of soil microbial communities (Qiang et al., 2015; Lu et al., 2022). Deeper soil microbes play a crucial role in soil formation, nutrient cycling, and carbon storage capacity (Li et al., 2022). However, it is currently unknown how microbial taxa respond to varying soil depths and vegetation restoration in the PV field located in the karst areas of southwest China.

In view of this, this study systematically investigated the influence of light heterogeneity caused by PV panels shading on the diversity and composition of SBCs at different depths (0–20 cm, 20–40 cm, and 40–60 cm) under two vegetation restoration patterns, i.e., Euryops pectinatus (EP) and Loropetalum chinense var. rubrum (LC), and explored the survival strategies and key driving factors of SBC. The objectives of this study were: (1) to compare the response of SBCs’ composition and diversity to small-scale light stress under different vegetation restoration patterns; (2) to explore the network relationship and survival strategy of SBCs at different depths in the sample plots under different vegetation restoration patterns; and (3) to analyze the key driving factors of the SBCs through correlation network analysis and the Mantel test. This research aims to provide new insights into the effects of small-scale light gradient variation on microorganisms and provide a reference for ecological restoration models in vulnerable areas.



2 Materials and methods


2.1 Study sites

This study is carried out at the PV Demonstration Base (103° 8′ 30.56″ E, 26° 9′ 55.70″ N) in Dongchuan District (Yunnan, southwest of China) in the semi-arid, vulnerable areas. It has an altitude of about 1,280 m, is in the subtropical monsoon climate zone, and has a characteristic karst terrain. The average annual temperature, rainfall, and evaporation are 14.9°C, 1000.5 mm, and 1856.4 mm, respectively. This zone has a distinct rainy season (from May to September) and a dry season (from October to April). Additionally, the area is rich in solar energy resources, with an annual sunshine duration of over 2,300 h and an annual solar radiation of over 5,000 MJ/m2. This PV Demonstration Base covers an area of approximately 18,000 m2 with an installed capacity of 1.04 MW. It was officially commissioned in 2020. For the PV arrays, the highest point of the front eaves and rear eaves is 2.5 m and 4.5 m above the ground, respectively. The width of each row of PV panels is 4.2 m, with a tilt angle of 28°and a distance of 2.6 m between two rows. The soil type at the SPP site is predominantly red soil. During the construction process, the soil in the SPP was artificially leveled. After construction, the affected areas were replanted with native plants to mitigate the degradation of the fragile ecosystem.



2.2 Sample collection and pretreatment

To account for the effects of PV shading on SBCs, the space between two rows of PV panels was considered the control area (CK), and the spaces in the front eaves, back eaves, and under the PV panels were referred to as FP, RP, and UP, respectively. Soil samples were taken from two artificial vegetation plots, i.e., EP and LC, in October 2021. The litter layer was discarded, and soil samples were collected randomly at the 0–20 cm, 20–40 cm, and 40–60 cm levels from five subplots in each line. The three soil layers, from top to bottom, denoted as D1, D2, and D3, respectively (Figure 1). All the samples were collected at five random sampling sites with three replicates for each location and layer. Samples from the same layer and location in each vegetation plot were mixed and sieved using a 2 mm mesh sieve. Each soil sample was divided into two subsamples: one was air-dried and used for physicochemical analyses, while the other was stored and transported at 4°C and used as soon as possible for soil DNA extraction and high-throughput sequencing.
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FIGURE 1
 (A) Schematic diagram of experimental sampling position in the study area, CK: intervals of PV panels, FP: front of panel eaves, RP: rear of panel eaves, UP: under neath of PV panels; (B) Euryops pectinatus (EP) sample plot; (C) Loropetalum chinense var. rubrum (LC) sample plot.




2.3 Soil property measurements

In the flat area of the PV field, a light sensor (FM-G2A, China) was used to monitor the illumination intensity of the top layer of vegetation in 4 locations between and under the PV modules, and temperature and humidity sensors (FM-3A, China) buried at different depths were used to monitor soil temperature and humidity. The heat flux probe (FM-R5, China) is used to monitor changes in soil heat flux in the surface layer of the soil. The monitoring period was the whole month of October 2021, and the monitoring frequency was 30 min each time.

The soil properties, such as soil humidity, pH, electrical conductivity (EC), total nitrogen (TN), total carbon (TC), microbial biomass carbon (MBC), water-soluble organic carbon (WSOC), available phosphorus (AP), and available potassium (AK), are tested with reference to the corresponding standards or previous studies (Lu et al., 2014; Xiao et al., 2017; Pang et al., 2018).



2.4 DNA extraction and high-throughput sequencing

Total soil DNA was extracted using a Fast®DNA SPIN Kit (MP Biomedicals, Santa Ana, CA, United States) and the method described in the instructions. DNA purity was assessed by agarose (1.0%) gel electrophoresis, and DNA concentrations were quantified using a Nanodrop-2000 device (Thermo Scientific, United States). Universal primers 515F (5′-GTGCCAGCMGCCGCGG-3′) and 909R (5′-CCGTCAA TTCMTTTRAGTTT-3′) were used to amplify the V4-V5 hypervariable regions of the 16S rRNA genes by PCR (95°C for 3 min, followed by 35 cycles at 95°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 45 s and then a final extension at 72°C for 10 min) (Li et al., 2014). The PCR product was visually confirmed by agarose gel electrophoresis before purification using AMPure XP beads (Beckman Coulter Inc., Brea, CA, United States). After purification, the PCR products were used to construct libraries and sequenced at Major Bio on an Illumina MiSeq platform (Illumina, United States).

Fastp version 0.20.0 was employed to demultiplex the raw 16S rRNA gene sequencing reads, and FLASH version 1.2.7 was utilized to merge them. UPARSE version 7.11 was used to group operational taxonomic units (OTUs) with a 97% similarity criterion and to detect and remove chimeric sequences. RDP Classifier version 2.2 was applied to compare the taxonomy of each OTU representative sequence to the 16S rRNA database (e.g., Silva v138) with a confidence threshold of 0.7 (Li X. et al., 2023). OTUs were eliminated if they did not contain three reads in at least two samples or were not assigned to a bacterial phylum (Yang et al., 2022). Finally, 2,946 OTUs were used for further analysis.



2.5 Statistical analysis

One-way ANOVA and Tukey’s test were applied to the results for the soil properties. The OTU table package and the vegan package in R software (version 3.5.1) were used to calculate the alpha diversity, and the least significant difference (LSD) was employed to compare the variations in diversity between different subgroups. The significance of changes in the structure of SBCs was examined using non-metric multidimensional scaling (NMDS) analysis, the Wilcoxon rank-sum test, and the Kruskal-Wallis H test, all performed using various functions in the vegan package. Correlation analyses and Mantel tests were carried out using the vegan package and ggplot2 package in the R software to examine the association between bacterial diversity and abundance and various environmental factors (R Core Team, 2018). Based on the Random Matrix Theory (RMT), network analysis was performed using the molecular ecological network analysis pipeline. Collinear network analysis was used to show the relationships between different ecological groups and to ensure that only OTU sequences that co-occurred in more than 50% of the sample sites were included in the analysis. The collinear network was constructed using edges with statistical significance (p < 0.05). Gephi software was used for visual inspection of the collinear network as well as a computational study of the network properties (Liao et al., 2022).




3 Results


3.1 Variation of microhabitat in the PV field

The light intensity at different locations was markedly different (p < 0.05) in the order: CK > FP > RP > UP, indicating that the shading of the PV panels significantly reduced the light intensity and showed a gradient change at different locations (Figure 2A). The soil temperature in different soil layers showed a similar trend, first increasing and then decreasing along the light gradient and being highest at the FP position (Figure 2B). The soil heat fluxes in the shaded area of the PV panels all increased significantly, and the fluctuation range was noticeably larger in FP and RP (Figure 2C). The soil humidity at different depths also showed a similar trend, which followed an N-shaped trend with the light gradient and increased considerably at FP and UP positions (Figure 2D).
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FIGURE 2
 The variation of field monitoring parameters in different positions of the PV field: (A) light intensity; (B) soil heat flux; (C) soil temperature; (D) soil humidity. Different lowercase letters indicate significant difference among different location in the PV field (one-way ANOVA, p < 0.05).


The soil properties exhibited varying trends along the light gradient under two vegetation restoration patterns, as shown in Supplementary Table S1. TC, WSOC, pH, EC, AK, and AP were not notably different (p > 0.05), while TN, NO3−-N, MBC, and soil humidity exhibited considerable differences (p < 0.05). TN was found to be highest in the RP location of the EP sample plots at 1.18 g/kg and was significantly different from the RP and UP locations of the LC sample plots. The NO3−-N content decreased in the EP sample site as the light intensity decreased. The difference between the CK and UP sites was considerable. Additionally, it decreased significantly in the RP and UP locations of the LC plot (p < 0.05). The soil humidity in this study area ranged from 13.53 to 21.25%. The average soil humidity in the shaded area of the PV panels is about 10% higher than the CK position. The variation trend observed was consistent with the long-term monitoring of soil humidity by the meteorological probe. The FP and UP positions showed a pronounced increase. The MBC was lowest at the CK location in both planted sample plots. The PV shadowing boosted SBCs’ biomass by 20–30%, indicating a significant increase in the microbial biomass of the soil due to the PV shading.



3.2 Response of SBCs’ composition to environmental heterogeneity

Following quality filtering, high-throughput sequencing was performed on distinct soil bacterial 16S rRNAs in the PV field, resulting in 979,402 clean reads. The number of genuine high-quality bacterial reads ranged from 32,978 to 47,325, with a corresponding library coverage rate varying from 98.0 to 98.6%. This indicated that the sample libraries in this investigation contained the majority of bacterial taxa and accurately reflected the structural makeup of the bacterial community in the samples. The SBCs comprised 12 prominent phyla, each with a relative abundance of over 2% (Figure 3A). The five most abundant phyla were Actinobacteriota, Proteobacteria, Acidobacteriota, Chloroflexi, and Gemmatimonadota, which accounted for 24.38–48.33%, 11.79–25.31%, 8.05–22.00%, 6.94–17.21%, and 1.85–7.51% of total reads, respectively.
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FIGURE 3
 The composition of SBC at the phylum level in two vegetation sample plots (A); Venn diagram at the genus level between LC and EP sample plots (B); Venn diagrams at genus level along four light gradients of LC (C) and EP (D); A Wilcoxon Rank-Sum Test box plot was used to compare LC and EP plots at the phylum and class level, and only bacteria taxonomic with significant differences are shown (E); A Kruskal-Wallis H test bar plot along light gradient in LC and EP plots at phylum level (F) and class level (G).


The Venn diagram reveals that 608 genera occurred in both the LC and EP sample plots, 16 genera were endemic to the LC sample plot with relative abundances ranging from 0.027 to 0.564%, and 8 genera were endemic to the EP sample plot with relative abundances ranging from 0.004 to 0.244% (Figure 3B). In the LC sample plot, 463 genera co-occurred in different light gradients. The CK had 7 endemic genera, while the FP, RP, and UP had 5, 5, and 9 endemic genera, respectively (Figure 3C). In the EP sample plot, 437 genera co-occurred in different light gradients. The CK had 7 endemic genera, while the FP, RP, and UP had 7, 8, and 7 endemic genera, respectively (Figure 3D).

At the phylum level, Proteobacteria, Planctomycetota, and Myxococcota demonstrated notable variations (p < 0.05) between the two vegetation sample plots (Supplementary Figure S1). The abundance of Proteobacteria was much higher in the LC sample plots than in the EP sample plots, while Planctomycetota and Myxococcota showed the opposite trend. Gammaproteobacteria (p < 0.05), Planctomycetes (p < 0.01), and Anaerolineae (p < 0.001) exhibited significant differences between the two vegetation sample plots. The LC sample plots had a significantly higher abundance of Gammaproteobacteria compared to the EP sample plots. Conversely, Planctomycetes and Anaerolineae showed the opposite pattern (Figure 3E). The Kruskal-Wallis H test revealed significant differences in the abundance of Proteobacteria and Bacteroidota at varying depths in the EP plots, and Chloroflexi, Gemmatimonadota, and Methylomirabilota in the LC plots (Supplementary Figure S1). This highlighted that vegetation type can not only influence the composition of the SBCs in the surface layer through differences in litter quality and quantity, but also the distribution of soil bacteria in the deep layer through root exudates and their effects on soil structure.

Figures 3F,G shows Kruskal-Wallis H test bar plots for two sample plots at phylum and class levels along the light gradient. In the LC sample plot, Spirochaetota was only present in the RP position, indicating a strict light requirement. Polyangla varied significantly with the light gradient at the class level (p < 0.05), while Spirochaetiaj occurred only at the RP position with a relative abundance of less than 0.01%. The EP sample plot showed a decrease in the relative abundance of Firmicutes with increasing light gradient. In the PV shade area, Sumeriaeota had a 30 to 90% lower relative abundance compared to CK, while MBNT15 had the highest relative abundance at the RP position. At the class level, Bacilli, Mycococcia, Chthonomonadetes, Sumerlaeia, and norank_MBNT15 revealed substantial variations with light gradients (p < 0.05).



3.3 Response of alpha and beta diversity of SBCs to environmental heterogeneity

The OTU numbers, Shannon diversity index, ACE evenness index, and Chao1 richness index were calculated to compare the α-diversity of SBCs. The results revealed inconsistent changing patterns along the light gradient in the LC and EP sample plots (Figure 4A). Although the α-diversity index of the EP plot was higher than that of the LC plot, there was no significant difference (p > 0.05). There were no noticeable changes in the numbers of OTU and Shannon diversity index across sampling sites in both EP and LC sample plots. In the EP sample plots, PV shade reduced both the OTU numbers and Shannon diversity index of SBC compared to CK. However, there was no clear pattern of influence of PV shading in LC sample plots. Both the ACE and Chao1 indices decreased gradually as the light gradient decreased, but there was no significant difference between different sampling locations within the same sample plots (p > 0.05). It is worth noting that PV shading increased soil microbial biomass by 20–30% (MBC content in Supplementary Table S1), but the OTU numbers, Shannon diversity, ACE and Chao1 richness index decreased to varying degrees.
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FIGURE 4
 (A) Alpha diversity analysis of SBC in different soil location types and layers in two vegetation sample plots. The number of OTUs, Shannon diversity index, ACE evenness index, and Chao1 richness index are shown, with the red and blue dotted lines representing the average diversity index of EP and LC plots, respectively. (B) Beta diversity of bacterial community based on Bray-Curtis distance (on OTU level) analyzed by NMDS in two vegetation sample plots, and (C) different location along a light gradient.


The bacterial community diversity was reasonably affected by different sampling depths, as shown in Supplementary Figure S2. In the LC sample plot, the layer of 20–40 cm layer exhibited the highest bacterial richness and diversity, while in the EP sample plot, the bottom layer (40–60 cm) had the highest bacterial richness and diversity. The ACE and Chao1 indices in the layer of 40–60 cm differed significantly between the LC and EP sample plots (p < 0.05). NMDS analysis was conducted on the composition of SBCs at different light gradients in two vegetation plots based on Bray-Curtis distance (Figures 4B,C). The composition of SBCs changed considerably (p = 0.003) between the LC and EP plots, but not significantly (p = 0.117) at different light gradients. This indicates that the influence of light intensity on SBC’s composition differed significantly under two vegetation restoration patterns. The bacterial community showed less variability in the layers of 0–20 cm and 20–40 cm compared to the layer of 40–60 cm, particularly in the LC sample plot. The vertical distribution of SBCs was most noticeable at the CK site in the LC sample plot, while in the EP sample plot, the difference was greatest at the UP position. Furthermore, the sample points that represent the composition of SBCs at various locations and depths were more closely clustered in the EP sample plot than in the LC sample plot.



3.4 Comparison of the co-occurrence networks of SBCs

The co-occurrence of SBCs in two vegetation plots was described using the molecular ecological network (MEN) based on random matrix theory (RMT) (Figure 5A). Networks for LC (755 nodes connected by 1,744 links) and EP were built in various sizes (779 nodes connected with 1,941 links). The created MEN had modular architectures, as evidenced by modularity values higher than 0.4 in both the LC and EP sample plots (Newman, 2003). The integration of one network module’s nodes suggested that the group was tightly knit, with few nodes affiliated with it outside of the module (Williams et al., 2014). The average path distance in the EP plots was smaller, indicating that the nodes were more closely connected to networks (Table 1). However, the LC and EP plots did not show any discernible difference in betweenness or degree (one-way ANOVA, p > 0.05) (Figure 5B).
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FIGURE 5
 (A) Co-occurring network of SBCs at OTU level in the LC and EP plots. The nodes in network are colored by modularity class. A group of OTUs in one module indicates that these OTUs have more interactions among themselves and fewer associations with other modules. The node sizes reflect their degree of connection; (B) Betweenness and node-normalized degree of bacterial networks; (C) Network structures of the core genus (Degree >30) in the LC and EP plots. The nodes in network are colored by phylum. Red edges indicate significant positive Spearman’s correlations, while green edges indicate significant negative Spearman’s correlations; (D) The Zi-pi plots of OTUs in bacterial co-occurrence networks are based on topological interactions.




TABLE 1 Bacterial network properties under two vegetation restoration modes.
[image: Table1]

In the LC sample plot, the core OTUs (degree > 30) were mainly primarily composed of Chloroflexi, Methylomirabilota, Actinobacteriota, Proteobacteria, Gemmatimonadota, and Acidobacteriota. Among these, the ecological niches of Chloroflexi and Actinobacteriota were the most significant, and all species exhibited positive correlations, primarily in symbiotic relationships. In the EP sample plot, the core OTUs (degree > 30) were mainly Actinobacteriota, Acidobacteriota, Methylomirabilota, Gemmatimonadota, Planctomycetota, and Proteobacteria. Actinobacteria had the most ecological importance. Planctomycetota and Actinobacteriota became more important in the EP plot comparison to the LC plot, while Chloroflexi became less important (Figure 5C).

The network nodes were classified into four groups using the fast-greedy approach to determine the primary populations that impact the co-occurrence of SBCs. These groups include network hubs (Zi > 2.5, Pi > 0.62), module hubs (Zi > 2.5, Pi < 0.62), peripherals (Zi < 2.5, Pi < 0.62) and non-hub connectors (Zi < 2.5, Pi > 0.62). The classification was based on the within-module connection (Zi) and among-module connectivity (Pi). The module hubs were classified as either provincial hubs (Zi > 2.5, Pi < 0.3) or connectors (Zi > 2.5, 0.3 < Pi < 0.62) based on the value of Pi.

The Zi-Pi plot reveals that approximately 98.20% of the OTUs were peripheral, implying that most OTUs had fewer linkages outside of their modules. The majority of the peripherals (Pi = 0) in the LC (75.2%) and EP (80.9%) plots were exclusively connected within their respective modules. Both the EP and LC sample plots had 14 module hubs, most of which belonged to Actinobacteriota. In the EP sample plot, there was only one connector hub belonging to Proteobacteria, while in the LC sample plot, there were three connector hubs, one belonging to Acidobacteriota and two belonging to Actinobacteriota. As keystone taxa, these hubs are crucial for maintaining the structure and functional integrity of the microbial community (Wu et al., 2023). Additionally, there were 14 non-collector connectors in the EP sample plot, five of which belonged to Chloroflexi. In comparison, there was only one non-collector connector in the LC sample plots, belonging to Gemmatimonadota (Figure 5D).



3.5 Key environmental drivers of SBCs

The Mantel test and correlation analysis were used to examine the relationships between soil properties and dominant SBCs (Figure 6A). The results showed that light intensity had a significant positive correlation with TN, TC, and NO3−-N, as well as AP, but a negative correlation with MBC in the LC sample plot.
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FIGURE 6
 (A) Correlation analysis and the Mantel test of soil properties and dominant SBCs in the genus LC and EP plots; (B) Two-factor correlation network analysis of core genera (Degree > 30) and environmental factors in the EP and LC plots; TC, total carbon; TN, total nitrogen; WSOC, water-soluble organic carbon; MBC, microbial carbon; AK, available potassium; AP, available phosphorus; EC, electric conductivity. LI, Light Intensity.


Actinobacteriota was significantly correlated with NO3−-N, AK, and EC; Chloroflexi and Gemmatimonadota were both strongly correlated with AP, and Proteobacteria was highly associated with TC. In the EP sample plots, the soil temperature and humidity exhibited a marked negative correlation with soil nutrients. The interaction between dominant bacteria and environmental factors was considerably enhanced, and light intensity was also significantly negatively correlated with MBC. Actinobacteriota showed significant correlation with TC, WSOC, AP, and AK, whereas Chloroflexi was exhibited a strong correlation with TN, TC, and MBC. Collectively, soil nutrients were the main drivers of soil dominant community changes.

Two-factor correlation analysis (Figure 6B) revealed that the core species of soil bacteria had a significant negative correlation with soil nutrients in the EP sample plots Conversely, in the LC sample plot, they were mainly positively correlated, and light intensity was significantly positively correlated with Gaiellales.




4 Discussion


4.1 Effects of shading of the PV panels on soil properties

The large-scale construction of PV panels can cause heterogeneity in environmental factors, such as light, precipitation, and wind speed. This can lead to microhabitat climate changes that may affect ecosystems (Li C. et al., 2023; Li X. et al., 2023). The study found that light intensity varied significantly (p < 0.05) across different locations, with the order being CK > FP > RP > UP. PV panel shielding reduces the amount of solar radiation by limiting the duration and area of direct exposure to the ground. Additionally, fixed-axis PV modules have varying angles, causing changes in the duration and amount of solar radiation at different locations (Marrou et al., 2013; Broadbent et al., 2019; Wu C. et al., 2022; Wu W. et al., 2022). The soil humidity in FP is higher due to the pooling effect of precipitation caused by PV modules (Choi et al., 2020). In the UP position, the shielding effect of PV panels reduces wind speed and solar radiation, increasing air humidity and hindering water evaporation to some extent (Amaducci et al., 2018). Meanwhile, the shading effect of vegetation can effectively reduce surface water evaporation and improve soil water holding capacity (Liu et al., 2019; Yue et al., 2021b).

Soil characteristics are widely acknowledged as crucial indicators of soil fertility and their ability to sustain plant production has been well documented (Zhao et al., 2019). Previous studies have demonstrated that the construction of PV power plants can alter the microclimate environment for vegetation growth by directly or indirectly impacting local airflow, precipitation, solar radiation, air temperature, humidity, and other factors. These changes can indirectly affect soil nutrient conditions (Armstrong et al., 2016; Yue et al., 2021a). Soil humidity is an environmental variable that combines the effects of climate, vegetation, and soil on the dynamics of water-stressed ecosystems. Soil humidity fluctuations can significantly impact plant development in PV fields, especially in dry areas where even small changes in water availability can have major effects on plant growth (D’Odorico et al., 2007). As a consequence, depending on the water requirements of the plants, the environmental heterogeneity provided by PV modules may offer certain advantages (Del Pino et al., 2015). MBC is the active component of the soil organic pool, which is an easily accessible pool of nutrients in the soil and the driving force for organic matter decomposition and nitrogen mineralization, acting as a key source and reservoir in the carbon and nitrogen cycling processes (Lu et al., 2022). Soil MBC is frequently used to estimate the magnitude of soil microbial biomass and is important for soil organic matter and nutrient cycling (Chen et al., 2023). In both vegetation restoration models, shading by PV panels increased the MBC content, i.e., the biomass of microorganisms in the below-ground microbial system. This might be because soil microorganisms in karst areas are prone to high temperature and drought stress, and shading by PV modules decreases soil temperature and increases soil humidity, and then the SBC may thrive and reproduce under optimal temperature and moisture conditions (Tuo et al., 2023).



4.2 Effects of shading of PV panels on composition and diversity of SBCs

Bacteria are the most abundant microorganisms in soil and play a crucial role in material cycling, energy flow, and maintaining ecological balance in terrestrial ecosystems. Their activities and interactions are vital for soil fertility, plant health, and ecosystem stability (Zhang et al., 2022; Liu et al., 2023c). The study area revealed five prominent phyla: Actinobacteriota, Proteobacteria, Acidobacteriota, Chloroflexi, and Gemmatimonadota. These findings are consistent with those reported for global drylands, although there are noticeable variations in relative abundance (Ochoa-Hueso et al., 2018).

The relative abundances of SBCs can serve as a biological indicator of environmental health (Lee et al., 2020). The abundance of Proteobacteria, Planctomycetota, and Myxococcota differed significantly between the LC and EP sample plots. This suggests that vegetation restoration regulates SBCs to some extent and that different vegetation types have a significant impact on the dominant microbial community (Liu et al., 2023a). The relative abundance of dominant phylum remained relatively constant across the light gradient in both vegetation plots. However, the sampling depth did vary. This suggests that the impact of light heterogeneity on the soil’s abundant microorganisms was less significant than the soil depth under two different vegetation restoration patterns. The Venn diagram reveals that the endemic genera are relatively less abundant in different positions and vegetation plots, all being less than 1%, indicating that rare species are more responsive to environmental heterogeneity due to higher environmental filtering and dispersal limitations (Luan et al., 2023). These SBCs that produce significant differences under small-scale light heterogeneity, are likely to be photosensitive bacteria, and their functional characteristics deserve in-depth study in the future.

Light has both direct and indirect effects on the abundance and structure of soil microbial communities. Shading of PV panels at PV sites affects the amount of irradiation and energy received by the soil at different locations, which in turn affects the structure of soil microbial communities (Bai et al., 2022). PV shading increased soil microbial biomass by 20–30%. However, the numbers of OTU, Shannon diversity, ACE and Chao1 richness index decreased to varying degrees. This may be due to a decrease in light intensity, which reduced the number of sun-loving microbial species while promoting the growth and reproduction of shade-loving microbial species due to decreased competition (Davies et al., 2013).



4.3 SBCs adopt different survival strategies under two vegetation restoration models

In natural ecosystems, microorganisms do not exist as isolated individuals, but form complex networks of co-occurrence through direct or indirect interactions (Fan et al., 2017; Wu et al., 2021). Species interactions are represented by links in co-occurrence networks. Co-colonization, cross-feeding, niche overlap, and co-aggregation in microorganisms lead to positive species correlations, whereas predator–prey associations, misfeeding, improper feeding, and competition lead to negative species correlations (Yang et al., 2021). In the molecular ecological network of the LC plot, 90% of the correlations between species were positive, whereas in the EP plot, the positive correlations decreased significantly to 81.3% (Table 1). Furthermore, the core genera with a degree greater than 30 in the LC plot exhibited positive correlations. In contrast, the core genera in the EP sample plot showed a significant increase in negative correlations, suggesting an increase in competitive relationships between species and a more stable ecological network. These indicate that the SBCs in the LC plot was mainly in symbiotic relationships, while the competitive relationship between species increased and the ecological network became more stable in the EP plot (Liao et al., 2022; Liu et al., 2023b). That is to say, SBCs adopt different survival strategies to cope with small-scale light stress under two vegetation restoration modes.

Non-hub connections are responsible for managing the flow of information between modules that are otherwise inadequately or not at all linked to one another. Therefore, deleting non-hub connector species may significantly impact the functional connection of various network modules (Guimera and Nunes, 2005). The higher number of non-collector connectors in the EP sample plots, compared to the LC sample plots, suggests that the functions of SBCs in the EP sample plots were more closely linked and the ecological network was more stable (Liao et al., 2022). This could facilitate better adaptation to the small-scale light stress in the PV site area.



4.4 Factors driving SBCs under two vegetation restoration models

The construction and operation of SPP can promote the development of biological soil crust and vegetation growth, leading to an improvement in soil texture and nutrition (Luo et al., 2023). The study found that the relationships between soil properties, light intensity, and dominant bacterial communities varied between the two modes of vegetation restoration. In the LC sample plot, light intensity had a significant positive correlation with TN, TC, and NO3−-N, as well as AP, but a negative correlation with MBC in the LC sample plot. These findings suggest that PV panel shading not only facilitates the accumulation of soil nutrients but also the increase of soil microorganisms. The EP sample plot showed a significant positive correlation between light intensity and nitrate-nitrogen and a negative correlation with MBC. The interaction between dominant bacteria and environmental factors was also significantly enhanced. This was attributed to differences in plant inter-root secretions and the nutrient cycling of plant litter in different vegetation types, which affect the soil environment and further influence the structure and diversity of SBCs (Lu et al., 2022).

In some small-scale habitats, light may be a key factor driving bacterial community aggregation (Li C. et al., 2023; Li X. et al., 2023). The correlation between the relative abundance of Proteobacteria and light intensity was significant in the EP sample plot. Shading by PV panels resulted in a reduction of its relative abundance, which contradicts the findings of another PV site (Bai et al., 2022). This difference may be attributed to variations in environmental factors and vegetation types in PV sites. The Mantel test and correlation analysis results showed soil nutrients were the key drivers of changes in soil dominant communities, while light had a less direct role in changes in soil dominant bacterial communities, and it indirectly shaped the microbial community through its effects on the plant community (Li C. et al., 2023). The two-factor correlation network analysis revealed that the core SBCs in the EP sample plot were mainly negatively correlated with soil nutrients, while the core soil bacteria species in the LC sample plot were positively correlated with soil nutrients. This suggests that the different types of vegetation restoration have significant impacts on the soil environment and subsurface micro-ecosystems.




5 Conclusion

This study used high-throughput sequencing technology to investigate the effects of light gradient and soil depth on the composition and diversity of SBCs. It also explored survival strategies and key drivers of SBCs under two vegetation restoration modes. The results showed significant differences in light intensity among different locations (p < 0.05) with the order as follows: CK > FP > RP > UP. PV shading led to a 20–30% increase in soil microbial biomass. However, the OTU numbers, Shannon diversity, ACE, and Chao1 richness indices all decreased to varying degrees. The sampling depth had a greater effect on the diversity and relative abundance of SBCs than light intensity. The five most dominant phyla were Actinobacteria, Proteobacteria, Acidobacteria, Chlorobacteria, and Dimonobacteria. Species with a relative abundance of less than 0.01% were significantly more affected by light intensity than those with a high relative abundance. Network analysis revealed that symbiotic relationships dominated critical SBCs in the LC sample plot, whereas competitive interactions increased significantly in the EP sample plot, meaning that the ecological network was more stable and better adapted to light stress in the PV plots. EP is more conducive to maintaining the stability and health of subsurface ecosystems in vulnerable areas compared to LC. Soil nutrients are the key driving factor for changes in the dominant soil community.
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Background: Tillage practices can substantially affect soil properties depending on crop stage. The interaction between tillage and crop growth on arbuscular mycorrhizal fungi (AMF) communities remains unclear. We investigated the interactions between four tillage treatments (CT: conventional tillage, RT: reduced tillage, NT: no tillage with mulch, and SS: subsoiling with mulch), maintained for 25 years, and two wheat growth stages (elongation stage and grain filling stage) on AMF diversity and community composition.

Results: The AMF community composition strongly changed during wheat growth, mainly because of changes in the relative abundance of dominant genera Claroideoglomus, Funneliformi, Rhizophagu, Entrophospora, and Glomus. Co-occurrence network analysis revealed that the grain filling stage had a more complex network than the elongation stage. Redundancy analysis results showed that keystone genera respond mainly to changes in soil organic carbon during elongation stage, whereas the total nitrogen content affected the keystone genera during grain filling. Compared with CT, the treatments with mulch, i.e., NT and SS, significantly changed the AMF community composition. The change of AMF communities under different tillage practices depended on wheat biomass and soil nutrients. NT significantly increased the relative abundances of Glomus and Septoglomus, while RT significantly increased the relative abundance of Claroideoglomus.

Conclusion: Our findings indicate that the relative abundance of dominant genera changed during wheat growth stages. Proper tillage practices (e.g., NT and SS) benefit the long-term sustainable development of the Loess Plateau cropping systems.
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 tillage practices; arbuscular mycorrhizal fungi; wheat growth stages; co-occurrence; Loess Plateau


1 Introduction

Agricultural practices affect not only crop production (Singh et al., 2016) but also soil quality (Zhang et al., 2015). Excessive tillage practices, as common in conventional tillage, increase the bare soil area, intensify soil erosion, destroy soil structure, and reduce soil organic matter, resulting in a yield decline (Kabiri et al., 2016; Yan et al., 2020). In order to maintain the sustainable development of agriculture, improving nutrient use efficiency is crucial to increase crop yields (Yan et al., 2020). Thus, many studies have focused on increasing crop yield through conservation tillage practices (e.g., no tillage, reduced tillage, and subsoiling with mulch) (Jin et al., 2008; Chen et al., 2019; Jia et al., 2022). Conservation tillage practices with minimal soil disturbance improve agricultural sustainability by reducing soil erosion and enhancing the diversity of microorganisms (Zuber et al., 2015; Xiao et al., 2019). Among them, arbuscular mycorrhizal fungi (AMF), as important rhizosphere microorganisms, were affected by tillage practices (Balota et al., 2016; Oehl and Koch, 2018). However, the linkages between the responses of plant–soil-AMF to conservation tillage practices, especially the timing and duration of tillage practices are still unclear.

AMF can create symbioses with the roots of more than 80% of terrestrial plant species, which enhances the ability of plants to overcome the adverse impacts of and to ameliorate plant performance under environmental stress (such as drought, extreme temperature and changes in land management) (Walder and van der Heijden, 2015; Gu et al., 2020). The mechanisms of vascular plants to resist environmental change involve forming symbiotic relationships with AMF, which allows the AMF to acquire plant-synthesized carbon (C) as well as enhance the nutrient supply (mainly N and P) to the host plants as shown by many previous studies (e.g., Augé et al., 2015; Wang et al., 2017). Conventional tillage can decrease the diversity and activity of AMF, which negatively affects the symbiotic relationship between AMF and plants and results in the decline of crop yield and soil quality (Jansa et al., 2003; Avio et al., 2013). For example, long-term conventional tillage decreased the AMF richness and induced a marked shift in the community composition by changing the functional quality of AMF (e.g., spore density or hyphal networks) (Schnoor et al., 2011; Säle et al., 2015).

Conservation tillage (reduced tillage, no tillage, and subsoiling with mulch) is considered to be an effective technology improving the stability of soil and AMF attributes, which can help maintain a more complex interaction network and increase the resilience of soil to interference (Carballar-Hernández et al., 2017; Gu et al., 2020). For instance, no tillage enhanced AMF activity and diversity by improving soil fertility, storing and conserving water, and reducing soil erosion (Bowles et al., 2017). Subsoiling with mulch also increased AMF activity and diversity by stimulating water infiltration and increasing soil carbon and nitrogen concentrations (Gu et al., 2020; Wang Z. et al., 2020; Wang S. L. et al., 2020). However, long-term conservation tillage, e.g., no tillage, may lead to problems such as soil surface hardening and more limited O2 supply for soil organisms, which may be detrimental to the distribution of AMF propagules (Curaqueo et al., 2011). Although previous studies have shown that different tillage practices alter the composition of AMF communities, the direction and extent of the impact of different tillage practices on the composition of AMF communities are highly uncertain.

At different stages of crop growth, the community composition of AMF presents a dynamic change process (Hu et al., 2015; Wang Z. et al., 2020; Wang S. L. et al., 2020). Plant roots recruit rhizosphere AMF by secreting and absorbing different chemicals, leading to a shift in the rhizosphere AMF community across the different crop growth stages (Edwards et al., 2015; Hamonts et al., 2018). In addition, the interaction between the host and AMF regulates the growth of the AMF community in the root system (Yang et al., 2015). For example, during different phenological stages, the colonization by AMF of the plant roots changes, further affecting the community composition of AMF across crop growth stages (Merryweather and Fitter, 1998; Schalamuk et al., 2004). At present, most studies focus on the effect of tillage practices or crop growth stages on the community composition of AMF, while few studies investigate the interaction of tillage practices and crop growth stages to mediate AMF communities (Hu et al., 2015). Therefore, further research is essential to assess the temporal dynamics of AMF communities and the impact of tillage practices on AMF communities throughout crop growth and development.

As one of the largest and most important food crops in the Loess Plateau, winter wheat (Triticum aestivum L.) plays an important role in food security and contributes more than 70% of the agricultural production in northern China (Xue et al., 2019; Xia et al., 2020). Our previous studies have found that tillage practices affect winter wheat production, soil physicochemical properties, and microbial community composition (Jin et al., 2008; Jia et al., 2022). However, there is little information about the impact of tillage practices on the species richness and composition of AMF in the winter wheat production systems, especially at different winter wheat growth stages. Here, we assessed a 22-year field experiment examining the potential impacts of four contrasting tillage practices at two growth stages (elongation and grain filling) on AMF dynamics in the semi-arid agricultural ecosystem. We hypothesized that (1) long-term tillage practices create particular populations of AMF by altering the species diversity of AMF and the abundance of keystone operational taxonomic units or genera; (2) the effect of long-term tillage practices on AMF communities relies on the shifts in the rhizosphere environment and on biomass accumulation during winter wheat production; and (3) conservation tillage can develop particular groups of AMF by enhancing soil fertility and winter wheat productivity.



2 Materials and methods


2.1 Study sites and experimental design

The experiment started in 1999 in the eastern part of the Loess Plateau, Songzhuang Village (34°58′N, 113°08 E), Henan Province, China. The area had previously been conventionally tilled for more than 30 years before the experimental plot was established. The thickness of the Quaternary loess layer is 50 to 100 m in this area. The soil in the study area is silt loam and is classified as Inceptisol according to soil taxonomy (Soil Survey Staff, 2003). The basic soil properties were analyzed to assess plot homogeneity based on their contribution to crop performance and soil quality in previous studies (Jin et al., 2009).

Four tillage practices, conventional tillage (CT), no tillage with mulch (NT), reduced tillage (RT), and subsoiling with mulch (SS), were set up at four nearby sites. For example, for the CT treatment, there was still 10–15 cm of stubble after harvest (May 25 to June 1), but the straw and ears had been removed from the site at harvest. In the first week of July, the soil was turned to a depth of 20 cm. Around October 1, before winter wheat was sown, the soil was turned again to a depth of 20 cm, fertilizer was mixed in, and then the soil was harrowed to prepare the seedbed. Winter wheat sowing occurred around October 5. For the RT treatment, 10–15 cm of stubble was left in the field after winter wheat harvest (May 25 to June 1), and the straw was returned to the field after harvest. Around July 15, deep plowing (25–30 cm) was combined with harrowing (5–8 cm) and compaction with a roller. Winter wheat was sown directly around October 5. Therefore, this practice only required one plowing instead of two under the CT. For the NT treatment, 30 cm of stubble was left in the field after harvest (May 25 to June 1), and the straw was returned to the field after threshing. Fertilization was carried out from September 25 to October 5. For the SS treatment, 25–35 cm of stubble remained in the field after harvest (May 25–June 1). Around July 1, subsoiling was carried out at 60 cm intervals to a depth of 30 to 35 cm. Sowing with fertilizer application was performed from September 2 to October 5. The set-up of the experiment was subject to pseudo-replication due to space-for-time substitution limitations (Blois et al., 2013). However, the four experimental sites appeared topographically similar and generally suffered little disturbance in previous studies regarding frequency and severity (Jia et al., 2022). Therefore, the tillage practices were considered the only important change factor across sites.



2.2 Plant and soil sampling

Winter wheat biomass and soil samples were collected on March 28 and May 20 (i.e., at the elongation and grain filling stages of winter wheat) in 2023. We randomly established six plots (0.5 × 0.5 m) in winter wheat crops grown in each tillage treatment. Twenty winter wheat plants were sampled and combined into one sample for each plot. The roots of winter wheat were collected from 0 to 20 cm in each plot. We shook all roots of each plot vigorously to remove soil that was not tightly adhered and used a sterile scalpel to separate the rhizosphere soil from the root surface carefully (Song et al., 2007; Liu et al., 2022). Two soil cores with a diameter of 7.5 cm were collected and then mixed with one soil sample (0–20 cm layer) per plot; thus, six AMF soil samples were collected for each treatment. A total of 48 AMF soil samples were collected (two growth stages × four tillage treatments × six AMF soil samples/tillage treatment).



2.3 Sample processing and measuring biotic and abiotic variables

Twenty winter wheat plants from each plot were separated into above-ground biomass and below-ground biomass, oven-dried at 65°C for 48 h and weighed to assess dry biomass (Jia et al., 2022). Each composite soil sample from each plot was divided into three subsamples. One subsample was air-dried to determine physicochemical properties. The second subsample was stored at 4°C and analyzed within a week to measure soil ammonium (NH4+) and nitrate (NO3−) content, microbial C and N biomass. The third subsample was immediately stored at −80 °C for DNA extraction and Miseq sequencing analysis within two days. The gravimetric method was used to measure soil water content (SWC). Soil pH was measured using a 1:2.5 soil: water mixture. The dichromate oxidation method was used to determine the soil organic carbon (SOC) (Nelson and Sommers, 1983), and total nitrogen (TN) was measured using an Elemental Analyzer (vario MACRO cube, Elementar, Germany). Soil NO3− and NH4+ were extracted from the soil samples using a 2 mol L−1 KCl solution and were measured using a continuous flow analyzer (Auto Analyzer 3, Seal, Germany). Soil dissolved organic carbon (DOC) was measured using a TOC-L-ASI analyzer (Analytik Jena AG, Jena, Germany) by adding 0.5 M K2SO4 and shaking for 1 h. The total P (TP) concentration was determined using an Astoria auto-analyzer (Clackamas, OR). The available phosphorus (AP) content was determined using the Olsen method. Soil microbial biomass C (MBC) and N (MBN) were measured using fumigation extractions (Vance et al., 1987).



2.4 AMF root colonization

Fifty fine root fragments (approximately 1 cm long) from each sample were stained with trypan blue, and the percentage of AM root colonization was measured by the line intersection method at 200-fold magnification (McGonigle et al., 1990). Total AM root colonization was determined as the percentage of root length colonized by AM fungi.



2.5 DNA extraction and high-throughput sequencing

DNA Extraction Total genomic DNA samples were extracted from 0.5 g of each soil sample using the OMEGA Soil DNA Kit (M5635-02) (Omega Bio-Tek, Norcross, GA, United States), following the manufacturer’s instructions. The quantity and quality of extracted DNAs were measured using a NanoDrop NC2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States) and agarose gel electrophoresis, respectively.

PCR amplification of the AMF genes region performed using the forward primer AMV4.5NF (5′-AAGCTCGTAGTTGAATTTCG-3′) AMDGR (5′-CCCAACTATCCCTATTAATCAT-3′) (Van Geel et al., 2014; Suzuki et al., 2020). Sample-specific 7-bp barcodes were incorporated into the primers for multiplex sequencing. The PCR components contained 5 μL of buffer (5×), 0.25 μL of Fast pfu DNA Polymerase (5 U/μl), 2 μL (2.5 mM) of dNTPs, 1 μL (10 uM) of each Forward and Reverse primer, 1 μL of DNA Template, and 14.75 μL of ddH2O. Thermal cycling consisted of initial denaturation at 98°C for 5 min, followed by 30 cycles consisting of denaturation at 98°C for 30 s, annealing at 53°C for 45 s, and extension at 72°C for 45 s, with a final extension of 5 min at 72°C. PCR amplicons were purified with Vazyme VAHTSTM DNA Clean Beads (Vazyme, Nanjing, China) and quantified using the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, United States). After the individual quantification step, amplicons were pooled in equal amounts, and pair-end 2 × 250 bp sequencing was performed using the Illlumina NovaSeq platform with NovaSeq 6000 SP Reagent Kit (500 cycles) at Shanghai Personal Biotechnology Co., Ltd. (Shanghai, China).

Sequence data analyses were mainly performed using QIIME2. After quality filtering and removing chimeras, high-quality sequences were also clustered into operational taxonomic units (OTUs) using USEARCH at 97% sequence identity (v2.13.4).1 We selected one representative sequence for each OTU and aligned all representative sequences using PyNAST (Panneerselvam et al., 2020) with a minimum identity threshold of 0.8. The sequences were assigned to virtual taxa using the MaarjAM database (Koljalg et al., 2013).



2.6 Co-occurrence network construction and analyses

The “microeco” package was used to construct microbial ecological networks (Liu et al., 2021). We created the microtable class and performed basic preprocessing operations. The operational taxonomic unit (OTU) table was reduced so that sequence numbers were the same between samples (10,000 sequences in each sample). We calculated the taxa abundance for the downstream analysis. In a network, betweenness centrality (BC) calculates the fraction of the shortest paths through a given microbial taxon to another microbial taxon, which reflects the degree of control that a taxon exerts over the interactions between other taxa in the network (Lupatini et al., 2014). A valid interaction event is determined to have a robust correlation if the Pearson correlation coefficient is equal to or greater than 0.8 or equal to or lower than −0.8 and is statistically significant (p-value equal to or smaller than 0.05) (Liu et al., 2021). The gephi interactive platform2 was used to explore and visualize the network structure. Undirected networks and Fruchterman-Reingold are used for layout.



2.7 Statistical analyses

Statistical analyses of differences between treatments were conducted using R (v. 3.2.0). Two-way ANOVAs were used to examine the effects of two growth stages and four tillage practices on the winter wheat biomass (AB and BB), soil properties (pH, SWC, SOC, TN, TP, DOC, NH4+, NO3−, and AP) and microbial C (MBC) and N (MBN). Microbial diversity was examined using diversity metrics to analyze species diversity with QIIME, including Chao1, Observed_species, PD_whole, and Shannon’s diversity. Chao1 and Observed species indices represent richness, and Shannon indices represent diversity. Tukey’s HSD test was used to test pairwise comparisons. The statistically significant difference was defined at p < 0.05.

AMF community composition across the treatments was evaluated by principal coordinate analyses (PCoA) based on the Bray-Curtis distance. Permutational multivariate analyses of variance (PERMANOVA) with the “adonis” function in the “vegan” package were performed to examine the effect of growth stage and tillage treatment on AMF community composition. Correlation analysis was performed between each biotic and abiotic variable and AMF community composition at the OTU level (Sunagawa et al., 2015). Spearman correlations were used to examine the relationship between the abundance of dominant genera and each biotic and abiotic variable. Redundancy analysis (RDA) was used to visualize the relationships between environmental variables and soil microbial communities. The “envfit” function in the “vagan” package was used to test the correlation between each biotic and abiotic variable and AMF communities to determine the important environmental variables that can explain the variation in the composition of AMF communities (Lavergne et al., 2020).




3 Results


3.1 Wheat biomass and soil properties

Compared with the elongation stage, AB, BB, soil TN content, soil MBC and MBN content all were significantly higher in the grain filling stage (p < 0.001); The SOC decreased significantly in the grain filling stage (p = 0.002; Table 1). Compared with CT, the NT and SS treatments (both including mulching) were associated with a significant increase in AB, BB, soil pH, SOC, soil TN content, DOC, and soil MBC content, but with a significant reduction in soil AP content (p < 0.05; Table 1). The soil NO3− content and soil MBN content were higher only in the NT treatment than in the CT treatment (p < 0.05; Table 1).



TABLE 1 Wheat above-ground biomass (AB), below-ground biomass (BB), 0–20 cm soil gravimetric water content (SWC), soil pH value, soil organic carbon content (SOC), soil total nitrogen content (TN), soil total phosphorus content (TP), soil NH4+ and NO3− content, soil dissolved organic carbon (DOC), soil available phosphorus content (AP), soil microbial C (MBC) and N (MBN) biomass in response to two crop growth stages and tillage practices.
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3.2 Variation in soil AMF communities

AMF root colonization was significantly influenced by the growth stage (F = 10.87, p = 0.002) and tillage practice (F = 58.47, p < 0.001; Supplementary Figure S1). Root colonization by AMF was significantly more advanced at the grain filling stage than at the elongation stage (p < 0.05; Supplementary Figure S1). AMF root colonization was stronger in both NT and SS (the two tillage treatments with mulch) than in CT at both growth stages (p < 0.05; Supplementary Figure S1).

AMF alpha diversity, as measured by the Chao1 (F = 22.95, p < 0.001), the Observed_species (F = 23.01, p < 0.001), PD_whole (F = 24.64, p < 0.001), and Shannon diversity indexes (F = 34.21, p < 0.001), was significantly higher in the grain filling stage than in the elongation stage (Figure 1). The Chao1, the Observed_species, and PD_whole index were higher in the NT treatment than in the CT treatment at elongation (p < 0.05; Figure 1).

[image: Figure 1]

FIGURE 1
 Responses of the alpha diversity of AMF to different tillage practices at two growth stages. Chao 1 (A); Observed_species (B); PD_whole (C); Shannon (D). Results are reported as the mean ± standard error (n = 6). For each parameter, a different letter indicates a significant difference at the 0.05 probability level (p < 0.05) based on Tukey’s honest test. CT, conventional tillage (n = 6); NT, no tillage with mulch (n = 6); RT, reduced tillage (n = 6); SS, subsoiling with mulch (n = 6).


The PCoA ordination showed that the AMF community composition was clearly different among different tillage practices at elongation based on the Adonis (PERMANOVA) test (R2 = 0.48, p < 0.001; Figure 2A). CT was clearly separated from NT and RT (Figure 2A). Similarly, the PCoA also showed that the AMF community composition was clearly different among different tillage practices for the grain filling stage based on the Adonis (PERMANOVA) test (R2 = 0.34, p < 0.001; Figure 2B). CT was similar to RT, but was clearly separated from NT and SS (Figure 2B).

[image: Figure 2]

FIGURE 2
 Principal coordinate analysis (PCoA) of the dissimilarity of AMF based on the Bray–Curtis distance at elongation stage (A) and grain filling stage (B). CT, conventional tillage (n = 6); NT, no tillage with mulch (n = 6); RT, reduced tillage (n = 6); SS, subsoiling with mulch (n = 6).


During winter wheat development, the following changes occurred in four dominant genera: the relative abundance of Claroideoglomus (p = 0.011), Rhizophagus (p = 0.001), and Entrophospora (p < 0.001) increased, whereas the relative abundance of Funneliformis decreased (p < 0.001; Figure 3). Compared with the CT treatment, the RT treatment significantly increased the relative abundance of Claroideoglomus, while NT and SS decreased the relative abundance of Claroideoglomus (p < 0.05; Figure 3). NT significantly increased the relative abundance of Glomus and Septoglomus (p < 0.05; Figure 3).
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FIGURE 3
 Response of dominant genera to different tillage practices at two growth stages. For each parameter, a different letter indicates a significant difference at the 0.05 probability level (p < 0.05) based on Tukey’s honest test. Shown are the dominant genera: Claroideoglomus (A), Funneliformis (B), Rhizophagus (C), Entrophospora (D), Glomus (E), and Septoglomus (F). CT, conventional tillage (n = 6); NT, no tillage with mulch (n = 6); RT, reduced tillage (n = 6); SS, subsoiling with mulch (n = 6).


Key taxa were shown based on the high betweenness centrality score of the network (Figure 4). The total AMF network was composed of 59 nodes and 81 significant edges at elongation (Figure 4A). The clustering coefficient and the average number of neighbors was 0.752 and 0.638, respectively (Figure 4A). The core groups included the OTU_120, OTU_51, OTU_122, and OTU_67 belonging to the genus Glomus (Figure 4A). Another taxon (OUT_231) belonged to the genus Claroideoglomus. The total AMF network consisted of 81 nodes, and 112 significant edges were detected at grain filling (Figure 4B). The clustering coefficient and the average number of neighbors were 0.849 and 0.661, respectively (Figure 4B). OTU_8, OTU_19, OTU_140, and OTU_175 were characterized as keystone taxa, which belonged to the genus Glomus (Figure 4B). OTU_28 belonged to genus Rhizophagus (Figure 4B).
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FIGURE 4
 Co-occurrence networks of AMF at elongation stage (A) and grain filling stage (B). Only Pearson’s correlation coefficients (r > 0.8 or r < − 0.8 significant at p < 0.05) are shown. Node sizes are proportional to the value of betweenness centrality. Red edges represent positive correlations and green edges represent negative correlations. The colors of the nodes represent the AMF modules.




3.3 AMF community composition was related to wheat biomass and soil environmental variables

The AMF communities were influenced by winter wheat biomass and soil properties (Figure 5). BB, SOC, TN, TP, and DOC were highly correlated with AMF community composition (Figure 5). Spearman correlation showed that significant negative correlations were found for the relative abundance of dominant genera (e.g., Claroideoglomus and Funneliformis) and plant and soil properties, whereas positive relationships were found between dominant genera (e.g., Glomus and Rhizophagus) and plant and soil properties (Figure 6). The redundancy analysis (RDA) showed significant correlations between winter wheat biomass, soil properties and dominant genera under tillage practices at different growth stages (p < 0.05; Figure 7). For dominant genera, the RDA1 and RDA2 explained 41.9 and 27.5% of the variance at the elongation stage, respectively (Figure 7A). At grain filling, the first two axes of the RDA analysis explained 73.9% of the total variance, with RDA1 and RDA2 explaining 59.2 and 14.7% of the variance for dominant genera, respectively (Figure 7B). The envfit function showed that environmental variables explained 64.6 and 71.5% of the differences in dominant genera at different growth stages, respectively (Figures 7C,D). SOC was the primary environmental variable affecting the dominant genera at elongation, whereas TN was the primary variable affecting the dominant genera at grain filling (Figures 7C,D).
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FIGURE 5
 Correlation analysis between measured variables (wheat biomass and soil physicochemical properties) and AMF community composition at the OTU level under elongation stage (A) and grain filling stage (B). Circle colors and sizes represent Spearman’s correlation coefficient (r) values, while *, **, and *** indicate statistically significant differences at p < 0.05, 0.01 ≤ p ≤ 0.05, and p < 0.01, respectively. The color and edge widths of the association lines represent Mantel r values, while red and gray lines represent p < 0.05 and p > 0.05 statistical significance values, respectively.
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FIGURE 6
 The Spearman correlation coefficients between dominant genera and plant and soil properties. Shown are the dominant genera: Claroideoglomus (A), Funneliformis (B), Rhizophagus (C), Entrophospora (D), Glomus (E), and Septoglomus (F). The correlations were derived for above-ground biomass (AB), below-ground biomass (BB), 0–20 cm soil gravimetric water content (SWC), soil pH value, soil organic carbon content (SOC), soil total nitrogen content (TN), soil total phosphorus content (TP), soil NH4 (NH4+) and NO3 (NO3−) content, soil dissolved organic carbon (DOC), soil available phosphorus content (AP), soil microbial C (MBC) and N (MBN) biomass.
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FIGURE 7
 Redundancy analysis (RDA) of AMF dominant genera and environmental variables at elongation stage (A) and grain filling stage (B). The Envfit function was used to identify important environmental variables associated with order under elongation stage (C) and grain filling stage (D). The blue part of the circle diagram represents the degree of explanation of community composition differences by environmental variables, while the gray part represents the part of community structure differences that are unexplained by environmental variables. Significance level is as follows: *p < 0.05.





4 Discussion


4.1 Crop stage affects the AMF composition

The change in the dominant genera during crop growth affected the community composition of AMF. In this study, the change of dominant genera, including Claroideoglomus, Funneliformis, Rhizophagus, Entrophospora, and Glomus, altered the community composition of AMF. In addition, our co-occurrence network demonstrated that changes in network complexity could also explain seasonal changes in AMF community structure. The change in keystone OTUs (belongs to the dominant genera Glomus, Claroideoglomus, and Rhizophagus) related to winter wheat growth stage further influenced AMF community composition. In addition, we also found that the relationships between dominant genera (negative relationship: Claroideoglomus, Funneliformis; positive relationship: Rhizophagus, Entrophospora, Glomus, and Septoglomus) and plant biomass altered AMF community composition. This means that growth dynamics could have mediated the relationship between AMF community structure and tillage practices in our study.

Soil nutrients alter AMF communities at different crop stages (Ma et al., 2019). In our study, the mycorrhizal colonization at grain filling was significantly more advanced than elongation (Supplementary Figure S1). A higher mycorrhizal infection could help plants increase their uptake of nutrients (e.g., N and P), thereby promoting plant growth (Gu et al., 2020; Liu et al., 2022). As a result, the change in wheat yield during different crop stages resulted in alterations in AMF communities.

Our results were consistent with previous studies (Abu-Elsaoud et al., 2017), in which the AMF was able to deliver more nutrients during grain filling due to the high nutrient requirement. In addition, MRT results also indicated that soil nitrogen utilization efficiency (TN and NO3−) played an important role in determining AMF community composition. Moreover, carbon requirements and photosynthetic capacity also affect the community composition of AMF (Louise et al., 2007). Previous studies have shown that the photosynthetic carbon allocation to soil decreased from approximately 10% at elongation to 5% at grain filling in wheat (Sun et al., 2018). In our study, the change of SOC from the elongation stage to the grain filling stage indicated that soil organic carbon affected the AMF community composition. Therefore, the higher SOC at elongation than at grain filling led to the change in the community composition of AMF in our study.



4.2 Long-term tillage shifts AMF composition

Long-term conservation tillage (e.g., NT or SS) increased root mycorrhizal colonization. Our results support that the formation of a high colonization rate is linked to plants with rich roots and rapid growth (Ma et al., 2019). Increased contact between roots and AMF propagules under NT or SS can enhance the ability of plants to provide photosynthetic products to fungi, such as grass root systems. Moreover, the NT or SS did not disrupt or weakly interfere with the hyphal networks and dilution of AMF propagules (Kabir, 2005), which is more beneficial to the symbiosis between plants and AMF. We found that the AMF diversity was significantly increased under NT compared to conventional tillage. The results are in agreement with those of previous studies, in which NT versus conventional tillage markedly changed Chao 1, observed species, and PD_whole of AMF at elongation in a greenhouse experiment in Chile (Aguilera et al., 2021), a field experiment in north China (Hu et al., 2015), and a field experiment in Spain (Gu et al., 2020).

In the present study, significant differences in AMF community structure between conservation tillage (NT and SS) and conventional tillage practices can be attributed to changes in the relative abundance of Claroideoglomus, Glomus, and Septoglomus. The genus Claroideoglomus can be found in dry or extreme habitats (Al-Yahyáei et al., 2022; Ng et al., 2023). Claroideoglomus produces low-radical propagules, which are internal root structures consistent with stress tolerance strategies (Chagnon et al., 2013). As the most abundant genus of AMF across all four treatments, this functional trait may be useful in reducing the impact of abiotic stress factors on the growth of symbiotic plants in conventional tillage practices. In addition, the change in Glomus abundance also affects the community composition of AMF through the differences in network complexity. The higher abundance of Glomus in NT than in CT is attributed to Glomus and may be a legacy of land use due to the tillage history of all experimental plots (Liu et al., 2022). Once conventional tillage practices are suspended, the dominance of highly competitive Glomus species may further increase (Sangabriel-Conde et al., 2015). Our results are also in line with a previous study in Mediterranean agroecosystems (Avio et al., 2013), in which Glomus species were strong indicators of no-till management and were prevalent in no-till soils.

We observed that wheat biomass and soil properties were negatively correlated with the abundance of Claroideoglomus. We attribute the high abundance of Claroideoglomus under CT and RT mainly to the adaptation to scarce resources with stress-tolerant life history traits (Silvani et al., 2017). The positive correlation between wheat biomass and Glomus abundance indicates that NT and SS can promote soil AMF communities by increasing soil fertility, thereby establishing a mutually beneficial symbiotic relationship with wheat plants and gradually increasing wheat yield (Bunn et al., 2015). In addition, higher TP in the NT and SS treatment also agreed with a previous study where higher soil P content was positively correlated with the relative abundance of Glomus and Septoglomus (Song et al., 2019; Liu et al., 2022).




5 Conclusion

Our results indicate that AMF communities change through the increase or decrease of dominant genera effectively buffering the impact of the ecosystem on environmental changes, thereby improving the overall resilience of the dry environment. No significant difference in AMF community was detected between RT and CT, whereas NT and SS significantly changed the AMF community composition at both growth stages. The CT treatment had higher proportions of the genus Claroideoglomus, whereas a higher proportion of the genera Glomus and Septoglomus was found under NT. Our further study confirmed that NT and SS affected the composition of key genera by changing plant biomass and soil characteristics, thereby affecting the AMF community composition. Our results highlight the importance of wheat biomass and soil properties in modulating the AMF communities. NT and SS are proper tillage practices, which may contribute to the development of sustainable agricultural production in Loess Plateau environments.
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The auto parts industry occupies an important strategic position in our national economy, which brings about the pollution problem in the processing of auto parts, particularly in soil polluted by heavy metals. Soil samples were collected from an automobile parts company in Jiaxing, China, and the data were evaluated using the land accumulation index method. The study found that the heavy metal pollution in the downwind direction of the Automobile Parts Co., Ltd. is mainly As, CD, and Zn mixed heavy metal pollution, and the distribution is uneven. The coefficient of variation of As was the largest, and the regional variation amplitude was large. The coefficient of variation of CD, Cr, and Ni is 50%, that of Zn is 39.38%, and that of PB is the lowest. The accumulative index of AS and CD was 6, which was a very serious pollution level. The content of As was 1994.7 mg/kg, exceeding the standard by more than 44 times, and the distribution of As in soil was uneven. The pollution level of Zn is 3, which belongs to the moderate level. The pollution degree of heavy metals in the soil decreases as the distance from the downwind outlet of the plant increases. According to the health risk assessment, the main route of heavy metals entering the body is through the mouth by breathing. Among exposure routes, oral exposure to heavy metals is the most harmful, so we need to pay special attention to farmland soil heavy metal pollution.
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1 INTRODUCTION
Automotive parts are one of the automotive service industries, which have various units that make up the entire automobile and products that serve the automobile, collectively referred to as automotive parts. The upstream of the automotive parts industry includes the production of raw materials, such as steel, plastic, and rubber, whereas the downstream mainly targets the supporting market of the main engine factory and the after-sales service market (Liang et al., 2022). The automotive parts industry has many upstream- and downstream-related industries, particularly upstream, so this industry occupies an important strategic position in China’s national economy. In recent years, with the improvement of the living standards of Chinese residents, small cars have spread throughout every household. However, toxic metals, such as Pb, Hg, Cd6+, and Cr are found in automotive parts (Diwa et al., 2022). Lead is the most commonly used substance in automobiles among the four toxic metals. Lead mainly exists in seven forms in automotive materials, for example, instrument pointers for counterweights, seat belt sensors, and lead used as alloy components (Chen et al., 2019). The main applications of Hg in automobiles are lighting in instrument clusters, fluorescent lamps in cars, and others. Cd6+ can be used as an alloy material or as a coating component.
The harm of lead (Liverpool, 2021). Lead in automotive parts can enter the environment in multiple ways. Lead in automotive parts (1) evaporates into the atmosphere through steam and particles and (2) enters rivers and soil with rainwater after electrochemical corrosion. When people breathe lead-containing air or drink lead-containing water, lead enters the human body, which will lead to chronic lead poisoning.
The harm of mercury (Cheng et al., 2023). Mercury in scrapped car parts can quickly evaporate and enter the atmosphere and also be deposited in rivers and soil through electrochemical corrosion with rainwater. Mercury can enter the alveoli through the human respiratory tract, which can be completely absorbed by the human body. Long-term accumulation will lead to mercury poisoning.
Hazards of hexavalent chromium. The chromium metal in end-of-life auto parts can easily enter rivers and soil with rainwater through electrochemical corrosion, and sodium dichromate–containing hexavalent chromium will corrode sewers. When hexavalent chromium significantly exceeds the standard (Liverpool, 2021; Adotey et al., 2022), it will also lead to lung cancer.
The harm of cadmium. Cadmium metal in scrapped cars enters the atmosphere in the form of particles, and after electrochemical corrosion, it can also enter rivers and soil with rainwater. When people inhale air or consume water and food with a high cadmium content, cadmium metal accumulates in the human body, which can cause cancer over time. Therefore, high-pollution, low-end manufacturing enterprises will not be able to survive, and the development of the automotive parts industry must take the path of energy-saving, green, and sustainable development. Automotive parts contain considerable heavy metals, and waste automotive parts factories should promptly recycle them to avoid secondary pollution.
At present, some scholars have conducted investigations and studies on the heavy metal content in soil (LI et al., 2012; Lu et al., 2012; Shen et al., 2017; Zhao et al., 2017). However, no comprehensive and systematic investigations and studies exist on the heavy metal pollution situation in the soil around automobile parts factories. Hence, our research group systematically explores the current situation of heavy metal pollution in the surrounding agricultural land soil of automobile parts companies. This study also conducts risk assessments using considerable measured data to provide a basis for early warning of soil environmental quality. Starting from evaluating the ecological and environmental effects of heavy metal pollution in soil, this study uses the ground accumulation index and potential ecological hazard index of heavy metals in soil as pollution evaluation indicators to evaluate the level of heavy metal pollution in agricultural soil in the study area. This study contributes to controlling and regulating heavy metals in farmland soil and has guiding significance.
2 MATERIALS AND METHODS
2.1 Overview of the study area
The auto parts company was located in the Jiaxing Asia Pacific Science and Technology Industrial Park, Nanhu District, Jiaxing, Zhejiang Province, in the center of the Yangtze Delta metropolitan area. The downtown of Jiaxing was 25 km or 1 h from Shanghai, Hangzhou, and Suzhou. Zha Jia Su Expressway was connected to 07 km, 01 Provincial Highway through the town and Hangzhou Bay Bridge. The traffic was very convenient. The main business includeed producing and selling key automotive components, metal, and plastic handicrafts for automotive decoration (excluding gold jewelry). This company was a professional production and processing enterprise specializing in designing, researching, and developing key automotive components (excluding engines). The factory covered an area of 2000 m2 and specializes in processing services for various automotive components. The factory not only contributeed to the local economy but also had a significant impact on the surrounding environment. To make reasonable use of land resources and protect human health, this study focused on residents’ health and selects seven typical heavy metals (i.e., Cr, As, Pb, Ni, Cu, Zn, and Cd) for pollution assessment and health risk assessment.
2.2 Sample collection and determination
2.2.1 Soil sampling and pretreatment
In this study, the grid method was used to arrange sampling points to investigate the pollution status of the topsoil in this block, and to determine the distribution of heavy metal pollution concentration in this key block. In addition, further investigation had be conducted on the depth of heavy metal pollution in the soil through additional cross-sectional sampling. Specifically, the southeast downwind area along the perennial wind direction of the factory was 100 m from the edge of the factory. We collected a total of 30 soil samples from top to bottom at vertical depths of 0–10, 10–20, and 20–30 cm, as shown in Figure 1. When sampling, we collected 1-2 kg of soil samples, placed them in a sampling bag, and labeled the sample information and quantity. We brought the samples back to the laboratory and place’d them in a well-ventilated place to dry naturally in the shade. The samples were ground and passed through a 100-m mesh nylon sieve before digestion.
[image: Figure 1]FIGURE 1 | Sampling distribution map.
2.2.2 Soil testing
The method of plate digestion was used to measure the total amount of metals in soil. Ground and sieved soil weighing accurately 0.2000 g was placed in a polytetrafluoroethylene crucible. The soil was wet with several drops of deionized water and added with 10 mL of HCl. Then, the soil was heated on an electric heating plate at medium temperature until it was almost dry, and 5 mL HNO3, 5 mL HF, and 3 mL HClO4 were added. The soil was heated at a high temperature until it was almost dry; if there was any residue left, we repeated adding three acids until the solution in the crucible was clear and transparent. Then, the soil was transferred to a 50-mL volumetric flask for constant volume filtration, and an inductively coupled plasma spectrometer was used to analyze soil elements (Xu et al., 2020). The reagents used in the experiment were of superior purity. Heavy metal content was analysis by ICP-MAS measurement. All experimental samples were soaked in 10% dilute nitric acid overnight and then washed with ultrapure water. Blank and parallel samples were conducted throughout the process as control. The recovery rates of each metal were within the allowable range of national standard reference substances. Detection and quality control methods for heavy metals in soil samples were shown in the reference (Hao, 2010; Heng, 2016).
2.3 Evaluation method
2.3.1 Index of geo-accumulation method
This method was proposed by Muller, a German scientist, and is used to quantitatively evaluate the degree of heavy metal pollution in sediments (LI et al., 2012; Lu et al., 2012). In addition to human pollution factors and environmental geochemical background values, the factors of background value changes caused by natural diagenesis are also considered in the evaluation process (Delplace et al., 2022; Zheng et al., 2023).
Where
[image: image]
in the equation:
[image: image] Is the content of element i in sediment;
[image: image] Is the geochemical background value of this element in the sediment (Kwon et al., 2012; Bábek et al., 2015; Xu et al., 2016; Pojar et al., 2021; Sun et al., 2021; Arisekar et al., 2022; Delplace et al., 2022; Siddique et al., 2023; Zhang et al., 2023);
K is a factor that takes into account possible changes in background values due to differences in rocks in different regions (usually taken as 1.5).
The calculation results are divided into pollution levels according to the evaluation criteria of the index of geo-accumulation (Table 1) (Muller, 1969).
TABLE 1 | Criteria for index of geo-accumulation (Igeo) (Förstner et al., 1993).
[image: Table 1]2.3.2 Human health risk assessment method
Heavy metals in soil pose a threat to human health through three main pathways: direct inhalation of soil dust into the air through oral and nasal breathing; transferred in the food chain, such as through fruits, vegetables, and grains, through contaminated soil; direct skin contact with contaminated soil with heavy metals (Arisekar et al., 2022; Siddique et al., 2023). The industrial process of surface treatment of this metal generates considerable smoke and dust, which is close to farmlands. All three pathways mentioned above may become the main pathways endangering human health. Therefore, in this study, the non-carcinogenic and carcinogenic risk assessments of heavy metals on human health are all included in the model (Goher et al., 2021).
2.3.2.1 Exposure assessment calculation
The amount of pollution ingested by inhaling soil dust through respiration:
[image: image]
Amount of pollution ingested through direct skin contact with soil:
[image: image]
Direct oral intake of soil pollution:
[image: image]
Total exposure:
[image: image]
In the formula, EDIbreathe, EDIskin, and EDI mouth refer to the total amount of pollutants in soil ingested through respiratory inhalation, skin contact, and direct oral intake, respectively, mg/kg per day; CS is the heavy metal content in the soil, mg/kg; IR soil refers to the soil intake rate, m3/d; IR air is the intake rate of air, m3/d; PEF is the soil dust generation factor m3/kg; SA is the skin contact surface area, cm2/d; AF is the skin’s adsorption coefficient, mg/cm2; ABS is the skin absorption rate, %; EF is the exposure frequency, d/a; ED is the exposure period/a; BW is the body mass, kg; AT is the average action time, d.
The environmental risk assessment standards for adults and children are quite different when conducting exposure assessments. Table 2 shows the values of each exposure assessment parameter in this assessment according to China’s site environmental assessment guidelines, the USEPA health risk assessment method, and the actual research conclusions at home and abroad in recent years (Hasanzadeh et al., 2022; Aly-Eldeen et al., 2023; Hou et al., 2023; Jin et al., 2023; Pandion et al., 2023; Siddique et al., 2023; Zheng et al., 2023).
TABLE 2 | The values of exposure parameter (Means, 1989; Palash et al., 2020; Sun et al., 2021).
[image: Table 2]2.3.2.2 Toxicity assessment and risk characterization
Toxicity assessment estimates the relationship between population exposure to pollutants and the likelihood of negative effects (Bandara and Pathiratne, 2023; Ghosh et al., 2023; Wang et al., 2023). Among the six heavy metals studied in this article, Cu, Pb, Cd, and Ni all have non-carcinogenic health risks, and Pb, Cd, and Ni also have carcinogenic risks (Sharma et al., 2022; Zheng et al., 2023). Table 3 presents the non-carcinogenic and carcinogenic toxicity parameters of four heavy metals, that is, Cu, Pb, Cd, and Ni. The non-carcinogenic toxicity parameters are the reference dose (RfDj) of heavy metals under each exposure pathway, and the carcinogenic effect reference number (SF) is the carcinogenic slope factor of Cd and Ni.
TABLE 3 | RfD and SF of heavy metals for different exposure routes (Huang et al., 2022; Jin et al., 2023).
[image: Table 3]Each exposure route has carcinogenic and non-carcinogenic risks. The non-carcinogenic risk level can be calculated by dividing the daily exposure of heavy metals by the chronic reference dose of three routes, namely, oral, skin, and respiratory. The calculation formula is as follows:
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where HI is the total non-carcinogenic risk level of soil heavy metals under three exposure routes: oral, respiratory, and skin contact; HQi represents the non-carcinogenic risk level of different intake pathways; EDIj is the average daily intake of pollutants from different pathways, mg/(kg·d), whereas RfDj is the chronic reference dose for each pathway, mg/(kg·d) (Table 3). When HQi <1 or HI <1, no significant non-carcinogenic health risk exists. When HQi >1 or HI >1, a non-carcinogenic health risk exists, and the higher the value, the more severe the risk.
The level of cancer risk is calculated by multiplying the average daily intake to the entire life cycle by the slope coefficient of carcinogenicity through oral, skin, or respiratory inhalation. The calculation formula is as follows:
[image: image]
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where Riski is the carcinogenic risk index of soil heavy metals under different pathways; (Risk) T is the comprehensive risk index of heavy metal carcinogenesis in soil; EDI is the average daily intake of different pollutants, mg/(kg·d); SFi is the slope coefficient of cancer risk for various pathways, (kg·d)/mg (Table 3). Risk is the carcinogenic health index, usually represented by a certain number of recognized cancer patients. The acceptable risk value of carcinogens defined by the U.S. Environmental Protection Agency is 10−4–10−6, and the risk of cancer incidence in a lifetime exceeds the normal value. When the risk is < 1 × 10−6 h, no risk of cancer exists. When the risk is > 1 × 10−4 h, a risk of cancer exists. Then, when 1 × 10−6 ≤ risk ≤1 × 10−4 h, the risk of cancer is considered within an acceptable range.
3 RESULTS AND DISCUSSION
3.1 Current situation and source analysis of heavy metal pollution
In this survey, the downwind soil around the auto parts company in Jiaxing was collected in three layers, and a total of 30 sampling data were analyzed regionally. According to the average value of the soil in the Hangzhou–Jiaxing–Huzhou Plain as the background value and the standard values of various elements (Meng et al., 2022; Shao-cheng et al., 2023; Xu et al., 2023), specified in the secondary standard of the Soil Environmental Quality Standard GB 15618-1995 (pH < 6.5), the pollution degree of heavy metals can be simply and intuitively displayed by using the multiple of exceeding the standard. The coefficient of variation reflects the interference of human activities on heavy metal content (Xiaogang, 2014). The average values of heavy metal content in the downwind direction of the study area and the heavy metal content at three different sampling depths were measured (Halim, 2023). The objective is to investigate the overall pollution status of heavy metals around Jiaxing Automotive Parts Company and the impact of their location and distance from the pollution source. Table 4; Figure 2 show the results.
TABLE 4 | Heavy metal content of soil at the sampling site of Jiaxing Minhui Auto Parts Co., Ltd.
[image: Table 4][image: Figure 2]FIGURE 2 | Heavy metal content in different soil layer (mg/kg).
Table 4 shows that, compared with the soil environmental quality table issued in 2018, Cd, As, Pb, Cr, Cu, Ni, and Zn have all exceeded the standard, with exceeding rates of 100%, 100%, 63%, 10%, 13%, 57%, and 100%, respectively. Among them, the maximum coefficient of variation of As reached 63.38%, indicating that the distribution of As in the study area is very uneven and that the amplitude changes are significant. Second, the coefficient of variation of Cd, Cr, and Ni also reached 50%, whereas that of Zn was 39.38%. The distribution of several heavy metals was also uneven, whereas the coefficient of variation of Pb was the lowest. Relatively speaking, the distribution was relatively uniform.
Research has shown that heavy metals in soil are not only related to species but also to the relative location and distance of pollution sources. In this study, the As content of sampling points 1, 2, 3, 4, and 5 is particularly high, and these five points are located approximately 1 km below the air outlet of the factory area. On this basis, the closer you are to the factory area, the higher the concentration of heavy metals deposited in the soil. The content of As in all directions and locations exceeds the background value of soil in Jiaxing City (LI et al., 2012; Shen et al., 2017). Moreover, the content of As in the middle layer of 10–20-cm soil reaches the maximum value, with an average exceeding the standard of 79.39 times. This case may be caused by the disordered discharge of arsenic-containing wastewater and the atmospheric sedimentation of exhaust gas generated by the nearby automobile beauty enterprises in the production process. In addition, using organic arsenic pesticides to control rice diseases has caused a large amount of arsenic residue. The simple substance arsenic is non-toxic, and Arsenic compounds are toxic. Trivalent arsenic is approximately 60 times more toxic than pentavalent arsenic. The toxicity of organic arsenic is similar to that of inorganic arsenic. Moreover, long-term inhalation or oral administration in small amounts can lead to chronic poisoning (Li et al., 2023). Meanwhile, breathing arsenic-containing air for 5–10 min can lead to fatal poisoning. The presence of arsenic in agricultural soil is a major environmental and public health issue. Arsenic, an element that occurs naturally, can be introduced into soils by human activities such as mining, pesticide application, and industrial operations. Arsenic, when found in the soil, has the ability to build up in crops, posing a threat to the safety of our food. Prolonged exposure to arsenic through tainted agricultural produce has been associated with many health problems, such as dermatological abnormalities, cardiovascular disorders, and specific types of cancer (Dong-Yan, 2018). Arsenic pollution can cause toxicity in the gastrointestinal tract, liver, and kidneys and induce cancer. Hence, effective measures must be taken to prevent and treat it. In addition to As, the average value of Cd also exceeded 8.54 times, exhibiting the same distribution pattern as As, reaching its peak in the soil layer at 10–20 cm. Cd is a non-biological essential element that can enter the human body through the food chain and accumulate in the body, causing chronic poisoning, liver and kidney damage, and bone metabolism obstruction (Jin et al., 2023). Therefore, special attention is also needed. The exceeding standard rate of Zn reached 100%, which was higher than the soil background value in Jiaxing City. This situation may be due to proximity to highways, vehicle exhaust emissions, forum wear and tear, and corporate exhaust emissions exceeding the standard. Pb and Cu are similar in average bidding multiples, similar to the soil background values of Jiaxing City (Gao et al., 2023; Siddique et al., 2023). Cr has the lowest exceeding standard rate and average exceeding standard multiple among the seven tested heavy metals, which may be related to the layout of drainage channels (Zheng et al., 2023). The dominant wind direction in Jiaxing is southeast wind all year round, and in this study, the overall direction of heavy metal production and enrichment is 100 m southwest rather than in the downwind region. Zhao Renxin et al. (Zhao et al., 2017) concluded that the influence of wind direction on the distribution of heavy metals is not significant. The main reasons for this phenomenon may be threefold: interference from other enterprises’ emissions, interference from agricultural pesticides, and atmospheric sedimentation caused by wind power. The airflow disturbance caused by vehicles traveling to the west of the factory area weakens the role of natural wind direction.
3.2 Index of geo-accumulation
Figure 3 shows the overall evaluation of six heavy metals in the soil around the metal factory using the land accumulation index method and the evaluation results of each metal at different vertical depths.
[image: Figure 3]FIGURE 3 | Soil heavy metal cumulative index vertical distribution of the study area.
From Figure 3, the cumulative index (Igeo) of heavy metals around the metal surface treatment plant is Cd > As > Cu > Zn > Pb > Ni > Cr in descending order. The ground accumulation index of the middle soil layer (10–20 cm) is mostly at a high level, which may be the result of surface infiltration downward. Many deep soil layers (20–30 cm) have a higher ground accumulation index than the surface soil, indicating that the deep soil is also severely polluted. The highest ground accumulation index of As and Cd is above 5.8, and all soils are contaminated with varying degrees of As and Cd. Surface and deep soils are at extremely severe pollution levels. Second, the overall pollution of Cu and Zn is between strong and moderate pollution levels, with a high degree of soil pollution in the layer (10–20 cm). The overall pollution level of Pb is at a moderate level. Compared with other heavy metals, the pollution level of Cr is the lightest. The pollution decreases with the deepening of soil depth, which may be because of the adsorption and diffusion of soil particles (Pandion et al., 2023). As shown in Figure 3, out of the seven heavy metals measured in this study, six are all at a moderate or higher pollution level. Considering their potential harm to surrounding residents, As, Zn, and Cd were selected as risk factors for human health risk assessment.
3.3 Health risk assessment
3.3.1 Exposure assessment analysis
The exposure assessment of As, Zn, and Cd on children and adults on non-carcinogenic days was carried out in this study, and Table 5 shows the results. From Table 5, the intake of heavy metals through oral intake is much higher than that through skin contact and respiratory inhalation. The daily intake of heavy metals in soil through the three pathways is in descending order: EDI through mouth > EDI through skin > EDI through respiration. Children’s intake of heavy metals through oral intake is higher than that of adults, but the content of heavy metals through skin contact and respiratory inhalation is lower than that of adults. The exposure dose reaches its maximum when children ingest As through mouth, 3.05 × 10−3 mg/(kg/d), and the minimum exposure dose appears in children who inhale Cd through breathing, with a minimum value of 2.85 × 10−11 mg/(kg/d). The doses of the other two metals Zn and Cd ingested by mouth, skin contact, and respiratory inhalation in adults are greater than those in children.
TABLE 5 | Dailyexxposure doses of heavy metals in soil mg/(kg d).
[image: Table 5]3.3.2 Healthy risk assessment
In this study, non-carcinogenic daily exposure assessment of three heavy metals, As, Zn, and Cd, to children and adults was carried out, and the results are shown in Table 6. From Table 6, the non-carcinogenic risk index (HQi) of the surrounding soil of Jiaxing Minhui Automotive Parts Company is partially greater than 1. Relatively speaking, the risk of oral intake is the highest, and the non-carcinogenic risk of direct skin contact and respiratory inhalation is relatively small. These results are consistent with the health risk assessment conclusion of heavy metals in subway station dust, which is the research background of Yang Xiaozhi (Yang et al., 2022). The maximum occurrence of HQi is in children’s oral intake of As, with a maximum value of 12.34, whereas the minimum value is the respiratory intake of heavy metal Zn by children, with a minimum value of 7.56 × 10−9. In addition, the doses of Cd and Zn for oral intake, skin contact, and respiratory inhalation in adults are higher than those in children. This result is consistent with the conclusions of the exposure assessment, indicating that the non-carcinogenic risk index is related to the exposure route (Meng et al., 2022). Regardless of the exposure pathway, the non-carcinogenic health risk assessment of As is higher than that of the other two heavy metals. Therefore, As has the greatest potential for carcinogenic health risk, with a total HQi of 12 for non-carcinogenic health risks, followed by Zn. Therefore, the prevention and control of these two elements should be strengthened. In addition, the total non-carcinogenic health risk HQi of Cd for adults and children is less than 1, indicating that these elements do not pose a non-carcinogenic health risk to residents around the factory area. Fadel et al. (Fadel et al., 2022) studied the soil pollution situation around electroplating plants and also found that the carcinogenic risk of As and Cr in the soil was greater than 10−4, which was higher than the maximum acceptable risk level, similar to the results of this study.
TABLE 6 | The index of health risk.
[image: Table 6]The maximum values of the carcinogenic health risk index (RISK) of As for adults and children under the exposure pathway of oral intake are 6.30 × 10−4 and 8.83 × 10−4, with a risk of cancer. The minimum value of the carcinogenic health risk index of Cd is 1.46 × 10−10, occurring in children through respiratory exposure pathways, within an acceptable range of carcinogenic risk. The maximum values of Cd all occur through the oral intake pathway in children, with values of 5.28 × 10−6. Zn does not have a carcinogenic risk. Overall, the total cancer risk index of As through three pathways is relatively high, and risks in children are higher than in adults, which should be highly valued and strengthened for prevention and control. The excessive levels of As may be related to the application of pesticides in farmland or to nearby agricultural companies (Fan et al., 2022; Hou et al., 2023; Shao-cheng et al., 2023). As for Cd, risks in adults are higher than those in children, which is consistent with the results of the non-carcinogenic risk index. The health risk index for cancer caused by oral intake in adults is 5.28 × 10−6, has exceeded the warning value, and if not controlled, will pose a threat to the health of surrounding residents.
4 CONCLUSION

1) Many kinds of heavy metal pollution were detected in the leeward soil of Jiaxing Minhui Auto Parts Factory; the soil was extremely polluted by As and Cd, and the exceeding standard rates are 100% and 37%, respectively. Moreover, the As content can reach 1994.7 mg/kg, exceeding the standard by 34.287 times. Such pollution is unevenly distributed in the soil. The pollution level of Zn is 3, belonging to the moderate pollution level. The average exceeding multiple of Zn is not high, but the exceeding rate reaches 100%. The level of heavy metal pollution in the soil decreases as the distance from the downwind mouth of the factory increases, but some do not follow this pattern. Overall, this area is polluted by a mixture of As, Cd, and Zn, similar to the heavy metal pollution in agricultural soil in Zhejiang Province. The coefficient of variation of As reached 63.38%, possibly because of the use of arsenic-containing fertilizers and pesticides causing metal residues.
2) The conclusion drawn from the ground accumulation index method is that As and Cd pollution is the most severe, with a grading result of 6 levels, belonging to the extremely strong pollution level. Pb, Cu, and Zn are at levels 3, 4, and 3, respectively, belonging to the medium strong pollution level. The ground accumulation index of Cr and Ni is at level 2, belonging to the moderate pollution level. When the distance between the lower air vents in the factory area is close and the pollution level high, the soil in this area is highly polluted with As and Cd, accompanied by moderate to high levels of Pb, Cu, and Zn pollution. Moreover, the relevant parts should be taken seriously, and efforts should be made to address the pollution of heavy metals on the soil to ensure people’s lives and health.
3) The daily intake of heavy metals in the soil through three pathways, in descending order, is EDI through mouth > EDI through skin > EDI through respiration. The non-carcinogenic risk index is related to the exposure pathway. The total carcinogenic risk index of As in the study area through three exposure pathways is relatively high, whereas the carcinogenic harm of Zn is within an acceptable range. However, a potential carcinogenic risk that should be highly valued and prevented already exists.
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Despite extensive research on the impact of warming and nitrogen deposition on soil organic carbon components, the response mechanisms of microbial community composition and enzyme activity to soil organic carbon remain poorly understood. This study investigated the effects of warming and nitrogen deposition on soil organic carbon components in the Tibetan Plateau alpine meadow and elucidated the regulatory mechanisms of microbial characteristics, including soil microbial community, enzyme activity, and stoichiometry, on organic carbon components. Results indicated that both warming and nitrogen deposition significantly increased soil organic carbon, readily oxidizable carbon, dissolved organic carbon, and microbial biomass carbon. The interaction between warming and nitrogen deposition influenced soil carbon components, with soil organic carbon, readily oxidizable carbon, and dissolved organic carbon reaching maximum values in the W0N32 treatment, while microbial biomass carbon peaked in the W3N32 treatment. Warming and nitrogen deposition also significantly increased soil Cellobiohydrolase, β-1,4-N-acetylglucosaminidase, leucine aminopeptidase, and alkaline phosphatase. Warming decreased the soil enzyme C: N ratio and C:P ratio but increased the soil enzyme N:P ratio, while nitrogen deposition had the opposite effect. The bacterial Chao1 index and Shannon index increased significantly under warming conditions, particularly in the N32 treatment, whereas there were no significant changes in the fungal Chao1 index and Shannon index with warming and nitrogen addition. Structural equation modeling revealed that soil organic carbon components were directly influenced by the negative impact of warming and the positive impact of nitrogen deposition. Furthermore, warming and nitrogen deposition altered soil bacterial community composition, specifically Gemmatimonadota and Nitrospirota, resulting in a positive impact on soil enzyme activity, particularly soil alkaline phosphatase and β-xylosidase, and enzyme stoichiometry, including N:P and C:P ratios. In summary, changes in soil organic carbon components under warming and nitrogen deposition in the alpine meadows of the Tibetan Plateau primarily depend on the composition of soil bacterial communities, soil enzyme activity, and stoichiometric characteristics.
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Introduction

The alpine grasslands of the Qinghai-Tibet Plateau encompass approximately 40% of China’s grassland area. This region holds global ecological significance, serving as a repository for unique biodiversity and genetic resources crucial for high-altitude organisms. Additionally, it plays a vital role in providing ecosystem services such as biodiversity maintenance, regulation of nutrient cycling, hydrological function, and carbon storage (Fu et al., 2021). Among the grassland types in this area, alpine meadows are prominent, especially in high-altitude regions, which are particularly susceptible to the effects of climate change (Liu S. B. et al., 2018). Projections indicate that temperatures on the Qinghai-Tibet Plateau are expected to rise by 1.5–2.9°C between 2030 and 2099, with nitrogen deposition averaging 8.7–13.8 kg N ha−1 yr.−1 (Liu X. D. et al., 2009; Pang et al., 2019). Climate warming and nitrogen deposition are intertwined components of global climate change (Sun et al., 2021). Climate warming can escalate the emission of reactive nitrogen into the atmosphere, resulting in lower nitrogen use efficiency and atmospheric pollution (Li et al., 2024). However, the increase in atmospheric reactive nitrogen can directly or indirectly contribute to further climate warming (Ma et al., 2022). Extensive experimentation has demonstrated that climate warming and nitrogen deposition significantly impact the structure and function of grassland ecosystems, leading to declines in biodiversity, alterations in carbon cycling, and changes in grassland multifunctionality (Su et al., 2022).

Soil carbon storage represents the largest carbon reservoir in terrestrial ecosystems, surpassing vegetation and atmospheric carbon reservoirs by 2–3 times (Delgado-Baquerizo et al., 2017). Soil organic carbon constitutes the primary component of soil carbon storage and can be categorized into the biologically active, unstable organic carbon pool, and the long-term stable organic carbon pool based on its decomposition degree and turnover rate (Li et al., 2018). Unstable organic carbon, including labile organic carbon, soluble organic carbon, microbial carbon, and other carbon fractions, plays a crucial role in regulating soil nutrient flow and carbon-nitrogen fluxes (Cong et al., 2020). Minor changes in grassland soil carbon storage, such as increased soil respiration, can significantly impact atmospheric carbon dioxide production, thereby exacerbating global climate warming through positive feedback mechanisms (Nottingham et al., 2020). Therefore, understanding the response of soil organic carbon fractions to warming is crucial for exploring the carbon cycle in grassland ecosystems. Evidence suggests that experimental warming can have negative effects (Wang et al., 2019), positive effects (Zheng et al., 2020), or no effect (Tian et al., 2021) on soil organic carbon fractions. Due to the fundamental coupling of carbon and nitrogen cycles in terrestrial ecosystems, enhanced nitrogen availability can alter ecosystem carbon cycling and accumulation processes (Yang et al., 2011). Previous studies have indicated that nitrogen deposition may increase (Wang et al., 2022), decrease (Zhong et al., 2017), or have no effect on organic carbon content (Balesdent et al., 2000). Variations in grassland vegetation types, nitrogen addition rates, warming magnitudes, and experimental durations can influence soil organic carbon fractions (Lu et al., 2011; Luo et al., 2019). While most previous research on organic carbon fractions has focused solely on individual climatic factors, few studies have investigated the effects of multiple climate factors on organic carbon fractions. Therefore, exploring differences in soil organic carbon fractions in response to nitrogen deposition and warming is a crucial direction for increasing soil carbon storage and reducing greenhouse gas emissions under future climate change conditions.

Soil microbes represent indispensable components of terrestrial ecosystems, fulfilling crucial roles in promoting soil organic matter turnover and enhancing soil nutrient mineralization rates in the soil carbon cycle (Van Der Heijden et al., 2008). Research indicates that under elevated temperatures and nitrogen deposition, soil microbes not only release carbon into the air through heterotrophic decomposition but also metabolize exogenous carbon into certain substances and sequester them in the soil through synthetic processes (Tamura and Tharayil, 2014). Additionally, soil microbes can influence soil aggregate stability by secreting carbon-transforming enzymes (Trivedi et al., 2016). Consequently, any alterations in the diversity, composition, and potential functions of microbial communities may affect the direction of carbon mineralization (Ibrahim et al., 2021). Soil microbial extracellular enzymes serve as potential indicators of microbial function, playing critical roles in the degradation, transformation, and mineralization of soil organic matter in the carbon cycle (Nannipieri et al., 2018). Studies indicate that soil enzymes produced by soil microbes, such as β-glucosidase and β-xylosidase activities, regulate carbon transformation processes by degrading different molecules or depolymerizing large molecular substrates (Duan et al., 2021). Furthermore, nitrogen enrichment and climate warming may disrupt soil element balances, affecting the limited resources available for soil microbial metabolism (Steinweg et al., 2013). Microbial enzyme stoichiometry is recognized as an effective tool for assessing the environmental drivers of microbial metabolism. Research has demonstrated that changes in soil organic carbon induced by warming are associated with microbial enzyme stoichiometry (Stark et al., 2018). Therefore, microbial enzyme stoichiometry plays a pivotal role in controlling soil carbon cycling (Buchkowski et al., 2015). While there is abundant research on the response of soil organic carbon fractions to warming and nitrogen deposition (Ding et al., 2019; Chen et al., 2020), most studies overlook the regulatory mechanisms of soil microbial characteristics on soil carbon fractions.

Investigating the changes in soil organic carbon fractions and their regulatory mechanisms under nitrogen deposition and climate warming in the alpine meadows of the Qinghai-Tibet Plateau is crucial for enhancing our understanding of organic carbon cycling mechanisms in these ecosystems under future climate change. We hypothesize the following: (1) Both warming and nitrogen deposition will significantly affect soil organic carbon fractions, enzyme activity, stoichiometry, microbial diversity, and composition. However, soil enzyme stoichiometry will respond differently to warming and nitrogen deposition. (2) Soil organic carbon fractions will experience distinct impacts from warming and nitrogen deposition, with soil bacterial communities exerting a greater influence than fungi. Additionally, soil enzyme activity and stoichiometry are pivotal in regulating organic carbon composition.



Materials and methods


Study area overview

The study was conducted at the Chengdu Zi Station of the Three-River Source Grassland Ecosystem National Field Scientific Observation and Research Station in Qinghai Province (33° 24′30″N, 97° 18′00″E), situated at an elevation of 4,270 m. The area exhibits a typical plateau continental climate, characterized by an annual average temperature ranging from −5.6°C to 3.8°C and an average annual precipitation of 562.2 mm. The majority of the precipitation, approximately 75% of the annual total, falls during the peak growing season for grasses from July to September. Dominant vegetation species include Kobresia humilis (C.A.Mey ex Trauvt) Serg., Kobresia pygmaea Clarke, Elymus nutans Griseb., and Poa annua L.



Experimental design

The field experiment for this study was conducted in May 2023 within a fenced flat area measuring 50 × 50 m2. Projections suggest that the Qinghai-Tibet Plateau will face additional warming of up to 2.0°C by 2035 and up to 4.9°C by 2100 (Peng et al., 2017). Consequently, the study comprised four temperature treatments (non-warming and three warming treatments) established within plots. Three temperature gradients were created using Open-Top Chambers (OTCs) to mitigate the volume effect (Table 1; Figure 1). Soil and air temperatures were continuously monitored using HOBOS-TMB-M006 Temperature Smart Sensors (HOBO, United States).



TABLE 1 Specifications and performance of warming facility.
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FIGURE 1
 Schematic diagram of warming facility specifications.


Environmental nitrogen deposition on the Qinghai-Tibet Plateau is estimated to be approximately 8 kg N ha−1 yr.−1, predominantly in the form of NH4-N and NO3-N (Zhan et al., 2019). Hence, three nitrogen deposition levels were chosen to simulate future atmospheric N deposition: N0 (0 kg ha−1 yr.−1), N16 (16 kg N ha−1 yr.−1), and N32 (32 kg N ha−1 yr.−1). Ammonium nitrate was utilized to simulate nitrogen deposition during the growing season, dissolved in water, and uniformly sprayed onto the plots, with an equivalent amount of water sprayed in the control. The experiment followed a randomized complete block design, with four replicates in each plot and 12 treatment levels per subplot, including W0N0 (no warming or nitrogen addition, CK), W0N8, W0N32, W1N0, W1N8, W1N32, W2N0, W2N8, W2N32, W3N0, W3N8, and W3N32, resulting in a total of 48 plots.



Sample collection

Sampling was conducted during the plant growing season in August 2023, with samples randomly taken from each treatment within 0.5 × 0.5 m quadrats. From each quadrat, five soil cores with a diameter of 3 cm and a depth of 30 cm were randomly collected. These cores were combined to create one soil sample. Plant roots and stones were eliminated using a 2 mm mesh sieve. The sample was then divided into two subsamples: one stored at −80°C for subsequent microbial analysis, and the other air-dried naturally for determining physicochemical properties.



Soil sample analysis


Soil organic carbon components

Soil organic carbon (SOC) was quantified employing the potassium dichromate oxidation method with external heating. Microbial biomass carbon (MBC) was extracted using the chloroform fumigation method and analyzed using a carbon and nitrogen analyzer. Dissolved organic carbon (DOC) was determined via a TOC analyzer following deionized water extraction. The content of readily oxidizable carbon (ROC) in soil was measured utilizing the potassium permanganate oxidation method with UV spectrophotometry.



Soil enzyme activity and stoichiometry

Enzymes involved in carbon cycling [cellobiohydrolase (CBH), β-xylosidase (βX)], nitrogen cycling [β-1,4-N-acetylglucosaminidase (NAG), leucine aminopeptidase (LAP)], and phosphorus cycling [alkaline phosphatase (AKP/ALP)] were measured using a 96-well microplate fluorescence assay (Peng and Wang, 2016). After incubating soil with substrates for 4 h, 10 μL of NaOH was added to adjust the pH of the reaction mixture for optimal fluorescence values. Fluorescence values were then detected using a multifunctional enzyme analyzer (Tecan Infinite M200, Austria), with excitation and emission wavelengths of 365 nm and 450 nm, respectively. Enzyme activity was expressed as μmol·g−1·h−1. Soil extracellular enzyme C: N, C:P, and N:P stoichiometric ratios were calculated as ln (CBH + βX): ln (NAG + LAP), ln (CBH + βX): ln (AKP/ALP), and ln (NAG + LAP): ln (AKP/ALP), respectively (Xu et al., 2020).




Soil microbial community composition

Approximately 0.5 g of refrigerated soil samples were utilized for total DNA extraction following the manufacturer’s protocol of the DNA extraction kit (Omega Bio-tek, Norcross, GA, United States). The concentration and purity of DNA were assessed using the NanoDrop 2000 spectrophotometer (Thermo Scientific Inc., Waltham, MA, United States). PCR amplification targeting the V3-V4 region of bacterial 16S rRNA (with primers 341F: 5′-CCTACGGGNGGCWGCAG-3′ and 805R: 5′-GACTACHVGGGTATCTAATCC-3′) and the ITS2 region of fungal ITS (with primers ITS-1F: 5′-GTGARTCATCRARTYTTTG-3′ and ITS-2: 5′-TCCTSCGCTTATTGATATGC-3′) was conducted using the ABI GeneAmp®9700 PCR thermal cycler (ABI, CA, United States). The PCR reaction system (20 μL) included 4 μL of 5 × TransStartFastPfu buffer, 0.8 μL of each primer, 2 μL of 2.5 mM dNTPs, 0.4 μL of TransStart FastPfu DNA polymerase, 10 ng of template DNA, and sterilized ddH2O to make up the volume. The PCR program comprised an initial denaturation at 95°C for 3 min, followed by 32 cycles of denaturation at 95°C for 30 s, annealing at 56°C for 30 s, extension at 72°C for 45 s, and a final extension at 72°C for 10 min. Each sample was run in triplicate. PCR products were purified from 2% agarose gels using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States) following the manufacturer’s instructions and quantified using the QuantusTM Fluorometer (Promega, United States). The Illumina NovaSeq 6000 platform was employed for paired-end sequencing (PE250) of 16S and ITS amplicons to generate raw data. To assess sample diversity, clean data were imported into QIIME2 for DADA2-based filtering, quality control, chimera removal, merging of paired-end reads, and denoising to generate amplicon sequence variants (ASVs). For taxonomic classification, the bacterial classifier was trained using the Silva138 99% clustered sequences of the V3-V4 region, while the fungal classifier was trained using the UNITE database (version 8.0). The trained classifiers were then used to assign taxonomic information to the ASVs, resulting in the microbial community composition of each sample.



Statistical analysis

To assess the impacts of warming, nitrogen deposition, and their interaction on soil organic carbon fractions, enzyme activities, and the diversity and richness of soil bacterial and fungal communities, a linear mixed-effects model was employed, with warming and nitrogen deposition as fixed factors and site as a random factor. Furthermore, one-way analysis of variance (ANOVA) with Tukey’s test was utilized to compare differences between nitrogen and warming treatments, with a significance level set at p < 0.05. All results are expressed as mean ± standard deviation. Chao1 and Shannon diversity indices were calculated using Qiime software (Version 1.9.0). Soil microbial beta diversity was assessed using the Anosim test to determine if between-group differences were greater than within-group differences, indicating the significance of grouping. R-values, ranging from −1 to 1, were obtained, with R > 0 indicating greater between-group differences and R < 0 indicating the opposite. Larger |R| values denote greater differences, with p-values indicating the confidence level of statistical analysis (p < 0.05 indicates significance). Canoco 5 was utilized to explore the principal factors affecting soil organic carbon under nitrogen deposition and warming conditions, incorporating soil microbial diversity and composition. A structural equation model (SEM) in SPSS Amos 22 software was employed to establish links among soil enzyme activities, microbial diversity, dominant bacterial phyla, and soil organic carbon fractions under warming and nitrogen deposition conditions. Variables for SEM were selected based on Monte Carlo permutation tests conducted in redundancy analysis, with model fit assessed using CMIN/Df, p-values, goodness-of-fit index (GFI), and root mean square error of approximation (RMSEA) to determine the optimal-fit model.




Results


Soil organic carbon fractions

Warming significantly affects soil organic carbon, readily oxidizable organic carbon content, dissolved organic carbon, and microbial biomass carbon. Similarly, nitrogen deposition also significantly impacts these soil carbon fractions. Moreover, the interaction between warming and nitrogen deposition influences all soil carbon fractions (Figure 2). Compared to the control group (W0), soil organic carbon increased significantly by 1.40 and 9.30% in the W1 and W3 treatments, respectively. Readily oxidizable organic carbon content increased by 1.27% in the W2 treatment, while dissolved organic carbon increased by 9.56% in the W3N0 treatment. Microbial carbon increased by 1.27 and 15.75% in the W2 and W3 treatments, respectively. Similarly, compared to the control group (N0), soil organic carbon increased significantly by 1.40 and 21.59% in the N16 and N32 treatments, respectively. Readily oxidizable organic carbon content increased by 21.18% in the N32 treatment, and dissolved organic carbon increased by 18.92% in the N36 treatment. Microbial carbon increased by 12.48% in the N32 treatment (Figure 2). Notably, soil organic carbon, readily oxidizable organic carbon content, dissolved organic carbon, and microbial carbon reached their maximum values in the W0N32 treatment, whereas microbial carbon peaked in the W3N32 treatment. The proportions of dissolved organic carbon, microbial biomass carbon, and readily oxidizable carbon in total soil organic carbon were significantly influenced by warming, nitrogen deposition, and their interaction. Particularly, readily oxidizable carbon constituted the main part (26.5–18.0%) of soil organic carbon, while dissolved organic carbon comprised the least (0.41–0.21%) (Supplementary Table S1).
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FIGURE 2
 Impact of warming, nitrogen deposition, and their interaction on soil carbon fractions. (A–D) respectively soil organic carbon, readily oxidizable organic carbon content, dissolved organic carbon and microbial biomass carbon. Lowercase letters indicate significant differences among nitrogenlevels within the same warming treatment, whereas uppercase letters denote significant differences among warming treatment nitrogen level (n = 4). W represents the effect of the warming treatment, N represents the effect of the nitrogen treatment, and W*N represents the interaction effect of warming and nitrogen treatment. *p < 0.05; **p < 0.01; ***p < 0.001; ns indicates not significant.




Soil enzyme activity and stoichiometry

Warming significantly affects soil leucine aminopeptidase, soil cellobiohydrolase, soil alkaline phosphatase, soil β-1,4-N-acetylglucosaminidase, and soil β-xylosidase, while nitrogen deposition also significantly impacts these enzyme levels (Figure 3). Compared to the control group (W0), soil leucine aminopeptidase increased by 36.81, 7.10, and 8.97% in the W1, W2, and W3 treatments, respectively. Soil cellobiohydrolase increased by 11.42% in the W1 treatment, while soil alkaline phosphatase increased by 24.73% in the W1 treatment. Soil β-1,4-N-acetylglucosaminidase increased by 55.57, 22.34, and 32.13% in the W1, W2, and W3 treatments, respectively, and β-xylosidase levels increased by 52.68, 18.90, and 20.81% in the W1, W2, and W3 treatments, respectively. Similarly, compared to the control group (N0), soil leucine aminopeptidase increased by 10.13% in the N32 treatment, while soil cellobiohydrolase increased by 4.09 and 54.62% in the N16 and N32 treatments, respectively. Soil alkaline phosphatase increased by 27.10 and 23.18% in the N16 and N32 treatments, respectively, and soil β-1,4-N-acetylglucosaminidase increased by 16.20 and 3.20% in the N16 and N32 treatments, respectively. Additionally, the interaction between warming and nitrogen deposition significantly influences soil enzyme activity, with soil leucine aminopeptidase reaching its maximum in the W1N0 treatment, while soil cellobiohydrolase and soil alkaline phosphatase reach their peak levels in the W0N32 treatment. Soil β-1,4-N-acetylglucosaminidase reaches its maximum in the W2N32 treatment, and β-xylosidase levels peak in the W1N16 treatment.
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FIGURE 3
 Impact of warming and nitrogen deposition on soil enzyme activity. (A–E) Extracellular enzyme activities related to carbon, nitrogen, and phosphorus (soil leucine aminopeptidase, soil cellobiohydrolase, soil alkaline phosphatase, soil β-1,4-N-acetylglucosaminidase, and β-xylosidase). (F–H) Soil enzyme stoichiometry (C: N, C:P, and N:P). Values represent the mean ± standard error of the mean for replicated plots (n = 4). Duncan’s test indicates significant differences, where different lowercase letters denote significant differences at the same warming level with different nitrogen levels, and different uppercase letters denote significant differences at the same nitrogen level with different warming treatments (p < 0.05). W: effect of warming treatment; N: effect of nitrogen treatment; W*N: interaction effect of warming and nitrogen treatments. Asterisks indicate significant differences at different levels (***p < 0.001).


Both warming and nitrogen deposition significantly influence soil enzyme C: N, C:P, and N:P ratios. Compared to the control group (W0), soil enzyme C: N ratios decreased significantly by 5.69, 11.69, and 4.73% in the W1, W2, and W3 treatments, respectively, while soil enzyme N:P ratios increased significantly by 2.47, 4.63, and 4.26%. Soil enzyme C:P ratios also decreased significantly by 3.37 and 7.60% in the W1 and W2 treatments, respectively. Similarly, compared to the control group (N0), soil enzyme C: N ratios increased significantly by 2.30 and 9.77% in the N16 and N32 treatments, respectively, while soil enzyme N:P ratios decreased significantly by 8.36 and 4.59%. Additionally, the interaction between warming and nitrogen deposition significantly influences soil enzyme carbon, nitrogen, and phosphorus stoichiometry. Soil enzyme C: N and C:P ratios reach their maximum in the W0N32 treatment, while the soil enzyme N:P ratio reaches its peak in the W2N16 treatment (Figures 3F,G,H).



Soil microbial diversity and composition

To elucidate the differences in soil microbial diversity and community, we investigated bacterial and fungal diversity and community composition across various levels of warming and nitrogen deposition. Under warming treatment, both the bacterial Chao1 index and Shannon index exhibited significant increases (p < 0.05) (Supplementary Figures S1A,B). Specifically, there were notable increases of 2.65 and 0.56% in the W1 treatment, 12.71 and 4.44% in the W2 treatment, and 26.88 and 5.37% in the W3 treatment, respectively. In the N32 treatment, the bacterial Chao1 index and Shannon index increased significantly by 2.30 and 1.25%, respectively. Moreover, the interaction between warming and nitrogen deposition significantly affected the soil bacterial Chao1 index. However, there were no significant changes in the fungal Chao1 index and Shannon index with warming and nitrogen addition (Supplementary Figures S1C,D). ANOSIM results with R > 0 indicate that inter-group differences surpass intra-group differences, with p < 0.05 denoting statistical significance. This implies that both warming and nitrogen deposition exert significant influence on soil microbial community structure (Supplementary Figures S2).

Differences in bacterial community composition are evident under warming and nitrogen deposition (Figure 4A). The dominant phyla of soil bacteria include Acidobacteriota, Proteobacteria, and Bacteroidota. With warming, the relative abundance of Acidobacteriota declined by 8.40–30.10%, whereas Proteobacteria increased from 16.42 to 21.12%, and Bacteroidota increased by 10.44–20.04%. Under nitrogen deposition, the relative abundance of Acidobacteriota decreased by 4.68–7.37%, while Proteobacteria increased from 16.42 to 18.30%, and Bacteroidota increased by 7.09–13.40%. The dominant phyla of soil fungi were Ascomycota, Basidiomycota, and Mortierellomycota (Figure 4B). With warming, the relative abundance of Ascomycota decreased by 21.14–24.34%, while Basidiomycota increased from 13.91 to 41.48%. The relative abundance of Mortierellomycota decreased by 57.46–74.09%. Under nitrogen addition, the relative abundance of Ascomycota initially increased followed by a decrease, Basidiomycota initially decreased followed by an increase, while the relative abundance of Mortierellomycota gradually decreased.
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FIGURE 4
 The composition of soil microbial community structure on phylum level under different treatments. (A) The situation of soil bacteria. (B) The situation of soil fungal.




Linkages between soil microbial community, enzyme activity, and carbon fractions

Redundancy analysis (RDA) results reveal that 57.89% of soil carbon fractions can be elucidated by soil enzyme activity (Figure 5A). Notably, factors such as C/P, S-LAP, S-AKP/ALP, βX, S-NAG, and N/P significantly influence soil organic carbon (Table 2). Furthermore, soil microbial community diversity and structure account for 38.79% of soil organic carbon dynamics (Figure 5B). Within the top 10 microbial taxa at the phylum level, Gemmatimonadota, unidentified, Crenarchaeota, and Nitrospirota emerge as pivotal microbial groups (Table 2).
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FIGURE 5
 Redundancy analysis of soil microbial community and enzyme activity regarding organic carbon dynamics. (A) Redundancy analysis illustrating the correlation between enzyme activity and organic carbon dynamics. SOC, ROC, DOC, and MBC denote soil organic carbon, readily oxidizable carbon, dissolved organic carbon, and microbial biomass carbon, respectively. S-LAP, SCBH, S-AKP/ALP, S-NAG, and cc represent soil leucine aminopeptidase, soil cellobiohydrolase, soil alkaline phosphatase, soil β-1,4-N-acetylglucosaminidase, and β-xylosidase, respectively. (B) Redundancy analysis demonstrating the association between soil microbial community and organic carbon dynamics. Unide, Gemma, Crena, Nitros, BC, Chlor, Verru, Ascom, Bacter, Chytr, FC, FS, Entor, Morti, Rozel, Aphel, Acido, Mucor, Firmi, Prote, Actin, Glome, BS, Basid represent unidentified, Gemmatimonadota, Crenarchaeota, Nitrospirota, Bacteria chao, Chloroflexi, Verrucomicrobiota, Ascomycota, Bacteroidota, Chytridiomycota, Fungus chao, Fungus Shannon, Entorrhizomycota, Mortierellomycota, Rozellomycota, Aphelidiomycota, Acidobacteriota, Mucoromycota, Firmicutes, Proteobacteria, Actinobacteria, Glomeromycota, Bacteria Shannon, Basidiomycota.




TABLE 2 Monte Carlo permutation test results for redundancy analysis.
[image: Table2]

The results of the structural equation model indicate that changes in soil carbon fractions are directly and indirectly influenced by nitrogen deposition, warming, soil enzyme activity, and soil microbial composition (Figure 6A). Climate warming has a significant positive effect on Gemmatimonadota, Nitrospirota, and N/P ratio, while it negatively impacts soil carbon fractions. Conversely, nitrogen deposition negatively affects LAP but positively influences soil carbon fractions. In summary, climate warming and nitrogen deposition alter soil microbial composition (such as Gemmatimonadota, and Nitrospirota), thereby affecting soil microbial enzyme activity (including S-AKP/ALP, βX) and enzyme stoichiometry (N/P ratio, C/P ratio), ultimately leading to changes in soil carbon fractions. The main factors influencing soil carbon fractions under climate warming and nitrogen deposition include S-AKP/ALP, enzyme N/P ratio, nitrogen deposition, enzyme C/P ratio, and βX. The direct effects of temperature increase and nitrogen deposition on soil organic carbon are −0.17 and 0.17, respectively (Figure 6B).
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FIGURE 6
 Structural equation model analysis of soil enzyme activity and microbial community on organic carbon under warming and nitrogen deposition. (A) Schematic representation of the structural model (Created with MedPeer.com). Green, red, and black colors indicate positive, negative, and no effects, respectively. Asterisks denote significance at probability levels of p < 0.01 and p < 0.001 (represented as ** and ***). (B) Direct and indirect effects of different factors on soil organic carbon fractions.





Discussion


Impact of warming and nitrogen deposition on soil organic carbon fractions

This study illustrates that nitrogen deposition fosters an increase in soil organic carbon, consistent with findings in the Qinghai-Tibetan Plateau (Xiao et al., 2020) and the Yellow River Delta region (Qu et al., 2020). Nitrogen addition stimulates plant growth and microbial decomposition in nitrogen-limited environments, thereby influencing soil microbial communities and plant decomposition patterns, ultimately affecting soil organic carbon retention (Frey et al., 2013). Temperature is a critical limiting factor in high-altitude ecosystems (Duan et al., 2019). Our study found that warming increases soil organic carbon. Other studies have shown that changes in microbial community structure induced by warming can promote carbon release (Chen et al., 2021). This is mainly due to plant inputs, such as rhizosphere exudates and litter, being significant pathways for soil organic carbon formation. Research suggests that enhanced nitrogen availability can amplify warming’s effects on microbial-mediated litter and organic matter decomposition (Chen et al., 2017b). In our study, soil organic carbon reached its maximum in the W0N32 treatment, indicating that the response of soil organic carbon to nitrogen deposition and warming is not simply additive. A comprehensive assessment of various climatic factors is crucial for understanding changes in soil carbon storage.

Soil microbial biomass carbon serves as an indicator of the microbial biomass involved in decomposition processes and is considered a reliable indicator of soil nutrient cycling potential (Fan et al., 2021). This study demonstrates that elevated temperature and nitrogen deposition significantly influence soil microbial biomass carbon, reaching its peak in the W3N32 treatment. This suggests that warming and nitrogen deposition increase the availability of nutrients in the soil, creating a favorable environment for microbial survival and promoting microbial growth and metabolism, thereby enhancing soil microbial biomass carbon (Chen et al., 2014). Soil-dissolved organic carbon, the most readily utilizable portion of carbon substrates for microbes, is crucial for microbial metabolic maintenance (Fungo et al., 2017). Studies have shown that warming can increase soil dissolved organic carbon by boosting the production of dissolved organic compounds by plants or microbial communities (Bai et al., 2020). Conversely, excessive nitrogen addition can reduce aboveground biomass and microbial activity, impairing microbial decomposition of litter, and leading to a decrease in soil dissolved organic carbon (Zhong et al., 2015). In our study, we found that soil dissolved organic carbon reached its maximum in the W0N32 treatment. This is primarily because nitrogen addition increases plant biomass, with plant residues and secretions being the main sources of soil dissolved organic carbon. Additionally, nitrogen addition promotes plants to provide carbon sources for soil microbes, enhancing microbial activity in the soil, thereby accelerating the decomposition of plant residues, releasing more nutrients, improving soil structure, and promoting soil dissolved organic carbon (Yang et al., 2016). The migration and transformation of soil readily oxidizable organic carbon content also play a crucial role in carbon cycling in grassland ecosystems (Liu F. et al., 2018; Liu H. Y. et al., 2018). Our study found that soil readily oxidizable organic carbon content reached its maximum in the W0N32 treatment, and soil readily oxidizable organic carbon content is the main component of soil organic carbon. A higher ROC/SOC ratio indicates stronger soil organic carbon activity, while a lower ratio indicates more stable soil (Han et al., 2022). Since soil readily oxidizable organic carbon content is mostly composed of recently fallen plant residues, nitrogen addition promotes the decomposition of surface litter by soil microbes, accelerating soil organic carbon turnover rates (Liu F. et al., 2018; Liu H. Y. et al., 2018).



Impact of warming and nitrogen deposition on soil enzyme activity and stoichiometry

Soil enzymes play a crucial role in regulating key processes such as microbial decomposition of organic matter and soil nutrient cycling (Liu et al., 2021). Previous studies have consistently demonstrated the positive effects of nitrogen addition on C-acquiring, especially β-glucosidase (BG), and P-acquiring, particularly alkaline phosphatase (AP), and hydrolases (Xiao et al., 2018). Our study also observed significant increases in β-xylosidase activity and soil AP in response to nitrogen addition, suggesting that nitrogen stimulates microbial demand for carbon and phosphorus (Yang et al., 2022). Furthermore, nitrogen addition enhances the activity of nitrogen-acquiring enzymes, such as soil leucine aminopeptidase and soil N-acetylglucosaminidase. However, it has been documented that nitrogen addition significantly reduces the activity of soil microbial enzymes involved in carbon, nitrogen, and phosphorus acquisition, thereby impeding the transformation of chemical elements and the decomposition and release of nutrients in the soil (Li et al., 2021). Consequently, the response of soil enzyme activity to nitrogen deposition is multifaceted and should take into account soil nutrient status, microbial conditions, nitrogen addition forms, plant community composition, and grassland type (Margalef et al., 2021).

Elevated temperature also impacts soil enzyme activity in various ways. Firstly, it promotes the binding of soil enzymes to substrates, thereby altering their activity. Secondly, temperature influences the mineralization of soil organic matter, accelerates litter decomposition, and induces changes in microbial communities, indirectly affecting enzyme activity (Morrison et al., 2019). Our study observed significant effects of warming on soil leucine aminopeptidase, soil cellobiohydrolase, soil alkaline phosphatase, soil β-1,4-N-acetylglucosaminidase, and β-xylosidase. Prior research has also noted increased activities of β-glucosidase (βG) and cellobiohydrolase (CBH) under elevated temperatures (Jiang et al., 2018). This can be attributed to the facilitation of microbial mobility, nutrient movement, and enzyme-substrate binding in soil solutions under higher temperatures, provided there is sufficient water availability (Alvarez et al., 2018). Studies have shown that the interaction between temperature and nitrogen addition significantly enhances the activity of soil acid phosphatase (aG), βG, CBH, and alkaline phosphatase (ACP) (Huang et al., 2022). In our investigation, β-xylosidase and soil alkaline phosphatase peaked in the W0N32 treatment, while soil N-acetylglucosaminidase reached its maximum in the W2N32 treatment. Additionally, minimal or insignificant changes in soil phosphatase, urease, and β-glucosidase activity have been reported due to climate warming (Pold et al., 2017; Souza et al., 2017). Furthermore, elevated temperatures exacerbate transpiration, leading to reduced soil moisture content, which hampers the effectiveness of soil enzyme substrates (Liu W. X. et al., 2009). This indicates that different enzymes have distinct optimal temperature ranges, with excessively high temperatures causing denaturation and excessively low temperatures reducing activity.

Ecological enzyme stoichiometry, derived from soil carbon, nitrogen, and phosphorus extracellular enzyme activities, serves as a valuable tool for elucidating microbial resource constraints across various ecosystems (Xu et al., 2022). Our findings reveal that nitrogen deposition leads to a significant increase in soil enzyme C: N ratios, coupled with a notable decrease in soil enzyme N:P ratios. This trend suggests that warming and nitrogen deposition exacerbate microbial phosphorus limitation (Ma et al., 2020). The intensified microbial phosphorus limitation is linked to nitrogen addition fostering plant growth, consequently heightening plant demand for and uptake of phosphorus, thereby intensifying nutrient competition between plants and microbes (Liu et al., 2022). Concurrently, increased soil temperature modifies soil nutrient turnover and microbial activity, consequently influencing soil extracellular enzyme stoichiometry. Specifically, our results indicate that under warming conditions, soil enzyme C: N and C:P ratios exhibit significant decreases, while soil enzyme N:P ratios register significant increases. This pattern arises from elevated temperatures accelerating cell membrane maintenance and lipid turnover, thereby augmenting microbial demand for nitrogen and phosphorus (Fang et al., 2016). Moreover, our study demonstrates that soil enzyme C: N and C:P ratios peak in the W0N32 treatment, while soil enzyme N:P ratios reach their maximum in the W2N16 treatment. This phenomenon may stem from soil microbial communities adjusting their extracellular enzyme production to achieve chemical stoichiometric balance in response to changes in nutrient availability. To maintain elemental stability, microbes can flexibly modulate the production of their extracellular enzymes by maximizing the mobilization of substrates abundant in limiting elements (Mooshammer et al., 2014).



Impact of warming and nitrogen deposition on soil microbial composition and structure

Microorganisms play a pivotal role in ecosystem functions, including soil nutrient cycling and organic matter decomposition (Luo et al., 2020). This study illustrates the influence of warming and nitrogen deposition on soil bacterial community diversity, as measured by Shannon and Chao1 indices, while soil fungal diversity remains largely unchanged. These findings suggest that bacterial communities undergo sustained alterations under climate change, whereas soil fungi exhibit relative stability. This phenomenon can be attributed to two main factors: (1) Direct modification of soil microbial community composition by climate warming, driven by the diverse optimal growth temperatures of different microbial species (Fukasawa, 2018). (2) Indirect impacts of warming and nitrogen deposition on plant communities and soil nutrient status, thereby influencing soil microbial community diversity (Liu F. et al., 2018; Liu H. Y. et al., 2018). Bacteria and fungi demonstrate variations in metabolic adaptability, resulting in diverse impacts on soil microbial activity (Begum et al., 2019).

Research indicates that nitrogen addition can lead to a decrease in the abundance of specific bacterial phyla, including Actinobacteria, Proteobacteria, and Acidobacteria (Freedman et al., 2016). According to the oligotrophic symbiotic nutrition theory, symbiotic taxa exhibit high nutrient requirements and growth rates, whereas oligotrophic taxa can survive in environments with low organic carbon availability (Xie et al., 2019). Acidobacteria are recognized as oligotrophic microbes, while Proteobacteria are categorized as copiotroph microbes (Fierer et al., 2007). In this investigation, both nitrogen addition and temperature elevation resulted in a decreased abundance of Acidobacteriota and an increased abundance of Proteobacteria. Consequently, the ratios of oligotrophic to copiotrophic (o: c) and acidobacteria to proteobacteria (a: P) remained unchanged under warming and nitrogen treatments. This study reveals that both warming and nitrogen deposition significantly diminished the relative abundance of Mortierellomycota but had no discernible impact on soil fungal microbiota. Previous research has similarly indicated that warming did not affect soil fungal diversity but did reduce the complexity of soil fungal communities (Yu et al., 2024). Nitrogen enrichment can also influence soil microbial community structure, although its effects on diversity and abundance are minimal (Wang et al., 2023). These findings suggest that the response of soil microbial communities to the altered soil environment resulting from climate warming and nitrogen deposition is intricate (Mitchell et al., 2015).



Impact of soil microbes and enzyme activity on carbon composition under climate warming and nitrogen deposition

Soil microbes represent a significant portion of global biodiversity and play essential roles in carbon sequestration, organic matter decomposition, and nutrient cycling (Luo et al., 2020). Their extracellular enzymes are pivotal in regulating the rate of organic matter decomposition (Yang et al., 2022). Studies have shown that elevated soil temperatures can enhance the activity of soil N-acetylglucosaminidase and alkaline phosphatase by altering the microbial community composition, thus influencing soil carbon decomposition and transformation (Zhou et al., 2013). The findings of this study reveal that climate warming and nitrogen deposition reshape soil microbial composition, notably affecting soil microbial enzyme activity, such as AKP/ALP and βX, and enzyme stoichiometry, including the N/P ratio and C/P ratio, consequently altering soil carbon composition. This is attributed to the selection of different soil microbial communities under climate warming and nitrogen deposition, which further reshapes soil ecosystem processes and functions (Li et al., 2018). Enzymes related to carbon, nitrogen, and phosphorus are primarily produced by microbes, and variations in microbial quantity and types can lead to changes in enzyme activity levels. Elevated extracellular enzyme activity levels can degrade both unstable and recalcitrant carbon substances, thereby influencing the biotransformation processes of organic carbon (Sardans et al., 2017).

This study reveals that soil organic carbon composition significantly decreases with climate warming, attributed to changes in microbial community composition or substrate utilization efficiency, accelerating microbially mediated organic matter degradation and reducing soil organic carbon content (Chen et al., 2017a). Additionally, soil organic carbon composition is directly influenced by nitrogen. This is due to two main reasons: firstly, nitrogen can enhance soil organic carbon accumulation by promoting plant growth, increasing litterfall, and inhibiting microbial degradation of soil organic matter (Xia et al., 2017). Secondly, the nitrogen addition threshold for grasslands on the Qinghai-Tibet Plateau is 272 kg N ha−1 year−1 (He et al., 2024). Studies indicate that nitrogen inputs below this critical level can suppress soil respiration by inhibiting soil microbial growth, reducing root biomass, and litter decomposition, thus fostering soil carbon sequestration (Xiao et al., 2021). Therefore, nitrogen inputs ranging from 16 to 32 kg N ha−1 year−1 may promote carbon sequestration in alpine meadows on the Qinghai-Tibet Plateau.




Conclusion

Both climate warming and nitrogen deposition significantly increased soil organic carbon components, including organic carbon content, readily oxidizable carbon, dissolved organic carbon, and microbial biomass carbon. Moreover, soil enzyme activity, such as Soil Cellobiohydrolase, β-1,4-N-acetylglucosaminidase, leucine aminopeptidase, and alkaline phosphatase, was enhanced under these conditions. Similarly, soil bacterial diversity, as indicated by the Chao1 index and Shannon index, also showed significant increments. Additionally, climate warming led to a decrease in the soil enzyme C: N ratio and C:P ratio, while increasing the soil enzyme N:P ratio. Conversely, nitrogen deposition resulted in a significant increase in the soil enzyme C: N ratio and a decrease in the soil enzyme N:P ratio. The soil organic carbon components were directly influenced by the negative impact of climate warming and the positive impact of nitrogen deposition. Furthermore, climate warming and nitrogen deposition altered soil bacterial, particularly Gemmatimonadota, and Nitrospirota, leading to a positive impact on soil enzyme activity, particularly soil alkaline phosphatase and β-xylosidase, and enzyme stoichiometry, including C:P and N:P ratios.
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Conservation tillage facilitates the accumulation of soil organic carbon fractions by affecting the microbial community in an eolian sandy soil
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Conservation tillage (CT) is an important agronomic measure that facilitates soil organic carbon (SOC) accumulation by reducing soil disturbance and plant residue mulching, thus increasing crop yields, improving soil fertility and achieving C neutrality. However, our understanding of the microbial mechanism underlying SOC fraction accumulation under different tillage practices is still lacking. Here, a 6-year in situ field experiment was carried out to explore the effects of CT and traditional tillage (CK) practices on SOC fractions in an eolian sandy soil. Compared with CK, CT increased the particulate OC (POC) content in the 0–30 cm soil layer and the mineral-associated OC (MAOC) content in the 0–20 cm soil layer. Moreover, tillage type and soil depth had significant influences on the bacterial, fungal and protistan community compositions and structures. The co-occurrence network was divided into 4 ecological modules, and module 1 exhibited significant correlations with the POC and MOC contents. After determining their topological roles, we identified the keystone taxa in the network. The results indicated that the most common bacterial taxa may result in SOC loss due to low C use efficiency, while specific fungal (Cephalotrichum) and protistan (Cercozoa) species could facilitate SOC fraction accumulation by promoting macroaggregate formation and predation. Therefore, the increase in keystone fungi and protists, as well as the reduction in bacteria, drove module 1 community function, which in turn promoted SOC sequestration under CT. These results strengthen our understanding of microbial functions in the accrual of SOC fractions, which contributes to the development of conservation agriculture on the Northeast China Plain.
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1 Introduction

Soils are the largest carbon (C) pool in the global terrestrial system and contain more than 2,500 Gt of C (Banerjee et al., 2016). Global soil organic carbon (SOC) dynamics immensely influence soil productivity, greenhouse gas emissions and C neutrality (Tang et al., 2019; Duan et al., 2023). In agroecosystems, tillage practices are regarded as crucial agronomic regimes that mediate SOC sequestration and depletion processes (Topa et al., 2021). Traditional agricultural practices involve frequent tillage to accomplish achieve high crop productivity (Zhang et al., 2019). However, high-intensity tillage not only decreases crop productivity but also leads to reduced soil fertility and sustainability and results in the loss of other agroecosystem services, causing soil erosion, water shortages or biodiversity decline (Raus et al., 2016). Hence, abundant attempts have been made to transition from traditional tillage to conservation tillage (CT) to increase the soil C stock of agroecosystems in recent years. In particular, CT practices, such as no-tillage or reduced-tillage, may minimize the degree and frequency of tillage passes and maintain an adequate soil surface covered with residues to reduce soil physical disturbance and increase the soil C sink capacity (Pearsons et al., 2023). Nevertheless, contrasting tillage practices cause changes in resource availability in the topsoil and subsoil, which leads to differences in SOC formation (Angers and Eriksen-Hamel, 2008). Therefore, elucidating the SOC sequestration mechanisms that occur under different tillage practices and at different soil depths is crucial for maintaining soil health and facilitating agroecosystem services.

Overall, the input of exogenous organic materials (i.e., manure and crop residues) is an essential prerequisite for SOC accumulation (Lehmann and Kleber, 2015). Many expert researchers have confirmed that the mechanisms underlying SOC accumulation are commonly attributed to physical protection by aggregates and chemical stabilization by soil minerals (Six et al., 2004). Correspondingly, semidecomposed exogenous large organic biopolymers are readily encapsulated by aggregates and form particulate organic carbon (POC); as biopolymers further decompose, the C monomers tend to be adsorbed by mineral surfaces and become mineral-associated organic carbon (MAOC) (Bastian et al., 2009; Herath et al., 2014). There is nearly a consensus regarding the disruption of topsoil aggregates due to frequent tillage, which leads to the loss of POC (Hewins et al., 2017). These conclusions also reflect the potential of using CT to increase SOC sequestration in agroecosystems. Several previous studies also suggested that traditional tillage practices involving straw return can transport crop residues to the subsoil, thus contributing to the accumulation of SOC in the subsoil to some extent (Zhang et al., 2013). This contradiction also illustrates the complexity of enhancing soil fertility through tillage practices. Achankeng and Cornelis (2023) found that climate, soil texture, rotation pattern, and crop type are all crucial factors to be considered under different tillage treatments in a meta-analysis, which increases the challenge for researchers in optimizing tillage practices. Therefore, to date, we still lack a comprehensive understanding of the direct associations between tillage practices and SOC fractions.

Soil microorganisms play an important role in SOC formation (Cotrufo et al., 2013; Sarker et al., 2018). Generally, when plant residues are applied, soil animal- and meso-fauna-driven fragmentation constitute the first stage of straw degradation (Gessner et al., 2010). Subsequently, bacteria and fungi successively regulate further degradation processes due to changes in C and N availability in the substrate (Wang et al., 2021). In the early stage of decomposition, adequate amounts of labile straw C and nitrogen can sustain bacterial proliferation (Huang et al., 2017). With continuous plant decomposition, the microbial community synchronously undergoes succession. Fungi may be the dominant decomposers due to their potent ability to utilize recalcitrant straw components (Clemmensen et al., 2015). Therefore, many scholars consider the ratio of bacteria to fungi to be an important indicator of the straw decomposition process (Li J. W. et al., 2020; Zhao et al., 2021). Moreover, microbial diversity and module community was the key drivers of SOC turnover. Previous study found that bacterial, fungal protistan richness was significantly correlated with carbon use efficiency, microbial biomass carbon, microbial respiration and growth rate, which changed the SOC turnover process (Ma et al., 2024). Soil microbial module community also played an important role in influencing SOC. Numerous studies have demonstrated that the core microbial module community was involved in maintaining the stability of soil microbial function, promoting soil nutrient cycling and SOC accumulation; while the keystone species were the core to achieve them (Shi et al., 2020; Jiao et al., 2022). Therefore, keystone taxa-driven the changes of microbial module communities and diversity are pivotal factors leading to SOC turnover. In particular, soil bacterial and fungal communities are extremely sensitive to tillage practices. Li Y. et al. (2020) reported that, compared with traditional tillage, minimum tillage increases fungal biomass and bacterial diversity, which may further influence residue decomposition. However, as major members of the soil microbiome, protists drive plant residue decomposition, and microbial community regulation has rarely been included in microbiome analyses associated with SOC fraction turnover (Geisen and Bonkowski, 2018). Specific protozoan taxa participate in aggregate formation and SOC turnover. According to the report of Pellegrino et al. (2021), CT increased the abundance of Alveolata and Cercozoa, which contributed to SOC accumulation by reshaping soil aggregates. Additionally, the top-down control of protists in the soil microfood web demonstrated great potential for influencing SOC turnover (Gao et al., 2019). Therefore, a thorough empirical understanding of the microbial roles (including bacterial, fungal and protist roles) in SOC fraction sequestration under different tillage practices has not been achieved.

To bridge these gaps, eolian sandy soil located in the Northeast Plain, the largest grain-producing area in China, was selected as the research object. In recent years, the Northeast Plain has been facing continuous depletion of SOC stocks since the 1980s, when straw return was widely implemented (Wang et al., 2018). Therefore, we conducted a 5-year in situ field experiment to reveal the effect of tillage practices on the microbial community, SOC fraction and maize yield at different soil depths. The soil samples were collected from the 0–50 cm soil profile under CT and traditional tillage practices. In this study, we determined the SOC fraction content and microbial community and attempted to explain the potential relationships between them. We hypothesized that (1) the SOC fraction content and microbial traits exhibit distinct responses to traditional and CT practices at different depths and that (2) specific microbial taxa may be involved in the turnover of SOC fractions.



2 Materials and methods


2.1 Experimental site

The experimental field was located in Dulbert Mongolian Autonomous County (46°54′N, 124°26′E), Daqing city, Heilongjiang Province, which has a semiarid monsoon continental climate. The mean annual precipitation and temperature are 400 mm and 5.6°C, respectively. According to the USDA soil taxonomy, the soils in the area are carbonate meadow soils. The basic nutrient contents of the soil before the experiment were as follows: 0.53 g kg−1 total nitrogen; 60.95 mg kg−1 alkali-hydrolyzable nitrogen; 60.22 mg kg−1 available phosphorus; 44.51 mg kg−1 available potassium; and 9.52 g kg−1 SOC with a pH of 5.56. The cropping system used was single spring maize (Zea mays L.).



2.2 Field trial design and soil sampling

The experimental trial was set up in 2017 in accordance with a randomized complete block design with three replicates. Each field plot was covering an area of 64 m2 (4 m × 16 m). Before the experiment, all the plots were treated with N-P-K fertilizers, and straw was removed via shallow tillage to 25 cm. Traditional tillage (CK): the plots were plowed with large machinery, and a five-share turning plow tilled the soil to 25 cm after harvest at October (amount of maize stover return about 7,200 kg ha−1); and CT: no-tillage with 100% straw mulch after harvest at October (amount of maize stover mulch about 7,600 kg ha−1). A straw crusher was used to crush the straw into fragments with lengths less than 10 cm before mulching. Except for the field surface drilling of maize in October, the no-tillage plots remained undisturbed, and maize straw was evenly distributed over the field surface after harvest every year. Chemical fertilizers were applied in May, and the N-P2O5-K2O application rates ranged from 180–115–75 kg hm−2. All the other normal management practices were consistent between the treatments during the experiment.

Soil profiles were excavated at a depth of 50 cm in October 2022 in each replicate plot. Soil samples were collected at depths of 0–10, 10–20, 20–30, 30–40, and 40–50 cm. Three soil samples were collected from each plot. The three soil samples were placed into the same sterile plastic bag and mixed to create one composite sample. All the samples were immediately transported to the laboratory in an incubator with ice packs. Each soil sample was divided into two parts: one part was stored at −80°C for DNA extraction, and the remaining part was air-dried for use in the additional chemical analyses. The basic chemical properties of the soils under different tillage practices and at different depths in 2022 are shown in Supplementary Figure S1.



2.3 Basic soil properties, SOC fractionation, and soil aggregate isolation

The basic chemical properties of the soil were measured using the method described by Lu (2000). The soil pH was measured at a 1:2.5 soil: water ratio for 30 min. The SOC concentration was determined using K2Cr2O7 digestion, and total nitrogen was determined by the Kjeldahl method. Available phosphorus and potassium were determined using molybdenum blue colorimetric and flame photometry methods, respectively.

SOC fractionation was determined using a method described by Yu et al. (2017). First, the SOC was further fractionated into POC and MAOC. Generally, 5.0 g (dry weight) of soil was dispersed by adding 30 mL of 0.5% sodium hexametaphosphate solution and centrifuging at 200 r min−1 for 18 h. Thereafter, the POC and MAOC fractions were obtained by passing the samples through 53-μm filters. All the fractions were dried (50°C), and POC and MAOC were measured using K2Cr2O7 digestion.

The wet sieving method was used to separate the water-stable aggregates (Six et al., 2002). First, the soil samples were gently broken apart into small pieces along natural break points, and the fragmented samples were subsequently placed on top of a 0.25-mm sieve and soaked in deionized water for 5 min. The samples were subsequently separated at an amplitude of 3 cm and a frequency of 30 cycles per min for a duration of 2 min by a wet-sieving apparatus. Afterward, the aggregate subsamples above each sieve were obtained as follows: macroaggregates (>0.25 mm), microaggregates (0.053–0.25 mm), and silt and clay fractions (<0.053 mm). After wet sieving, all the aggregates were immediately oven-dried at 60°C and weighed.

The mean weight diameter (MWD) was used to describe the aggregate stability and was calculated by the following formula:
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where Xi represents the average diameter of each aggregate size and Wi represents the proportion of each aggregate weight relative to the total sample weight after wet sieving. The upper limit of the macroaggregate diameter was 2 mm.



2.4 DNA extraction and 16S, ITS and 18S amplification and sequencing

Total DNA was extracted from 0.5 g of soil using a Fast DNA Spin Kit for Soil (MP Biomedicals, CA, United States) in accordance with the manufacturer’s instructions. Each treatment contained three replicates. The extracted DNA samples were stored at −80°C for molecular analysis.

High-throughput sequencing was performed using the Illumina MiSeq sequencing platform (Illumina, Inc.). Both the forward and reverse primers were tagged with adapter and linker sequences, and 8-bp barcode oligonucleotides were added to distinguish the amplicons derived from different soil samples.

The primers 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 907R (5′-CCGTCAATTCMTTTRAGTTT-3′) were chosen to amplify the 16S rRNA genes in the V4–V5 hypervariable region. PCR was conducted in a 50-μL reaction mixture containing 27 μL of ddH2O, 2 μL (5 μM) of each forward/reverse primer, 2.5 μL (10 ng) of template DNA, 5 μL (2.5 mM) of deoxynucleoside triphosphates, 10 μL of 5× Fastpfu buffer, 0.5 μL of bovine serum albumin, and 1 μL of TransStart Fastpfu polymerase (TransGen, Beijing, China). The PCR procedure was 94°C for 5 min; 30 cycles of 94°C for 30 s, 52°C for 30 s and 72°C for 30 s, followed by 72°C for 10 min (Biddle et al., 2008).

The fungal ITS1 region was amplified using the primer pair ITS1F (CTTGGTCATTTAGAGGAAGTAA)/ITS2 (GCTGCGTTCTTCATCGATGC). The 50-μL reaction mixture contained 1 μL (30 ng) of DNA, 4 μL (1 μM) each of forward/reverse primer, 25 μL of PCR Master Mix, and 16 μL of ddH2O. PCR amplification was conducted at 98°C for 3 min, followed by 30 cycles of 98°C for 45 s, 55°C for 45 s, and 72°C for 45 s, with a final extension at 72°C for 7 min (Ghannoum et al., 2010).

The eukaryotic V4 region was amplified using the primer pair V4_1f (CCAGCASCYGCGGTAATWCC)/TAReukREV3 (ACTTTCGTTCTTGATYRA). PCR was performed in a 20 μL volume consisting of 4 μL of 5× reaction buffer, 2 μL of dNTPs (2.5 mM), 0.8 μL of each primer (10 μM), 0.4 μL of FastPfu Polymerase, 10 ng of DNA template, and ddH2O to reach the final volume. PCR amplification was conducted at 95°C for 5 min, followed by 30 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 45 s, with a final extension at 72°C for 10 min. To construct the protistan amplicon sequence variant (ASV) table, we removed sequences belonging to Rhodophyta, Streptophyta, Metazoa, and Fungi (Stoeck et al., 2010).

Raw Illumina amplicon reads were processed using the QIIME2 Core 2019.7 distribution. The Divisive Amplicon Denoising Algorithm (DADA2) pipeline implemented in the QIIME 2 platform was used to conduct sequence quality control, which included quality filtering reads, denoising reads, merging forward and reverse reads, removing chimeric reads, and assigning reads to ASVs. The Silva 138 Bacterial 16S rRNA gene database, the UNITE Fungal ITS database, and the Protist Ribosomal Reference (PR2) database v4.14.0 were used to classify the representative sequences of ASVs (Ghannoum et al., 2010). All singletons and nonfungal ASVs were removed, and each sample was rarefied to 30,000, 36,000, and 44,000 sequences for the bacterial, fungal and eukaryotic diversity analysis. The alpha diversity and Bray–Curtis distances for principal coordinate analysis of the soil microbial community were calculated after all the samples were rarefied to the same sequencing depth.



2.5 Statistical analysis

Crop yield and soil biochemical and other relevant properties under different tillage practices were subjected to the chi-square test for independence of variance. Significant differences were determined by one-way analysis of variance (ANOVA) based on the post hoc Tukey test at the 5% level. Prior to ANOVA, the normality and homogeneity of variance were tested by the Kolmogorov–Smirnov test and Levene’s test, respectively. If normality was not met, log or square-root transformation was carried out. One-way ANOVA was performed using SPSS 21.0 (SPSS, Inc., Chicago, IL, United States).

Principal component analysis (PCA) was used to determine and evaluate the changes in the community structure of the soil microbiome via the R (ver 4.2.3) package “vegan.” To characterize the patterns of soil microbial interactions, we constructed a co-occurrence network with the “igraph” and “WGCNA” R packages. We constructed microbial networks using bacteria, fungi and protists with relative abundances greater than 0.01%; screened nodes with Pearson’s correlations greater than 0.6 and p < 0.05; performed modular analysis based on the connectivity between nodes; visualized the network using Gephi (ver. 0.9.2); and calculated information on network topological features. The within-cluster connectivity (Zi) and among-cluster connectivity (Pi) of different clusters were calculated using the R packages “reshape2,” “igraph,” “ggrepel,” “dplyr,” and “Rcpp” and filtered for peripherals (Zi ≤ 2.5, Pi ≤ 0.62), connectors (Zi ≤ 2.5, Pi > 0.62), cluster hubs (Zi > 2.5, Pi ≤ 0.62), and network hubs (Zi > 2.5, Pi > 0.62) (Deng et al., 2012). ASVs in module hubs, connectors and network hubs may be regarded as the microbial keystone taxa of network systems (Deng et al., 2012). An interactive platform “Gephi” (default parameters set) was used to identify the modules (ecological clusters) of soil taxa strongly interacting with each other.

Linear regressions between SOC fractions and the microbial community modules were conducted to determine the relationships between microbial communities and SOC fraction contents using Origin 2018. The microbial module community variation data were quantified by the PCA 1 axis. Heatmaps were constructed to reveal the potential associations between keystone taxa richness and SOC fraction content via the “heatmap.2” function in the R package “ggplots.”




3 Results


3.1 Crop yields, aggregate size distributions, and SOC fractions

Overall, CT had a positive effect on crop yield and SOC fraction content. After 5 consecutive years of different tillage practices, the maize yield, aggregate stability and SOC fraction content changed significantly (Supplementary Figures S2, S3); Figure 1). However, no significant changes were found before 2021. Compared with those in CK, the maize yields in CT significantly increased in 2021 and 2022 (Supplementary Figure S2, p < 0.05).
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FIGURE 1
 Soil organic carbon (A), particulate organic carbon (B), and mineral-associated organic carbon (C) contents at various depths under different soil tillage treatments. *p < 0.05; CT, conservation tillage; CK, traditional tillage.


Different tillage practices changed the aggregate size distribution and stability (Supplementary Figure S3). CT significantly increased the proportion of macroaggregates at the 0–30 cm soil depth (p < 0.05) and decreased the proportion of microaggregates at the 0–20 cm soil depth (p < 0.05). However, no changes were observed in the silt and clay fractions under the different treatments. Additionally, the MWD was greater under CT than CK at 0–30 cm depth, while there were no significant changes at 40–50 cm depth.

SOC, POC, and MAOC contents were also affected by tillage practice (Figure 1). Generally, CT significantly increased the SOC, POC, and MAOC contents in the topsoil (0–20 cm layer, p < 0.05, except for MAOC in the 10–20 cm layer). Moreover, the POC content was significantly greater under CT than CK. No significant changes were observed in the 30–50 cm layer under the different tillage practices.



3.2 Microbial community, co-occurrence network, and keystone taxa

PCA was used to evaluate the changes in the soil microbial community under the different tillage practices (Supplementary Figures S4, S5). The results indicated that the soil communities changed significantly under the different tillage practices and at different soil depths (except for tillage practices on the protistan community). Generally, the effect of soil depth on microbial communities was observed mainly along the PCA 1 axis, while the effect of tillage practices on microbial communities was observed mainly along the PCA 2 axis.

Although soil microbial community compositions were changed after different tillage practices and depths, Proteobacteria, Acidobacteriota, Actinobacteriota, and Gemmatimonadota were the main phyla of bacteria, contributing more than 60% of the total bacterial abundance (Supplementary Figure S6A). Generally, with the increase of depth, the relative abundance of Proteobacteria decreased gradually. Ascmycota, Basidiomycota, and Mortierellomycota were the main phyla of fungi, contributing almost 80% of the total fungal abundance (Supplementary Figure S6B); while protist were composed mainly of Intramacronucleata, Cercozoa, Chlorophyta, and Apicomplexa (Supplementary Figure S6C).

A co-occurrence network was constructed to reveal the connections between specific microbial species (Figure 2). We found four dominant ecological modules (Figure 2A). Modules 1, 2, 3, and 4 contained 225, 182, 160, and 124 nodes, respectively. Among the four modules, protists and fungi accounted for the greatest proportion of microbial species in module 1, while bacteria accounted for the highest proportion of microbial species in module 3 (Figure 2B). Additionally, the percentage of intraspecies edges was greater in module 3 than in the other modules, while module 1 contained more interspecies edges than did the other modules (Figure 2C).
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FIGURE 2
 Co-occurrence network analysis of bacterial, fungal and protistan ASVs under different tillage practices and at different soil depths. (A) Multitrophic network including multiple ecological modules. The colors of the nodes represent different ecological modules; the percentages of bacterial, fungal and protistan ASVs (B); and the intraspecies and interspecies relationships (C) in each module.


ZP plots were constructed to identify the topological roles of each node in the co-occurrence network. A total of 30 microbial taxa (including 13 bacteria, 11 fungi and 6 protists) were detected as keystone species (Figure 3). Nineteen keystone taxa belonged to module 1, and modules 2 and 3 each contained 2 keystone taxa. The information for the selected keystone taxa is displayed in Supplementary Table S1. The bacterial keystone species mainly belonged to Proteobacteria (7 taxa), the fungal keystone species mainly belonged to Ascomycota (6 taxa), and the protist keystone species mainly belonged to Cercozoa (2 taxa).
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FIGURE 3
 ZP plot showing the distribution of ASVs based on their module-based topological roles. The topological role of each ASV was determined according to the scatter plot of within-module connectivity (Z) and among-module connectivity (P).




3.3 Relationships between microbial traits and SOC fractions

To determine the potential relationships between the microbial communities of specific modules and SOC fractions, we constructed correlations between the microbial community module connections and the SOC fractions. Figure 4 shows that there were significant correlations between microbial module communities and POC content (R2 = 0.74 for module 1 and R2 = 0.68 for module 2) and MAOC content (R2 = 0.51 for module 1 and R2 = 0.44 for module 2). However, no significant associations were detected between the SOC fractions and the other microbial module communities.
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FIGURE 4
 Links between the soil community of each module within the co-occurrence network and the SOC fraction content. The links between soil microbial community of module 1-4 with particulate organic carbon were sown in A-D; the links between soil microbial community of module 1-4 with mineral-associated organic carbon were sown in E-H.


Heatmaps revealed close associations between the richness of keystone taxa and SOC fractions (Figure 5). Overall, the bacterial richness demonstrated significant negative correlations with the POC and MAOC contents (except for BASV 147) (Figure 5A). There were significant positive correlations between FASV945 richness and SOC fraction contents (POC and MAOC), as well as between FASV945 richness and MAOC content. FASV95 richness was negatively correlated with MAOC content (Figure 5B). Moreover, the richness of PASV45 and PASV17 was positively correlated with the POC content, and the richness of PASV45 was also positively correlated with the MAOC content (Figure 5C).

[image: Figure 5]

FIGURE 5
 Relationships of SOC fraction contents with the richness of bacterial (A), fungal (B), and protistan (C) keystone species.


In the present study, we selected keystone species that were significantly associated with the SOC fraction content for further analysis. The richness of keystone taxa was sensitive to the different tillage practices (Supplementary Figure S7). Compared with CT, CK increased the richness of bacterial keystone taxa by 21.51–520.75%. The richness of BASV8256 decreased by 32.15% under CK compared with that under CT (Supplementary Figure S7A). Compared with CK, CT increased the richness of FASV945 and FASV95 by 58.81 and 42.81%, respectively, and decreased the richness of FASV946 by 82.61%. In addition, compared to that under CK, PASV17 and PASV45 richness increased by 97.79 and 12.97%, respectively, under CT (Supplementary Figure S7B).




4 Discussion

CT has been considered a sustainable technique for properly managing soil and hence maintaining agroecosystem services by minimizing tillage operations to effectively avoid water infiltration and erosion (Müller et al., 2009). In this study, we compared crop yields, SOC fraction contents and microbial traits under different tillage practices and investigated the relationships between SOC fractions and microbial functions. The results of this research strengthen our understanding of SOC accumulation under different tillage practices on the Northeast China Plain.


4.1 Response of SOC fractions and maize yields to different tillage practices

The effect of tillage practices on crop yields has been studied frequently; however, no consistent conclusions have been drawn. It was reported that no- or minimum-tillage practices led to a 0–30% reduction in yields in Europe, which was affected by crop type, tillage technique, soil texture and crop rotation (Alaoui et al., 2020). Another study revealed that shallow tillage (8 cm strip depth) achieved the greatest yields (Licht and Al-Kaisi, 2005). This is mainly because shallow tillage can be a neutral solution to the problem of late seed emergence due to no-tillage by reducing soil disturbance (Araya et al., 2021). Notably, based on a 17-year experiment, CT practices increased maize yields by 12.2 to 20.1% (Ren et al., 2024), which was consistent with our results (Supplementary Figure S2). This can be explained partly by the fact that the CT method is generally implemented with straw residue left on topsoil while minimizing soil disturbance, which favors soil nutrient accumulation, moisture retention and temperature increase, resulting in faster seed emergence (Licht and Al-Kaisi, 2005). In summary, although optimizing tillage practices requires consideration of factors such as crop rotation and soil texture, CT increases crop yield in maize monoculture systems in the eolian sandy soil of the Northeast China Plain.

SOC is the key to soil fertility and is sensitive to changes in tillage practices (Figure 1). Lehmann and Kleber (2015) proposed a soil continuum model indicating that the input of exogenous organic materials (such as plant residues) is a prerequisite for SOC accumulation. Thus, the finding that CT can improve topsoil OC fractions is no surprise. However, the POC and MOC contents were not consistent. No-tillage practices improved the POC content in the 0–30 cm soil layer. Undecomposed and semidecomposed plant residues are the “core” of POC, which is encapsulated by macroaggregates (Samson et al., 2020). Therefore, the formation of macroaggregates and the accumulation of POC are generally complementary. The data on the distribution of aggregate sizes in the present study also validate this view (Supplementary Figure S3). An increased proportion of macroaggregates provides physical protection for POC and thus favors POC accumulation. CK practices disturb the physical structure at 0–25 cm soil depths through frequent plowing, thus destroying the formation of macroaggregate structures (Jat et al., 2019).

When the large biopolymers in the residues further decomposed, the small biopolymers and C monomers (such as root exudates and microbial necromass) can be adsorbed to the soil mineral surface and become MAOC (Lehmann and Kleber, 2015). In addition to straw return, microbial and maize biomass are important factors that cannot be ignored. As a supplementary exogenous C source in the soil, straw inevitably increases MAOC content after further degradation of residues (Vogel et al., 2014). Posteriorly, CT decreases the soil structure distribution and increases the soil density, which promotes the growth of crop roots to a certain extent (Shi et al., 2012). In addition, the crop yield data imply a well-developed root system that has secreted more organic matter (Van den Putte et al., 2010). With respect to microbial biomass, minimum tillage and residue retention increase the soil microbial population size due to the adequate energy supply and appropriate stoichiometry and result in MAOC sequestration in topsoil under CT practices (Ren et al., 2024). In summary, soil microbiomes play an irreplaceable role in straw degradation and SOC turnover. Therefore, revealing the microbial mechanisms responsible for SOC fraction accumulation under different tillage practices is crucial for improving soil fertility.



4.2 Microbial keystone species-driven SOC fraction sequestration by regulating specific module community functions

CT changed the soil microbial diversity and community, which subsequently affected SOC formation and accumulation. We found that soil depth affected the soil bacterial, fungal and protistan communities much more than did tillage practice (Supplementary Figure S4). This is partly because the soil layer has the greatest influence on the changes in nutrient accessibility and availability rather than tillage practices (Kong et al., 2011). As soil depth increases, nutrient pools decrease, and mineral protection increases, leading to increased difficulty in nutrient acquisition by soil microorganisms (Modak et al., 2019). As a result, oligotrophs may become the dominant species in the community.

Microbial communities were classified into different functional modules by identifying soil taxa strongly interacting with each other (Figure 2), which can indicate important ecological processes, different niches, and habitat preferences. Each module in a network is considered a functional unit that conducts an identifiable task (Chen et al., 2019). In the present study, strong relationships were observed between the SOC fractions and the microbial community in modules 1 and 2, which indicated the potential function of SOC turnover (Figure 4). A previous study demonstrated that microbial keystone species have great explanatory power in terms of network (module) structure and function (Delgado-Baquerizo et al., 2018). Thus, it is necessary to explore the function of keystone species within modules 1 and 2. However, more than two-thirds of the identified keystone species belong to module 1 communities (19/30), while only two keystone species (2/30) belong to module 2 communities (Supplementary Table S1). Therefore, it is more meaningful to study the function of keystone species-driven module communities on SOC turnover in module 1 community.

Microbial keystone taxa also exhibited significant correlations with SOC fractions (Figure 5). Among the bacteria, Rhizobiales_Incertae_Sedis (BASV7693) and Reyranellaceae (BASV11161) within module 1 were identified as Proteobacteria, which encompasses typical copiotrophs with low C use efficiency that leads to straw C loss (Dove et al., 2021). A previous study demonstrated that Gaiellaceae (BASV7998) richness is recognized as an indicator of the carbon-to-nitrogen ratio due to its ability to utilize labile C (Duan et al., 2021). Therefore, the increase in the above bacterial taxa indicated negative effects on straw-derived OC accumulation. Moreover, only the Sphingomonadaceae richness exhibited a positive association with the POC and MAOC contents. This was likely because Sphingomonadaceae can consume various C sources and become major exopolysaccharide contributors, which provide a source for MAOC formation (Lan et al., 2022). Compared with bacteria, fungi generally exhibit greater C use efficiency and straw decomposition ability (Clemmensen et al., 2015). The richness of Cephalotrichum (FASV945) and Herpotrichiellaceae (FASV946) in module 1 was conducive to POC and MAOC sequestration. As typical saprophytic fungi, Cephalotrichum and Herpotrichiellaceae are often considered to play roles in straw degradation, pathogen control, and crop growth promotion and are considered important indicators of soil health (Zhang et al., 2022). Zhang et al. (2023) indicated that Cephalotrichum was enriched after straw addition and promoted straw decomposition and SOC accumulation in saline-alkaline soils. Most Cephalotrichum species are known for their saprotrophic function in decomposing plant materials (Woudenberg et al., 2017), corresponding with our results that the Cephalotrichum played a dominant role in POC and MAOC sequestration. In addition, higher abundance of Cephalotrichum led to the higher fungal diversity (Wang et al., 2023). Jin et al. (2022) found that Cephalotrichum exerted significant inhibitory effects on several pathogenic bacteria. Due to these strong abilities, Cephalotrichum abundance was also considered as the biomarker of soil health. Therefore, we speculated that the increase in the abundances of Cephalotrichum can accelerate straw degradation and that the early and late products favor the formation of POC and MAOC, respectively.

In addition, protists can influence SOC accumulation through direct or indirect effects (Pellegrino et al., 2021). Our results revealed that Cercozoa (PASV45 in module 1) may be a possible participant that was significantly positively correlated with POC (p < 0.05) and MAOC (p < 0.001). Pellegrino et al. (2021) reported that CT practices increase the abundance of Cercozoa partly via several abiotic factors, such as soil moisture, clay content and N availability. As expected, Cercozoa are important consumers of straw residues, which promotes the fragmentation of straw to facilitate further decomposition and is a prerequisite for organic carbon accumulation (Gessner et al., 2010). These authors also indicated that Cercozoa was the keystone taxon in macroaggregates and was positively correlated with SOC by promoting residue decomposition (Delgado-Baquerizo et al., 2020). Moreover, Cercozoa was also thought to have been an important driving force in the formation of macroaggregates by reshaping the pore sizes in the soil (Berisso et al., 2012). Therefore, according to the theory of interaction between SOC and aggregate structure, Cercozoa-driven straw fragments can be encapsulated by aggregates and become the core of aggregate formation. The formation of aggregates provides physical protection for POC, which is conducive to POC accumulation. This conclusion is also consistent with previous reports that Cercozoa are crucial microorganisms in macroaggregate taking part to long-term sequestration and storage of SOC (Pellegrino et al., 2021). Another study indicated that Cercozoa species exhibited the highest numbers of links with bacteria and fungi through the construction of co-occurrence networks, which implied that they were potentially vital to soil food webs (microbiome predation) (Kou et al., 2020). Cercozoa are phagotrophs that may consume Acidobacteria, Proteobacteria, and Ascomycota and consequently increase microbe-derived C. Furthermore, Ma et al. (2024) confirmed that protozoa can regulate microbial carbon use efficiency and SOC formation by regulating fungal, bacterial and keystone module communities through structural equation model analysis. Among these factors, the Cercozoa-driven protozoan community was the most influential factor. Accordingly, Cercozoa mediated POC and MAOC accumulation, mainly through macroaggregate formation and microbial necromass supply.

After comparing the richness of the selected keystone species, our results showed that C-accumulating microbes were enriched under CT. Specifically, compared with CK, CT decreased the abundances of most keystone bacterial taxa and increased the abundances of specific fungal and protistan species in module 1 of the network, which promoted the sequestration of SOC fractions by straw degradation, aggregate formation and predation effects. As a consequence, soil bacteria, fungi and protistan taxa all participate in SOC turnover under different tillage practices, while the appointed keystone species-driven community of module 1 facilitated POC and MOC accumulation under CT.




5 Conclusion

In this study, we demonstrated the associations between microbial keystone taxa and SOC fractions under different tillage practices. Compared with CK, continuous 6-year CT significantly increased maize yields, aggregate stability, and POC (0–30 cm) and MAOC (0–20 cm) contents. Tillage practice and soil depth both influence bacterial, fungal and protistan communities, which might change the turnover of SOC fractions. The co-occurrence network indicated that the connectivity of module 1 was significantly related to POC and MAOC contents CT increased the richness of specific fungal (Cephalotrichum) and protistan (Cercozoa) species and thus promoted SOC fraction accumulation through straw degradation, macroaggregate formation and predation effects. The selected bacterial taxa were enriched in the CK treatment and resulted in SOC loss due to low C use efficiency. Taken together, our results revealed that stimulating the function of keystone taxa can drive the function of the module 1 community in SOC accumulation under CT practices, which is beneficial for maintaining soil fertility and productivity in eolian sandy soils on the Northeast China Plain.
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Karst landforms are widely distributed in southern China. The terrain and soil properties in karst basins are complex, which results in high spatial heterogeneity of the ecological environment and soil organic matter (SOM) in karst watersheds. To investigate the spatial distribution characteristics of SOM in different land uses in the karst plateau basin, a total of 3,816 soil samples were taken from 568 soil profiles. The soil animals and different soil properties were recorded, and the concentration of SOM was tested using the potassium dichromate method in the laboratory. Then, the changes in the SOM content associated with soil animals and the soil properties associated with the different land use types were analyzed. The results showed a large discrepancy in SOM in the karst plateau basin. The average values of SOM in different soil layers were between 9.23 g kg−1 and 59.39 g kg−1. The SOM decreased in the following order: forestland > grassland > barren land > cultivated land > garden land. The SOM in soil in which soil animals are present is generally greater than that in the absence of soil animals, and the SOM partially increases with soil species diversity. Agrotis segetum is the main soil animal species that positively affects the distribution of organic matter in the surface soil layer. The SOM in soil with the phylum Annelida is much greater than that in soils with other animals, and earthworms are the main contributor. The structure of soil animal species is complex, and the change trend of SOM is stable. The major positive factors affecting soil animal diversity are soil thickness, soil humidity and soil structure, and rock outcrops are the main negative factor. In summary, good land use can increase animal diversity and abundance in soil, which promotes soil organic matter accumulation. Moreover, microtopography is an important factor that influences soil organic matter accumulation in karst basins and further affects the restructuring of the spatial distribution of soil organic matter.
Keywords: soil organic matter, spatial heterogeneity, soil animals, land use, effect mechanism, Karst basin
1 INTRODUCTION
Soil organic matter (SOM) refers to all the carbonaceous organic matter existing in soil, including the residual organic matter of plants and animals, microorganisms, and humus (Jurgensen et al., 1997; Kaiser et al., 2002; Di et al., 2015; Zhang J. et al., 2023). It is an important resource used in many processes, including carbon cycling in terrestrial ecosystems (Mcdonagh et al., 2001; Six et al., 2007). Because the main component of SOM is carbon, SOM is crucial for the global carbon cycle (Caspersen et al., 2000; Schime et al., 2000; Zhang X. et al.f, 2023). There are some interactions between the processes of carbon cycling and climate change (Ding et al., 2002; West and Post, 2002; Li et al., 2024). According to the transition relationship between SOM and soil organic carbon, the global SOM reserve in the 0–100 cm soil layer is approximately 2,517 Pg (Weissert et al., 2016; Wang et al., 2022). This indicates that the global SOM reserve is a large carbon reservoir. Small changes in SOM may lead to great changes in atmospheric CO2, further resulting in global climate change (Lin and Zhang, 2012; Bieluczyk et al., 2023; Wang et al., 2023). SOM is an important part of the terrestrial carbon pool that affects the carbon balance (Pouyat et al., 2002; Freitas et al., 2022). In addition, SOM is an essential factor in agricultural productivity and soil fertility. SOM can improve the physical structure and chemical composition of soil. It is not only a main index of soil quality but also the basis of sustainable development (Wang et al., 2005; Smith et al., 2013). It is beneficial to soil aggregate formation and can promote plant nutrient absorption from soil (Di et al., 2015; Poffenbarger et al., 2020; Street et al., 2020; Li et al., 2024). In summary, the reserves and spatial heterogeneity of SOM directly impact the carbon cycle in terrestrial ecosystems, plant growth, soil fertility maintenance, and agricultural output and quality (Niu et al., 2015; Wang et al., 2022). Therefore, research on SOM has become a popular field worldwide (Cheshire, 1987; Li et al., 2019; Zhang et al., 2019).
Although SOM reserves are essential in terrestrial ecosystems, they are not constant in soil but constitute a long-term dynamic balance system of input and output (Yan et al., 2011; Aaltonen et al., 2019; Zhou et al., 2024). There is high spatial distribution heterogeneity of SOM because the exchange processes between SOM and other materials in different ecosystems are complex, and SOM is influenced by multivariate factors (Huang et al., 2018). The influence of multifactor coupling on SOM is complex, which leads to the key factors being different in various areas (Huang et al., 2018; Wang et al., 2022). Therefore, many scholars have studied SOM from different perspectives and in different ways. For example, Li et al. researched the relationships between SOM and soil pH and soil bulk density (SBD), and the results showed that there was a negative correlation between these indices; the higher the soil pH and soil bulk density are, the lower the SOM concentration is (Li D. C. et al., 2020). In another instance, Zhang et al. researched the spatiotemporal variation mechanism of SOM in farmland by different abandoned tillage practices and noted that the decreasing order of SOM under different abandoned tillage practices is season abandonment > adjustment abandonment > annual ring abandonment > long-term abandonment > long-term cultivation (Zhang T. Y. et al., 2020). The conversion of natural pasture to dryland farming results in a notable decrease in SOM. This decrease in SOM is quantified as a reduction of 24.7% at the first site and 44.2% at the second site within the top 30 cm of soil (Haghighi et al., 2010). These results indicate that land use patterns and soil properties are important factors affecting SOM and that fertilizer and green manure inputs to soil and straw return to farmland can promote SOM accumulation (Zhang W. J. et al., 2012; Zhang et al., 2015; Qaswar et al., 2019). In addition, Shen et al. noted a positive correlation between SOM and the species and number of soil animals (Shen et al., 2009). Zhang et al. suggested that land use change greatly impacts soil animal diversity. He noted that forestland supports a more diverse and complex soil animal community than farmland or grassland, and the composition and number of these soil animals vary across different sampling plots (Zhang J. E. et al., 2011). SOM is highly heterogeneous in soil, and the SOM process and its impacts are complex.
Karst basins are a typical landform type in karst mountainous areas, and farmland, forestland, barren land, etc., are widely distributed in karst basins. The special ecosystem of karst landforms is different from that of nonkarst regions (Zhang et al., 2016). Because soil erosion in karst areas is severe, karst areas exhibit low stability, poor self-regulation, and low environmental capacity (Yang et al., 2010; Zhang X. B. et al., 2011). Therefore, the microenvironments and land use types of karst landforms are more complex than those of other landforms (Wang et al., 2022). The soil quality of different land uses in karst basins varies greatly, which can directly affect agricultural yield and carbon sequestration. These factors result in high spatial distribution heterogeneity of SOM in karst areas, and SOM is impacted by major factors in different karst regions (Huang et al., 2018; Zhang et al., 2019). SOM is an important index of soil quality, fertility, and carbon balance (Freitas et al., 2022; Wang et al., 2023). We ask the following question: What is the mechanism of the relationships among soil animals, land use, and SOM in karst basins? This main issue is not clearly understood for karst basins in general or, more specifically, for the South China Karst.
In summary, SOM is critical for global carbon circulation; changes in SOM can influence the carbon balance, which partially responds to soil structure and fertility. However, no researchers have reported on the response of SOM to soil animals in karst basin areas with different land uses. Therefore, the distribution characteristics of soil animals in karst plateau basin soils were analyzed, and the coupling mechanisms among land use, soil animals, and SOM were further investigated. The aim of this study was to provide a reference for carbon sequestration management and land use, thereby promoting soil quality and production in karst areas.
2 MATERIALS AND METHODS
2.1 Study region
The research region was set in Puding County, which is a typical plateau basin in the central region of the South China Karst with geographic coordinates of 105°27′49″–105°58′51″E and 26°26′36″–26°31′42″N. It is in the belt of the translation zone between the Sichuan Basin and the Yun-Gui Plateau and extends to the Hunan Hills. The elevation is approximately 800–1900 m. The topography of the southern and northern regions is greater than that of the central region, and its karst landform characteristics are abundant, widely distributed, distinctly discrepant, and seriously rocky desertification. Severe soil erosion has occurred due to the karst landform development and the number of underground rivers. The region is a subtropical region with a humid monsoon climate, and this region is affected by the quasistationary Guiyang–Kunming front. The average annual temperature is 15.1°C, the average annual sunshine duration is 1,164.9 h, and the average annual rainfall reaches 1,378.2 mm. The research area is one of three major core rainfall regions in Guizhou Province, and it belongs to the Yangzi River ecosystem. The survey and statistics revealed three types of soils, Leptosols, Ferralsols, and Anthrosols, in the area of interest (IUSS Working Group WRB, 2014). The vegetation mostly includes walnut, Quercus glauca, pine trees, strawberry trees, plum trees, and Chinese pear. The land use mostly includes paddy fields, dry land, forestland, sloped farmland, and grassland. The major crops and grasses are sweet potato, paddy rice, corn, pepper, soybean, and foxtail grass. The soil animals mostly include ants (Formicidae, Arthropoda, and Hymenoptera), earthworms (Lumbricus and Annelida), centipedes (Chilopoda and Arthropoda), crickets (Gryllidae and Arthropoda), and spiders (Araneae and Arthropoda).
2.2 Sampling design
To research the relationship between SOM and soil animals in different land uses, samples containing traces of soil animal activity were collected from different locations. The number of soil animal species was counted in an approximate square with a length of approximately 1.7 m and a depth of 0–20 cm, and the sampling sites were in the center of each sampling grid. The sampling site was sampled at a depth of 100 cm according to the design, and the soil profile of each sampling site was divided into 12 layers (0–5 cm, 5–10 cm, 10–15 cm, 15–20 cm, 20–30 cm, 30–40 cm, 40–50 cm, 50–60 cm, 60–70 cm, 70–80 cm, 80–90 cm, and 90–100 cm). Other information, such as soil thickness, rock outcrop, soil animal, SBD, soil moisture, soil structure, soil genus, soil color, slope position, slope gradient, and vegetation, was also recorded.
2.3 Soil sample collection and test
In fact, the soil thicknesses of many sampling sites were less than 100 cm. Therefore, the number of collected soil samples was lower than the theoretical sample number. Finally, a total of 3,816 soil samples were taken from 568 soil profiles. The soil samples were taken to the laboratory, air-dried at room temperature, ground, and sieved to remove the gravel fraction (>2 mm). The resulting materials were ground into powders and saved for SOM analysis. The SOM concentration in the soil samples was determined using the potassium dichromate method with K2Cr2O7 oxidation at 170°C–180°C, followed by titration with Fe3O4 (Wang et al., 2010; Zhang et al., 2019). The soil thickness at each site was measured by inserting an iron rod with a length of either 60 cm or 120 cm. The SBD was determined via the cutting ring method (Huang et al., 2018; Zhang et al., 2019; Wang et al., 2022), and the soil moisture was tested via the oven method (Sharaya and Van, 2022). The rock outcrop rate at each sampling site was assessed via the line-transect method, and the line length was set to 10 m (Zhang et al., 2019; Wang et al., 2022).
2.4 Calculations and statistical analysis
The SBD (g∙cm−3) was tested in the field by the cylindrical core method. The formula is as follows (Huang et al., 2018; Wang et al., 2022):
[image: image]
where M1 is the weight of the cutting ring (g), M2 is the weight of the cutting ring with dry soil (g), and V is the volume of the cutting ring (cm3).
The species diversity index of the local environment was determined via the following formula (Zeng et al., 2018):
[image: image]
where D is the species diversity index, S is the species number of soil animals, and A is the area of the sampling site (m2).
Factor analysis was carried out via principal component analysis (PCA) and redundancy analysis (RDA). PCA analyzes the similarity and diversity among factors and distinguishes the significant impact factors from all samples. RDA is an important method of constrained ordination that can sort species and environmental factor datasets and sort the environmental factors under constrained species (Wang et al., 2020).
The data were managed and organized using Microsoft Excel 2003 (Microsoft, Redmond, WA, USA). Statistical analysis was performed with IBM SPSS 18.0 and Origin 8.6 software.
3 RESULTS AND ANALYSIS
3.1 Descriptive statistics of the major soil properties
The soil properties are more complex in karst mountainous areas, and there is high spatial heterogeneity in the major soil properties, such as soil thickness, SBD, rock outcrop, and soil moisture, which are important factors that affect SOM in karst areas (Zhang W. et al., 2012; Zhang et al., 2019). According to the information in Table 1, the average values of soil thickness, SBD, rock outcrop, and moisture content were 61.70 cm, 1.17 g cm−3, 16%, and 23%, respectively, and their coefficients of variation were 0.53, 0.18, 1.38, and 0.57, respectively. The changes in soil thickness, rock outcrop, and soil moisture content were highly variable, and the SBD was moderately variable (Shang et al., 2018). The skewness of both the soil thickness and the SBD was lower than 0, which indicated that the skewness exhibited a certain degree of left-sided bias. This result showed that the soil thickness and SBD were generally lower than the average values, which indicated that the soil layer in a typical karst basin was thinner and nonuniform and that there was high spatial heterogeneity in the soil thickness and SBD in the karst basin.
TABLE 1 | Descriptive statistics of the major soil properties in the karst basin.
[image: Table 1]The skewness values of the rock outcrops and moisture content were greater than 0, which indicated that the rock outcrops and moisture content had a degree of right-sided bias and that there was high rock desertification in the karst basins. Moreover, the kurtosis values of the soil thickness, SBD, rock outcrop cover, and moisture content were lower than 0, and the peak distributions were gradual. This indicated that the spatial distributions of soil thickness, SBD, rock outcrop cover, and moisture content were diverse.
There was a greater discrepancy in the soil properties among the land use types (Figure 1). The soil thickness under the different land uses ranged between 37.48 and 77.06 cm, and the soil thickness decreased in the following order: cultivated land > garden land > forestland > barren land > grassland. The soil layer thickness of cultivated land and garden land was much greater than that of the other land uses. The coefficient of variation of soil thickness in all land use types reached high levels, with forests and grasslands having the highest values and being similar (Figure 1A). The average SBD values for all land uses were between 1.10 g cm−3 and 1.26 g cm−3, and the SBD values decreased in the following order: garden land > cultivated land > forestland > barren land > grassland. Moreover, the differences in SBD among the land use types were greater. The coefficient of variation of SBD in cultivated land and forestland was low, while that in garden land was moderately variable. However, the values for grassland and barren land reached highly variable levels, and the value for barren land was the greatest (Figure 1B).
[image: Figure 1]FIGURE 1 | Information characteristics on soil properties in different land uses: (A) soil thickness, (B) SBD, (C) rock outcrop, and (D) soil moisture.
The rock outcrop rate under the different land uses ranged between 0.09 and 0.37, and its coefficient of variation ranged between 0.02 and 0.25. The spatial distribution characteristics of rock outcrops and their coefficients of variation for all land use types were similar, and their descending order was barren land > grassland > forestland > garden land > cultivated land. The distribution of rock outcrops among different land uses followed a regular gradient pattern. In addition, the coefficient of variation of rock outcrops in cultivated land and garden land was low; however, those values in forestland, grassland, and barren land had a high degree of variation (Figure 1C).
The average soil moisture content under the different land uses ranged from 16.33% to 31.57%, and the moisture content decreased in the following order: cultivated land > garden land > barren land > grassland > forestland. The distribution characteristics of soil moisture under the different land use types revealed a type of “V.” There were few differences in the soil moisture content among garden land, grassland, and barren land. The descending order of the coefficient of variation for different land uses was barren land > forestland > grassland > garden land > cultivated land. The coefficient of variation for cultivated land was low, but that for garden land, forestland, and grassland varied moderately. The coefficient of variation for barren land was significantly greater than that for other land uses (Figure 1D).
3.2 Statistics on the number of soil animals in the sampled spots
The number of soil animals in the sampling sites was counted, and the sites were divided into different levels of species, order, class, and phylum. There were many different soil animals in the soil samples, such as ground beetles, Agrotis segetum, caterpillars, ants, cicadas, crickets, Coccinella septempunctata, spiders, centipedes, frogs, and earthworms. Among them, Agrotis segetum and its caterpillars can be classified as Lepidoptera, and other soil animals belong to the Blattaria, Hymenoptera, Hemiptera, Orthoptera, Coleoptera, Araneae, Chilopoda, Anura, and Haplotaxida orders. These animal orders can be divided into five animal classes: Insecta, Arachnida, Myriapoda, Amphibian, and Clitellata and further divided into three animal phyla, Arthropoda, Chordata, and Annelida (Table 2).
TABLE 2 | The statistics of soil animals in the karst basin.
[image: Table 2]At the species level, the top two soil animal species were ants and earthworms, and their numbers were far greater than those of other soil animal species. Their accumulation proportion was 89.5%, and the number of ants was more than double that of earthworms. This indicated that ants and earthworms were the dominant species in the study area and were widely distributed in the karst plateau basin. At the order level, the top two soil animals were Hymenoptera and Haplotaxida, and the distribution characteristics among all the soil animal orders were similar to the trend at the species level. However, there were few differences in number among the other soil animal orders. At the class level, the top two most abundant were Insecta and Clitellata, and their accumulation proportion reached 96.3%. At the phylum level, the abundance of Arthropoda was close to three times greater than that of Annelida, and Annelida was far more abundant than Chordata, and their percentages were 72.5%, 26.7%, and 0.9%, respectively. This indicated that the major soil animal phyla Arthropoda and Annelida were widely distributed in the karst basin, and there were fewer Chordata. This may be because the mass of Chordata is much larger than that of other soil animals, and Chordata occupy more places in the food chain; for example, ants are a food source for frogs.
3.3 The spatial distribution characteristics of SOM in different land uses
There was a greater discrepancy in the SOM in each soil layer among the different land use types, and their spatial distribution characteristics are shown in Table 3. The average SOM concentration in all soil layers under the different land use types ranged between 8.98 g kg−1 and 69.25 g kg−1. In the 0–5 cm, 5–10 cm, 10–15 cm, and 15–20 cm soil layers, the SOM distributions in the different land use types were similar and exhibited a pattern of forestland > grassland > barren land > cultivated land > garden land. The differences between barren land and grassland and between cultivated land and garden land were small, and the SOM content in forestland was significantly greater than that in the other land types. In the 20–30 cm and 30–40 cm soil layers, the SOM concentration decreased in the following order: barren land > grassland > forestland > cultivated land > garden land. The values in barren land, grassland, and forestland were similar, and the discrepancy in the SOM content between cultivated land and garden land was small. In the 40–50 cm soil layer, the SOM concentration decreased in the following order: barren land > forestland > grassland > cultivated land > garden land. In the 50–60 cm, 60–70 cm, and 80–90 cm soil layers, the spatial distribution characteristics of the SOM concentration under the different land use types exhibited the following pattern: grassland > barren land > forestland > garden land > cultivated land. In the 70–80 cm soil layer, the descending order was grassland > forestland > barren land > cultivated land > garden land. However, the distribution of SOM in the 90–100 cm soil layer decreased in the following order: grassland > forestland > garden land > barren land > cultivated land.
TABLE 3 | The soil organic matter content characteristics in different land uses (g·kg−1).
[image: Table 3]In addition, in the vertical direction, the discrepancy in the SOM concentration from the surface soil layer to the subsurface soil among the different land use types was great. The descending order was forestland > barren land > grassland > cultivated land > garden land, and their ranges were 58.19 g kg−1, 54.62 g kg−1, 52.19 g kg−1, 34.84 g kg−1, and 33.97 g kg−1, respectively. In the 0–5 cm to 50–60 cm soil layers, the SOM concentration declined quickly; however, its decrease from the 60–100 cm soil layers was relatively slow. Moreover, the differences in SOM among the soil layers with different land use types were highly variable, and the coefficient of variation ranged from 0.39 to 0.85. In summary, the distribution regularity of the SOM concentration in the upper soil layers was distinctly better than that in the subsoil, and the depth of 60 cm could be considered the boundary of the distribution characteristics of the SOM in the upper soil layers and subsoil layers.
3.4 The spatial distribution characteristics of SOM in response to soil animals
Information on the spatial distribution characteristics of SOM under coupled soil conditions is listed in Figure 2. The SOM concentrations in the samples with soil animals were generally greater than those in the soil without soil animals, and the SOM gradually decreased with increasing soil thickness. There was less difference between the SOM concentrations of soil samples containing animals and those with no animals in the upper soil layer, but this difference gradually increased with soil thickness. In addition, there was a distribution pattern of SOM in the vertical direction in which the SOM rapidly decreased in the soil layer from the surface to 50 cm, and the decrease rate of SOM in the 50 cm–100 cm layer was relatively slower and more stable. Furthermore, the coefficients of SOM variation in different soil layers were highly variable; these changes in non-animal-soil samples were generally greater than those in animal-soil samples, and this difference gradually increased in the subsoil layer (Figure 2A). There was no significant regular distribution of SOM in soils with different soil animals, but there was a larger discrepancy in SOM in soils with different soil animals in the 0 cm–60 cm soil layers, and this difference in the 60 cm–100 cm subsoil layer was relatively slight (Figure 2B).
[image: Figure 2]FIGURE 2 | Distribution characteristics of SOM under the coupling of soil animals: (A) Spatial distribution of SOM with soil animals and no soil animals, (B) SOM distribution with different soil animals, (C) different soil phylum effects on SOM, and (D) the spatial distribution characteristics of SOM response to the species diversity index.
To further analyze the differences in SOM in soils with different soil animals, the soil animals were classified into three different soil phyla: Arthropoda, Chordata, and Annelida. In the upper soil layers from 0 cm to 20 cm, the descending order of SOM concentration in soils with different soil animal phyla was Annelida > Chordata > Arthropoda, and the SOM in soils with Annelida was significantly greater than that in soils with Chordata and Arthropoda. In the subsoil layer from 20 cm to 100 cm, the descending order of SOM concentration in soils with different animal phyla was Annelida > Arthropoda > Chordata. Obviously, the SOM concentration in each soil layer under the coupling of the Annelida animal phylum was the highest, and it was significantly greater than that under the coupling of the other two animal phyla. In addition, there was a slight difference in the SOM in the different soil layers with the animal phyla Chordata and Arthropoda (Figure 2C). This indicated that Annelida animals could promote SOM sequestration in soil more than other soil animals, which could improve soil quality in nature. The species diversity was calculated by Eq. 2. To better understand how species diversity affects SOM, the relationship between the average value of SOM in the 0 cm–20 cm soil layer and the change in the species diversity index was analyzed. The results showed that the SOM concentration gradually increased with increasing species diversity index, and there was a significant increase in the value of SOM when the species diversity index was between 1 and 3. When the species diversity index was between 3 and 5, the difference in SOM decreased. The variation coefficient of SOM at different levels of the species diversity index indicated moderate variation, and these values were between 0.16 and 0.26. The change in the SOM concentration gradually decreased with increasing species diversity index. Thus, when the species diversity index was relatively lower, the SOM concentration was lower, but there was a larger discrepancy in the SOM. When the species diversity index gradually increased, not only was the SOM concentration higher but also the difference in SOM was slight. This indicated that species diversity could promote SOM sequestration and maintain stable soil fertility (Figure 2D).
3.5 The spatial distribution characteristics of SOM in response to soil thickness
To analyze the distribution characteristics of SOM at different soil thickness levels, the SOM concentrations in each soil layer in the upper and bottom soil layers under different soil thicknesses were compared. Because the soil animals were mainly distributed in the 20-cm soil layer, the soil thickness at most sampling sites was less than 30 cm. Therefore, comparisons were conducted for the 5 cm, 10 cm, and 20 cm soil layers and in the subsoil (Figure 3). The SOM in the topsoil layer of 5 cm at different soil thicknesses gradually decreased with increasing soil thickness, and the SOM concentration ranged between 37.01 g kg−1 and 89.93 g kg−1. The maximum value was 2.43 times greater than the minimum, which indicated that there was a greater discrepancy in the SOM in the topsoil layer among the different soil thickness levels. In addition, the change in SOM in the topsoil layer at each soil thickness level was highly variable except at the 80 cm and 100 cm soil thickness levels. The change trend of SOM at different soil thickness levels fit an exponential function curve (y = 95.03e−0.084x, R2 = 0.9807) (Figure 3A). In the 10 cm soil layer, the SOM concentration gradually decreased with increasing soil thickness. However, the average SOM concentration at the 10 cm soil thickness level was much greater than that at the other soil thickness levels, and the largest value of SOM was 2.11 times the lowest value. There was little difference in SOM at different soil thicknesses from 20 cm to 100 cm, and the SOM concentration at different soil thickness levels fit a power function curve (y = 66.59x−0.288, R2 = 0.9328). Only the coefficient of variation of SOM at a soil thickness level of 10 cm indicated high variation; those at soil thickness levels of 20 cm, 30 cm, 40 cm, and 50 cm indicated moderate variation, and the change in SOM at soil thickness levels from 60 cm to 100 cm indicated low variation (Figure 3B).
[image: Figure 3]FIGURE 3 | The soil thickness effects of the SOM concentration: (A) the SOM in the 5 cm surface soil layer at different soil thicknesses, (B) the SOM in the 10 cm upper soil layer at different soil thicknesses, (C) the SOM in the 20 cm upper soil layer at different soil thicknesses, and (D) the SOM in the subsoil layer at different soil thicknesses.
The distribution characteristics of the average concentration of SOM in the upper 20 cm soil layer at different soil thickness levels from 20 cm to 100 cm were similar to those in the 10 cm soil layer (Figure 3C). As the soil thickness increased, the SOM concentration decreased, and the change in SOM also decreased. The change trend of SOM at different soil thicknesses fit a polynomial function curve (y = 0.3216x2 − 6.233x + 62.502, R2 = 0.9525). Moreover, all the changes in SOM at different soil thickness levels exhibited low and moderate variations, which indicated that when the soil thickness was greater, the SOM was more stable. There was a significant regular distribution of SOM in the bottom soil layer at different soil thickness levels. The SOM concentration gradually decreased with increasing soil thickness, and the change trend of SOM at different soil thickness levels fit a polynomial function curve (y = 0.7889x2 − 17.21x + 103.76, R2 = 0.9963). The SOM concentration in the bottom soil layer at the different soil thickness levels ranged between 9.05 g kg−1 and 89.93 g kg−1, and the maximum was approximately 10 times the minimum. In addition, the degree of change in the SOM concentration in the bottom soil layer gradually increased with increasing soil thickness, and all the coefficients of variation were highly variable (Figure 3D). This indicated a high discrepancy in SOM in the bottom soil layer at different soil thickness levels.
In summary, the soil thickness greatly influenced the SOM, and this influencing mechanism can be summarized as follows: The SOM concentration in each soil layer at the different soil thicknesses gradually decreased with increasing soil thickness, and the change in SOM in the upper soil layer gradually decreased with increasing soil thickness. However, the change in SOM in the bottom soil layer differed from that in the upper soil layer, which gradually increased with increasing soil thickness.
3.6 The spatial distribution characteristics of SOM in response to SBD and rock outcrops
The relationships between SOM and SBD and between SOM and rock outcrops were analyzed, and the results are shown in Figure 4. The large discrepancies in the SBD and rock outcrops were important properties of the soil in karst basins, and there were important factors that affected the SOM to varying degrees. The SOM and SBD were negatively correlated (r = −0.332, p < 0.01, n = 2,728), which indicated that the higher the SBD was, the lower the SOM (Figure 4A). Moreover, the SBD quickly increased with soil thickness in the upper 0–40 cm soil layer, there was a slight difference in the SBD in the 40–60 cm soil layer, and then the SBD gradually decreased with increasing soil thickness in the 60–100 cm soil layer. In addition, the change trend of the SBD from the surface soil layer to the bottom soil layer fit a polynomial curve (y = 1.065 + 0.1078x − 0.0109x2 − 1.2817x3, R2 = 0.9849), which revealed that the effects of the SBD on the SOM mainly occurred in the upper 0–40 cm of the soil layer, and this influence in the subsoil layer was relatively lower. Furthermore, there was a large change in the SBD in the upper soil layer, and this change was relatively lower in the subsoil layer. All the coefficients of variation of the SBD in the different soil layers exhibited low variation, except for that in the 0–5 cm soil layer (Figure 4B).
[image: Figure 4]FIGURE 4 | The SBD and rock outcrop affected the SOM concentration: (A) the relationship between SBD and SOM, (B) the spatial distribution of SBD in the vertical direction, (C) the relationship between SOM and rock outcrop, and (D) rocky desertification affected SOM in different soil layers.
Rock outcrops could partially promote SOM accumulation, and the relationships between the SBD and rock outcrops were positively correlated (r = 0.194, p < 0.01, n = 1,243) (Figure 4C). To further analyze the effects of rock outcrops on different soil layers, the rock outcrops were divided into different rocky desertification areas according to the rock outcrop rate, after which the changes in SOM among the different rocky desertification areas in the different soil layers were analyzed. The results showed that the SOM gradually decreased with increasing rocky desertification in the upper soil layers of 0–40 cm, and there was little change in the SOM at different rocky desertification degrees in the middle soil layer of 40–60 cm. In contrast, the SOM gradually increased with increasing rocky desertification degree, but the average value of SOM in the bottom soil layer was lower than that in the upper soil layer (Figure 4D). This indicated that lower rocky desertification mainly affected the SOM in the upper soil layer, and higher rocky desertification had a greater effect on the SOM in the subsoil layer.
3.7 The spatial distribution characteristics of SOM responded to other soil properties
Soil moisture, soil structure, soil genus, and soil color are additional important soil characteristics in karst basins. To analyze the relationship between these soil properties and SOM, the average SOM concentration in the upper 0–20 cm layer was determined under the coupling of different soil properties, and the information is listed in Figure 5. To analyze the response of the SOM concentration to soil moisture more clearly, the soil moisture was divided into five categories according to the soil moisture content, which ranged from 5.67% to 43.25%. The soil moisture had a greater effect on the SOM concentration, and there was a larger discrepancy in the SOM content at the different soil humidity levels. The lowest value of SOM occurred at a soil moisture level of 1, and the maximum value of SOM occurred at a soil moisture level of 3. The SOM concentration was between 28.56 g kg−1 and 48.29 g kg−1, and the largest value was 1.69 times the minimum value. There was a slight difference in the SOM content at levels 2 and 5, and the SOM content at level 3 was much greater than that at the other soil moisture levels. The change trend of the SOM value coupled with the soil moisture level fit a polynomial curve (y = 9.73 + 20.43x − 3.23x2, R2 = 0.63). This revealed that the effect of soil moisture on SOM mainly exists in moderately humid soil, and this influence in dry soil and wetter soil is relatively less. Furthermore, all the changes in SOM at different degrees of soil moisture were highly variable, which indicated that there was a large discrepancy in SOM with the change in soil moisture (Figure 5A). There was a significant change in the SOM in the different soil structures, and the SOM gradually increased with decreasing soil structure. The content of SOM in the different soil structures ranged between 41.27 g kg−1 and 47.01 g kg−1, and its coefficient of variation ranged between 0.45 and 0.55. The SOM concentrations in the block structure and granular structure were relatively lower, and the difference in SOM in the two soil structures was also smaller. The SOM content in the soil structure of the silt and clay fraction was the highest, and its change was the lowest (Figure 5B). Thus, the smaller the soil structure was, the more easily the accumulation of SOM was promoted, and the SOM accumulation was relatively stable.
[image: Figure 5]FIGURE 5 | The relationship between SOM and soil properties: (A) the relationship between SOM and soil moisture, (B) the relationship between SOM and soil structures, (C) the relationship between SOM and soil genus, and (D) the relationship between SOM and soil color.
The descending order of SOM in the upper soil layer at 0–20 cm in the different soil types was Black Lithomorphic Isohumisols (Black Lithomorphic) > Cab Udi Orthic Entisols (Cab Udi) > Cab Medium Fertility Orthic Anthrosols (Cab Medium) > Fec Hydragric Anthrosols (Fec Hydragric) > Cab Low Fertility Orthic Anthrosols (Cab Low) > Cab High Fertility Orthic Anthrosols (Cab High) > Xan Udic Fernalisols (Xan Udic), and their average values were 29.67 g kg−1, 36.75 g kg−1, 37.67 g kg−1, 38.85 g kg−1, 41.32 g kg−1, 46.86 g kg−1, and 60.64 g kg−1, respectively. The SOM gradually increased from Cab High to Cab Udi, and there were smaller differences in the SOM values among them. Moreover, the SOM values in Black Lithomorphic soil were greater than those in the other soils, and the values in Xan Udic soil were lower than those in the other soil types. In addition, there was a regular distribution of the coefficient of variation for SOM changes in different soil types, which was similar to the change trend of SOM content in different soil types. In general, the higher the SOM content was, the greater the coefficient of variation in the different soil types. The changes in SOM in the Xan Udic, Cab High, and Fec Hydragric soils exhibited moderate variation, and those in the Black Lithomorphic, Cab Udi, Cab Medium, and Cab High soils exhibited high variation (Figure 5C). This indicated that the SOM in calcareous soil was generally greater than that in other soils. The descending order of SOM in the different soil colors was black > brown > gray > yellow > red, and the SOM content ranged between 27.67 g kg−1 and 51.32 g kg−1. The concentration of SOM in the different soil colors could be divided into three different levels. The SOM content in the black soil was the highest, the SOM content in the brown and gray soils was the second highest, and the SOM content in the yellow and red soils was the third highest. There were smaller differences in SOM at the second level, and these differences at the third level were similar. Furthermore, there was a greater discrepancy in SOM at different levels, and the change presented a significant ladder. The coefficient of variation of SOM in different soil colors gradually decreased with decreasing SOM content, but all the coefficients of variation were highly variable (Figure 5D). Obviously, the SOM in dark-colored soil was generally greater than that in bright-colored soil, and the degree of change in SOM in dark-colored soil was also relatively greater.
4 DISCUSSION
4.1 Coupling mechanism between soil properties and soil animals in the karst plateau basin
According to the information in Figure 2, which indicates that the relationship between SOM and soil animals is positively correlated, the number of soil animals and the species of soil animals can partially promote the accumulation of organic matter in soil. The many soil animal species in karst basins can be divided into different animal orders, classes, and phyla; this information is listed in Table 2. There is a larger discrepancy in the spatial distribution characteristics of soil animals in karst basins, which results in the spatial heterogeneity of soil animals in karst basins being more complex. Because the ecological environment in karst regions is more fragmented, the coupling mechanism between soil animals and different soil properties is more complex. Therefore, to research the relationship between SOM and soil animals, the spatial distribution characteristics of soil animals impacted by different soil properties must be investigated. The relationships between the soil animals and soil properties are listed in Figure 6.
[image: Figure 6]FIGURE 6 | The relationship between soil animals and soil properties: (A) the relationship between soil animals and soil thickness, (B) the relationship between soil animals and SBD, (C) the relationship between soil animals and rocky desertification, (D) the relationship between soil animals and soil humidity, (E) the relationship between soil animals and soil structures, (F) the relationship between soil animals and soil types, and (G) the relationship between soil animals and soil color.
Soil thickness is an important soil property; it is a site where energy and matter are stored and translated, which is the basis of sustainable development (Keesstra et al., 2018; Visser et al., 2019). The soil layer in the center of the intersection of the lithosphere, biosphere, hydrosphere, and atmosphere is an important reservoir of organic matter (Hobley et al., 2014). Moreover, the soil layer is an important habitat for organisms, and changes in the soil environment may influence species structure and number. Soil thickness significantly impacts soil animals; the thicker the soil is, the more soil animal species there are. In addition, thicker soil can promote the structural stability of living soil because the coefficient of variation of species diversity tends to gradually decrease with increasing soil thickness. Then, the species diversity gradually increased with soil thickness, and the change fit a polynomial formula curve (y = 2.6760.16x − 0.02x2 − 0.95x3, R2 = 0.861) (Figure 6A). The main range of SBD values in the karst basin was between 0.8 and 1.6, and the SBD in this range was 94.59%. The relationship between soil animals and SBD fits a polynomial formula curve (y = 0.93x2 + 1.95x + 2.19, R2 = 0.786). The species diversity index gradually increased with increasing SBD before the top site, and then, the species index gradually decreased with increasing SBD (Figure 6B). This indicated that a moderate range of SBD is an advantage for soil animal survival, and both too-high and too-low SBDs are not good environments for organisms living in soil. This can further influence the spatial distribution characteristics of SOM.
There was a significant regular distribution of soil species diversity under the impact of rocky desertification, which showed that the species diversity index increased from low rocky desertification to low–moderate rocky desertification, after which the species diversity in the soil quickly decreased with increasing rocky desertification. This trend in soil species diversity was coupled with the change in rocky desertification, which fit a curve of the Gauss formula (y = 2.67+(2.02·sqrt (PI/2))·e(−2((x−1.64)/2.02)^2), R2 = 0.998). In addition, the change in species diversity in soil gradually increased with rocky desertification in general, and the coefficients of variation of the species diversity index at low and low–moderate levels of rocky desertification were relatively lower than those at other degrees of rocky desertification. However, all the degrees of change in soil species diversity at different levels of rocky desertification were highly variable (Figure 6C), which indicated that low and moderate levels of rocky desertification could promote soil living, and there was a large discrepancy in the number of animal species in the soil.
The main soil dry humidity conditions in the karst basin include moderate, slightly wet, and slightly dry conditions, and drier soil is relatively less abundant. At first, the soil species diversity gradually increased with soil humidity until the soil humidity level was slightly wet, and then the species diversity quickly decreased with increasing soil humidity. The change trend of soil species diversity under the coupling of soil dry humidity fits a polynomial formula curve (y = 2.73 – 0.66x + 0.59x2 − 0.09x3, R2 = 0.9997). Furthermore, the coefficient of variation of soil species diversity in the karst basin gradually decreased with soil humidity in general, but all the changes in species diversity at different soil humidities exhibited high variation (Figure 6D). This indicated that moderate and slight degrees of soil humidity are beneficial to soil life, and drier and wetter levels of soil humidity are not favorable sites for different soil animals. In addition, the main soil animals in wetter soil were Annelida, such as earthworms. The soil species diversity index in the granular structure of the soil in the karst basin was the largest, followed by that in the block structure, and the soil species diversity in the granular structure was significantly greater than that in the other soil structures. The regular distribution of soil species diversity from a larger structure to a smaller structure of soil fit a polynomial formula curve (y = 2.71 + 0.48x − 0.12x2, R2 = 0.998), and the coefficient of variation of soil species diversity in the granular structure was the highest (Figure 6E). This revealed that the granular structure of soil is an advantage for the survival of living organisms in soil, and there is a large discrepancy in soil species diversity among different soil structures.
The difference in soil species diversity among the different soil types was not large, and the species diversity indices among the different soil types ranged between 2.99 and 3.46. The descending order of species diversity in the different soil types was Cab Medium > Black Lithomorphic > Xan Udic > Cab Udi > Cab High > Cab Low > Fec Hydragric. According to the order of the different soil types, the relationships between the soil types and the species diversity indices of the soil animals fit a polynomial curve (y = 2.75 + 0.28x − 0.06x2 + 0.04x3, R2 = 0.978). In summary, the species diversity in calcareous soil was greater than that in loamy soil, and all the changes in species diversity exhibited high variation among the different soil types (Figure 6F). This indicated that there is no significant regular distribution of soil animals in different soil types, and there is a slight trend that the soil animals in black limestone soil and yellow limestone are relatively more prevalent than in other soils. There was a great difference in species diversity among the different soil colors, and the species diversity indices under the different soil colors ranged between 2.34 and 3.95. The largest species diversity index value was in red soil, the lowest was in gray soil, and the change trend fit a polynomial curve (y = 5.27 – 1.79x + 0.55x2 − 0.06x3, R2 = 0.987). The trend of the coefficient of variation of species diversity in different soil colors was the opposite of the change in species diversity in different soil colors; the species diversity in red soil was the highest, but the change was the lowest, and the opposite was the case in gray soil (Figure 6G). In summary, the qualities of soils with bright colors can promote soil life more than the qualities of soils of other colors. The abundance of organisms in gray soil is lower, which may be the result of gray soil having properties similar to those of limestone bedrock.
4.2 Relationships among SOM, soil animals, and land use in the karst plateau basin
Because of the main distribution of soil animals in surface soil layers (Li X. D. et al., 2020), the relationships among SOM, soil animals, and land use changes are discussed mainly for the 0–20 cm soil layer. According to the information from Tables 2, 3 and Figures 1, 2, the distribution characteristics of SOM in different land uses showed a regular stepwise decrease. Among them, forestland was at the first level, significantly higher than other land uses, followed by grassland and barren land, and cultivated land and garden land were at the third level. This was because the SOM concentrations in the soil samples containing animals are generally greater than those in the soil without soil animals (Figure 2A). Moreover, the soil animal diversity of forestland, barren land, and grassland is generally greater than that of garden land and cultivated land. The diversity forestland and cultivated land are significantly greater and less than those of other land uses, respectively (Figure 7A). This result is similar to that of Lu et al.’s research, which showed a significant correlation between soil animals and SOM (p < 0.01), and the SOM concentration increases with the increasing number of soil animal species (Lu et al., 2016). In addition, the microtopography of stone basins, stone grooves, stone crevices, etc., is widely distributed in barren land grasslands, and humus is generally intercepted in these microtopographies (Huang et al., 2018; Wang et al., 2022). In forestland, there is an abundant SOM resource, and the surface soil is not washed by rainfall because of the buffering effect of tree crowns (Wang et al., 2022). According to Figure 2B, the SOM concentrations in the 0–20 cm layer of soil with Agrotis segetum are greater than those in the soil with other soil animals (Figure 7B). Moreover, the average numbers of Agrotis segetum in barren land and grassland are much greater than those in other land uses. The SOM concentrations in cultivated land and garden land are lower than those in other land uses, but their earthworm numbers are generally high (Figure 7C). This is because earthworms positively or negatively affect SOM. They can promote the accumulation and decomposition of humus and SOM (Crowther et al., 2014; Kang and Wu, 2021). Although earthworms are considered major soil animals that affect SOM conversion, it is unclear how much and how quickly they can protect SOM content (Shan et al., 2013; Tu et al., 2020). In addition, cultivated land, including paddy fields and dry land, is more disturbed by productive activities, resulting in easier loss of SOM (Wang et al., 2022; Gao et al., 2023). According to the relationships between land use types, soil animals can be summarized as two loop lines, Line A and Line B, in the karst basin area. Among these factors, land use is crucial in the cyclical process. In line A, land use affects the soil animal species and subsequently affects the SOM distribution. In line B, the distribution characteristics of SOM in the different land use types greatly differ in all the soil layers, which further affects the spatial distribution of the number of soil animals in the different soil layers (Figure 7D). For these reasons, the SOM concentrations in those land use types are greater than those in other land use types. However, the SOM concentrations in cultivated land and garden land are relatively low, but the distribution of SOM is more uniform. In summary, the coupling mechanism among land use, soil animals, and SOM in karst areas is complex, and there are multiple relationships among them. Their relationships show not only positive promotion but also negative restraint. A good land type may increase the number and abundance of soil animal species and SOM. However, microtopography, such as stone grooves and stone crevices, can affect the restructuring of the spatial distribution of SOM in karst basin areas (Huang et al., 2018; Zhang et al., 2019).
[image: Figure 7]FIGURE 7 | The relationship between SOM, soil animals, and land use: (A) the relationship between soil animals and land use; (B, C) the relationship between Agrotis segetum and land use and earthworms and land use; (D) the relationship cycle of land use, soil animals, and soil organic matter in karst.
4.3 Major factors impacting soil animals in the karst plateau basin
Figures 2, 3, 6 show the complexity of the relationships between SOM, soil animals, and different influencing factors. The distribution characteristics of each impact factor in the karst plateau basin are also complex, which means the multiple factors influencing the SOM in the karst plateau basin are complicated (Zhang et al., 2019; Wang et al., 2022). To more accurately analyze the response model of factors that affect soil animals, the key factors in karst plateau basins should be discussed (Huang et al., 2018; Zhang et al., 2019). The dimensions of the multiple factors were reduced using PCA via SPSS software (Table 4).
TABLE 4 | Principal component analysis (PCA) of environmental factors via the maximum variance method.
[image: Table 4]The first three principal components represented 82.063% of the correlation between different factors. The contribution rates of the first, second, and third principal components were 49.778%, 17.162%, and 15.123%, respectively. Among those impact factors, soil thickness and soil humidity had high positive loads on the first principal axis, and soil structure and SBD had high positive loads on the second principal axis; however, the rock outcrop and soil type had high negative loads on the third principal axis. These factors were critical on each principal axis, which revealed two positive alliance models—soil thickness-soil humidity and soil structure-SBD—and a negative alliance of rock outcrop-soil type that has a greater influence on soil animals in the karst plateau basin. According to the RDA results, the major positive impact factors of soil animal diversity mostly include soil thickness, soil humidity, and soil form, and the negative impact factor is rock outcrops (Figure 8A). The dominant species of soil animals in the study area are ants and earthworms. Among them, soil form positively influences ants, and soil humidity positively affects earthworms (Figure 8B). These results were consistent with those of Han et al. and Ye et al., who reported that the soil animal community positively responds to soil humidity, and the relationship between SOM and soil animals exhibits a significant positive correlation (Han et al., 2017; Ye et al., 2019). Zhang et al. noted that soil moisture has a significant control effect on earthworm reproduction (Zhang X. H. et al., 2020). In summary, the soil animal community was positively influenced by soil thickness, soil humidity, and soil form and negatively influenced by rock outcrop cover. In addition, the dominant species affecting the spatial distribution of SOM are ants and earthworms, which are impacted to a greater degree by soil form and soil humidity, respectively.
[image: Figure 8]FIGURE 8 | The key impact factors of soil animals: (A) soil animal diversity in response to different factors in all samples and (B) the dominant species response to different factors.
4.4 Reliability of SOM assessment under the influence of soil animals in the karst plateau basin
Soil animals are an important component of the soil ecological system and affect the translation of nutrients and energy in soil. Soil animals are often treated as mini-pulverizers of litterfall that can impact the conversion of SOM and the formation of humus. The comprehensive interaction between soil animals and soil microorganisms can stimulate the activity of soil enzymes and promote the decomposition of soil humus (Dong et al., 2016). The activities of soil animals can improve soil air permeability, soil structure, and soil fertility. For example, ants and earthworms burrow, nest, and obtain food in soil and can mix different soil layers that increase soil porosity, reduce SBD, improve soil aggregation, and promote soil nutrient cycling (Mbau et al., 2015). In addition, soil animal feces and exudation can increase the effectiveness of soil nutrients, influencing the spatial distribution characteristics of SOM in profiled soil and simultaneously impacting soil properties in direct and indirect ways (Frouz et al., 2008; Dong et al., 2016). Figure 7 shows that soil properties promote an increase in soil animals, which indicates a synergistic effect between soil animals and soil properties. The soil thickness, SBD, rock outcrop, soil structure, and soil humidity are particularly important factors affecting soil animals, and there is a significant regular distribution between soil animals under the coupling of these soil properties. There is a significant correlation between soil animals and soil properties in karst basins, and the interaction is similar to the findings of Frouz et al. (2008) and Mbau et al. (2015). Moreover, based on Figure 2, the organic matter in soil with soil animals was generally greater than that in soil with no soil animals, and the coupling mechanism was consistent with the work by Dong et al. (2016). In addition, soil properties are impacted by the synergism between different soil animals and other factors in general, and different soil animals affect SOM in different ways (Wright and Covich, 2005). The organic matter in soil with earthworms (phylum Annelida) is much greater than that in soil with other soil animals (Figure 2C), which is consistent with the results of Kisand and Tanmmert (2000), Scullion and Malik (2000), and Bradford et al. (2002). Furthermore, soil species diversity can partially promote soil quality, and the higher the species diversity index is, the better the soil structure (Figure 6E), which is consistent with the results of Berg and Mcclaugherty (2013). According to the information in Figure 3D, species diversity is a major factor promoting SOM; the higher the species diversity index is, the greater the SOM value, and the regular relationship between species diversity and SOM is consistent with studies by BjΦrnlund and Christensen (2005), and Wang et al., (2009).
In summary, there is a significant correlation between soil animals, soil properties and SOM, and soil animals not only impact different soil properties but also influence SOM. Moreover, the soil thickness, SBD, rock outcrop, soil humidity, and soil aggregates are important soil properties in karst basins (Huang et al., 2018; Li et al., 2019; Zhang et al., 2019), and the regular relationships between soil animals and SOM in karst basins are obvious. Thus, soil animal distribution characteristics are important factors that affect SOM in karst basins, and the mechanism of SOM distribution under the coupling of soil animals is partially reliable.
5 CONCLUSION
The average concentration of soil organic matter (SOM) in the Puding Basin varies between 9.23 g kg−1 and 59.39 g kg−1 across the different land uses and is ranked in descending order as follows: forestland, grassland, barren land, cultivated land, and garden land. The SOM distribution in the upper soil layers is more pronounced than that in the subsoil layers, with a notable change at a depth of approximately 60 cm. Soils containing soil animals generally have higher SOM concentrations than those without. Higher SOM levels are associated with greater species diversity, and both diversity and SOM decrease with increasing soil depth. Large variability in SOM was observed under the influence of different soil animal phyla. Soils with Annelida, particularly earthworms, exhibited higher SOM concentrations than did the other soils. Soils with Agrotis segetum also have elevated SOM levels. Annelida greatly improved soil quality, fertility, and nutrient availability in karst basins. The major species influencing the SOM distribution were Agrotis segetum, which affects surface layers, and earthworms, which facilitate deeper organic matter penetration. Earthworms thrive at relatively high soil humidity and thickness but are negatively impacted by rock outcrops. The spatial distribution of soil animals is positively influenced by interactions between soil thickness, humidity, structure, and bulk density and is negatively influenced by rock outcrops and soil types. Soil animal diversity is mostly affected by soil thickness, humidity, and structure. Land use type is also crucial in influencing SOM distribution; beneficial land use increases soil animal diversity and abundance, promoting SOM accumulation. Microtopography greatly impacts SOM in karst basins by altering its spatial distribution. Overall, land use and soil animals are critical factors affecting SOM, with complex relationships influenced by spatial heterogeneity in karst environments. Therefore, more accurate methods are needed to assess SOM in these areas for further study.
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The long-term application of phosphate fertilizers in agricultural production leads to a large accumulation of phosphorus in the soil. When it exceeds a certain limit, phosphorus will migrate to surrounding water bodies through surface runoff and other mechanisms, potentially causing environmental risks such as eutrophication of water bodies and increasing the risk of water source pollution. This study takes Shiyan City, the water resources area of the mid-route of the South-to-North Diversion Project (MSDP), as the study area. Based on 701 sampling points of topsoil, geostatistics and geodetectors were used to explore the spatial heterogeneity and influencing factors of available phosphorus (AP) in the topsoil of the area. The results show that the effective phosphorus content in the topsoil of the study area ranges from 0.30 to 146.00 mg/kg, with an average value of 14.28 mg/kg, showing strong variability characteristics. Geostatistical analysis shows that among all theoretical models, the exponential model has the best fitting effect, with a lump gold effect of 0.447 and a range of 82,000 m. The soil available phosphorus content shows an increasing trend from the Central Valley lowlands to the surrounding mountainous hills. Among them, elevation is the main controlling factor for the spatial variation of available phosphorus in the topsoil, followed by soil types, planting systems, annual precipitation, and organic matter. The non-linear enhancement or dual-factor enhancement among various environmental factors reveals the diversity and complexity of spatial heterogeneity affecting available phosphorus content in cultivated soil. This study could provide scientific references for maintaining ecological security in the water source area of the MSDP, improving the precise management of AP, and enhancing cultivated land quality.
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1 Introduction

Available phosphorus (AP) in cultivated soil is an important factor that characterizes the abundance and deficiency of soil phosphorus nutrition and quality of the environment (Liu et al., 2022; Zhang et al., 2021). As one of the three essential nutrients for plants, phosphorus plays an irreplaceable role in their life cycle. The lack of soil AP can limit crop growth and affect crop yield (Bieluczyk et al., 2024; Zicker et al., 2018). With the continuous improvement of land use intensity, the application of phosphorus fertilizers has become widespread in agricultural production to ensure the quality and yield of agricultural production. Compared to nitrogen and potassium, phosphorus fertilizer is easily adsorbed and converted into insoluble phosphate that is difficult for crops to absorb by the surface of soil particles or iron and aluminum oxides in the soil after being applied to the soil (Du et al., 2021). Therefore, the seasonal utilization rate of phosphorus fertilizer is low, ranging from 10 to 25% (Rowe et al., 2015). At the same time, farmers are accustomed to using phosphorus fertilizers that often exceed the actual phosphorus requirements of crops. Long-term fertilization leads to a large accumulation of phosphorus in the soil (Yang et al., 2017; Khan et al., 2018). Although phosphorus accumulation can improve the soil's phosphorus supply capacity to crops, when it exceeds a certain limit, phosphorus may migrate to surrounding water bodies through surface runoff and other mechanisms. This not only results in fertilizer wastage but also increases environmental risks, such as eutrophication of water bodies, posing significant threats to ecological health and the sustainable development of agriculture (Holger et al., 2018; Liu et al., 2016). Therefore, fully understanding the spatial layout characteristics of soil AP in regional farmland is crucial for optimizing farmland management measures, applying phosphorus fertilizers more effectively, and reducing phosphorus loss and non-point source pollution in water bodies.

The application of soil AP plays an important role in ensuring food yield increase and sustainable development of soil phosphorus fertility, which have attracted widespread attention from scholars both at home and abroad. Scholars have conducted extensive research on the spatial distribution characteristics of AP from the perspective of soil properties (Sattari et al., 2012), crop types (Lv et al., 2022), crop rotation systems (Chen et al., 2024; Lü et al., 2022), topography (Hua et al., 2020), and soil types (Bai et al., 2013; Wang et al., 2023). Some scholars have also explored the spatiotemporal evolution characteristics (Ma et al., 2016), AP enrichment effects, and potential ecological risk assessment of farmland utilization and have achieved fruitful results (Chen et al., 2022; Schoumans et al., 2015; Reijneveld et al., 2010). Most studies show that meteorological and topographic variables are the most important influencing factors on the spatial distribution of soil available phosphorus content (Hua et al., 2020; Miller et al., 2001; Cao et al., 2022). In different regions, the spatial variation of available phosphorus is closely related to soil properties and planting systems (Cao et al., 2012; Chad and James, 2019). Previous research mainly focused on certain administrative regions, crops, soil types, and land use types. There is still limited research on the spatial variation characteristics and influencing factors of soil AP in the cultivated layers of the water source area of the South-to-North Water Diversion Project (Tan et al., 2021; Wu, 2024). Previous studies have focused on describing or qualitatively analyzing the spatial differentiation of soil AP, often neglecting the exploration of interactions and the degree of influence among various factors. There has been a lack of quantitative analysis regarding these influencing factors and their interactions. Geodetectors are new statistical methods used to detect the spatial heterogeneity of events and reveal the driving factors behind them. These methods address the shortcomings of traditional approaches and provide a more comprehensive understanding of how influencing factors explain the spatial differentiation of soil nutrients.

The mid-route of the South-to-North Diversion Project (MSDP) is a strategic cross-basin water transfer project that alleviates the severe shortage of water resources in northern China (Yu et al., 2021). The water source area bears the arduous task of supplying water to the South-to-North Diversion Project, and water quality safety issues determine the success or failure of the entire project. The proportion of the agricultural population in this region is relatively high, and the vast rural areas are relatively backward, making it highly susceptible to ecological negative impacts caused by improper human development activities. It is a typical ecologically sensitive area, and the protection of the ecological environment in this region is the foundation and key measure to ensure good water quality. Based on this approach, the study uses Shiyan City, a key water source area of the MSDP, as a case area. It employs geostatistical methods to explore the spatial distribution characteristics of AP in the cultivated layers. By integrating geodetectors, the study investigates the main control factors and their interactions, aiming to reveal their inherent patterns and driving forces. The findings provide a theoretical basis for soil AP regulation and the improvement of farmland quality in the research area.



2 Materials and methods


2.1 Study area

Shiyan City is located in the northwest Hubei Province and is the core water source area of the MSDP (109°29′-111°16′E, 31°30–33°16′N) (Figure 1). It is known as the “Green Lung of Central China” and the “Water Well of North China,” with an area of 23,680 km2. This region has a northern subtropical continental monsoon climate, with an average annual temperature of 15.4°C, an average annual precipitation of 870 mm, 1,650 h of sunshine, and a frost-free period of 224 days. At an altitude of 83–2,571 m, there are over 2,000 rivers. The landform types are hills, low mountains, middle mountains, and high mountains, suitable for the growth of various water and drought crops. The farming types are mainly wheat, corn, and rice. The main planting systems include rotation, monoculture, and intercropping, and yellow-brown soil, lime soil, and paddy soil are the main soil types.


[image: Figure 1]
FIGURE 1
 Distribution of sampling sites in the study area.




2.2 Data sources and preprocessing methods
 
2.2.1 Soil sample data

The soil sample data were sourced from the farmland quality survey and evaluation project in Shiyan City (Figure 1). After the autumn harvest of crops in 2020, sampling points were arranged according to the utilization conditions of cultivated land in each county and city. Five soil samples were collected from the top 0–20 cm layer using a “star” or “S” shape, according to the actual situation of the plot (Fink et al., 2016). After collection, the samples were mixed, and 1 kg was kept for further analysis. After air drying, grinding, and sieving, the soil sample was subjected to a sodium bicarbonate extraction molybdenum antimony colorimetric method to determine soil AP, a potassium dichromate volumetric method to determine soil organic matter, and a 2.5:1 soil water ratio extraction pH meter method to determine soil pH (National Agricultural Technology Extension Service Center, 2006). During sampling, GPS positioning was used to obtain the geographical location and altitude of each sampling point, and over 40 types of environmental background information were recorded and investigated, including soil parent materials, soil types, crop rotations, and land use. At the same time, geographical coordinates and altitude were recorded for each sampling point. Finally, 701 representative sample points were selected for research (Figure 1).



2.2.2 Impact factor data

Based on existing research, the impact of soil AP spatial variation is mainly concentrated in eight aspects: terrain (Liu et al., 2022, 2016; Hua et al., 2020; Li et al., 2016), climate (Liu et al., 2022), soil type (Liu et al., 2022; Khan et al., 2018; Ma et al., 2016), soil pH (Liu et al., 2022; Zhao et al., 2011), soil organic matter (Khan et al., 2018), soil parent materials (Liu et al., 2022; Hua et al., 2020), land use (Liu et al., 2022; Khan et al., 2018; Hua et al., 2020), and soil management (Liu et al., 2022; Bieluczyk et al., 2024; Khan et al., 2018; Holger et al., 2018). Based on existing achievements, this research selected the following influencing factors:

• Structural factors: elevation (Elev), slope (Slope), mean annual temperature (Mat), mean annual precipitation (Map), soil type (Soil type), soil pH (Soil pH), and soil organic matter (SOM).

• Randomness factors: land use and planting system.

The elevation and slope data were calculated using ArcGIS 10.7 using digital elevation data with a horizontal resolution of 30 on the geospatial cloud platform. Climate data were obtained from the Resource and Environmental Science and Data Center, with a resolution of 500 m × 500 m. The data on soil type, land use status, and planting system were sourced from the land parcel survey.



2.2.3 Data preprocessing

All vector data and raster data were converted to a unified projection coordinate system. According to the requirements of geographical exploration input variables, the land use data were categorized. Continuous data, including elevation, slope, temperature, and precipitation were classified into seven categories using the natural breakpoint method. The semi-variance function of soil AP was fitted using GS+9.0 software.




2.3 Research methods
 
2.3.1 Geostatistical methods

The semi-variance function is the theoretical basis of geostatistics and is used in this study to reflect the spatial variation and correlation degree of the regionalized variable AP in the study area. The calculation formula is as follows:

[image: image]
 

2.3.2 Geodetectors

Geodetectors are new statistical methods that detect spatial differentiation of geographical phenomena and reveal their underlying driving forces. They include several key factors: factor detection, interaction detection, risk detection, and ecological detection (Chad and James, 2019). Among them, factor detection uses a q-value to measure the explanation of factor X for the spatial differentiation of attribute Y, with a range of q-values of [0, 1]. The bigger the q-value, the stronger the explanatory power of the independent variable X for attribute Y, and vice versa.

The interaction detector is used to measure whether the interaction between two influencing factors will increase or decrease the explanatory power of soil AP spatial variation. If the q-value is closer to 1, it indicates that the interaction between the two factors is more significant (Table 1). Based on the results of factor detection and interaction detection, this article identified the dominant factors and dual-factor interaction results that affect the spatial variation of soil AP in Shiyan City.


TABLE 1 Types of interaction detection.
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3 Results and analysis


3.1 AP descriptive statistical analysis

According to the soil AP classification method in the second soil survey, the soil AP in the study area was classified (Li et al., 2016) (Table 2), with a sample size of 5.99%, 14.27%, 25.11%, 34.52%, 14.27%, and 5.85% for levels I–VI, respectively. The AP content in the study area is concentrated in two moderate levels, accounting for 59.63% of the total. Table 3 shows that the AP content of 701 sample points in the study area ranges from 0.30 to 146.00 mg/kg, with an average value of 14.28 mg/kg. According to the AP classification of the second soil survey, the overall AP is in a moderate state, with a standard deviation of 14.96 mg/kg, reflecting the heterogeneity of the sample data. The coefficient of variation of AP is 104.76%, belonging to a strong degree of variation. The AP content changes greatly, with many extreme values and a relatively scattered distribution. In the process of soil management, targeted fertilization plans should be formulated according to local conditions and cannot be generalized.


TABLE 2 Classification standard of soil available phosphorous and frequency distribution of each class.
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TABLE 3 Descriptive statistic of soil available phosphorous.
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3.2 Analysis of spatial variation structure characteristics of AP

The semi-variance function of soil AP in the study area was fitted (Table 4). The optimal model was selected based on the following criteria: maximizing the coefficient of determination (R2) to approach 1, minimizing the residual sum of squares (RSS) to approach 0, and prioritizing the RSS value. The results show that the exponential model has the best fitting effect and can better reflect the good spatial structure of soil AP.


TABLE 4 Semivariogram model and its parameters of soil available phosphorous.
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Spatial variation mainly includes two parts: random variation and structural variation. In Table 3, C0/(C0 + C) is referred to as the block gold coefficient, which represents the degree of spatial heterogeneity. A high ratio indicates a significant degree of spatial variation caused by random parts (Xiaolan et al., 2007). On the contrary, a higher degree of spatial variation due to spatial autocorrelation is observed. It is generally believed that variables smaller than 0.25 have strong spatial autocorrelation. Variables with moderate spatial autocorrelation have coefficients between 0.25 and 0.75. Variables above 0.75 have weak spatial autocorrelation (Cambardella et al., 1994). For such variables, the variation is mainly random, which is not suitable for using spatial interpolation methods for prediction (Goovaerts, 1999). The lump gold value (C0) of soil AP is 0.430, indicating the presence of random factors causing variation at the current sampling density. The nugget coefficient is 0.447, showing a moderate degree of spatial autocorrelation, indicating that the spatial variation of soil AP in the study area is influenced by both structural and random factors. The range of the study area is 82,000 m, with a step size of 7,050.29 m, indicating that the sampling spacing set up in the study area is smaller than the range of soil AP, which can meet the needs of spatial variability evaluation in the study area.



3.3 AP Kriging interpolation mapping and analysis

The optimal parameters of Kriging interpolation were simulated using GS+9.0 software and then input into ArcGIS 10.7. The spatial distribution map of soil AP was created using ordinary Kriging interpolation. Figure 2 shows that the distribution area of extremely rich grade areas is relatively small, mainly distributed in the southwest of Zhuxichuan County and the southeast of Fang County, with a relatively high terrain; The lack of hierarchy is mainly distributed in the faulted basin centered around the Malan River Valley in the northern part of Fang County, where the granaries are located and the terrain is relatively low. The spatial distribution of soil AP shows an increasing trend from the Central Valley lowlands to the surrounding mountainous hills, which is strongly consistent with the terrain changes in the study area (Figure 3). According to the soil AP grading standards in the second soil survey, the soil AP content in the vast majority of the study area is mainly at levels III and IV, indicating that the average level of soil AP content in the study area is moderate and can meet the requirements of crop growth.
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FIGURE 2
 Spatial distribution of soil available phosphorous in the study area.



[image: Figure 3]
FIGURE 3
 Elevation map of the research area.




3.4 Analysis of geodetectors
 
3.4.1 Factor detection analysis

The factor detector reflects the influence of geographical environmental factors on the spatial distribution pattern of soil AP and is measured by the magnitude of the q-value. The results show (Table 5) that the q-values of each influencing factor are arranged in descending order as elevation (0.1459), soil type (0.0707), planting system (0.0622), annual precipitation (0.0612), organic matter (0.0623), annual average temperature (0.0456), soil pH (0.0301), slope (0.0264), and farmland use (0.0104). Among them, the q-value of elevation is bigger than 0.1 and has the strongest explanatory power through a 1% significance test, which is the main controlling factor determining the spatial distribution pattern of AP in Shiyan City. The following factors are soil types, planting systems, annual precipitation, and organic matter. The q-values of other factors are relatively small and have weak explanatory power, which are secondary factors affecting the spatial heterogeneity of soil AP. Comparing the explanatory power of structural factors and random factors, it can be found that the q-values of structural factors such as terrain and climate factors are slightly higher than those of random factors such as planting systems and land use, indicating that structural factors have a relatively large driving force on the spatial variation of AP in cultivated land in Shiyan City, which is consistent with previous analysis.


TABLE 5 Geographical detection of the factors affecting the soil available phosphorous spatial variation.
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3.4.2 Interaction detection analysis

This study used interaction detectors to analyze the degree of interaction between nine factors and the spatial distribution of soil AP content in the study area (Table 5). In terms of dual-factor interaction, both factors exhibit non-linear enhancement or dual-factor enhancement effects. The maximum interaction factor is elevation slope (0.3224), followed by elevation organic matter (0.3161), elevation planting system (0.2905), slope planting system (0.2621), and elevation soil pH (0.2604). The explanatory power of the interaction is bigger than 0.25. In terms of comprehensive interaction, the strongest is elevation synthesis (total 1.9997), followed by planting system synthesis (1.6114), slope synthesis (1.3502), annual precipitation (1.2904), organic matter (1.1830), soil type (1.1502), annual average temperature (1.1057), soil pH (1.0459), and farmland utilization (0.7151). Overall, the interaction between elevation, planting system, and slope with other factors is quite prominent, which means that areas with significant differences in elevation, planting system, and slope often have significant differences in AP. The distribution of other factors will enhance the impact of elevation, planting system, and slope on the spatial distribution of AP in the cultivated layers.





4 Discussion

To further investigate the impact of various environmental variables on the differentiation of soil AP in cultivated land in the study area, a correlation analysis was conducted between soil AP and environmental variables (Table 6). It was found that soil AP was negatively correlated with altitude, field slope, annual precipitation, and soil organic matter content in the study area and negatively correlated with annual average temperature and soil pH.


TABLE 6 Correlation analysis of soil available phosphorous and environmental variables.
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4.1 The impact of terrain factors on AP variation

Terrain factors affect the available phosphorus content in soil by influencing water and thermal conditions and the redistribution of soil-forming materials (Li et al., 2016). Table 6 shows that the AP content in the study area is significantly positively correlated with altitude and slope. The low-value areas of AP in the research area are mainly distributed in low-terrain areas, such as the Han River and its tributaries, the Duhe River, and the Malan River valley. The terrain is relatively flat and suitable for crop cultivation, making it a concentrated production area for vegetables and grain crops. Compared to areas with higher elevations, the intensity of land development and utilization in this area is higher, resulting in significant interference from farming activities. Crops are densely planted, and the phosphorus carried away by crop growth is relatively high, resulting in lower available phosphorus content in the soil. The high-value areas are mainly distributed in the northern, central, and southern regions with high elevations and steep slopes. Due to the vertical zonality of the climate, agricultural production in this area exhibits strong seasonality and a low rate of multiple cropping. The transportation convenience is poor, and there is no comparative advantage in output level. In addition, to increase household income, a large number of young and middle-aged people in the region have migrated for work, resulting in a shortage of rural labor and leading to the abandonment of cultivated land. In Shiyan City, where the climate is characterized by favorable rainy and hot conditions, these factors facilitate self-restoration of the ecological environment of this abandoned cultivated land, resulting in a high AP content. In addition, in areas with higher elevations, the slope of sampling points is relatively gentle, making it easier for phosphorus to accumulate in the soil and increasing the available phosphorus content. Dong et al. (2016) studied the spatial distribution of available phosphorus in tea garden soil and found that the higher the terrain and the greater the slope, the higher the phosphorus content, and vice versa. Hua et al. (2020) found a positive correlation between soil AP and elevation through research, which is consistent with the results of this study. Zhao et al. (2011) found that terrain and landforms are the main structural factors affecting the spatial differentiation of soil AP, but they found a significant negative correlation between soil AP content and altitude and slope. Wang Y. H. et al. (2016) found through their research on the tobacco growing areas in northern Sichuan in southwest China that due to the loss of available phosphorus in high-altitude areas and the enrichment of available phosphorus in low-altitude areas, soil AP is negatively correlated with elevations. From this, it can be seen that the impact of terrain factors on AP is very complex, which may be caused by differences in location conditions and research scales of different research areas, and the specific reasons may need further analysis.



4.2 The impact of climate factors on AP variation

The impact of climate on soil AP is mainly reflected in two aspects: temperature and precipitation. Previous studies have shown that fluctuations in soil temperature and moisture caused by changes in temperature and precipitation affect the conversion of phosphorus components within the soil through non-biological factors such as soil pH, nutrient content, and moisture content, as well as biological factors such as soil microorganisms and vegetation types, thereby affecting the available phosphorus content in the soil (Santos et al., 2019; Wang et al., 2019; Wu et al., 2020; Mei et al., 2019). High temperatures and precipitation make phosphorus in the soil easily weathered and released (Lin et al., 2009). Due to the influence of terrain, for every 100 m increase in altitude in the study area, the average temperature decreases by 0.55°C, and precipitation increases with altitude, with an increase of 35 mm for every 100 m increase (Wu et al., 2021). It is generally believed that the annual precipitation mainly affects the spatial distribution of soil AP through soil leaching. The more annual precipitation there is, the stronger the soil leaching effect, leading to the loss of available phosphorus in the soil (Miller et al., 2001). Precipitation mainly changes soil moisture and soil aggregate structure, causing soil leaching and reducing soil phosphorus content. It can also affect the migration and transformation of phosphorus elements, as well as the composition and availability of soil phosphorus elements, by controlling the biochemical processes of organic phosphorus mineralization (Wang R. Z. et al., 2016). Lambers et al. (2006) believe that under higher moisture conditions, the diffusion rate of soil phosphorus increases with the increase of soil moisture, accelerating the rate of plant and microbial uptake of phosphorus, resulting in lower available phosphorus content in the soil.

The annual average temperature mainly indirectly affects the availability of soil phosphorus by affecting the weathering rate of phosphorus-containing minerals and the activity of microorganisms in the soil during the soil formation process, thereby affecting the content of soil available phosphorus (Cao et al., 2022). Warming promotes the increase of dissolved phosphorus in soil by affecting the phosphorus content of litter, causing it to adsorb and precipitate with calcium carbonate, fixing dissolved phosphorus in the soil surface, and increasing the effective phosphorus content of the soil (Siebers et al., 2017). Wang et al. (2022) found that an increase in temperature may lead to a decrease in acid phosphatase activity and microbial biomass phosphorus content in cultivated land, reducing microbial activity and their ability to retain phosphorus. However, in this study, the AP content in the study area was significantly positively correlated with annual precipitation and negatively correlated with annual average temperature (Table 6). The areas with higher AP content in the study area were distributed in the southwest of Zhuxichuan County and the southeast of Fang County, which show higher precipitation and lower temperatures. Cao et al. (2022) found that in hilly areas of south China, high values of soil available phosphorus are mainly distributed in areas with low annual precipitation and high annual average temperature, which is inconsistent with the results of this study. According to the study by Wu et al. (2021), the soil organic matter content in Shiyan City shows a continuous decreasing trend with the decrease of elevation, the status of available phosphorus in soil is closely related to the content of soil organic matter, and in agricultural practice, increasing the content of soil organic matter can increase the desorption of solid phosphorus, enhance phosphorus activity, and increase the content of available phosphorus (Shen et al., 2014; Fei et al., 2021). Perhaps due to the lower temperature and weak soil microbial activity in high-altitude areas, the decomposition of organic matter is slow, which is conducive to the accumulation of organic matter. There are more nutrient elements accumulated in the soil, and the content of soil organic matter is significantly positively correlated with the content of available phosphorus, resulting in a higher content of AP in the soil. It is also possible that other factors such as elevation have a bigger impact on the spatial variation of soil AP in the study area than climate factors, leading to the masking of the impact of climate factors.



4.3 The impact of soil type on AP variation

Different soils in the study area have a significant impact on soil AP content (F = 9.849, P < 0.05), with brown soil having the highest content (64.18 mg/kg) and purple soil having the lowest content (10.55 mg/kg). The coefficients of variation for paddy soil and tidal soil are 123.49% and 103.07%, respectively, indicating strong variation, while others show moderate variation. The brown soil in the research area is acidic brown soil, and the developed parent material is mainly weathered mudstone, with a slightly acidic soil (Table 7). As shown in Table 6, there is a negative correlation between soil pH and soil AP content in the study area. Soil pH affects soil phosphorus availability by affecting the adsorption and fixation of soil phosphorus (Fei et al., 2021). The lower the soil pH, the stronger the acidity, and the bigger the adsorption and fixation effect of phosphorus by iron and aluminum oxides. It exists in the form of phosphate, and phosphorus fertilizers used in agricultural management are also easily adsorbed and fixed in large quantities, thereby increasing the content of available phosphorus in the soil (Chad and James, 2019). The moisture soil contains abundant carbonates and iron aluminum oxides, with high clay content and strong adsorption of phosphorus. The terrain of purple soil is hilly and undulating, with strong soil erosion, making it easy to lose effective phosphorus. The development degree of this soil type is relatively low, and good soil ventilation makes it difficult to accumulate organic matter. In addition, the utilization intensity of this soil type is relatively low, and the application amount of phosphorus fertilizer is also relatively low, resulting in a significantly lower accumulation rate of effective phosphorus in purple soil than in other soils. The average content of available phosphorus in the soil of this study is ranked as follows: brown soil > fluvo-aquic soil > paddy soil > yellow-brown soil > calcareous soil > yellow cinnamon soil>purple soil. Wang Y. H. et al. (2016) studied the spatial variation characteristics of soil available phosphorus in the tobacco growing areas of northern Sichuan of China and found that the average content of available phosphorus in five soil types was as follows: paddy soil > purple soil > yellow-brown soil > new soil > yellow soil. In both regions, the AP content of paddy soil is relatively high, but the AP content of yellow-brown soil in the study area is higher than that of purple soil, while the AP content of purple soil in northern Sichuan is higher than that of yellow-brown soil. It can be seen that the content of soil AP in different regions is complex and has regional characteristics.


TABLE 7 Descriptive statistic characteristics of available phosphorous in different soil parent materials.
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4.4 The impact of the planting system on AP variation

Due to the wide area, complex terrain, significant local climate differences, and complex planting system of Shiyan City, water and drought crops in the region are planted in rotation, intercropping, and monoculture. This complex planting system affects the availability of phosphorus in the soil through factors such as land use intensity, management measures, and crop growth habits. The cultivation system significantly affects the soil's available phosphorus content, and there are significant differences in AP content among different planting systems in the study area (P < 0.05, F = 9.849). As shown in Table 8, the highest AP content is in vegetable cultivation (27.06 mg/kg), and the lowest is in rice cultivation (9.89 mg/kg). From the perspective of coefficient of variation, the coefficient of variation of AP content under different planting systems ranges from 75.30 to 147.88%, all showing moderate degree of variation. The high AP content in vegetable cultivation is due to the high replanting index and good economic benefits of vegetable cultivation. The local farmers cultivate diligently, actively apply farm manure, and invest in more production materials. According to a questionnaire survey, a large amount of phosphorus fertilizer was input in the local vegetable planting season [with an average annual phosphorus fertilizer input of 6.05 kg/hm2 (calculated as P2O5)], resulting in a higher rate of phosphorus accumulation. In addition, to improve economic benefits, local governments introduced policies that benefit farmers and actively promoted the implementation of organic fertilizers instead of chemical fertilizers to improve vegetable quality. On the one hand, organic fertilizers themselves contain a large amount of available phosphorus. On the other hand, the mineralization and decomposition of organic matter release available phosphorus. The increase in organic matter content promotes the release of adsorbed phosphorus from iron and aluminum oxides in the soil due to competition, increasing the content of available phosphorus in the soil (Fink et al., 2016). Rice monoculture results in lower AP uptake during crop harvest and higher soil AP content. However, among all planting methods, rice monoculture has the lowest AP content, which may be due to long-term flooding of the rice field, resulting in the loss or transformation of available phosphorus in the soil. Wheat corn rotation, corn rice rotation, and rapeseed corn rotation may be due to the lower economic benefits of grain crops and the more extensive cultivation and management practices employed by farmers. On the other hand, crops may deplete more soil nutrients more rapidly than they are replenished, leading to nutrient imbalances in the cultivated land. Although the amount of straw returned to the field is relatively large and contributes to improving the AP content in the soil, the relatively low phosphorus content in straw leads to a lower AP content. In future agricultural production, it is necessary to adjust the cultivation methods and fertilization measures in a timely manner according to the different planting systems and spatial distribution characteristics of soil nutrients in the study area and pay attention to soil fertilization management.


TABLE 8 Descriptive statistic characteristics of soil available phosphorous in different cropping systems.

[image: Table 8]



4.5 The impact of interaction factors on AP spatial variation

The purpose of an interaction detector is to test whether the interaction between each factor increases, decreases, or is independent of the dependent variable, to better explain the driving mechanism. From the interaction results of influencing factors on the spatial differentiation of soil available potassium in the study area, it can be seen that the interaction of various environmental factors is bigger than their individual effects, and there is a non-linear or dual-factor enhancement between various environmental factors. Lin et al. (2023) used a geodetic instrument to analyze the spatial heterogeneity of pH values in cultivated land in Anhui Province and found that the interactions between various factors mainly manifested as non-linear enhancement and dual-factor enhancement. Liu et al. (2018) used a geographical detector to analyze the spatial differentiation and influencing factors of soil phosphorus loss in the Bailongjiang River Basin in Gansu Province, China, and found that the factors showed a synergistic enhancement effect on phosphorus loss, and the interaction relationship was a coexistence of non-linear enhancement and dual-factor enhancement, which is similar to the results of this study.




5 Conclusion

(1) The average AP content in the topsoil of the study area is 14.96 mg/kg, indicating a moderate level of phosphorus availability. The spatial distribution of AP content exhibits a notable degree of variability. The spatial structure is well-fitted using an exponential model, and the AP content indicates a moderate degree of spatial autocorrelation. Structural and random factors jointly affect the spatial variation of AP. The AP enrichment of the cultivated soil is mainly distributed in the southwest of Zhuxichuan County and the southeast of Fangxian County, where the terrain is relatively high. The lack of hierarchy is mainly distributed in the faulted basins in the northern part of Fang County. The spatial distribution of soil AP shows an increasing trend from the Central Valley lowlands to the surrounding mountainous hills, which is strongly consistent with the terrain changes.

(2) The operation results of the factor detector show that the q-value descending order of the impact factors on the spatial heterogeneity of soil AP is elevation (0.1459), soil type (0.0707), planting system (0.0622), annual precipitation (0.0612), organic matter (0.0623), annual average temperature (0.0456), soil pH (0.0301), slope (0.0264), and farmland use (0.0104). Elevation is the main controlling factor determining the spatial distribution pattern of soil AP in Shiyan City.

(3) The interaction detection results indicate that both factors exhibit non-linear enhancement or dual-factor enhancement effects, showing an increased influence when combined than when considered as single factors. The interaction between various influencing factors is bigger than their individual effects, and the synergistic effect of the two influencing factors will enhance the explanatory power of SOM spatial variation. The maximum interaction factor is elevationnslope (0.3224), followed by elevationnorganic matter (0.3161), elevationnplanting system (0.2905), slopenplanting system (0.2621), and elevationnsoil pH (0.2604), all of which have explanatory power >0.25. In terms of interactive comprehensive effects, elevation has the strongest interactive comprehensive effect (total 1.9997), followed by planting system comprehensive effect (1.6114), slope comprehensive effect (1.3502), annual precipitation (1.2904), organic matter (1.1830), soil type (1.1502), annual average temperature (1.1057), and soil pH (1.0459). The explanatory power of interactive comprehensive effects is > 1. Overall, the interaction between elevation, planting system, slope, and other factors is quite prominent. This means that areas with significant differences in elevation, planting system, and slope often have significant differences in AP. The distribution of other factors will enhance the influence of elevation, planting system, and slope on the spatial distribution of AP in the plow layers. This study provides a scientific reference for maintaining ecological security in the water source area of the MSDP, improving the precise management of AP, and enhancing the quality of cultivated land.
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Impact of climate warming on soil microbial communities during the restoration of the inner Mongolian desert steppe

Jirong Qiao, Jiahua Zheng, Shaoyu Li, Feng Zhang, Bin Zhang and Mengli Zhao*


Key Laboratory of Grassland Resources of the Ministry of Education, Key Laboratory of Forage Cultivation, Processing and High Efficient Utilization of the Ministry of Agriculture and Rural Affairs, Inner Mongolia Key Laboratory of Grassland Management and Utilization, College of Grassland, Resources and Environment, Inner Mongolia Agricultural University, Hohhot, China

Edited by
 Yang Yang, Institute of Earth Environment (CAS), China

Reviewed by
 Zhengfeng An, University of Alberta, Canada
 Qiang Lu, Nanjing Forestry University, China
 Zhen Wang, Institute of Grassland Research (CAAS), China

*Correspondence
 Mengli Zhao, nmgmlzh@126.com 

Received 03 July 2024
 Accepted 23 August 2024
 Published 06 September 2024

Citation
 Qiao J, Zheng J, Li S, Zhang F, Zhang B and Zhao M (2024) Impact of climate warming on soil microbial communities during the restoration of the inner Mongolian desert steppe. Front. Microbiol. 15:1458777. doi: 10.3389/fmicb.2024.1458777
 

Introduction: Grazer exclosure is widely regarded as an effective measure for restoring degraded grasslands, having positive effects on soil microbial diversity. The Intergovernmental Panel on Climate Change (IPCC) predicts that global surface temperatures will increase by 1.5–4.5°C by the end of the 21st century, which may affect restoration practices for degraded grasslands. This inevitability highlights the urgent need to study the effect of temperature on grassland soil microbial communities, given their critical ecological functions.

Methods: Here, we assessed the effects of heavy grazing (control), grazer exclosure, and grazer exclosure plus warming by 1.5°C on soil microbial community diversity and network properties as well as their relationships to soil physicochemical properties.

Results and discussion: Our results showed that grazer closure increased soil microbial richness relative to heavy grazing controls. Specifically, bacterial richness increased by 7.9%, fungal richness increased by 20.2%, and the number of fungal network nodes and edges increased without altering network complexity and stability. By contrast, grazer exclosure plus warming decreased bacterial richness by 9.2% and network complexity by 12.4% compared to heavy grazing controls, while increasing fungal network complexity by 25.8%. Grazer exclosure without warming increased soil ammonium nitrogen content, while warming increased soil nitrate nitrogen content. Soil pH and organic carbon were not affected by either exclosure strategy, but nitrate nitrogen was the dominant soil factor explaining changes in bacterial communities.

Conclusion: Our findings show that grazer exclosure increases soil microbial diversity which are effective soil restoration measures for degraded desert steppe, but this effect is weakened under warming conditions. Thus, global climate change should be considered when formulating restoration measures for degraded grasslands.
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 climate change; degraded grassland restoration; soil microbial diversity; microbial network complexity; microbial network stability


1 Introduction

Soil microbial communities play a critical role in maintaining the functioning of grassland ecosystems (Liu et al., 2020; Coban et al., 2022). These microbes facilitate plant and soil restoration by influencing litter decomposition, organic substrate transformation, and mineral nutrient supply (Lindsay and Cunningham, 2009; Coban et al., 2022; Pedrinho et al., 2024), with bacteria and fungi dominating these processes due to their high biodiversity, complex taxonomic composition, and ubiquitous influence on biogeochemical cycles (Zhou et al., 2023). However, their diversity, species composition, and network properties face serious threats due to human activities and global climate change (Pedrinho et al., 2024). Grazing is the traditional method of grassland management in Inner Mongolia; specifically, the desert steppe ecosystem is ecologically fragile compared to other grasslands, and its microbial diversity is very sensitive to grazing disturbance (Zhang et al., 2021). In recent years, overgrazing and continuous climate warming have escalated ecological challenges to the desert steppe, making the restoration of degraded grasslands a pressing issue (Zhou et al., 2010; Wu Y. et al., 2022; He et al., 2022). Grazer exclosure is a widely employed grassland management method for restoring degraded grasslands, by introducing a physical barrier against unwanted grazing animals (Medina-Roldán et al., 2012; Tang et al., 2016; Yao et al., 2018; Zhang M. X. et al., 2023). Therefore, studying the effects of grazer exclosure on soil microbial diversity, especially fungal and bacterial diversity, under global climate change will help improve the diversity and restoration of degraded grasslands.

Grazing affects soil microbial community composition and diversity primarily through livestock excreta deposition and trampling (Yang et al., 2019), and grazer exclosure might mitigate these grazing effects (Fan et al., 2020). Previous studies have shown that compared to free-grazed areas, grazer exclosure promotes the colonization of eutrophic microbial taxa (Cao et al., 2022), alters soil microbial community composition (Yang et al., 2019), and increases microbial richness and soil network connectivity (Morriën et al., 2017). However, long-term grazer exclosure may harm soil microbial network stability (Chen et al., 2023). Several studies have shown that soil moisture, pH, and nutrients (including organic carbon and nitrogen) are key drivers of microbial composition and structure (Lauber et al., 2009; Yao et al., 2018; Wang et al., 2019). Specifically, microbial communities tend to be more richly structured under higher soil moisture and nutrient content, with bacterial diversity greater in neutral soils than in acidic ones (Kang et al., 2021; Philippot et al., 2024). Grazer exclosure significantly increases aboveground vegetation cover (Yang et al., 2016) and the abundance of plant-derived food resources (e.g., leaf litter and roots) entering the soil (Chen and Chen, 2018). This leads to higher soil moisture and nutrient levels (Chen et al., 2023), particularly organic carbon content, which, in turn, enhances microbial diversity and network stability (Kang et al., 2021; Wu et al., 2021). Additionally, the concentration of nitrate nitrogen is crucial in shaping bacterial and fungal communities (Wang et al., 2019; Zhang et al., 2024). Grazer exclosure reduces the input of livestock waste and consequently affects the effectiveness and distribution of soil nitrogen, which leads to changes in microbial composition. Importantly, the IPCC predicts global surface temperatures will increase between 1.5 and 4.5°C by the end of the 21st century (IPCC, 2013). According to the metabolic theory of ecology (MTE), higher temperatures will stimulate interactions among various species, leading to the formation of more complex microbial networks (Brown et al., 2004; Guo et al., 2019; Yuan et al., 2021). However, rising temperatures are also expected to reduce soil microbial alpha diversity and alter beta diversity (Wu L. et al., 2022; Zhao et al., 2024). Previous studies have shown that the impact of global warming on the soil microbial community is mediated by changes in soil water availability and nutrient availability (Weedon et al., 2012; Zhang et al., 2015), largely, by changes in soil nitrogen availability (Li et al., 2024).

Taken together, both grazer exclosure and warming have varying impacts on soil microbial communities. However, the influence of global warming on the recovery processes of these communities under grazer exclosure remains unclear. Understanding this will aid in the development of effective grassland management and conservation strategies to mitigate the effects of climate change (Guo et al., 2019). Therefore, this study investigates changes in soil microbial alpha diversity, beta diversity, network complexity, and network stability in the desert steppe under three conditions: free grazing (CK), grazer exclosure (GE), and grazer exclosure plus warming by 1.5°C (GE + W). We tested two hypotheses: (1) Grazer exclosure normally promotes soil microbial restoration, but this effect is limited under warming conditions, and (2) warming-induced changes in soil nutrient content are a key factor limiting the recovery of soil microbial communities in degraded arid and semi-arid grassland ecosystems.



2 Materials and methods


2.1 Study sites and experimental design

The experimental site is located in the desert steppe of Siziwangqi (41°46′43′′ N, 111°53′42′′ E, at 1450 m above sea level), Inner Mongolia, China. This region is characterized by aridity and low rainfall, with an average annual temperature of 4.15°C, mean annual precipitation of 229 mm, and sandy loam soil (FAO soil classification). This area is mainly used for grazing, and the dominant plant species are Stipa breviflora, Cleistogenes songorica, and Artemisia frigida (Zhang F. et al., 2023).

The experiments were conducted on a long-term (20-year) grazing platform that included no grazing, light grazing, moderate grazing, and heavy grazing treatment. The stocking rates were based on the results of Wei et al. (2000) with 0, 0.91, 1.82, and 2.71 sheep ha−1 year−1, respectively, grazed from 6 a.m. to 6 p.m. from June to November each year. Each plot covered an area of 4.4 ha and was replicated three times.

In May 2020, we selected the heavy grazing plots as the experimental area of degraded grassland (CK). In each plot, two 10 m × 10 m fences were set up for grazer exclosure treatment (natural restoration, GE); at the same time, traditional open-top chambers (OTC) were deployed in each of the grazer exclosure areas to simulate warming (GE + W). These chambers, surrounded by Plexiglas fiberboards, featured a bottom area of 1.50 m2, a height of 0.51 m, and a top opening area of 0.79 m2. By 2023, the OTCs had effectively increased the mean temperature of the topsoil (0–10 cm) by 1.5°C.



2.2 Soil sampling and assaying

In mid-August 2023, topsoil samples were collected from each experimental plot (CK, GE, and GE + W) using the 5-point sampling method, totaling 18 soil samples (3 treatments × 3 blocks × 2 fences) = 18 soil samples. The soil samples were further divided into two, one of which was stored at −80°C for DNA extraction and amplicon sequencing, and the other immediately transported to the laboratory in a cooler for the determination of soil physicochemical properties.

The dichromate oxidation method was used to determine soil organic carbon (SOC) content, and a flow analyzer (AA3, SEAL Analytical, Germany) was used to determine ammonium nitrogen (NH4+-N) and nitrate nitrogen (NO3−-N) contents (Nelson and Sommers, 2018). Finally, soil pH was measured by a pH meter (BPH-7100, BELL Analytical Instruments, Dalian, China).



2.3 Soil microbial diversity assaying

Total soil DNA was extracted from fresh soil samples using the PowerSoil DNA Isolation Kit (MO BIO Laboratories, Carlsbad, United States). A NanoDrop UV–Vis spectrophotometer (ND-2000c, Nano Technologies, DE, United States) was used to measure the concentration and purity of soil DNA. The primers 515-forward (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806-reverse (5′-GGACTACHVGGGTWTCTAAT-3′) were used to amplify bacterial 16S rDNA. The fungal primer sets ITS5-1737-forward and ITS2-2043-reverse were used to amplify the ITS1 variable region. Libraries were constructed using the TruSeq® DNA PCR-Free Sample Preparation Kit. Sequencing was performed by Novogold Bioinformatics Ltd., Beijing, China. After training the naïve Bayes classifier based on the primer sequences, the ASVs were taxonomically annotated using the feature-classifier module based on the SILVA database release 138 (Liu D. et al., 2024).



2.4 Microbial network analysis

First, raw microbial ASVs were screened to exclude those with less than 15 occurrences in the 18 soil samples, where the number of ASVs represents microbial richness. Then, the microbial co-occurrence network was constructed in R software with the “Hmisc” package (R Core Development Team, R Foundation for Statistical Computing, Vienna, Austria), and sub-network parameters for each sample were extracted using the “igraph” package, including the numbers of nodes, edges, and network complexity. Network parameters were visualized using Gephi 0.10.1 software.1 The stability of the microbial network was quantified using the ratio of negative to positive cohesion, which represents the competitive and cooperative interactions between species in the community, respectively (Faust and Raes, 2012).
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where n is the number of taxa in the community, and ri and ci are the abundance and connectivity of taxa, respectively.



2.5 Statistical analysis

Significant differences in microbial diversity, composition, and network parameters between treatments were detected using one-way ANOVA and Duncan’s test with p = 0.05 indicating significance. The results were visualized using OriginLab 2022 software. The Shapiro–Wilk test was used to test for normality prior to the ANOVA. Treatment effects on microbial community composition were assessed using non-metric multidimensional scaling (NMDS) analysis of different distance matrices using the “vegan” package. The degree and significance of each treatment on microbial community structure were quantified by analysis of similarities (ANOSIM), and significance was verified by the dispersion test. Then, correlations between soil physicochemical factors and microbial diversity, composition, and network parameters were assessed using Pearson’s correlation. To better determine which soil properties were correlated with microbial composition, we performed redundancy analyses (RDA) using Canoco 5.0 software (Ithaca, NY, United States). We used a linear fit of prominent soil impact factors and the relative abundance of microbial dominant species using OriginLab 2022 software.




3 Results


3.1 Variation in soil microbial communities

Compared to CK, the GE treatment increased bacterial and fungal richness by 63 and 28, respectively, and the GE + W treatment significantly decreased bacterial richness by 62 (p < 0.05, Figures 1A,D). The NMDS analyses showed that bacterial communities differed significantly in ordinal spatial clustering, while fungal communities did not show significant differences (Figures 1B,E). The ANOSIM analysis further confirmed this result. Bacterial variability was significantly higher in the GE + W group than in the GE treatments (R2 = 0.11, Figure 1B), whereas fungal community variability under each treatment was not significant differences (Figure 1E).
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FIGURE 1
 Variations in soil bacterial and fungal richness and abundance under different treatments (mean ± SE). (A) Bacterial richness, (B) bacterial beta-diversity, (C) bacterial phyla relative abundance, (D) fungal richness, (E) fungal beta-diversity, and (F) fungal phyla relative abundance. The lowercase letters indicate significant differences between means at p < 0.05 after post-hoc comparisons using Duncan’s test. CK, heavy grazing; GE, grazer exclosure; GE + W, grazer exclosure plus warming by 1.5°C.


The dominant bacterial phyla in each treatment were Actinobacteria, Proteobacteria, and Bacteroidota, with the GE + W treatment significantly decreasing the relative abundance of Proteobacteria compared to CK and the GE treatment increasing the relative abundance of Chloroflexi (p < 0.05, Figure 1C). Ascomycota and Basidiomycota were the dominant fungal phyla, and the fungal relative abundance of fungal species was not significantly different among the treatments (p > 0.05, Figure 1F).



3.2 Co-occurrence networks of microbial communities

Soil microbial co-occurrence networks were constructed based on Spearman’s correlation between ASVs to explore interconnections between microbes after short-term grazer exclosure (Figures 2A,B). Overall, the GE + W treatment reduced the number of nodes and edges of the bacterial network compared to the CK treatment, and the degree of the network was reduced by 22.15 and 33.84%, respectively. The GE + W treatment also reduced the bacterial network complexity without changing stability (Figure 2C). The GE treatment increased the number of bacterial network edges relative to the CK control, but other properties were not changed. Compared with CK treatment, GE and GE + W treatments increased the number of fungal nodes and edges, but GE treatment did not affect fungal network complexity, while GE + W increased it (Figure 2B).
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FIGURE 2
 Network co-occurrence, complexity, and stability of soil bacterial and fungal communities. (A) Bacterial co-occurrence network, (B) fungal co-occurrence network, and (C) summary of bacterial and fungal network nodes, edges, network complexity, and network stability. The lowercase letters indicate significant differences between means at p < 0.05 after post-hoc comparisons using Duncan’s test. CK, heavy grazing; GE, grazer exclosure; GE + W, grazer exclosure plus warming by 1.5°C.




3.3 Relationship between the microbial community and soil properties

Compared to the CK group, the GE treatment increased NH4+-N contents (p < 0.05), the GE + W treatment significantly increased NH4+-N, and NO3−-N contents (p < 0.05), but other soil properties did not differ significantly between treatments (Table 1). The soil content of NO3−-N was negatively correlated with bacterial richness, composition, and bacterial network complexity, and positively correlated with fungal network complexity, while SOC showed the opposite trend for each of these variables (Figure 3A; Supplementary Table S1).



TABLE 1 Variations in soil microbial diversity under different treatments (mean ± standard error).
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FIGURE 3
 Relationships between microbial diversity, composition, network parameters, and soil properties. (A) Pearson correlation analysis of soil bacterial and fungal properties with soil properties. (B) Redundancy analysis of soil bacterial composition and soil properties. (C) Redundancy analysis of soil fungal composition and soil properties. (D) Linear fitting of soil nitrate nitrogen to Proteobacteria. (E) Linear fitting of soil nitrate nitrogen to Chloroflexi. NH4+-N: ammonium nitrogen, NO3—N, nitrate nitrogen; SOC, soil organic carbon. The blue color indicates a positive correlation, and the red color indicates a negative correlation; *p < 0.05.


The RDA of microbial community composition with soil environmental factors showed that bacterial community composition on axis 1 showed differences with decreasing soil organic carbon and increasing nitrate nitrogen content (Figure 3B), where soil nitrate nitrogen content was the main influence factor influencing bacterial community composition (p < 0.05, Supplementary Table S2). Soil fungal community composition was not affected by environmental factors (Figure 3C). The relative abundance of both Proteobacteria (Figure 3D) and Chloroflexi (Figure 3E) declined with increasing nitrate nitrogen content.




4 Discussion


4.1 Grazer exclosure increases microbial richness without affecting network complexity, but this effect is impaired during warming

Consistent with hypothesis 1 and previous findings (Ding et al., 2019; Eldridge et al., 2017; Zhang M. X. et al., 2023), our results demonstrate that grazer exclosure treatment increased soil bacterial and fungal richness and altered the soil microbial community structure. Prior research by Shu et al. (2024) and Yang et al. (2022) supports the notion that grazer exclosure enhances soil microbial community structure and function by mitigating the disturbances caused by grazing. Similarly, Geng et al. (2023) found that grazer exclosure in desert steppe regions increased the relative abundance of key microbial taxa such as Actinobacteria, Proteobacteria, and Chloroflexi, thereby enhancing overall soil microbial diversity and metabolic activity. In our study, we observed a significant increase in the relative abundance of Chloroflexi, while the relative abundance of many dominant taxa did not change significantly during the 3-year restoration period. This finding contrasts with Yao et al. (2018), who reported a decrease in the relative abundance of Chloroflexi after the restoration of degraded desert steppe via fencing. This discrepancy may be attributed to the longer duration of exclosure in their study, as long-term grazing exclosure likely leads to an increase in soil nutrients, which is detrimental to the survival of oligotrophic bacterial communities. Concurrently, the increased nutrient availability enhances the reproductive rate and resource competitiveness of eutrophic bacteria, placing additional competitive pressure on oligotrophic bacteria and further reducing their diversity and relative abundance (Cheng et al., 2016; Cao et al., 2022; Chen et al., 2023). Moreover, the benefits of grazer exclosure on soil microbial communities can be modulated by other environmental factors, such as climate warming (Li et al., 2016; Guo et al., 2018, 2019). For example, the positive effect of exclosure on bacterial α-diversity is weakened by warming (Wu L. et al., 2022; He et al., 2022). Our findings corroborate this, as we observed that grazer exclosure plus warming treatment had a negative impact on bacterial richness. This is likely because increased temperatures exacerbate the metabolic costs for soil bacteria, leading to competitive displacement and reduced survival rates of temperature-sensitive species (Söllinger et al., 2022) such as Proteobacteria (Zhang et al., 2015; Zhao et al., 2024). Similarly, we found that warming treatment of exclosure areas reduced the relative abundance of Proteobacteria but did not affect the structure and composition of the fungal community. Fungi are more resistant to environmental changes and disturbances than bacteria because of their active dispersal traits (Roper et al., 2010; Liu Y. et al., 2024).

Our results demonstrate that grazer exclosure without warming treatment increased the number of soil microbial network nodes and edges but did not change bacterial network complexity or stability. In contrast, grazer exclosure with warming treatment had the same effect on the number of microbial network nodes, edges, and stability, but significantly decreased bacterial network complexity and increased fungal network complexity. These results suggest that soil networks become more connected as natural restoration proceeds (Morriën et al., 2017), whereas grazer exclosure under climate warming enhances the competitive advantage of fungi and adversely affects the stability of bacterial communities (Jia et al., 2023; Zhou et al., 2023; Zhu et al., 2023). Our results are consistent with previous research conducted in coastal areas (Zhou et al., 2021) and the Loess Plateau (Wang et al., 2024), which suggests that warming leads to bacterial community instability due to shrinking soil microbial ecological niches (Yang et al., 2013; Wu et al., 2021). However, studies conducted in the tallgrass prairie (Yuan et al., 2021) and the Tibetan Plateau (Chen et al., 2023) found that warming enhances the complexity and stability of bacterial networks. These inconsistent observations may result from differences in ecosystem vulnerability and sensitivity (Zhang M. et al., 2023). The desert steppe responds strongly to climate change due to its arid climate, infertile soils, and ecological fragility (Yang et al., 2020); in which case, microbial networks may loosen or even collapse with warming (Ullah et al., 2018).



4.2 Grazer exclosure impacts bacterial microbial communities by influencing nitrate nitrogen content under warming

As expected, our experiment revealed that soil nitrate nitrogen content influenced microbial community composition, evidenced by a decrease in the relative abundance of soil metazoans and green curvilinear bacteria with increasing nitrate nitrogen content. We found that grazer exclosure treatment increased soil ammonium nitrogen content, while grazer exclosure plus warming increased nitrate nitrogen content, in line with previous studies indicating that grazer exclosure would allow soil nutrients to recover (Cheng et al., 2016; Wang et al., 2019; Liu et al., 2019). Climate warming affects soil nitrogen availability and subsequently impacts the microbial community (Li et al., 2024; Bai et al., 2013). As temperatures rise, microbial activity and metabolism increase, stimulating the mineralization of organic nitrogen compounds into inorganic forms such as ammonium (NH₄+) and nitrate (NO₃−), which are more readily available to microorganisms (Liu et al., 2022). Additionally, climate warming enhances nitrification in grassland soils, accelerating the conversion of ammonium to nitrate. Higher nitrate nitrogen content consequently inhibits microbes with lower nitrogen requirements (Shi et al., 2023). Zhou et al. (2015) also found that soil nitrate nitrogen content has a major influence on microbial community structure, with high nitrate nitrogen content resulting in lower Pedosphaerae abundance. We also observed that soil nitrate nitrogen content was negatively correlated with bacterial richness and network complexity and had a negative effect on bacterial community composition. In contrast, there was a positive correlation with fungal complexity and no significant correlation to fungal community composition and diversity. Indeed, bacterial community composition is primarily regulated by soil factors, whereas fungal community composition is regulated by plants (Su et al., 2023). A recent meta-analysis showed that shifts in microbial α-diversity under global change were mainly explained by soil pH (Zhou et al., 2020). Kang et al. (2021) also found changes in soil microbial diversity and community structure were caused by pH and organic carbon content. This is inconsistent with our findings in which soil pH and organic carbon content were not found to affect the microbial community, which might be due to a shorter period of grazer exclosure in our study.




5 Conclusion

Overall, we showed that grazer exclosure is effective in increasing soil microbial diversity without affecting the stability of their networks. These benefits may be affected by climate warming, which reduces bacterial diversity and network complexity by increasing nitrate nitrogen contents. Our study demonstrated that the recovery of soil microbial communities in degraded grasslands through grazing exclosure may be slow under future warming scenarios. Moreover, long-term grazing exclosure may reduce the income of herders and, consequently, regional and national economies. Therefore, land managers need to consider the environmental as well as social and economic implications of degraded grassland restoration measures. Developing climate change-adapted grassland management measures, such as rotational grazing, could be a suitable option for maintaining grassland sustainability.
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Wetland systems are known methane (CH4) sources. However, flooded rice fields are periodically drained. The paddy soils can absorb atmospheric CH4 during the dry seasons due to high-affinity methane-oxidizing bacteria (methanotroph). Atmospheric CH4 uptake can be induced during the low-affinity oxidation of high-concentration CH4 in paddy soils. Multiple interacting factors control atmospheric CH4 uptake in soil ecosystems. Broader biogeographical data are required to refine our understanding of the biotic and abiotic factors related to atmospheric CH4 uptake in paddy soils. Thus, here, we aimed to assess the high-affinity CH4 oxidation activity and explored the community composition of active atmospheric methanotrophs in nine geographically distinct Chinese paddy soils. Our findings demonstrated that high-affinity oxidation of 1.86 parts per million by volume (ppmv) CH4 was quickly induced after 10,000 ppmv high-concentration CH4 consumption by conventional methanotrophs. The ratios of 16S rRNA to rRNA genes (rDNA) for type II methanotrophs were higher than those for type I methanotrophs in all acid-neutral soils (excluding the alkaline soil) with high-affinity CH4 oxidation activity. Both the 16S rRNA:rDNA ratios of type II methanotrophs and the abundance of 13C-labeled type II methanotrophs positively correlated with high-affinity CH4 oxidation activity. Soil abiotic factors can regulate methanotrophic community composition and atmospheric CH4 uptake in paddy soils. High-affinity methane oxidation activity, as well as the abundance of type II methanotroph, negatively correlated with soil pH, while they positively correlated with soil nutrient availability (soil organic carbon, total nitrogen, and ammonium-nitrogen). Our results indicate the importance of type II methanotrophs and abiotic factors in atmospheric CH4 uptake in paddy soils. Our findings offer a broader biogeographical perspective on atmospheric CH4 uptake in paddy soils. This provides evidence that periodically drained paddy fields can serve as the dry-season CH4 sink. This study is anticipated to help in determining and devising greenhouse gas mitigation strategies through effective farm management in paddy fields.
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1 Introduction

The atmospheric concentration of methane (CH4), a significant greenhouse gas, has increased from 0.82 parts per million volume (ppmv) in 1841 to over 1.86 ppmv in 2019 (Etheridge et al., 1992; IPCC, 2021). Wetlands are known CH4 sources with high global warming potential (IPCC, 2021). However, flooded paddy soils (Conrad, 2007), Arctic wetlands (Voigt et al., 2023), and mire-wetlands (Wang et al., 2023), known as CH4 emitters, act as CH4 sinks during dry periods. Multiple interacting factors control the atmospheric CH4 concentrations in wetlands (Maucieri et al., 2017). Hence, an investigation of potential soil factors that increase wetland soil CH4 sinks is needed to mitigate the greenhouse effect.

Water content plays a critical role in controlling CH4 emissions in wetlands by regulating the relative proportions of anaerobic zones for CH4 production and aerobic zones for CH4 oxidation within the soil column (Schultz et al., 2023). Soil drying promotes atmospheric CH4 uptake in Arctic soils (Voigt et al., 2023). Higher CH4 uptake is linked to increased availability of soil nutrients (Lee et al., 2023; Voigt et al., 2023). The soil CH4 sink increases with enhanced soil nitrogen (Voigt et al., 2023). Nitrogen promotes CH4 oxidation by stimulating the growth of methane-oxidizing bacteria (methanotroph) in paddy soils (Zheng et al., 2014; Nijman et al., 2021). Soil organic carbon (SOC) decomposition can provide an alternative carbon substrate that promotes the growth of methanotrophs, thereby mediating the atmospheric CH4 uptake (Lee et al., 2023). SOC decomposition responds to various complex factors in soil ecosystems (Lin et al., 2023). Increased temperatures can stimulate SOC decomposition (Zhao et al., 2023; Nazir et al., 2024). Temperature positively affects soil CH4 sink (Lee et al., 2023). Soil pH may also influence the CH4 oxidation activity by regulating the methanotrophic community (Shiau et al., 2018; Zhao et al., 2020).

Methane-oxidizing bacteria-based microbial CH4 oxidation is the sole known biological sink of atmospheric CH4 (Saunois et al., 2020). Almost all cultivated aerobic methanotrophs belong to Proteobacteria and are divided into two major subgroups: type I methanotrophs (Gammaproteobacteria) and type II methanotrophs (Alphaproteobacteria) (Dedysh and Knief, 2018). Established type II methanotrophs, such as Methylocystis, Methylosinus, and Methylocapsa (Baani and Liesack, 2008; Tveit et al., 2019; Tikhonova et al., 2021) and certain conventional type I methanotrophs can oxidize atmospheric CH4 (Benstead et al., 1998). Type I and type II methanotrophs predominate under different environmental conditions, owing to their distinct life strategies (Ho et al., 2013). Type I methanotrophs are generally favored by high nutrient availability (Steenbergh et al., 2010; Zheng et al., 2014), whereas type II methanotrophs are more competitive under oligotrophic conditions (Cai et al., 2016). Abiotic factors affect soil atmospheric CH4 levels by regulating the methanotrophic community (Conrad, 2007; Lee et al., 2023; Voigt et al., 2023). Therefore, understanding the roles of different methanotrophic taxa in atmospheric CH4 uptake will provide deeper insights into the mitigation capacity of methanotrophic communities.

Rice fields play a central role in determining the global CH4 budget (IPCC, 2021). The varying water content in the rice fields results in notable fluctuations in soil CH4 concentrations (Conrad, 2007). A nature wetland conversation to the upland can turn a CH4 source into a CH4 sink (Wang et al., 2023). The rice fields are similar to aerated upland soils during the dry seasons (Conrad, 2007). The paddy soil CH4 source under flooded conditions turns into an atmospheric CH4 sink during the dry seasons (Singh et al., 1996). Paddy soils oxidize atmospheric CH4 only after incubation under conditions involving high CH4 (Yan and Cai, 1997). Conventional methanotrophs in a typical paddy soil can rapidly induce high-affinity CH4 oxidation (1.86 ppmv) when exposed to high CH4 concentrations (Cai et al., 2016). The aforementioned previous studies provide evidence that periodically drained paddy fields can act as an atmospheric CH4 sink. Therefore, the investigation of broader biogeographical data is needed to improve our understanding of the factors related to atmospheric CH4 uptake in paddy soils. This study will help determine effective farm management strategies to enhance atmospheric CH4 sink in paddy fields, providing a climate mitigation strategy.

Here, we aimed to assess high-affinity CH4 oxidation activity and explore the community composition of active atmospheric methanotrophs. To this end, we selected nine paddy soils across three climate zones from the primary rice production areas in China. The potential activity of the methanotrophic community in the paddy soils was explored using the 16S rRNA:rDNA ratios of methanotrophs based on high-throughput sequencing and documenting their 13CH4-labeled relative abundance complemented by DNA- and RNA-based stable isotope probing (SIP). The 16S rRNA:rDNA ratios may offer deeper insights into bacterial community activity than those of abundance alone (Campbell and Kirchman, 2013). In combination with high-throughput sequencing, DNA- and RNA-based SIP can target active methanotrophic communities by providing the growth substrate 13CH4 (Dumont et al., 2011). To our best knowledge, this is the first large-scale study to analyze the potential atmospheric CH4 uptake activity and ecological roles of different methanotrophs in atmospheric methane oxidation in paddy soils.



2 Materials and methods


2.1 Sampling sites

Paddy soils were sampled from nine different sites across the primary rice production areas in China (Figure 1A). The annual mean temperatures (AMT) ranged from 3.0 to 24.1°C at the sampling sites (Supplementary Table 1). All the sites have been used for rice cultivation for over 50 years. Soils were collected from each site immediately after the rice harvest, when the paddy fields had been drained. Five soil blocks, 20 meters apart from each other, were collected, and mixed to obtain a composite soil sample from each site. For each soil block, bulk soil from a depth of 0–15 cm was collected using a stainless-steel corer with an inner diameter of 7 cm. The composite soils were transported on ice to the laboratory and stored at 4°C for the analysis of soil environmental factors and incubation experiments. The soils were passed through a 2-mm sieve prior to incubation.
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FIGURE 1
Emergence of high-affinity methane (CH4) oxidation in paddy soils sampled from China. (A) The sampling locations and soil abiotic factors of paddy soils in China. (B) CH4 consumption of paddy soils during incubation with various initial CH4 concentrations in the headspace of microcosms. The blue asterisks indicate the soil samples used to verify high-affinity CH4 oxidation activity in Figure 2 and to explore methanotrophic activity in Figure 3. The error bars represent standard deviations of triplicate microcosms. NO3–, nitrate (μg N g–1 dry weight soil [d.w.s.]); NH4+, ammonium (μg N g–1 d.w.s.); TN, total nitrogen (mg g–1 d.w.s.); and SOC, soil organic carbon (mg g–1 d.w.s.).




2.2 Soil variables

Soil pH was measured in a 1:2.5 (w/v) soil-to-water suspension using a Mettler Toledo 320-S pH meter (Mettler Toledo Instruments, Shanghai, China). Soil inorganic nitrogen, extracted using 2 mol/L KCl, was determined using a Skalar San Plus segmented flow analyser (Skalar, Breda, Netherlands). Soil total nitrogen (TN) and SOC were measured using a Vario Max CN element analyser (Elementar, Langenselbold, Germany). The total quantity of water absorbed by the soil is estimated using the water-holding capacity, which can be measured by the soil-cutting ring method (Yang et al., 2023). Briefly, the soil samples were oven-dried at 105°C for 8 h and then placed into a container. The dried soils were treated with water absorption. After soaking in water for 24 h, the weights of soaked soil samples were measured. The soaked soils were oven-dried at 105°C for 8 h until a constant weight was recorded. The weights of dry soil were recorded to determine the water content, which was then used to calculate the maximum water-holding capacity. The maximum water-holding capacity for each paddy soil is described in Supplementary Table 1.



2.3 Microcosm construction

The soil moisture of each 300 g of soil sample was adjusted to 60% maximum water-holding capacity and preincubated in an incubator for four days under ambient air conditions at 28°C in the dark. The incubator temperature (28°C) was monitored throughout the preincubation period. The fluctuation of temperature was within ± 0.1°C. Preincubated paddy soils were used as the initial soils (day 0). Before the development of a microcosm, water loss was replenished to maintain 60% maximum water-holding capacity in each soil.

The microcosms were constructed by adding 6.0 g (dry weight) of preincubated soil to a serum bottle (120 mL) capped with a gas-tight butyl rubber stopper. Identical microcosms were created using initial CH4 concentrations of 10,000, 1,000, 100, and 2 ppmv (ambient air) to mimic the fluctuating CH4 concentrations in periodically drained rice fields. The microcosms were placed into the incubator. The treatments were conducted at 60% maximum water holding capacity and 28°C in the dark throughout the incubation. Water loss could be generated as tiny droplets of water on the inner walls of the microcosm bottles during incubation. To maintain the soil moisture, we gently shook the bottles 3–5 times using our hands to return the water to the soil.

For the 10,000 ppmv CH4-amended soils, the 12CH4 (control) and 13CH4 SIP treatments were incubated with 12CH4 and 13CH4 (99 atom % 13C; Sigma–Aldrich Co., St Louis, MO, USA), respectively, with six replicates. The 12CH4 and 13CH4 SIP treatments were incubated with a 60% maximum water-holding capacity and were maintained at 28°C in the dark throughout the incubation. When the headspace CH4 concentrations were reduced to < 1.40 ppmv in the SIP microcosms, destructive sampling was performed in triplicate for 12CH4 and 13CH4 treatments. The incubated soils were dug using a stainless-steel sampling spoon from each bottle and divided into subsamples. For nucleic acid extraction, 3.0 g of the soils was immediately suspended in RNAlater (Ambion, Austin, TX, USA), stored at 4°C overnight, and frozen at −80°C. The remaining subsamples were stored at −20°C for further analysis.

The headspace gas in the remaining 10,000 ppmv CH4-amended microcosms was replaced with ambient air (∼1.86 ppmv CH4) to monitor the high-affinity CH4 oxidation activity. The microcosms were incubated at a 60% maximum water-holding capacity and 28°C in the dark throughout the incubation. The gas samples were immediately analyzed when the bottles were closed with gas-tight butyl rubber stoppers (hour 0). After 3 h of incubation, the gas samples were immediately analyzed (hour 3). The high-affinity CH4 oxidation activity was determined by calculating the amount of atmospheric CH4 that can be oxidized in the first 3 h (Cai et al., 2016).

CH4 concentration in the headspace was measured using a gas chromatography-flame ionization detector (GC-FID) (Shimadzu GC12-A, Kyoto, Japan). The column oven, injection, and FID detector temperatures were 40, 75, and 250, respectively. The flow rate of the carrier gas (N2) was 30 mL min–1. The injection volume was 200 μL, and the samples were analyzed twice. The equipment was calibrated as previously described (Preuss et al., 2013). CH4 standard gases at concentrations of 1.7, and 200 ppmv, 1, 10, and 50 vol % were used. The uncertainty due to manual injection onto the column was < 10% for the 1.7 ppmv standard and < 1% for the standards above 200 ppmv.



2.4 Nucleic acid extraction and SIP gradient fractionation

Total nucleic acids were extracted from paddy soils using the protocol developed by Mettel et al. (2010), with slight modifications (Cai et al., 2016). Soil samples stored at −80 °C in RNAlater were thawed on ice. Subsequently, the samples were pelleted at 20,000 × g for 1 min to remove the supernatants. The pellets were mixed with 0.5 g of glass beads (0.5 mm: 0.1 mm = 3:2) and resuspended in acidic lysis buffers. The mixture was shaken using two rounds of bead-beating. The supernatant was obtained at 20,000 × g for 1 min, and successively extracted using water-saturated phenol (pH 4.5), phenol-chloroform–isoamyl alcohol (25:24:1 [vol/vol/vol], pH 4.5), and chloroform–isoamyl alcohol (24:1 [v/v], pH 5.5). The resulting aqueous phase was mixed with two volumes of PEG–NaCl (30% PEG-6000, 1.6 M NaCl). After incubation at 25°C for 5 min, the mixture was centrifuged at 20,000 × g for 30 min to obtain the nucleic acid pellet. The pellets were washed with 400 μL of 70% ethanol and resuspended in 50 μL of nuclease-free H2O. DNA was isolated from the total nucleic acid through RNase I digestion (Ambion, Austin, TX, USA). RNA was separated from the total nucleic acid through DNase I digestion (Ambion, Austin, TX, USA) and purified using an RNeasy Mini Kit (Qiagen, Hilden, Germany). Contaminating DNA in the RNA samples was assessed through PCR for 16S rRNA genes (Cai et al., 2016).

The quantity and purity of the nucleic acid were assessed using NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, USA). The purity of nucleic acid was represented by the absorbance ratio between nucleic acid (260 nm) and both humic acids and salts (230 nm) (A260/A230) and between nucleic acid (260 nm) and both humic acids and proteins (280 nm) (A260/A280). The DNA and RNA levels were in the range of 2.61–22.4 and 0.58–8.43 μg g–1 dry weight soil (d.w.s.) for the nine soils, respectively (Supplementary Table 2). The A260/A230 and A260/280 for DNA were in the range of 1.19–1.59 and 1.50–1.94, respectively. The A260/A230 and A260/280 for RNA were in the range of 1.14–1.62 and 1.48–1.87, respectively.

DNA-SIP (Zheng et al., 2014) and RNA-SIP fractionation (Dumont et al., 2011) in the 12CH4 and 13CH4 treatments were performed. RNA was reverse-transcribed into complementary DNA (cDNA) using a PrimeScript 1st Strand cDNA Synthesis Kit (Takara, Beijing, China) and random hexamers (Cai et al., 2016).



2.5 Real-time quantitative PCR of the pmoA genes

Total DNA from day 0 and 13CH4 treatment and fractionated DNA from the 12CH4 and 13CH4 treatments were selected for the real-time quantitative PCR (qPCR) of the pmoA genes using the primer pair A189F/mb661r (Costello and Lidstrom, 1999) on a CFX96 Optical Real-Time Detection System (Bio-Rad, Hercules, CA, USA). Real-time qPCR was performed as described previously (Zheng et al., 2014). The cycling conditions were set as follows: 3 min at 95°C, followed by 40 cycles of 95°C for 10 s, 55°C for 30 s, 72°C for 30 s, and 80°C for 5 s with the plate read. The melt curve analysis was monitored from 65 to 95°C. One representative cloning containing pmoA genes was used to generate standards. The plasmid DNA was extracted from the clone and then diluted to create a series of standard templates. The standard curve of bacteria pmoA genes covered 102 to 108 copies of template per assay. The amplification efficiencies for the pmoA genes were 93–99%, with R2 values of 0.991–0.999. A serial dilution of the DNA template in paddy soils was performed to assess whether the PCR was inhibited during the amplification. For quantifying the pmoA gene in the paddy soils, the fractionated DNA was undiluted, and the total DNA was diluted by 20-fold. The amplification specificity was investigated using melting curve analysis and standard agarose gel electrophoresis at the end of a PCR run.



2.6 High-throughput sequencing of the pmoA genes

Total DNA from day 0 and 13CH4 treatment and fractionated 13C-DNA containing the peak pmoA gene copies from the heavy fraction of the 13CH4 treatment were selected for high-throughput sequencing of pmoA genes using the barcode primer pair A189F/mb661r (Costello and Lidstrom, 1999) on a Roche 454 GS FLX Titanium sequencer (Roche Diagnostics Corporation, Branford, CT, USA). Raw sequence files were processed using the mothur software for quality control (Schloss et al., 2009). Low-quality sequence reads (read with lengths < 200 bp, ambiguous bases > 0, homopolymers > 6, primer mismatches, and average quality scores < 30) were removed. Subsequently, these sequences were processed with the online version of FunGene pipelines to remove the chimera using USEARCH 6.0 (Cai et al., 2016). The pmoA gene sequences were classified using a naïve classifier implemented with the mothur software (Zhao et al., 2020).



2.7 High-throughput sequencing of 16S rDNA and rRNA

Total DNA and cDNA from day 0 and 13CH4 treatment and fractionated DNA and cDNA from 12CH4 and 13CH4 treatments were selected for sequencing the 16S rDNA and rRNA, respectively, using the barcode primer pair 515F/907R (Zheng et al., 2014) on a Roche 454 GS FLX Titanium sequencer (Roche Diagnostics Corporation, Branford, CT, USA). Raw sequence files were processed using the mothur software for quality control (Schloss et al., 2009). Low-quality sequence reads (read with lengths < 200 bp, ambiguous bases > 0, homopolymers > 6, primer mismatches, and average quality scores < 30) were filtered for quality. Subsequently, the UCHIME algorithm was used to remove the chimeric sequences with a chimera-free reference database using the USEARCH tool (Ren et al., 2015). High-quality 16S rDNA and rRNA sequences were taxonomically classified using the Ribosomal Database Project classifier (Cai et al., 2016).



2.8 Statistical analysis

The methanotrophic communities in the paddy soils were compared using a one-way analysis of variance, followed by Tukey’s post-hoc test (p < 0.05). Statistical analyses were performed using SPSS version 24.0 (IBM Corporation, Armonk, NY, USA). Soil microbial co-occurrence network structures were constructed based on 16S rRNA sequencing data in R software using the SpiecEasi package (Cao et al., 2022) and visualized using the Gephi interactive platform (Barberán et al., 2012). Spearman’s rank correlations were calculated at the genus level for all taxa in the paddy soils on day 0 and when the soils can oxidize atmospheric CH4. Correlations with ρ > 0.6 and p < 0.05 were considered robust correlations (Gao et al., 2022). A redundancy analysis (RDA) was applied to investigate the influence of abiotic factors on the methanotrophic community composition in the paddy soils. Methanotrophic community composition was based on the pmoA gene in the paddy soils with high-affinity methane oxidation activity. The abundance of methanotrophic genera was expressed as the pmoA gene copies of total methanotrophs based on qPCR multiplied by the relative abundance of the targeted methanotrophic genera-related pmoA genes based on high-throughput sequencing. Detrended correspondence analysis (DCA) was used to analyze the data matrix, suggesting that the best-fit mathematical model was the RDA. Permutational multivariate analysis of variance (PERMANOVA) was used to test whether the different abiotic factors harbored significantly different methanotrophic communities (Kaupper et al., 2022). The RDA analysis was implemented in the R package vegan v4.2.1 function.




3 Results


3.1 High-affinity oxidation of atmospheric CH4 in paddy soils

CH4 could not be oxidized under conditions involving 2 or 100 ppmv concentrations in the microcosms (Figure 1B). In contrast, the headspace CH4 concentrations were significantly reduced during the incubation with CH4 concentrations of 1,000 and 10,000 ppmv. CH4 concentrations in the 10,000 ppmv CH4-amended microcosms reduced to < 1.40 ppmv for 4–11 days in paddy soils (Figure 1B), indicating the widespread potential to use atmospheric CH4 in paddy soils.

Following the consumption of 10,000 ppmv CH4, the headspace gas of the microcosms was renewed with ambient air (∼1.86 ppmv CH4) (Figure 2). The atmospheric CH4 concentrations were rapidly reduced in all paddy soils. The high-affinity CH4 oxidation activity, assessed based on the amount of atmospheric CH4 oxidized in the first 3 h, varied from 0.07 to 0.23 nmol of CH4 h–1 g–1 dry weight soil (Supplementary Table 3). However, the headspace CH4 concentrations in the 1,000 ppmv CH4-amended microcosms did not reduce to < 1.86 ppmv in all paddy soils except in Lei-Zhou (Figure 1B). These results indicate that the threshold of CH4 concentrations that induce high-affinity CH4 oxidation activity for atmospheric CH4 varies among different paddy soils.
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FIGURE 2
High-affinity methane (CH4) oxidation dynamics of paddy soils under atmospheric CH4 concentrations (A–I). (A) Tao-Yuan; (B) Gu-Shi; (C) Ying-Tan; (D) Chang-Shu; (E) Jia-Xing; (F) Jiang-Du; (G) Wu-Chang; (H) Lei-Zhou; (I) Zi-Yang. After the complete depletion of 10,000 parts per million by volume (ppmv) CH4, the headspace of microcosms is renewed with ambient air (∼1.86 ppmv CH4). The circles indicate time points for analyzing CH4 concentrations in the microcosms. The two red circles for each soil sample represent time points at 0 and 3 h, respectively. The amount of atmospheric CH4 oxidized in the first 3 h was used to assess the high-affinity CH4 oxidation activity, as described in Supplementary Table 3. The error bars represent standard deviations of triplicate microcosms.




3.2 Active methanotrophs responsible for high-affinity CH4 oxidation in paddy soils

Following the consumption of 10,000 ppmv CH4, the paddy soils possessed high-affinity CH4 oxidation activity (Figure 1B). The paddy soils were collected and then used to investigate methanotrophic community based on a high-throughput sequencing of pmoA genes, 16S rDNA, and 16S rRNA (Supplementary Tables 4, 5). Compared with the soils on day 0, a substantial growth of total methanotrophs was observed in all paddy soils with high-affinity CH4 oxidation activity (Supplementary Figures 1A–C).

The 16S rRNA:rDNA ratios of type I methanotrophs varied in different paddy soils with high-affinity CH4 oxidation activity, as well as type II methanotrophs (Figure 3A). The 16S rRNA:rDNA ratios of type II methanotrophs were 1.27–12.5-fold higher than those of type I methanotrophs in each paddy soil with high-affinity CH4 oxidation activity, except in Zi-Yang. In contrast, 16S rRNA:rDNA ratio of type II methanotrophs in the alkaline paddy soil in Zi-Yang, was 3.61-fold lower than that of type I methanotrophs. Notably, the eight paddy soils, possessing higher 16S rRNA:rDNA ratios for type II methanotrophs than that for type I methanotrophs, exhibited acid-neutral soils with a pH of 5.18–6.80. This indicates the higher potential activity of type II methanotrophs compared to that of type I methanotrophs in high-affinity CH4 oxidation in acid-neutral paddy soils. We observed a positive correlation between the 16S rRNA:rDNA ratios of type II methanotrophs and high-affinity CH4 oxidation activity (Figure 3B) but not for type I methanotrophs (Supplementary Table 6). The 16S rRNA:rDNA ratios of type II methanotroph Methylocystis were higher than those of any type I methanotrophic genus in each acid-neutral soil (Supplementary Figure 2A). Additionally, we observed a significant positive relationship between the 16S rRNA:rDNA ratios of type II methanotroph Methylocystis and high-affinity CH4 oxidation activity in paddy soils (Supplementary Figure 2B).
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FIGURE 3
Activity of methanotrophs by assessing the 16S rRNA:16S rDNA ratios and documenting the relative abundance of 13C-labeled methanotrophs in paddy soils. (A) The ratios of 16S rRNA to 16S rDNA of methanotrophic subgroups (type I and type II) in paddy soils with high-affinity CH4 oxidation activity. The 16S rRNA:rDNA ratios of methanotrophs are expressed as the ratios of the relative abundance of targeted methanotrophic 16S rRNA in total 16S rRNA to the relative abundance of targeted methanotrophic 16S rDNA in total 16S rDNA based on high-throughput sequencing in each sample. The error bars represent standard deviations of triplicate microcosms. Different letters above the columns indicate a significant difference (analysis of variance [ANOVA], p < 0.05). (B) Relationship between high-affinity CH4 oxidation activity and the 16S rRNA:16S rDNA ratios of type II methanotrophs in paddy soils (n = 9). There is no significant correlation between high-affinity CH4 oxidation activity and the 16S rRNA:rDNA ratios of type I methanotrophs. Statistical analysis is performed using Spearman’s rank-based correlation. (C) Quantitative distributions of the pmoA gene, methanotrophic 16S rDNA, and methanotrophic 16S rRNA in paddy soils with high-affinity CH4 oxidation activity. 13CH4 and 12CH4 represent the paddy soils incubated with 10,000 parts per million by volume (ppmv) 12CH4 and 10,000 ppmv 13CH4, respectively. The pmoA gene and methanotrophic 16S rDNA are across the buoyant density gradient of the DNA fractions, and methanotrophic 16S rRNA is across the buoyant density gradient of the RNA fractions. For pmoA genes, the normalized data are the ratios of gene copy number in each DNA fraction to the maximum quantities from each treatment based on real-time quantitative PCR. The abundance of methanotrophs based on high-throughput sequencing is expressed as the proportion of methanotrophic 16S rDNA to the total 16S rDNA in each DNA fraction and the proportion of methanotrophic 16S rRNA to the total 16S rRNA in each RNA fraction. The pentagrams in olive, purple, and blue indicate the 13C-labeled pmoA genes, 13C-labeled 16S rDNA, and 13C-labeled 16S rRNA that are used for the analysis of active methanotrophic community composition using high-throughput sequencing, respectively. The columns indicate the 13C-labeled methanotrophic community composition that is expressed as the percentage of the targeted methanotrophic subgroup to the total 13C-labeled methanotrophs based on the 13C-pmoA gene, 13C-16S rDNA, and 13C-16S rRNA. (D) Relationship between high-affinity CH4 oxidation activity and relative abundance of 13C-labeled type II methanotrophs based on 16S rRNA in paddy soils (n = 9). The correlations between high-affinity CH4 oxidation activity and the relative abundance of 13C-labeled methanotrophs based on the pmoA gene and 16S rDNA are also significant and positive, as described in Supplementary Table 6. The relative abundance of 13C-labeled methanotrophs is log-transformed before statistical testing. Statistical analysis is performed using Spearman’s rank-based correlation. (E) The community composition of 13C-labeled methanotrophs at the genus level. The numbers indicate the percentage of the targeted methanotrophic genus to total methanotrophs based on the 13C-labeled pmoA, 13C-labeled 16S rDNA, and 13C-labeled 16S rRNA. (F) Relationship between high-affinity CH4 oxidation activity and the relative abundance of 13C-labeled Methylocystis based on 16S rRNA in paddy soils (n = 9). The correlations between high-affinity CH4 oxidation activity and the relative abundance of 13C-labeled Methylocystis based on the pmoA gene and 16S rDNA are also significant and positive (Supplementary Table 6). The relative abundance of 13C-labeled Methylocystis is log-transformed before statistical testing. Statistical analysis is performed using Spearman’s rank-based correlation.


Additionally, 10,000 ppmv 13CH4 can target active methanotrophs, which can help in exploring the relative role of individual methanotrophic taxa in soil CH4 oxidation (Figure 3C). The highly enriched pmoA gene, methanotrophic 16S rDNA, and methanotrophic 16S rRNA were observed in heavy fractions from the 13CH4 treatment (Figure 3C and Supplementary Tables 7, 8). It indicates that both the genomes and transcriptomes of methanotrophic cells were strongly labeled in the 13CH4-treated soils. 13C-labeled 16S rRNA reads revealed a significantly higher proportion of type I methanotrophs than that of type II methanotrophs in each paddy soil, except in the most acidic soil, in Tao-Yuan (Figure 3C). A similar trend, a higher proportion of type I methanotrophs compared to that of type II methanotrophs, was observed using 13C-labeled pmoA genes and 16S rDNA in these eight paddy soils. The results indicate that type II methanotrophs displayed a lower growth rate compared with type I methanotrophs during the low-affinity oxidation of 10,000 ppmv high-CH4 in most paddy soils. However, we observed a significant positive relationship between the relative abundance of 13C-labeled type II methanotrophs and high-affinity CH4 oxidation activity (Figure 3D) but not for 13C-labeled type I methanotrophs (Supplementary Table 6).

Almost all type II methanotrophs were phylogenetically related to Methylocystis in the paddy soils (Figure 3E). Although 13C-labeled Methylocystis constituted a lower fraction of methanotrophs than the type I methanotrophic genera (Methylosarcina, Methylobacter, or Methylocaldum), it was positively correlated with high-affinity CH4 oxidation activity in paddy soils (Figure 3F). We also observed a positive correlation between the high-affinity CH4 oxidation activity and pmoA gene copy numbers of Methylocystis (Supplementary Table 6). For type II methanotroph Methylosinus, a very low abundance was detected in all paddy soils (Figure 3E); however, it was positively correlated with the high-affinity CH4 oxidation activity (Supplementary Table 6).



3.3 Biotic interactions of methanotrophs and other prokaryotic taxa

Co-occurring network analysis indicated that the number of links (degree) among methanotrophs and other prokaryotic taxa was higher in the paddy soil with high-affinity CH4 oxidation activity (degree = 227) than in the paddy soils on day 0 (degree = 162) (Figure 4A and Supplementary Figure 4A). This indicates that atmospheric CH4 oxidation enhanced the possible biotic interactions between methanotrophs and other prokaryotic taxa in the paddy soils. The significant correlation between methanotroph and prokaryotic taxa involved in the nitrogen cycle, such as diazotrophs (e.g., Bradyrhizobium, Burkholderia, Acidisoma, and Mesorhizobium), and nitrifying bacteria (e.g., Nitrobacter, and Nitrospira), was observed during CH4 oxidation (Supplementary Figure 4B). Notably, Methylocystis exhibited the highest degree in the network when the paddy soil could oxidize atmospheric CH4 (Figure 4A).
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FIGURE 4
Biotic interactions of methanotrophs and other prokaryotic taxa, and abiotic factors and their association with methanotrophic community and high-affinity methane oxidation activity in paddy soils. (A) Co-occurrence network analysis demonstrating the associations among all prokaryotic genera in the paddy soils. The nodes represent the prokaryotic microorganisms at the genus level based on 16S rRNA. Links between the nodes indicate a significant correlation (correlation > 0.6, p < 0.05). For visual clarity, only links among methanotrophs-other prokaryotic taxa are illustrated. The bigger the node, the higher the degree (the number of network links for the node). Details of the network among all prokaryotic genera are listed in Supplementary Figure 4. (B) Redundancy analysis (RDA) showing the abiotic factors (pH, SOC, TN, NH4+, NO3–, and AMT) affecting the methanotrophic community as constraints. Significant abiotic factors affecting the methanotrophic community composition are marked with asterisks (*p < 0.05; **p < 0.01; ***p < 0.001). (C) Correlations between abiotic factors and high-affinity methane oxidation activity. Statistical analysis is performed using Pearson’s rank-based correlation (n = 9). The abbreviation AMT represents annual mean temperature in the soil sampling site. All other abbreviations are the same as those in Figure 1.




3.4 Abiotic factors and their association with methanotrophic community and high-affinity methane oxidation activity in the paddy soils

The RDA integrated the abiotic factors to methanotrophic community composition in the paddy soils with high-affinity methane oxidation activity (Figure 4B). Among the abiotic factors, soil pH and soil nutrient availability (SOC, TN, NH4+, and NO3–) significantly affected the methanotrophic community composition (Figure 4B). The abundant type I methanotrophs (Methylosarcina, Methylobacter, Methylocaldum, and rice paddy clusters [RPCs]) and type II methanotrophs (Methylocystis, and Methylosinus) exhibited different responses to environmental factors. Type II methanotrophs were commonly found in more acidic paddy soils compared to type I methanotrophs. The abundance of type II methanotrophs, especially Methylocystis, were positively correlated to soil nutrient availability (SOC, TN, and NH4+) in the paddy soils, whereas type I methanotroph RPCs were positively correlated with soil NO3–. The high-affinity methane oxidation activity exhibited a negative correlation with soil pH and a positive correlation with nutrient availability (SOC, TN, and NH4+) (Figure 4C), similar to the correlations between abiotic factors and type II methanotrophs. Contrary to our expectations, the annual mean temperature had no significant effect on the methanotrophic community composition (Figure 4B) or high-affinity methane oxidation (Figure 4C).




4 Discussion

Wetlands are typically considered CH4 sources (IPCC, 2021). However, some periodically drained wetland ecosystems, such as the flooded paddy soils (Conrad, 2007), Arctic wetlands (Voigt et al., 2023), and mire-wetlands (Wang et al., 2023), serve as CH4 sinks during the dry periods. In this study, we selected paddy soils across three climate zones from the primary rice production areas in China to obtain extensive spatial coverage of atmospheric CH4 uptake in paddy soils.

The CH4 concentrations in flooded rice fields vary with alterations in water content (Conrad, 2007). We constructed identical microcosms with various initial CH4 concentrations to assess the occurrence of high-affinity CH4 oxidation in periodically draining paddy soils, where CH4 availability fluctuated. All tested paddy soils can oxidize atmospheric CH4 following the consumption of CH4 at high concentrations (10,000 ppmv) (Figure 1B). The estimated atmospheric CH4 consumption rate in paddy soils varied from 1.87 to 6.03 kg CH4 ha–1 per year (Supplementary Table 3), consistent with the values reported for soil ecosystems (Aronson et al., 2013). Our experiments indicate that paddy soils can serve as a CH4 sink if drained after periodic flooding in rice fields with high concentrations of CH4.

In contrast to microcosms with 10,000 ppmv of CH4, we did not observe high-affinity oxidation of atmospheric CH4 in all paddy soils incubated with CH4 at concentrations ranging from 2 to 1,000 ppmv, except in Lei-Zhou soil incubated with 1,000 ppmv CH4 (Figure 1B). A threshold amount of CH4 consumption for the induction of atmospheric CH4 uptake may vary greatly among different soils; however, the underlying mechanism remains elusive (Cai et al., 2016). The lower threshold in Lei-Zhou could not be attributed to the abiotic and biotic factors noted in our study. We hypothesize that it may be explained by the influence of unmeasured environmental factors. For instance, soil texture can influence gas diffusion and soil aeration (Wang et al., 2022). The gas diffusion may regulate the CH4 and O2 availability and methanotrophic activity (Lee et al., 2023). Hence, further consideration of more soil factors is needed to identify the underlying mechanisms.

The ribosome content per cell follows bacterial growth (Kemp et al., 1993). rDNA can be extracted from living, dormant, and dead microbial cells (Josephson et al., 1993). rRNA is generally positively correlated with the growth rate of bacteria and degrades during certain stress conditions, such as substrate starvation (Deutscher, 2006). The 16S rRNA:rDNA ratio serves as an indicator of bacterial taxa activity in natural communities (Campbell et al., 2011; Campbell and Kirchman, 2013; Lankiewicz et al., 2016). The 16S rRNA:rDNA ratio is more informative than abundance alone in understanding the microbial activity in the environment (Campbell and Kirchman, 2013). The 16S rRNA:rDNA ratio of methanotrophs indicated that type II methanotrophs exhibited higher potential activity than type I methanotrophs during high-affinity CH4 oxidation in most paddy soils (Figure 3A). Additionally, 16S rRNA:rDNA ratios of type II methanotrophs positively correlated with the high-affinity CH4 oxidation activity (Figure 3B).

Notably, significant positive relationships were observed between the 16S rRNA:rDNA ratios and potential growth rates, as determined by assessing the relative abundance of 13C-labeled methanotrophs for type II methanotrophs (Supplementary Figure 3). This indicates that type II methanotrophs can survive under CH4-starvation conditions without markedly rRNA degradation. Although type II methanotrophs was not found to dominate in most paddy soils (Figure 3C), its abundance was positively correlated with high-affinity methane oxidation activity (Figure 3D). This finding was particularly noted Methylocystis (Figure 3F). Some rare taxa may exhibit higher microbial activity compared with the abundant taxa in the environment (Campbell et al., 2011). These findings support a better adaptation of type II methanotrophs, especially Methylocystis, to atmospheric CH4 than that of type I methanotrophs in paddy soils.

High-affinity CH4 oxidation activity is due to the consumption of high concentrations of CH4 in paddy soils (Yan and Cai, 1997; Cai et al., 2016). Theoretically, atmospheric CH4 does not provide adequate energy for the survival of cultured methanotrophs (Dunfield, 2007). High-affinity methanotrophs living in atmospheric CH4 can obtain energy from additional sources (Baani and Liesack, 2008; Cai et al., 2016; Tveit et al., 2019). Endogenous storage compounds that have accumulated during exposure to high CH4 concentrations, such as polyhydroxybutyrate (PHB), can potentially provide reductive power for CH4 monooxygenase in methanotrophs during atmospheric CH4 oxidation (Pieja et al., 2011; Cai et al., 2016). PHB production has been observed in type II methanotrophs, such as Methylocystis and Methylosinus, whereas type I methanotrophs may not be able to produce PHB (Pieja et al., 2011). Culturable methanotrophs sustain atmospheric methane oxidation if supplied with formate (Jensen et al., 1998). Formate oxidation reaction could provide the donor electron for particulate methane monooxygenase (pMMO) to sustain high-affinity methane oxidation (Le and Lee, 2023). Type II methanotrophs can transform acetate to acetyl-CoA (Singleton et al., 2018). Acetate as a source of carbon and energy allows methanotrophs to maintain methane oxidation activity under CH4 starvation conditions (Belova et al., 2011; Singleton et al., 2018). Some type II methanotrophs harvest additional energy from aerobic respiration of hydrogen (H2) at atmospheric concentrations (Tveit et al., 2019).

In addition to the known type of pMMO1 responsible for high CH4 concentrations, most type II methanotrophs possess pMMO2 to oxidize CH4 at atmospheric concentrations (Baani and Liesack, 2008). However, pMMO2 may not be detected in any known type I methanotrophs (Tchawa Yimga et al., 2003). In this study, pmoA2 genes that encode pMMO2 were observed in the acid-neutral paddy soils (Jiang-Du, Gu-Shi, Ying-Tan, Tao-Yuan, and Chang-Shu) that can oxidize atmospheric CH4 (Supplementary Table 4). Moreover, the type II methanotroph Methylocapsa, whose 13C-labeled 16S rRNA was observed in Tao-Yuan (Figure 3E), encoded a single PMMO responsible for CH4 oxidation at high and atmospheric concentrations (Tveit et al., 2019). The coexistence of high- and low-affinity CH4 oxidation activities may be advantageous for type II methanotrophs to thrive in paddy soils, where CH4 concentrations fluctuate significantly. Therefore, in type II methanotrophs, the capacity for PHB production, acetate and hydrogen uptake, and high-affinity pMMO expression provides a selective advantage for survival under CH4 starvation conditions in paddy soils.

Type I methanotrophs may also play a role in the high-affinity CH4 oxidation, specifically in the alkaline Zi-Yang soil (pH 8.23). The 16S rRNA:rDNA ratio (Figure 3A) and the abundance (Figure 3C) were remarkably higher for type I methanotrophs than that for type II methanotrophs in Zi-Yang. Numerous strains within type I methanotrophs can oxidize atmospheric CH4 after incubation with high CH4 concentrations (Schnell and King, 1995; Benstead et al., 1998). Type I methanotrophic pmoA transcripts are observed in a paddy soil with atmospheric CH4 oxidation activity (Cai et al., 2016).

CH4 oxidation enhanced a complex network of microbial interactions among the methanotrophs and other prokaryotic taxa, as illustrated in Figure 4A. In addition, linkages between Methylocystis and other taxa occurred at the highest proportion in the paddy soils with high-affinity CH4 oxidation activity (Figure 4A). Organic carbon derived from a source of CH4 via the assimilation of methanotrophs facilitates the growth of non-methanotrophs (Kaupper et al., 2022). For instance, type II methanotrophs Methylocystis and Methylosinus were positively correlated with Methylobacterium (Supplementary Figure 4B). Methylobacterium can use methanol as an energy and carbon source (Tani et al., 2021). Cross-feeding might drive their positive correlations via the methanol from the oxidation of methane by methanotrophs. In addition, methanotrophs-nitrifying bacteria and methanotrophs-diazotrophs interactions linked carbon and nitrogen cycling in paddy soils (Supplementary Figure 4B). Nitrifying bacteria are chemoautotrophs (Xia et al., 2011), and CH4-derived CO2 can be incorporated by chemoautotrophs (Kaupper et al., 2022). Diazotrophs can contribute reactive nitrogen to natural ecosystems (Hu et al., 2024). The available nitrogen from diazotrophs might drive the positive links between diazotrophs and Methylocystis.

The methanotrophic community (Figure 4B) and methane oxidation uptake (Figure 4C) respond to various abiotic factors in the paddy fields, such as CH4 content, pH, nutrient availability and temperature. The variations in soil moisture attributed to periodic drainage in rice fields could result in significant fluctuations in soil CH4 concentrations (Conrad, 2007). The rice fields are similar to aerated upland soils during the dry seasons (Conrad, 2007). Our paddy soils were collected in the drained rice fields, where CH4 availability was limited. The dominance of type II methanotrophs on day 0 (Supplementary Figure 1D) aligns with a K-type life strategy, characterized by an investment in survival and longevity (Steenbergh et al., 2010; Ho et al., 2013). This strategy may be advantageous for type II methanotrophs that can occupy niches under resource limiting conditions. It helps explain why the type II methanotrophic activity (based on 16S rRNA:rDNA ratios) was higher than that of type I methanotrophs during atmospheric methane oxidation in most paddy soils (Figure 3A). We incubated the paddy soils with CH4 at a concentration of 10,000 ppmv to mimic the high availability of CH4 noted under flooded conditions. The faster growth of type I methanotrophs in most paddy soils (Figure 3C) is an indication of an r-type life strategy that emphasizes high reproductive success, which is instantaneous under favorable conditions (Qiu et al., 2008; Steenbergh et al., 2010). Type I and II methanotrophs possess distinct life strategies, offering them a selective advantage under various environmental conditions (Ho et al., 2013).

Soil pH significantly regulated methanotrophic community composition (Figure 4B) and negatively influenced CH4 uptake (Figure 4C) in paddy soils. To date, most known type II methanotrophs cannot survive above pH 8.0; however, cultivated type I methanotrophs are more tolerant to high pH conditions than type II methanotrophs (Kalyuzhnaya et al., 2019; Yao et al., 2022). This finding helps explain why higher 16S rRNA:rDNA ratios for type I methanotrophs, compared to type II methanotrophs, were only observed in the alkaline paddy soil of Zi-Yang (pH 8.23) under methane-starvation conditions (Figure 3A). A majority of acidophilic methanotrophs are type II (Hwangbo et al., 2023). In paddy soils with pH values ranging from 5.0 to 8.0, type II methanotrophs are more widespread in low pH conditions than in high pH conditions (Shiau et al., 2018; Zhao et al., 2020). A pH value of less than 5.2 is a key driving force for the selection of type II over type I methanotrophs in paddy soils at a high-methane condition (Shiau et al., 2018). It helps explain that faster growth of type II than type I methanotrophs during the low-affinity oxidation of high-methane was only detected in the acidic soil Tao-Yuan (pH 5.18) (Figure 3C). Type II methanotrophs had positive effect on atmospheric CH4 take (Figures 3B, D). Soil pH was negatively correlated with the abundance of type II methanotrophs, especially Methylocystis (Figure 4B), thereby, influencing the atmospheric CH4 uptake (Figure 4C). A high influence of soil pH on atmospheric CH4 uptake was also observed in Arctic soils, where CH4 uptake increased with lower soil pH (Voigt et al., 2023).

Soil nutrient availability, such as SOC, TN, and NH4+, positively affected the abundance of type II methanotrophs, especially Methylocystis (Figure 4B), and atmospheric CH4 uptake (Figure 4C) in paddy soils. Higher SOC content results in increased atmospheric CH4 uptake in forest soils (Lee et al., 2023). SOC increases the soil pore space and, therefore, diffuses atmospheric CH4 into the soil (Lee et al., 2023). In addition, SOC can facilitate atmospheric methanotrophic activity by providing alternative carbon substrates, such as formate and acetate, during CH4 starvation (Jensen et al., 1998, West and Schmidt, 1999, Lee et al., 2023). The capability of using acetate as a carbon and energy source is a common trait in Methylocystis (Belova et al., 2011; Singleton et al., 2018). It may be advantageous for Methylocystis under CH4-limited conditions.

Nitrogen interacts with atmospheric methane uptake in the soil ecosystems (Bodelier and Steenbergh, 2014; Voigt et al., 2023). Nitrogen as a nutrient stimulates the growth of methanotrophs and promotes methanotrophic oxidation activity (Zheng et al., 2014; Peng et al., 2019; Nijman et al., 2021). Nitrogen is the main limiting nutrient for methanotrophs in rice fields (Bodelier and Steenbergh, 2014). Enhanced nitrogen promotes CH4 uptake in N-limiting soils (Bodelier and Steenbergh, 2014; Peng et al., 2019; Voigt et al., 2023). In contrast to type I methanotrophs, type II methanotrophs can fix atmospheric nitrogen to assimilable nitrogen forms (Ho et al., 2013). Therefore, type II methanotrophs possess an advantage when nitrogen is limited. Soil NO3– content showed no significant effect on atmospheric CH4 uptake (Figure 4C). In addition to acting as a nutrient, NO3– exerts a toxic effect that could inhibit methane uptake (Ho et al., 2013). It adds to the complexity of methane oxidation-nitrogen assimilation interactions.

CH4 sink is enhanced with increasing temperature in forest soils (Lee et al., 2023). However, the temperature has no significant effect on the composition of methanotrophic community (Figure 4B) and atmospheric oxidation activity (Figure 4C) in paddy soils. Temperature might influence atmospheric CH4 uptake via other soil variables (Lee et al., 2023; Lin et al., 2023). For instance, increased temperature accelerates soil organic carbon decomposition (Zhao et al., 2023; Nazir et al., 2024) and, therefore the methanotrophic activity (Lee et al., 2023). We cannot observe a significant correlation between the temperature and SOC content (Figure 4C), probably due to the influence of unmeasured environmental factors on SOC and methanotrophic activity.

Overall, we observed higher atmospheric CH4 oxidation activity in paddy soils with lower soil pH, higher nutrient availability (SOC, TN, and NH4+), and higher type II methanotrophic activity, especially Methylocystis. Abiotic factors could influence the methanotrophic community and, hence, the atmospheric CH4 oxidation activity. This large-scale study examining atmospheric CH4 sink in paddy soils will facilitate an understanding of the relationships between atmospheric CH4 uptake, environmental factors, and microbial community. These results help understand how biotic and abiotic factors affect the atmospheric CH4 uptake in paddy soils. Our study helps explore the potential farm management (e.g., field fertilization and irrigation strategies) to promote CH4 uptake in paddy soils, providing avenues to develop strategies to mitigate global climate change.

The large-scale field sites investigated here were located within a wide range of climates, soil conditions, and microbial communities; however, certain special conditions cannot be explained by the measured factors in our study. Therefore, it is important to consider the limitations of this study. (1) The threshold amount of methane consumption for the induction of high-affinity methane oxidation was lower in Lei-Zhou (1,000 ppmv) than in other soils (10,000 ppmv). However, the underlying mechanism remains elusive according to the measured biotic factors and abiotic factors. To understand the underlying mechanisms, we should investigate more detailed biotic factors via advanced methods, such as metatranscriptomics and metaproteomics, and analyze more abiotic factors (e.g., soil texture). (2) Increasing temperature can enhance atmospheric methane uptake in forest soils. However, temperature did not influence atmospheric methane uptake in paddy soils. The range of annual mean temperature was narrow in our study, in the range of 16–19°C in most sampling sites. In addition, temperature might influence the atmospheric CH4 uptake via unmeasured environmental factors. Therefore, more soil samples from a wider temperature range and more soil factors are needed to provide deeper mechanistic insights into the underlying mechanisms. (3) The higher activity of type I methanotrophs (the ratio of 16S rRNA:rDNA) in “high-affinity” soils was observed only in one alkaline soil. We should examine more soil samples to determine whether the trait is widespread in alkaline soils. (4) The selection of type II over type I methanotrophs was observed under high-methane conditions only in Tao-Yuan, which is not consistent with the life strategy for methanotrophs. Low pH condition (pH < 5.2) is the possible driving factor; however, the unknown potential environmental factors are of significant interest. More paddy soils, especially acidic soils, and more abiotic factors should be considered to refine our understanding of the underlying mechanisms in the future. Taken together, more paddy soils with broader environmental conditions (e.g., wider soil pH range and annual mean temperature range), more soil factors (e.g., soil texture), and more advanced methodologies for analyzing methanotrophic activity (e.g., metatranscriptomics and metaproteomics approaches) are needed to validate and expand upon our findings in the future.



5 Conclusion

High-affinity CH4 oxidation induced by high CH4 concentrations is widespread in paddy soils, as indicated by the large spatial coverage of atmospheric CH4 uptake measurements. In acid-neutral paddy soils capable of oxidizing atmospheric CH4, type II methanotrophs exhibited higher 16S rRNA:rDNA ratios and, therefore, higher potential activity than type I methanotrophs. Additionally, the methanotrophic activity was analyzed by examining the relative abundance of 13C-labeled methanotrophs using both DNA- and RNA-SIP. Significant positive relationships were observed between the high-affinity CH4 oxidation activity and 16S rRNA:rDNA ratios of type II methanotrophs and the relative abundance of 13C-labeled type II methanotrophs. The microbial co-occurrence network indicated that CH4 oxidation enhanced biotic interactions between methanotrophs and other prokaryotic taxa. Soil pH and nutrient availability can significantly affect the methanotrophic community and high-affinity CH4 oxidation activity. The abundance of type II methanotrophs, especially Methylocystis, as well as the high-affinity methane oxidation activity, showed a negative correlation with soil pH and a positive correlation with soil nutrient availability (SOC, TN and NH4+). Our results offer a wide biogeographical perspective on atmospheric CH4 uptake in paddy soils and help to explore the mitigation strategy for global climate change via optimal farm management (e.g., field fertilization and irrigation strategies) in paddy fields. Future research should investigate a broader range of paddy soil samples and soil factors to further elucidate the underlying mechanisms unidentified in our study, providing a deeper insight into greenhouse gas mitigation strategies.
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Effects of stand age and soil microbial communities on soil respiration throughout the growth cycle of poplar plantations in northeastern China
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Introduction: Many studies have identified stand age and soil microbial communities as key factors influencing soil respiration (Rs). However, the effects of stand age on Rs and soil microbial communities throughout the growth cycle of poplar (Populus euramevicana cv.‘I-214’) plantations remain unclear.

Methods: In this study, we adopted a spatial approach instead of a temporal one to investigate Rs and soil microbial communities in poplar plantations of 15 different ages (1–15  years old).

Results: The results showed that Rs exhibited clear seasonal dynamics, with the highest rates observed in the first year of stand age (1-year-old). As stand age increased, Rs showed a significant decreasing trend. We further identified r-selected microbial communities (copiotrophic species) as key biological factors influencing the decline in Rs with increasing stand age. Other abiotic factors, such as soil temperature (ST), pH, soil organic carbon (SOC), nitrate nitrogen (NO3−-N), and the C/N ratio of plant litter (Litter C/N), were also significantly correlated with Rs. Increased stand age promoted fungal community diversity but suppressed bacterial community diversity. Bacterial and fungal communities differed significantly in abundance, composition, and function, with the Litter C/N ratio being a key variable affected by microbial community changes.

Conclusion: This study provides crucial empirical evidence on how stand age affects Rs, highlighting the connection between microbial community assemblages, their trophic strategies, and Rs over the growth cycle of poplar plantations.

Keywords
 soil respiration; stand age; soil microbial community structure and function; poplar plantation; microbial r-K selection theory


1 Introduction

Soil respiration (Rs) is the process through which plant roots, fungi, and bacteria in the soil consume organic matter and produce carbon dioxide (CO2) (Bond-Lamberty and Thomson, 2010). It is a crucial component of the carbon cycle in terrestrial ecosystems and represents the second largest flux of carbon exchange with the atmosphere (Ma et al., 2023). Rs significantly influences atmospheric CO2 concentrations. It has been reported that soil respiration releases 10 times more CO2 into the atmosphere annually than fossil fuel combustion (Masson-Delmotte et al., 2021). Consequently, even small changes in Rs can substantially impact atmospheric CO2 levels and the global terrestrial ecosystem carbon cycle (Feng et al., 2018). Since the industrial revolution, atmospheric CO2 concentrations have surged, leading to a rise in global temperatures. In the context of global warming, understanding the characteristics of Rs and the factors influencing it is vital for estimating changes in atmospheric CO2 concentrations. This understanding is crucial for accurately assessing regional carbon balances (Huang et al., 2020; Ma et al., 2014).

In terrestrial ecosystems, forests act as important natural carbon sinks and have a negative feedback effect on global warming (Bonan, 2008; Pan et al., 2011). Forests comprise roughly half of the biomass in terrestrial ecosystems and exert a significant and indispensable influence on the global soil carbon pool (Dixon et al., 1994). Stand age is a crucial indicator of forest developmental succession and carbon dynamics, with significant amounts of organic matter accumulating in the surface layer of forest soils over time (Bastida et al., 2019; Tang et al., 2009). Whether forest ecosystems act as carbon sources or sinks largely depends on the balance between photosynthetic carbon sequestration and respiration. Consequently, many studies have focused on the mechanisms of Rs changes and the factors influencing them. Previous studies on the impact of stand age on Rs has yielded three primary findings. First, Rs increases with stand age, mainly due to the growth and accumulation of soil organic carbon (SOC), roots, and microbial biomass (Wiseman and Seiler, 2004; Xiao et al., 2014). Second, there is an inverse relationship between Rs and stand age, attributed primarily to the decline in fine root biomass and metabolic activity (Gong et al., 2012; Yan et al., 2011; Zhao et al., 2016). Finally, some studies have found no significant linear correlation between Rs and stand age (Powers et al., 2018; Tang et al., 2009). The previous studies have selected discontinuous stand ages, and has not focused throughout the growth cycle.

Afforestation can increase carbon sequestration in terrestrial ecosystems, mitigate soil erosion, and reduce greenhouse gas emissions (Liu et al., 2013; Reay et al., 2007). Ecological restoration projects implemented in China in the late 1970s significantly contributed to carbon emissions in the 2001–2010 decade. These contributions were equivalent to 9.4 percent of the carbon emissions from fossil fuels during the same period (Fang et al., 2018; Lu et al., 2018). China’s poplar plantation area reaches 7.57 Mha, ranking first in the world (National Forestry and Grassland Administration, 2019). Poplar is widely planted as pure or mixed species plantations, which has an economic value in providing wood and energy raw materials (Pilipovic et al., 2022), as well as mitigating the problem of dust storms and sandstorms in spring in northern China, which is of great significance for ecological environment protection and restoration of the areas in need of windbreaks and sand fixation. The increase in the area of poplar plantations is also due to their strong adaptability, rapid growth, and outstanding advantages in carbon sequestration (Gielen and Ceulemans, 2001). Additionally, poplars are also one of the major emitters of isoprene, a volatile organic compound (VOC) naturally released by trees, which has a significant impact on the atmospheric carbon cycle. Furthermore, the ability of poplars to emit isoprene is influenced by physiological states such as developmental stages, and is regulated by environmental factors such as temperature, light intensity, nitrogen nutrition, and atmospheric CO2 concentration (Teuber et al., 2007). Therefore, the study of the relationship between the age of poplar plantations and carbon emissions is of great significance in addressing climate change and assessing carbon balance. However, the relationship between Rs and throughout the growth cycle of poplar plantation has not been studied yet.

Previous research in forest ecosystems has shown that Rs is correlated with various factors, including soil temperature and moisture (ST and SM), soil physicochemical properties, and forest type (Zhao et al., 2016). In recent years, many studies have analysed microbial communities properties and carbon cycle which could improve the prediction of Rs (Liu et al., 2023; Nottingham et al., 2022; Zeng et al., 2022; Zhang and Zhang, 2016). Research has shown that Rs is correlated with soil microbial communities, particularly with Alphaproteobacteria, Acidobacteria, and Basidiomycota (Chen et al., 2021b). Additionally, in subtropical subalpine mountain ecosystems, it has been discovered that bacterial communities have a significant positive correlation with Rs. Rare bacterial phyla (e.g., Gemmatimonadetes and Cyanobacteria) are the primary driving factor, exerting a greater influence on Rs than abundant microbial communities (Han and Wang, 2023). According to the microbial trophic utilization patterns and carbon mineralization characteristics, microbial communities are usually divided into two ecological functions: r-strategists (copiotrophic) and K-strategists (oligotrophic) (Fierer et al., 2007). R-selected species grow fast and often utilize labile carbon. In contrast, k-selected species grow slowly and often utilize recalcitrant carbon. Fungi tend to grow slower than bacteria and are often classified as k-strategists (Yang et al., 2022). Related studies have reported specific roles for both copiotrophs and oligotrophs bacteria in utilizing carbon for respiration, and that the role of copiotrophs bacteria is higher than that of oligotrophs bacteria (Liu et al., 2020; Liu et al., 2018a; Liu et al., 2020b; Siles and Margesin, 2016). In summary, these findings indicate a close relationship between microbial communities and Rs.

In this study, we applied a spatial - for - temporal substitution method, focusing for the first time on poplar plantations in the Songliao Plain, Northeast China, spanning 1 to 15 years. We analyzed the link between stand age and Rs during continuous growth. This approach aims to explore the impact of stand age on Rs, providing new theoretical perspectives and empirical evidence for related research. The influence of stand age on soil respiration (Rs) was investigated from July 2022 to June 2023. The key objectives were to delve into (1) the pattern of change in Rs with stand age; (2) the dynamics of soil microbial communities with stand age; and (3) the relationship between biotic and abiotic factors and Rs.



2 Materials and methods


2.1 Site description and experimental design

The study site is located in a forest farm in Xinmin City, Liaoning Province, China (41°42′–42°17′N, 122°27′–123°20′E) (Supplementary Figure S1). The area belongs to the sandstorm area in the northern part of the Liaohe Plain, with a low terrain, gradually higher from south to north, and an average elevation of 29 metres above sea level. The study site experienced a temperate continental monsoon climate, with mean annual temperatures and precipitation of 8.2°C and 417.7 mm, respectively. It had an average frost-free period of 160 days and an annual sunshine duration averaging 2753.2 h. The soil type is brown soil.

In June 2022, based on principles such as site conditions and consistent species, we selected 15 stand ages ranging from 1 to 15 years as the research objects. In each forest area, we randomly selected three 20 m × 20 m plots with similar growth as independent replicates, with the plots being no more than 30 meters apart from each other, establishing a total of 45 plots. All sampled plots were designated as forest land, with all previously being managed as pure artificial forests of the same species of poplar trees and subjected to identical management practices. To minimize the differences in climate, topography, and other factors among the plots, ensuring that variations in soil respiration and soil properties are attributed solely to stand age, the distance between any two stands was kept to no more than 3 km.

In October 2022, after removing surface litter, we collected 10 soil cores from each plot at a depth of 0 - 20 cm using the “S” sampling method and combined them into a single composite sample per plot. First, stones and plant roots were removed from the samples, which were then passed through 2 mm and 0.149 mm mesh sieves. The soil samples designated for physicochemical property analysis were air-dried and stored. Meanwhile, the soil samples intended for microbial community analysis were stored at - 80°C. Plant leaf litter was dried to a constant weight and then ground into powder for later use.



2.2 Field measurement of Rs rates

In June 2022, six PVC soil rings were randomly installed within each stand-age sample for Rs measurements. The PVC ring has a diameter of 20 cm and a length of 15 cm, with about 5 cm exposed above the soil surface, and remains in place throughout the entire experimental process. Before each measurement, plants within the soil ring were removed, along with the litter, to avoid the influence of plants and litter on Rs. Measurements were taken using the Li-8100a automated soil CO2 flux system (LI-COR Inc., Lincoln, NE, United States) in the middle and end of each month from July 2022 to June 2023, respectively (no measurements were taken in December–February due to snow cover that froze the soil), with each measurement taken between 8.00 a.m. and 11.30 a.m. While measuring Rs rates, ST and SM at a depth of 5 cm in the vicinity of the soil ring were also measured.



2.3 Analysis of soil and litter samples

The soil bulk density (SBD) was measured using the cutting ring method (Wang et al., 2018). Soil pH was measured by using the soil-water (1:2.5) mixed suspension through the potential method. Soil and litter organic carbon was determined by the K2CrO7 oxidation method (Lefroy et al., 1993). Total soil and litter nitrogen was determined by Kjeldahl method. SOC and TN data were used to calculate soil C/N. Litter C/N was calculated using litter organic carbon and total nitrogen data. Dissolved organic carbon (DOC) was extracted with deionized water (1:4) and then measured using a TOC analyzer (Shimadzu Corp, Kyoto, Japan). Easily oxidised organic carbon (EOC) was determined after KMnO4 oxidation (Zhao et al., 2018). The available phosphorus (AP) and available potassium (AK) were extracted from the soil samples using a 2% (NH4)2 CO3 solution at a soil-to-solution ratio of 1:5, and were subsequently determined using an ICAP instrument (Spectro Analytical Instruments, Spectro Arcos ICP, Kleve, Germany) (Wang et al., 2022). Nitrate nitrogen (NO3−-N) and ammonium nitrogen (NH4+-N) were extracted from the soil using 2 M KCl and the content was determined using a continuous flow injection analyser system (AA3 Continuous Flow Analytical System).



2.4 Soil DNA extraction and sequence analysis

Soil total DNA was extracted from 0.25–0.5 g of soil samples using the TIANNamp Guide S96 kit (Beijing, China). The extracted nucleic acids were assayed for concentration using an enzyme labeler (GeneCompang Limited, synergy HTX). After passing the assay, the nucleic acids were amplified, and the amplified PCR products were then detected by electrophoresis using agarose at a concentration of 1.8%. The bacterial V3–V4 region was amplified using the 16S rRNA gene primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). The fungal ITS1 region was amplified using the fungal ITS primers ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2R (5′-GCTGCGTTCTTCATCGATGC-3′). The products were purified, quantified, and normalized on the Illumina Novaseq 6000 platform, and detected using the NovaSeq 6000 S4 Reagent Kit (San Diego). The original image data files obtained from sequencing are converted into raw sequencing sequences through base recognition analysis. The sequencing results are filtered, and then primer sequences are identified and removed to obtain effective sequences.

The soil microbial communities (bacteria and fungi) were classified as r-strategists or K-strategists based on their nutrient utilization modes. Among them, copiotrophic bacteria, such as Actinobacteriota, Bacteroidota, Firmicutes, and Gemmatimonadota, were categorized as r-strategists. The oligotrophs bacterial members, including Acidobacteriota, Chloroflexi to K-strategists. The r-strategist fungi include Ascomycota, while the K-strategist fungi include Basidiomycota (Li et al., 2021; Fierer et al., 2007; Yang et al., 2022). We also selected several microbial taxa associated with the carbon cycle, including Proteobacteria, Acidobacteriota, Actinobacteriota, Bacteroidota, Ascomycota, and Basidiomycota. We analyzed their relative abundance to investigate the potential relationship with Rs (Chen et al., 2021b; Castro et al., 2019).



2.5 Statistical analysis

Regression analyses were used to evaluate the relationship between soil properties, microbial community structure, characteristics and stand age. Pearson correlation analysis was used to determine the relationship between Rs and biotic and abiotic factors. Using the “plspm” package (Sanchez et al., 2013), the effects of stand age, climate (ST, SM), soil and plant properties (pH, SOC, DOC/SOC, EOC/SOC, AK, NO3−-N, and litter C/N), as well as soil bacterial and fungal community structure, on Rs were evaluated through a partial least squares path model (PLS-PM). One-way analysis of variance (ANOVA) was used to compare the dominant communities of soil bacteria and fungi in stands of different stand ages. Differences in Bray–Curtis distances between stand ages for bacterial and fungal communities were analysed using non-metric multidimensional scaling (NMDS); the significance of the differences was determined by using ranked analysis of variance (PERMANOVA). The relationship between soil and plant properties and soil bacterial and fungal diversity and community structure was analysed using the Mantel test. In addition, functional information was annotated for OTU of bacteria and fungi using FAPROTAX and FUNGuild software (Louca et al., 2016; Nguyen et al., 2016). All data analysis and figures were conducted using SPSS18.0 (IBM, United States), Origin2021 (OriginLab, United States), and R software (v4.3.2).




3 Results


3.1 Changes in Rs with stand age Changes and relationships between Rs and soil factors under stand age effects

Rs rate significantly decreased with increasing stand age (p < 0.001) (Figure 1). SBD, SOC, DOC, and NO3−-N showed significant changes with stand age (p < 0.05) (Supplementary Figure S2). Among these, SBD and DOC generally increased with stand age, while SOC and NO3−-N decreased. All factors except for soil pH, DOC, NH4+-N, and AP were significantly correlated with Rs rate (p < 0.05) (Supplementary Figure S3). Specifically, SOC, TN, NO3−-N, and AK were significantly positively correlated with Rs, while SBD and EOC were significantly negatively correlated. Rs rate was significantly negatively correlated with both the DOC/SOC and EOC/SOC, and significantly positively correlated with litter C/N (p < 0.05), but showed no significant correlation with soil C/N (Supplementary Figure S4).
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FIGURE 1
 Patterns of change in soil respiration with stand age.




3.2 Soil bacterial community composition and its relationship with environmental factors

The bacterial community structure and diversity changed with increasing stand age. The dominant phyla across different stand ages were Proteobacteria (29.19–41.88%), Acidobacteriota (18.90–29.11%), and Actinobacteriota (6.49–12.50%), comprising 71.96–79.34% of the bacterial samples at each stand age. The relative abundance of these dominant phyla significantly changed with stand age. Notably, the relative abundance of Proteobacteria and Actinobacteriota showed a significant increasing trend with stand age (p < 0.05) (Figure 2A).

[image: Figure 2]

FIGURE 2
 Relative abundance of dominant bacterial (A) and fungal (B) groups at the phylum level. *Significant differences (p < 0.05) were found between different stand ages.


Functional annotation of bacterial OTUs using FAPROTAX was used to identify carbon and nitrogen transforming functional bacterial groups in poplar associated soils and to determine their relative abundance in each stand. Related to the carbon cycle are phototrophy, photoautotrophy and oxygenic photoautotrophy. Associated with the nitrogen cycle are nitrate reduction and nitrogen fixation. The results indicate that as the stands mature, there is a general decrease in the abundance of nitrate-reducing bacteria involved in nitrogen transformation, while nitrogen-fixing bacteria show an increasing trend (Supplementary Figure S5A). Concurrently, the abundance of photoautotrophic organisms involved in carbon transformation tends to decrease with stand age (Supplementary Figure S5A).

Microbial characteristics changed significantly with stand age (p < 0.05) (Supplementary Figure S6). Bacteria Shannon decreased significantly with stand age and bacterial NMDS1 increased significantly with stand age. Bacterial to fungal ratio Shannon, on the other hand, decreased significantly with stand age. The results of Mantel test showed that pH, litter C/N, AK, DOC/SOC and NO3−-N were important factors affecting the structure of bacterial community (p < 0.05) (Figure 3A). MMDS analyses showed that bacterial community β-diversity varied considerably with stand age, and bacterial community composition was significantly segregated between different stand ages (p < 0.05; Supplementary Figure S7A). PERMANOVA analyses further determined significant differences in bacterial (p = 0.001) community composition across the 15 stand ages.
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FIGURE 3
 The Mantel test of the correlations analysed the relationship between soil and plant characteristics and soil bacterial (A) and fungal (B) diversity and community structure. B C/O, bacterial copiotroph/oligotroph ratio; B Shannon, bacteria Shannon; B Chao1, bacteria Chao1; F C/O, fungal copiotroph/oligotroph ratio, F Shannon, fungi Shannon; F Chao1, fungi Chao1; SBD, soil bulk density; AK, available potassium; AP, available phosphorus SOC, soil organic carbon; DOC, dissolved organic carbon; EOC, easily oxidised organic carbon; TN, total nitrogen; NO3−-N, nitrate nitrogen; NH4+-N, ammonium nitrogen; litter C/N, plant litter C/N. In the figure, the heatmap colors and grid sizes are simultaneously used to map the magnitude of correlation values. Darker colors and larger grid sizes indicate larger absolute values of correlation, while lighter colors and smaller grid sizes indicate smaller absolute values of correlation. Colors closer to red indicate stronger positive correlation, while colors closer to blue indicate stronger negative correlation. The marks within the grids, *p < 0.05; **p < 0.01; ***p < 0.001, indicate statistically significant results. The thickness of the lines connecting the three nodes with various soil and plant factors serves as an indication of the magnitude of their correlation. Thicker lines signify stronger correlations, whereas thinner lines indicate weaker correlations. Blue lines represent significant correlations (p < 0.05), while yellow lines denote non-significant correlations (p > 0.05).




3.3 Soil fungal community composition and its relationship with environmental factors

The primary fungal phyla were Ascomycota (55.92–77.02%) and Basidiomycota (8.83–23.08%), collectively comprising 72.88–87.17% of fungal sequences in each sample, with Ascomycota predominating. The relative abundance of these fungal communities was significantly influenced by stand age. Ascomycota exhibited an overall significant decreasing trend, while Basidiomycota showed a significant overall increasing trend (p < 0.05) (Figure 2B).

The FUNGuild database was used to predict the functional attributes of fungal communities, firstly by classifying fungi into three main groups based on the mode of nutrition: saprotroph, symbiotroph and pathotroph. Based on the predicted results, the saprotroph types include dung saprotroph, litter saprotroph, plant saprotroph, soil saprotroph, undefined saprotroph and wood saprotroph. Symbiotroph trophic types include ectomycorrhizal and endophyte. Pathotroph types include plant pathogen, animal pathogen and fungal parasite. Stand age significantly influenced the abundance of fungal functional communities. It is noteworthy that dung saprotroph and litter saprotroph abundance decreased significantly with stand age (p < 0.05) (Supplementary Figure S5B).

Fungal microbiological properties changed significantly with stand age (p < 0.05) (Supplementary Figure S6). Fungi Shannon increased significantly with stand age and fungal NMDS1 increased significantly with stand age. The Mantel test revealed a significant correlation between litter C/N and fungal Chao1, and highlighted SBD as a key determinant influencing fungal community structure (p < 0.05) (Figure 3B). NMDS analyses showed that the β-diversity of fungal communities varied considerably with stand age, and the composition of fungal communities was significantly segregated between different stand ages (p < 0.05) (Supplementary Figure S7B). PERMANOVA analyses further determined significant differences in fungal community composition across the 15 stand ages (p = 0.032).



3.4 Characterisation of Rs dynamics and its relationship with biotic and abiotic factors

Overall, Rs rates of all stand ages showed similar seasonal variations over the observation period. Rs varied markedly by stand age, with Rs rate being greatest in 1a and showing an overall decreased trend with increased stand age. ST changes were consistent with the dynamics of Rs rate, while SM dynamics were inconsistent with the pattern of Rs rate and ST changes (Figure 4).
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FIGURE 4
 Seasonal changes in soil respiration, soil temperature and soil moisture in 15 poplar plantations of different stand ages.


Pearson correlation analysis revealed that Rs was significantly correlated with stand age, SBD, ST, DOC/SOC, EOC/SOC, AK, TN, NO3−-N, and litter C/N (p < 0.05) (Supplementary Figure S8). To further explore the relationship between microbial diversity and Rs, we found that the shift in microbial diversity had a significant impact on Rs as the poplar plantations matured (Supplementary Figure S9). For example, changes in the relative abundance of specific microbial groups, such as Actinobacteria and Ascomycota, might alter the decomposition rate of organic matter, thereby affecting Rs (Figure 5). In addition, the balance between bacterial and fungal communities also played a crucial role in regulating Rs. This is consistent with the correlation between the bacterial Shannon index and Rs, indicating that higher bacterial diversity contributes to more efficient carbon cycling at younger stand ages.
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FIGURE 5
 Relationship between soil respiration rate and relative abundance of major microbial taxa associated with carbon mineralisation. The solid black line indicates a significant linear relationship consistent with the regression model, and the shaded area indicates the fitted 95% confidence interval.


We further analyzed the possible links between stand age, soil properties, climate, soil microbial (bacterial and fungal) community structure, and Rs using PLS-PM, as well as the direct and indirect effects they produce (Figure 6). bove all, stand age and soil properties accounted for the greatest proportion of variation in Rs (Figure 6B). Stand age had a significant indirect effect on soil bacterial community structure (path coefficient: −0.46) (p < 0.01), suggesting that as poplar plantations mature, shifts in microbial diversity may contribute to reduced Rs rates (path coefficient: −0.45) (p < 0.05). Changes in soil bacterial community structure were also directly determined by soil properties (path coefficient: 0.39). Stand age indirectly and significantly influenced Rs through soil properties (path coefficient: −0.46) (p < 0.005) and climate (path coefficient: 0.62) (p < 0.01), while changes in Rs were also directly influenced by stand age (path coefficient: −0.20), soil properties (path coefficient: 0.63), and climate (path coefficient: −0.27), respectively. Overall these variables explained 85% of the variation in Rs.
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FIGURE 6
 Partial least squares path modelling (PLS-PM) of soil respiration by stand age, climate, soil properties, soil bacterial and fungal communities (A), and the standardised total effects of soil respiration influences (B). Causal relationships are indicated by arrows and the numbers next to the arrows indicate the standardised path coefficients. Solid lines indicate significant relationships (*p < 0.05, **p < 0.01, and ***p < 0.001) and dashed lines indicate non-significant relationships. R2 denotes the variance of the variables considered in the model. GOF, goodness of fit. SOC, soil organic carbon; AK, available potassium; NO3−-N, nitrate nitrogen; EOC, Easily oxidised organic carbon; Litter C/N, plant litter C/N; ST, soil temperature; SM, soil moisture; Shannon, diversity indices of bacterial and fungal communities; C/O, copiotroph/oligotroph ratio.





4 Discussion


4.1 Relationship between stand age and Rs

There are no existing studies that investigate the impact of stand age on Rs throughout the entire growth cycle of poplar plantations. Our research demonstrated that stand age significantly affected Rs, showing a decreasing trend in the Rs rate as stand age increased (Figure 1). The decrease trend is also reported in the Populus balsamifera L. and Populus davidiana Dode plantations in Xinjiang and Hebei in China, with the Rs rate of young forests being the highest, and the Rs significantly decreasing with the increase of stand age (Gong et al., 2012; Yan et al., 2011; Zhao et al., 2016). In contrast, there is no significant change in Rs with the increase of stand age in the hybrid poplar plantations (Saurette et al., 2008). The findings suggest that the effect of stand age on Rs can vary depending on the type of tree species and planting techniques, potentially attributed to disparities in the quality of the soil carbon pool and the amount of root biomass (Xiao et al., 2014).

In this study, stand age significantly influenced Rs by altering environmental conditions such as soil temperature and nutrients (Figure 6; Supplementary Figure S8). With the increase in stand age, the canopy structure gradually undergoes transformation. Mature forests typically possess denser canopies, reducing the amount of solar radiation reaching the ground surface and thereby modulating understory temperature and humidity (McCarthy and Brown, 2006). During warm seasons, the dense canopy mitigates direct sunlight on the soil surface, leading to lower ST. This reduced ST subsequently slows down microbial metabolic activities, resulting in decreased Rs rates. Conversely, in younger stands, the sparser canopy allows more sunlight to penetrate the soil surface, elevating ST and enhancing Rs. This study confirms this phenomenon, with significantly higher ST in 1a and 2a stands compared to older stands, and much higher Rs values in summer (June-August) than in spring (March-May) and autumn (September-November) (Figure 4). This aligns with the positive correlation between ST and Rs observed in previous studies (Wang et al., 2023). Additionally, while SM can potentially influence Rs under extreme conditions (Raich and Potter, 1995) no significant correlation between Rs and SM was detected in this study (Supplementary Figure S8). This may be attributed to the fact that during the growing season in the study area, SM in the poplar plantations was relatively abundant, posing no constraints on microbial and root respiration (Nottingham et al., 2020).

As stand age increases, the patterns of tree absorption and utilization of soil nutrients also undergo changes, subsequently influencing Rs. Young stands grow rapidly with high nutrient demands, potentially leading to a decrease in available nutrients such as nitrogen and available potassium in the soil, both of which are crucial elements for microbial respiration. The deficiency of these nutrients can inhibit microbial activity, thereby reducing Rs. In contrast, in mature stands, tree growth slows down, reducing nutrient demands, and soil nutrient content may stabilize, supporting more stable microbial activities (Rodríguez-Soalleiro et al., 2018). Concurrently, with the increase in stand age, the accumulation of plant residues and litter in the soil enhances the organic carbon content (Yang et al., 2014), providing a substrate source for microbial respiration. However, excessive organic carbon may also impact soil aeration, potentially inhibiting microbial activity.

Changes in Rs can also be explained by substrate carbon and nitrogen effectiveness and soil carbon fractions (SOC, MBC, DOC, EOC) (Tedeschi et al., 2006; Wu et al., 2020). Compared to soil recalcitrant carbon SOC, MBC, DOC and EOC are more readily available for direct use by soil microorganisms. In this study, soil carbon fractions (SOC, ECO, DOC/SOC, EOC/SOC), TN, NO3−-N, and Litter C/N (p < 0.001) were significantly correlated with Rs (Supplementary Figures S2, S4), and may be attributed to the strong response of Rs to substrate carbon and nitrogen effectiveness (Wang et al., 2017; Yang et al., 2022). Therefore, as stand age increases, changes in soil carbon-to-nitrogen ratios and litter carbon-to-nitrogen ratios both affect microbial biomass and activity, subsequently influencing Rs (Tu et al., 2013). In forest systems, inputs of litter increase SOC while decreasing soil nitrogen content, resulting in an increase in the soil C/N. Therefore, changes in both soil carbon and nitrogen, as well as litter carbon and nitrogen, affect soil microbial biomass and microbial activity, leading to changes in heterotrophic respiration, which is a component of total Rs (Tu et al., 2013). In this paper, the SOC decreased with stand age overall, it began to show a certain upward trend after 7a and 8a (Supplementary Figure S2). This may be attributed to the fact that poplars are designed to grow rapidly at younger ages, thereby absorbing large amounts of nutrient elements from the soil and accumulating biomass (Rodríguez-Soalleiro et al., 2018). After the stage of 7a and 8a, the plant growth rate slows down and nutrient uptake begins to decrease, allowing the retention and accumulation of apoplastic and root organic matter (Yang et al., 2014).



4.2 Changes of soil microbial communities with stand age

The results of our PERMANOVA analyses revealed that increased stand age significantly influenced the structure of soil bacterial and fungal communities (Supplementary Figure S7). Furthermore, our PLS-PM analyses attributed this effect to changes in soil properties brought about by increased stand age (Figure 6), which consequently altered the ecological strategies of microorganisms (Marques et al., 2014). Some studies have reported that increased root biomass stimulates secretions into the soil as a key factor contributing to increased soil microbial community diversity (Fraser et al., 2017), and if this is the case, we hypothesise that soil microbial diversity increased with stand age. However, our results showed that soil bacterial community diversity decreased with stand age, but soil fungal community diversity showed an increased trend (Supplementary Figure S6). This was possibly due to a decreased root secretion with age and the fact that the fungal community was more resistant to the effects of age than the bacterial community. Another explanation is that bacterial communities have a smaller ecological niche in the soil than fungal communities, have a smaller symbiotic relationship with plants than fungi, and provide less significant feedbacks to plants and soil than fungal communities (Sun et al., 2017). Thus fungal community diversity has a more positive direct or indirect effect on stand age. At the same time, stand age also altered the relative abundance of major bacterial phyla (Proteobacteria, Acidobacteriota, and Actinobacteriota) and fungal phyla (Ascomycota and Basidiomycota) (Figure 2). This result is similar to findings from poplar plantations in other regions (Wu et al., 2021). Proteobacteria and Actinobacteria were classified as copiotrophic bacteria, while Ascomycota was classified as copiotrophic fungi. Both copiotrophic bacteria and fungi belong to fast-growing taxa (r-strategists) and prefer nutrient-rich environments. On the other hand, Basidiomycota are classified as oligotrophic and belong to slow-growing taxa (K-strategists), which are better suited to grow in environments with lower nutrient concentrations. Meanwhile, the relative abundance of r-fungi (Ascomycota) exhibits an overall downward trend with the increase of stand age, while the relative abundance of K-fungi (Basidiomycota) displays an overall upward trend. This shift indicates that K-strategy fungi become more dominant as stand age increases.

Stand age, climate, soil properties and plant species were all important predictors of soil microbial community structure (Chen et al., 2021a; Marques et al., 2014). The structure of microbial communities is influenced by soil pH, permeability, and physicochemical properties (Krause et al., 2017; Lupwayi et al., 2017). This coincides with our finding that the diversity and structure of soil microbial communities varied significantly with stand age in relation to soil pH, and physico-chemical properties such as SBD, AK, NO3−-N, DOC/SOC, and litter C/N (Figure 3). Vitali et al. (2016) observed that soil microbial communities in poplar plantations are influenced by pH. Our results confirmed this finding and further supported the notion that soil microbial communities in poplar plantations of varying stand ages are also affected by pH. Additionally, Ascomycota and Basidiomycota may also influence the changes in soil pH and SBD (Zhao et al., 2018).

Prediction of ecological functions of soil bacterial and fungal communities using FAPROTAX and FUNGuild showed that soil microbial functional groups changed significantly with stand age (Supplementary Figure S5). Among the bacterial functional groups, the abundance of nitrate reduction and photoautotrophy generally decreases with increasing stand age, while the abundance of nitrogen fixation generally increases with increasing stand age (Supplementary Figure S5A). However, Yan et al. (2020) study of secondary succession in Quercus liaotungensis forests found that the relative abundance of microbial functional groups associated with soil carbon and nitrogen cycling increased with succession, which should be attributed to the low levels of both SOC and TN in our study area. As the understory vegetation ecosystem recovers as the stand ages, the relative abundance of nitrogen fixation bacteria increases (Blaud et al., 2018). Only dung saprotroph and litter saprotroph among the saprotrophic types showed a significant decrease with stand age (Supplementary Figure S5B). Most saprophytic bacteria are in the Ascomycetes phylum and are important decomposers of soil as they are able to break down the complex structure of organic matter in the soil (Paungfoo-Lonhienne et al., 2015). Therefore, with increasing stand age, the saprotrophic functional groups may be influenced by changes in the relative abundance of the Ascomycota phylum.

When discussing changes in soil microbial functional groups in poplar plantations with increasing stand age, we relied solely on two databases for prediction. This limitation may restrict the comprehensiveness of our conclusions, as it may not fully capture the diversity and dynamic changes of soil microbial functional groups. In order to better understand how stand age affects changes in soil microbial function, future studies should expand samples and use better sequencing methods.



4.3 Important factors affecting Rs

Based on the regression analysis model and Pearson’s correlation analysis, we observed that changes in Rs depend strongly on the microbial properties at the community level (Figure 5; Supplementary Figure S8). In addition to soil properties, changes in temperature often affect the structure of soil microbial communities. For instance, fungal communities prefer cooler environments relative to bacterial communities. According to the Carbon-Quality-Temperature hypothesis, recalcitrant carbon decomposition with higher activation energy possesses higher temperature sensitivity compared to the decomposition of labile carbon (Fierer et al., 2005; Wang et al., 2018). And soil microbes are more active in carbon-rich conditions. Therefore, the reasons for the changes in Rs with stand age can be explained by the decreasing trends in soil carbon and nitrogen content and temperature with stand age. This viewpoint is well-supported by ample evidence, revealing the close relationships and interactions among stand age, soil properties, ST and bacterial community structure.

Specific microbial communities and ecological clusters are important factors in microbial prediction of Rs (Wang et al., 2021). In conclusion, microorganisms associated with carbon mineralisation (Actinobacteriota and Ascomycota) and microbial r-/K strategy ratio (fungal copiotroph/oligotroph ratio) were the main biological factors that predicted a decline in soil respiration with age in poplar plantations. Copiotrophic and oligotrophic have different ecological functions in using carbon for respiration due to different substrate utilisation strategies. R-strategy communities prefer nutrient-rich and warm environments over K-strategy communities and use the majority of the acquired energy for their own growth and reproduction, thus reducing respiration efficiency while having more efficient carbon utilisation. In contrast, K-strategy tends to preferentially utilise recalcitrant carbon, which requires a large amount of energy consumption, and so devotes the majority of its energy and resources to respiration (Liu et al., 2020b; Malik et al., 2020). The positive correlation of Ascomycota and Fungal C/O with Rs further confirmed that Rs decreased with the distribution of soil microbial r-strategies under increasing stand age.

We observed microbial r-/K strategy ratio (fungal copiotroph/oligotroph ratio), microbial community diversity (e.g., Shannon and NMDS1 for bacteria and fungi), and microbial communities associated with carbon mineralisation (Actinobacteriota and Ascomycota) as important biotic factors affecting Rs. However, soil microbial communities are often influenced by a number of other abiotic factors such as soil physico-chemical properties. Thus, such abiotic factors are also important drivers of Rs. For example, our data indicates that SOC and NO3−-N are abiotic factors that affect soil carbon flux, consistent with the findings reported for Rs in Pinus massoniana plantations (Yu et al., 2019). In general, a high soil C/N ratio inhibits microbial decomposition (He et al., 2018). However, although no significant effect of soil microorganisms on Rs was observed in PLS-PM analysis, the importance of soil microorganisms was verified by both the regression analysis model and the correlation analysis. Thus, our findings emphasised the potential importance of soil microbial communities and ecological clusters in predicting Rs.

In general, the Rs rate in poplar plantations decreases with increasing stand age, as stand age influences environmental conditions such as soil temperature (ST), nutrients, and microbial communities. This suggests that with increasing stand age, the carbon sink capacity of poplar plantations may be enhanced, since lower Rs corresponds to reduced soil carbon loss. Thus, older poplar plantations may be more effective in carbon sequestration than younger ones, contributing to global carbon storage. In the context of global warming, Rs typically increases with rising temperatures, leading to higher CO₂ emissions. However, our study shows that as stand age increases, Rs decline, suggesting that older forests may act as crucial carbon sinks, mitigating climate change. A lower Rs rate may offset the adverse effects of climate change by delaying soil carbon release. Therefore, we propose extending the growth cycles of poplar plantations, particularly maintaining older stands, to aid in carbon sequestration and climate mitigation efforts. In forest management and land-use planning, focusing on preserving older forests could optimize carbon sequestration. Additionally, poplars are significant sources of volatile organic compound (VOC) emissions, which may result in carbon loss and are linked to stand age. Future research should focus on stand age’s effect on the ecological carbon dynamics of poplar plantations, which is crucial for assessing ecological services across different ages.




5 Conclusion

Rs decreased with increasing stand age in poplar plantations throughout the growth cycle. The microbial r-strategies were the key biotic factors that influenced Rs in different-age poplar plantations. Other abiotic factors such as ST, pH, SOC and NO3−-N, and litter C/N were also important drivers of Rs. Soil properties such as pH and SBD also significantly affected soil microbial community diversity and composition, and altered the ecological strategies of microbial communities, which in turn impacted altered Rs. Our study provides new insights into understanding the changes in Rs in poplar plantations in Northeast China influenced by stand age. Meanwhile, the study highlighted the potential link between the combination of different ecological taxa of soil microbes and Rs, which is of great significance for the prediction of soil carbon dynamics in poplar plantation ecosystems in the context of global warming.
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Permafrost thaw increases the bioavailability of ancient organic matter, facilitating microbial metabolism of volatile organic compounds (VOCs), carbon dioxide, and methane (CH4). The formation of thermokarst (thaw) lakes in icy, organic-rich Yedoma permafrost leads to high CH4 emissions, and subsurface microbes that have the potential to be biogeochemical drivers of organic carbon turnover in these systems. However, to better characterize and quantify rates of permafrost changes, methods that further clarify the relationship between subsurface biogeochemical processes and microbial dynamics are needed. In this study, we investigated four sites (two well-drained thermokarst mounds, a drained thermokarst lake, and the terrestrial margin of a recently formed thermokarst lake) to determine whether biogenic VOCs (1) can be effectively collected during winter, and (2) whether winter sampling provides more biologically significant VOCs correlated with subsurface microbial metabolic potential. During the cold season (March 2023), we drilled boreholes at the four sites and collected cores to simultaneously characterize microbial populations and captured VOCs. VOC analysis of these sites revealed “fingerprints” that were distinct and unique to each site. Total VOCs from the boreholes included > 400 unique VOC features, including > 40 potentially biogenic VOCs related to microbial metabolism. Subsurface microbial community composition was distinct across sites; for example, methanogenic archaea were far more abundant at the thermokarst site characterized by high annual CH4 emissions. The results obtained from this method strongly suggest that ∼10% of VOCs are potentially biogenic, and that biogenic VOCs can be mapped to subsurface microbial metabolisms. By better revealing the relationship between subsurface biogeochemical processes and microbial dynamics, this work advances our ability to monitor and predict subsurface carbon turnover in Arctic soils.
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Background

Permafrost soils, like those in interior Alaska, contain the largest terrestrial pool of temperature soil organic carbon stocks on the planet; they cover ∼15% of the global land area but account for ∼60% of global soil carbon storage (Schuur et al., 2015). Unfortunately, increasing duration of permafrost thaw seasons (Jorgenson et al., 2010; Smith et al., 2010), perpetuates a positive feedback loop in which gradual or abrupt thaw events cause the active (seasonally frozen) soil layer to deepen and the size of talik sites (unfrozen ground in the permafrost area) to expand (Liljedahl et al., 2016; Kokelj et al., 2017; Farquharson et al., 2022), triggering increased carbon flux, and hydrological flow (Farquharson et al., 2022). The most widespread form of abrupt thaw is the thermokarst (land surface collapse caused by the loss of ice-rich permafrost), which commonly results in the creation of ponds or lakes. In recent decades, the number of thermokarst lakes in interior Alaska has grown by ∼40% (Walter Anthony et al., 2021), which is particularly concerning because these newly formed thermokarst lakes are derived mainly from the thaw of Yedoma (methane-rich, Pleistocene-aged permafrost), resulting in the highest recorded CH4 emissions from Arctic lakes (Walter Anthony et al., 2016).

Recently, high-C flux has been observed in the Arctic, but while some ecosystem models suggest that terrestrial permafrost is currently a net CO2 sink (range 0–0.8 Pg C-CO2e yr–1) (Walter Anthony et al., 2018), results from Arctic soil incubation studies in the laboratory suggest that permafrost soils have intrinsically short C turnover times and may switch to become a net C source in the near future, with a potential loss of 0.22–0.53 petagrams of C annually through the end of this century (Ren et al., 2024). To date, permafrost C feedback (PCF) modeling has focused on gradual, near-surface processes of C transformation in degraded permafrost (Schaefer et al., 2014; Walter Anthony et al., 2018), and these models predict that large proportions of permafrost C in Alaska are vulnerable to abrupt thaw events, on timescales of months to years (Olefeldt et al., 2016). However, our inability to consistently monitor subsurface biogeochemical cycles in the field has obscured the fine-scale biogeochemical processes that underlie thaw events (gradual or abrupt), which occur on timescales of hours to days (Turetsky et al., 2019). This gap in the experimental data significantly limits the accuracy of current PCF system models, resulting in high magnitudes of uncertainty associated with permafrost thaw (Bradford et al., 2016) and hindering our ability to predict increases in thaw depth caused by abrupt thaw events that seasonal freeze cannot overcome (Turetsky et al., 2020). To enable a detailed characterization of subsurface biogeochemical processes and constrain the uncertainty in PCF models, we urgently need more experimental data (Tao et al., 2024).

To effectively account for permafrost ecosystems, our analysis this data must effectively differentiate abiotic and biogeochemical processes, particularly because the microbes that drive biogeochemical processes often operate on shorter timescales than abiotic processes (Zolkos and Tank, 2020; Waldrop et al., 2023). Laboratory and small-scale field experiments have demonstrated that microbes respond rapidly to thaw (Mackelprang et al., 2011) and that distinct microbial species are present in frozen versus thawing permafrost (Mackelprang et al., 2011; Monteux et al., 2018; Ji et al., 2020). Although soil cores are often required to characterize microbial activity in the subsurface, the direct extraction of permafrost soil samples is destructive to fragile ecosystems. The release of unique microbial metabolites has been detected during thaw into lakes and streams, which could provide non-destructive measurements of microbial processes (Vonk et al., 2015). Moreover, volatile organic compounds (VOCs) such as methane (CH4) can be emitted from thawing soils (PeÑUelas et al., 2014; Schulz-Bohm et al., 2017).

Biogenic VOCs are generated by microbes (e.g., bacteria, archaea, and fungi) and range from small- (< C15) to medium- (C16–C28) chain molecules with low molecular masses (< 300 Da), high vapor pressure, and a low boiling point (Schulz-Bohm et al., 2017; Franchina et al., 2019). These molecules are typically in the gas phase but may also occur dissolved in liquid phase until environmental conditions favor evaporation. VOCs are normally lipophilic compounds capable of diffusing through water and gas-filled pores in soil environments (Effmert et al., 2012; Schmidt et al., 2016; Schulz-Bohm et al., 2017). Unlike dissolved metabolites, which are often involved in short distance (< 12 cm) infochemical biological interactions, VOCs can travel and act on other biosystems even at long distances (> 2 m) (Tyc et al., 2017; Westhoff et al., 2017; Schulz-Bohm et al., 2018). An estimated 2,000 VOCs attributed to about 1,000 microbial hosts have already been identified, and more identifications are occurring daily (Lemfack et al., 2018). VOCs can be measured from soils over time to elucidate subsurface biogeochemical processes for incorporation into process-based models to predict early warning signs of thaw (Kramshøj et al., 2019; Ghirardo et al., 2020; Li B. et al., 2021).

In this study, we sought to determine whether biogenic VOCs (1) can be effectively captured in arctic environments during winter, and (2) if this approach provides more biologically relevant chemical signatures that correlate to subsurface microbial metabolic potential during winter in perennially thawed taliks. Guided by electrical resistivity (ER) maps of subsurface taliks, we sought to validate these measurements and characterize microbiomes and VOCs related to these CH4-emitting taliks. Focused on four upland thermokarst sites characterized by wintertime CH4-emitting taliks in interior Alaska, we quantified microbial communities using short-read sequencing metagenomics and measured corresponding borehole VOCs as a means of detecting subsurface biochemical processes.

Because the boundaries of thermokarst lakes are areas where positive feedback between permafrost thaw and atmospheric warming can be actively measured (Bradford et al., 2016; in ’t Zandt et al., 2020), we took four core samples from three Yedoma-taliks north of Fairbanks, Alaska. Permafrost soil microbiomes have been shown to be dramatically different during winter, with high methanogen abundance as well as metabolic processes related to degradation of soil organic matter (Mackelprang et al., 2011; Vigneron et al., 2019), so we collected our samples in March 2023. Typically, metagenomes are used to identify microbes and genes related to carbon degradation pathways (Fierer et al., 2012). However, recent advancements in VOC collection and analysis have enabled characterization of volatile metabolite emissions from microbiomes (volatilome) (Meredith and Tfaily, 2022; Jiao et al., 2023). Thus, volatilomics can provide a means to investigate the chemical conversation between subsurface microbes in real-time and resolve the metabolic frontier of unresolved pathways. We surmised that corresponding VOCs from these distinct talik sites could provide realistic bioindicators of subsurface biogeochemical processes related to permafrost degradation.



Materials and methods


Geophysical surveys of drilling locations, methane flux measurements, and soil cores collection

For our preliminary geophysical surveys, we employed a multi-frequency EM system (GSM-19WV, Gem Systems Inc., Ontario, Canada, 2019) based on EM induction amplitudes corresponding to electrical resistivity (Ohm-m) at angular frequencies (ω) using the controlled-source very-long-frequency-magnetotelluric (VLF-MT) bands (McNeill and Labson, 1991; Elder et al., 2021). Leveraging ER data acquired from the VLF signals emitted from US Navy transmitters (16.8–24.8 kHz), we conducted magnetotelluric analysis (Sasaki, 1989); to enhance the precision of the geophysical mapping, we employed the VLF2dmf.v2 tool (Monteiro Santos et al., 2006) and Occam’s technique for 2D modeling (Constable et al., 1987). The resulting 2D-inversion models show cross-sections of permafrost for the BTL, NSY, and SKP sites (Figure 1). Following established methods (Elder et al., 2021), we measured linear methane fluxes with a portable 20 L chamber placed over each borehole. Air was briefly (120–150 s) recirculated through the chamber and a Los Gatos Research Micro-Portable Greenhouse Gas Analyzer (MGGA) (ABB Inc., Quebec City, CA) was used to measure CH4 concentration, with a measurement frequency of 10 Hz. Diffusive fluxes were calculated from the ideal gas law using chamber volume, temperature, atmospheric pressure; a least square fit regression was applied with a minimum R^2 value of 0.95 (Elder et al., 2021). At BTL, methane fluxes were collected at four sites transecting the lake (A1, A2, A3, and A4) and at the nearby Eddy-covariance tower (A0) (Figure 1; Supplementary Figure S1).
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FIGURE 1
Geophysical resistivity surveys were conducted using very long frequency-magnetotelluric (VLF-MT) to generate 2D-inversion models showing cross-sections of thermokarst (TK) at Big Trail Lake (BTL) in a lowland valley, NorthStar Yedoma (NSY) on a well-drained hillslope, and Skidmore Pond SKP, now a shallow thermokarst pond. An overhead view of each site was paired with 2D-inversion models show the presence or absence of permafrost, and the color-contour plots indicates cold frozen permafrost (blue) and unfrozen features (yellow to red) conditions. The 2-D electrical resistivity (ER) profiles, supported by borehole data across transects (A-A’, B-B’, C-C’), indicate permafrost presence with < 100 ohm-m reflecting thawed conditions or talik. The darkest red (< 1 ohm-m) marks groundwater within talik or fault fractures. Color contours show permafrost (5,000–600 ohm-m) and thawed or water-saturated sediments (100–1 ohm-m). The BTL model shows south (A) and north (A’) transecting line indicating flux site measurements (A1, A2, A3, and A4) as well as the nearby Eddy-covariance tower (A0). The NSY model shows the east (B) and west (B’) transect indicating core site B1 sampled at NSY The SKP model shows the north (C) and south (C’) transect indicating core site C1 sampled at SKP.


We began by collecting four soil cores from three thermokarst systems (two well-drained thermokarst-mounds, a drained thermokarst lake, and the terrestrial margin of a recently formed thermokarst lake) (Figure 2) around Big Trail Lake (BTL), a thermokarst lake located in Goldstream valley that was formed between 1949 and 1967 (in ’t Zandt et al., 2020; Pellerin et al., 2022). The samples were taken from four Yedoma-talik sites: two on the south side of BTL boundary (BTL1, closer to the terrestrial margin; and BTL2, closer to the lake); one at North Star Yedoma (NSY), a well-drained terrestrial hillslope characterized by thermokarst mounds; and one site at Skidmore Pond (SKP), a recently drained (2022) thermokarst pond in hillslope Yedoma near the well-studied Vault Creek Permafrost Tunnel (Schirrmeister et al., 2016; Heslop et al., 2020; Figure 1). Although BTL occupies only < 0.01% of the known permafrost land area it contains widespread sub-aerial taliks situated over Yedoma permafrost, which is estimated to emit between 0.1–5.2 tetragrams of CH4 per year, roughly 4% of the entire pan-Arctic wetland budget (Elder et al., 2021).
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FIGURE 2
Estimates of permafrost gradients across central Alaska were adapted from Mishra and Riley (2012) showing sporadic (green), isolated (blue), continuous (red), and discontinuous (orange) permafrost generalized across Alaska (A). Central Alaska Goldstream Valley area where the thermokarst sites Big Trail Lake (BTL), NorthStar Yedoma (NSY), and Skidmore Pond (SKP) sites featured in this study represent three unique watersheds near Fairbanks Alaska (B).


Using a Talon Coring system (Quantum Machine Works, Whitehorse, Canada) we drilled cores during the winter, when the top ∼1.2 meters of soil was frozen solid. On consecutive days, we drilled on the south boundary of the lake at site BTL1 (A2), then BTL2 (A1), NSY (B1), and SKP (C1) (Figure 1). The depth of each borehole (including depth of the active layer and transition zone) and depth profile are given in Supplementary File S1. We sought to obtain cores at least 5 m long at all talik sites; at the NSY site we were able to reach the permafrost layer ∼6.8 m. After drilling, each core was extracted in half-meter increments, subsampled for plugs, and capped in ABS (acrylonitrile butadiene styrene) pipes obtained from a local hardware supplier. Active layer core increments (frozen solid in the ground) were stored frozen until analysis; cores collected from below the active layer (not fully frozen in the ground) were unfrozen when harvested and stored at 4°C. To enable sub-sampling, frozen core increments were allowed to briefly thaw at room temperature to soften the soil; all subsampled plugs were then stored in air-tight conical tubes and frozen for later microbial and chemical analysis.



Subsampling soil cores

Sampling equipment was sterilized using 10% bleach/70% ethanol or autoclaved prior to sub-sampling. For metagenomic analysis of microbial populations in the insulated layer below the frozen active layer, plugs were extracted from BTL1, BTL2, SKP, and NSY at 1.5 m depth. Each plug was sampled and sectioned with sterile 5 mL syringes (with the syringe tips excised), then each syringe was used to push a plug into separate 15 mL centrifuge tubes for each depth. Once all plugs are extracted from the core increments, the outer portion of the core increment is discarded, and the inner portion of the core is saved. This sub-sampling approach reduces contamination of the inner core with the outer core microbial fraction. In some cases, soil subsampling was done in an anaerobic chamber to prevent anerobic microbes from exposure to oxygen and other general contaminants. Soil samples were sent to Zymo Research for DNA extraction, V3-V4 16S rRNA gene sequencing, shotgun metagenomics sequencing, and data analysis (Caporaso et al., 2010; Segata et al., 2011; Callahan et al., 2016).



Elemental chemical analysis

Core samples were sent for elemental chemical analysis at ALS Global (Tucson, Arizona) to measure the percent weight of ash, carbon, hydrogen, nitrogen, and sulfur at various depths for each borehole site core (Supplementary Table S1). Prior to chemical analysis, each soil sample was dried at 60°C. Oxygen was measured using a combustion technique to pyrolyze the sample in an inert atmosphere (helium). Pyrolysis of the soils produces nitrogen, hydrogen, and carbon monoxide when they interact with a nickel-plated carbon catalyst at 1,060°C. These products were separated via a chromatographic column, and the carbon monoxide was analyzed in a thermal conductivity analyzer, providing the oxygen percentage.



16S rRNA sequencing and analysis of cores from various depths

For 16S rRNA sequencing, ZymoBIOMICS® -96 MagBead DNA Kit (Zymo Research, Irvine, CA) was used for DNA extraction. Positive controls included ZymoBIOMICS Microbial Community Standard (Zymo Research, Irvine, CA). For 16S rRNA sequencing, DNA libraries were prepared for using the Quick-16S Plus NGS Library Prep Kit (Zymo Research, Irvine, CA). ZymoBIOMIC 16S rRNA gene primers (forward CCTACGGGGNGGCWGCAG, reverse GACTACHVGGGTATCTAATCC) for V3–V4 regions amplification of 16S rRNA genes. The sequencing library was prepared by PCR using real-time PCR thermocycler (QuantStudio 12K Flex, Applied Biosystems) to control cycles and limit PCR chimera formation. Quantification of final PCR products was performed using qPCR fluorescence readings before being pooled together at equal molarity. Pooled libraries were cleaned with DNA Clean & Concentrator kit (Zymo Research, Irvine, CA), and quantified with TapeStation (Agilent Technologies, Santa Clara, CA) and Invitrogen Qubit 1X dsDNA High-Sensitivity Assay Kits (Thermo Fisher Scientific, Waltham, WA). The final library was sequenced on Illumina NextSeq 2000 with a p1 (cat 20075294) reagent kit with 600 cycles. 16S amplicon sequencing was performed with 30% PhiX spike-in. Chimeric sequences were also removed with the Dada2 pipeline (Callahan et al., 2016). Taxonomy assignments were performed using Uclust from Qiime v.1.9.1 (Caporaso et al., 2010). Absolute abundance quantification was performed using qPCR conducted with a standard curve of plasmid DNA with one copy of the 16S gene region prepared in 10-fold serial dilutions (Supplementary Figure S2). Taxonomy was assigned with the Zymo 16S database (Supplementary Figure S3; Supplementary Table S2). Relative taxonomic composition was generated from samples that were sequenced to a 200M read target, and 1M reads were used in downstream processing.



Shotgun metagenomic library preparation and sequencing of soil core samples

Genomic DNA was extracted from each plug with ZymoBIOMICS® -96 MagBead DNA Kits (Zymo Research, Irvine, CA) and then subjected to shotgun metagenomic sequencing. Illumina® DNA Library Prep Kit (Illumina, San Diego, CA) with up to 500 ng DNA input following the manufacturer’s protocol using unique dual-index 10 bp barcodes with Nextera® adapters (Illumina, San Diego, CA). All libraries were quantified with TapeStation® (Agilent Technologies, Santa Clara, CA) and then pooled to equal abundance. The final pool was quantified using qPCR. The final library was sequenced on an Illumina NovaSeq X (Illumina, San Diego, CA) with 2 × 150 kit (300 cycles). The metagenomic read processing summary more than 2M reads with > 75% reads surviving (Supplementary Table S4).



Metagenomic bioinformatics and microbial composition analysis

To remove low-quality features, raw sequence reads were trimmed with Trimmomatic-0.33 (Bolger et al., 2014). Quality trimming was conducted via sliding window with 6 bp window size and a quality cutoff of 20; reads with size lower than 70 bp were removed. BBduk (version 39.03) was used to filter the contaminants and adapter sequences from metagenomic raw reads (Singer et al., 2016). The artifact sequences were evaluated and trimmed off by kmer matching (k = 31). The trimmed reads were assembled using MEGAHIT (v 1.2.9) (Li et al., 2015) and the genes were called by Prodigal (v 2.6.2) (Li et al., 2015). The functional profiles were annotated by Eggnog Mapper (v2.1.12) on assembled reads to identify the presence of KOs (KEGG Orthology groups) (Cantalapiedra et al., 2021; Kanehisa et al., 2023). Taxonomy was profiled using Kraken2 (v2.1.3) against the NCBI database (Wood et al., 2019). The resulting taxonomy and abundance information were further analyzed via: (1) alpha- and beta-diversity analyses (Supplementary Figure S2); (2) microbial composition bar plots using QIIME (Caporaso et al., 2012); (3) abundance heatmaps with hierarchical clustering (based on Bray-Curtis dissimilarity); and (4) biomarker discovery with LEfSe (Segata et al., 2011) with default settings (p > 0.05 and LDA effect size > 2). Functional profiling was performed on assembled reads using Humann3 (Beghini et al., 2021), including the identification of UniRef gene family and MetaCyc metabolic pathways.



Gas collection and chemical desorption of VOCs from borehole sites

To capture VOC gasses in the field, we used a stainless-steel gas capture dome with a custom fitting for thermal desorption unit (TDU) tubes. For general VOCs, we used Tenax TA 60/80 from Camsco (Camsco, Houston, TX) placed in-line between a non-polar filter and a calibrated air SKC AirChek pump (SKC, Eighty Four, PA). The non-polar filter was attached between the capture device and the TDU tube to reduce water adsorption on the Tenax TDU. The pump was calibrated with using Mesa Labs 530 + DryCal calibrator (Mesa Labs Inc., Lakewood, Colorado). The capture dome was placed on the borehole immediately after the last core was extracted. At each borehole, 2 L of borehole gas was extracted over 5 min with a calibrated pump flow rate of 0.4 L/min. To provide technical replicates for analysis, triplicate TDU tubes were used to consecutively collect gas from each borehole site. The gas samples were stored at −20°C until 2D-GC-MS analysis.



2D-GC-MS instrumental parameters and standards

Samples were thermally desorbed using a Gerstel Thermal Desorption Unit 3.5 + (Gerstel GmbH, Mülheim, Germany) integrated into a gas chromatograph/mass spectrometer system and ramped at 60°C/min from 35°C to either 280°C for Tenax TA sorbent. Desorbed samples were refocused on a Gerstel CIS 4 Cryogenic Inlet, held at -50°C during desorption and ramped at 12°C/s to 300°C to inject the desorbed sample as a single bolus into the gas chromatograph/mass spectrometer system. Analysis of the samples was performed via a LECO Pegasus BT two-dimensional gas chromatograph coupled to a time-of-flight mass spectrometer (2D-GC-MS) (LECO Corp., Michigan, United States). Compound separation was conducted by two analytical gas chromatography columns, with the primary column a 15 m, 0.25 mm ID DB-WAX and secondary column a 2 m, 0.25 mm ID DB-1 (Both Agilent, California, United States), with film thickness of 0.5 μm for the primary column and 1 μm for the secondary column. The Gas Chromatograph analytical program had an initial temperature of 35°C, ramping at 10°C/min to a maximum of 230°C with a 5-minute hold. The secondary column was ramped at the same rate, but with a + 5°C offset from the primary column. Column flow was set to 1 mL/min with an inlet flow split of 50:1. Thermal modulation between columns was set to 7 s with a hot pulse time of 2.10 s. Mass spectra were collected at a 200 spectra/s rate scanning from 20–500 m/z. A 30 kHz extraction frequency and a detector offset of -30 V were used.



Volatile compound composition and abundance analysis

Chemical identification by 2D-GC-MS detected 1,000 + different chemical features. Top-down quantitative analysis of metabolites in the hit lists was performed using the ChromaTOF TILE software (LECO Corp., St. Joseph, Michigan). TILE divides chromatographs into retention time windows “TILES” and filters these TILES based on the statistical significance (fisher ratio) for each mass identified for facile handling of complex data sets. The size of the TILE accommodates for retention time variation, which can plague other approaches for 2D gas chromatography analysis and is an industry proven tool. In practice, TILE provides the user a qualitative list of VOC chemical classification to search and compare amongst test conditions thus greatly reducing analysis time for “biomarker” hunting. TILEs are then traced to the online NIST23 library for chemical identification. TILE filtering parameters: Tile size D1 (modulations) = 3; Tile size D2 (spectra) = 44; S/N threshold = 50; Samples that must exceed S/N threshold = 2; Mass F-ratios to average = 1; Threshold type = p-value; p-value threshold = 0.05; Minimum masses per tile = 3; Minimum mass = 0; Maximum mass = 1,000; Masses to ignore: = blank.

Each individual VOC feature identified by TILES analysis was compared to the NIH PubChem database (accessed June 2024) to check for alternative chemical synonyms. From the > 400 TILES, each VOC feature was then manually compared to the KEGG database to identify related biochemical pathways, genes, and enzymes. We identified 41 unique VOCs that are potentially biogenic in origin and were unique to individual borehole sites in KEGG (Kanehisa et al., 2023), which are indicated in the Biological VOC table in Figure 1. Chemical names were from these data were aligned to a subset of VOCs abundance to gene-hit abundance of enzymes found in related metabolic pathways on KEGG (Figure 3). Triplicate samples were averaged with standard deviations (Supplementary Table S1).
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FIGURE 3
Metabolic pathway analysis was conducted from relative abundance of genes found in the methane metabolic pathway for cores BTL1.150 (green), BTL2.150 (red), SKP.150 (purple), NSY.150 (yellow), BTL2,300 (black), and BTL2.550 (blue). This visualization compares the relative abundance of enzyme genes for each for each pathway leading to methanogenesis including hydrogen-, methanol-, and acetate-dependent methanogenesis. The thickness of the arrows represents the relative percent abundance for each pathway, whereas the thickest arrows indicates that more than 25% of the enzyme genes in these samples where associated with the indicated pathways.


For statistical analysis of VOCs compounds compared across borehole sites a one-way analysis of variance (ANOVA) was performed using GraphPad Prism 10.2.3 (GraphPad Software LLC, Boston, MA) on the triplicate VOC samples found in Supplementary File S3. We performed the ANOVA analysis using the triplicate VOC values obtained from each borehole, averaged them, and compared the variances to determine if the boreholes had significantly different expression of each VOC from Supplementary File S3. Our null hypothesis was that there was no statistical significance of VOC abundance between boreholes. (Supplementary Table S5). As part of our ANOVA summary in Supplementary Table S5 we included the Brown-Forsythe test and Bartlett’s test. Brown–Forsythe test is a statistical test for the equality of group variances based on performing an Analysis of Variance (ANOVA) on a transformation of the response variable. Bartlett’s test tests the hypothesis that our samples have equal variances.




Results


Profiling talik sites using geophysical surveys

To better compare corresponding microbial and VOCs signatures between talik sites, we needed to select the sites to provide contrasting examples of talik systems at various stages and magnitudes of thaw. To guide that selection, began by mapping the varying stages of permafrost thaw along hydrological gradients from uplands to lowlands, generating 2D-inversion models from geophysical resistivity surveys using very long frequency-magnetotelluric (VLF-MT) (Elder et al., 2021) for the BTL, NSY, and SKP sites (Figure 1).

Colored contour plots differentiate frozen and unfrozen subsurface features (e.g., aquifers, taliks), allowing us to identify two talik sites at BTL that were only 15 meters apart but exhibited different hydrological and CH4-emitting properties. The BTL1 site (A2 in Figure 1) is in the terrace zone of the thermokarst; it was also more saturated than the BTL 2 site and exhibited elevated CH4 emission in both the cold and grow season (Figure 1). In contrast, the BTL2 site (A1 in Figure 1) was < 1 m higher in elevation and was a drained-soil site in the littoral zone with a deep talik below 5 m in the soil column; this site had also exhibited natural fluxes up to 5 kg CH4 m–2 d–1 during the cold season (Supplementary Figure S1). The NSY site is a gradually sloped field underlain by thawing, ice-rich Yedoma permafrost that has thermokarst mounds on the surface, which has periodic emissions of CH4 after heavy rains. NSY cores were taken near the Eddy-covariance tower site, which has routinely detected CH4 emissions year-round. Our NSY 2D-inversion model showed uniform talik and permafrost layers below the frozen active layer. The SKP site was a naturally occurring thermokarst pond near the Skidmore mine that is routinely drained by the landowner to allow the ground to freeze (Figure 1). The SKP 2D-inversion model showed the lowest thaw depth of all our sites near a permafrost tunnel.

Chemical analysis at various depths revealed the highest carbon content at BTL2 at a depth of 200 cm compared to all other core sites (17.49 wt%), hydrogen (1.94 wt%), oxygen (15.27 wt%), and sulfur (0.09 wt%) content (Supplementary Table S1).



Microbial community structure and diversity

Cores were immediately subsampled at a depth of 150 cm at all sites (BTL1.150, BTL2.150, NSY.150, and SKP.150); the subsampled plugs were transported cold and frozen until we were able to perform 16S and shotgun metagenomic sequencing and analysis.

We used 16S rRNA sequencing to survey microbial compositions at various depths, which indicated microbes involved in methanogenesis including Methanosarcinales and Methanomicrobiales genera. In total, 708 genera were observed to have known involvement in CH4 metabolism at various sites, with the primary CH4-producing archaea genera Methanosarcina observed at 16.4% relative abundance at BTL1. The microbial community most associated with CH4 metabolism were dominated by the genera Methyloligellaceae, Methyloceanibacte, Hyphomicrobium, Bradyrhizobium, Pseudomonas, and Streptomyces, which are known to be able to utilize CH4 in methanotrophy (Hough et al., 2020).

The most dominant bacterial class detected at NSY and SKP was Pseudomonadales, whereas both BTL sites had little to no Pseudomonadales with only 3.4% at BTL2 and none at BTL1 where the high seasonal methane flux has been detected. We also detected other notable nitrogen and carbon dioxide fixation species such as Bradyrhizobium at BTL2. Likewise, the methylotrophic species Methyloceanibacter was 11.2% at BTL1, but also detected at 4.8% for BTL2 at 550 cm depth. The sulfate reducing genera Desulfobacterota, Rhodoferax and Pseudomonas were observed at most sites (Supplementary Figure S3). However, sulfate reducing family Desulfobacterota was most abundant with BTL1.150 at 9.1% followed by NSY at 7.3% relative abundance (Supplementary Figure S3; Supplementary Table S3). Additional depths were subsampled from BTL2 at depths 300 cm (BTL2.300) and 550 cm (BTL2.550) and included in our 16S and metagenomic analysis to determine microbiome diversity deeper in the talik at this drained site.

In contrast to metagenomic analysis, 16S sequencing of different depths revealed in total 39 archaeal genera that contained the methyl coenzyme M reductase (mcrA) gene; among this population, 4 methanogenic archaea (Methanosarcina, Methanoregula, Methanosphaerula, and Candidatus Methanogranum) were observed in our core samples. While Methanosarcina was a major methanogenic archaeon at BTL1.150 in the lower active layer, SKP had high relative abundance of Methanosphaerula deeper in the soil column around 430 cm SKP.430 (Supplementary Figure S3; Supplementary Table S2). Actinomycetes and Alphaproteobacteria were present in all microbial communities at all core sites in our metagenomic data.

The psychrophile species Cryosericales was found at 150 cm for all core sites except for SKP. Cryosericales species increased in relative abundance deeper in the soil column at BTL2, moving from 2, 5, and 10.7% at 150, 300, and 550 cm, respectively. Relative abundances of classified methanogens initially reveal that BTL1.150 had the highest amount of Methanomicrobiales (3.2%),Methanosarcinales (16.4%), Methanotrichales (0.2%), Methanobacteriales (0.6%), at total of ∼20.4% relative abundance (Supplementary Figure S1). Microbial compositions and species diversity were quantified from metagenomic datasets (Figure 4). Shannon alpha diversity plots were generated from metagenomic analysis and revealed similar microbial richness for BTL1 and BTL2 at 150 cm, whereas the SKP borehole had the lowest level of microbial richness (Figure 4A). Alpha diversity plots also show depth-dependent microbial diversity with lower diversity found deeper in the soil column for BTL2.300 and BTL2.550 compared to BTL2.150. Bray-Curtis dissimilarity analysis of metagenomics microbial analysis revealed that BTL1.150 and SKP.150 had contrasting microbial populations compared to each other as well as compared to all other cores obtained from BTL2 and NSY at similar depths (Figure 4B). Notably, BTL2.150 metagenomic microbial composition had similar populations to the BTL2.300 and BTL2.550 depths. However, we discovered that 17% of the metagenomic sequences matched to bacteria, archaea, and viruses at BTL1 (Figure 5B). The remaining 83% of the metagenomic data contained unclassified genes that represent a major portion of unknown biological activity in these permafrost soil microbiomes, which merits further study to understand functional impacts in biogeochemical cycling.
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FIGURE 4
(A) Species diversity was quantified from metagenomic datasets using Shannon alpha diversity analysis, which revealed differential microbial richness across core site samples. (A) Bray-Curtis dissimilarity analysis generated a 3D principal coordinate analysis (PCoA) at strain level.
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FIGURE 5
Relative gene abundance was obtained from metagenomic analysis of each core from 150 cm depth below the frozen active layer (A) and conditionally formatted and aligned to the highest abundance hits at BTL1 to compare each microbial genera across borehole sites. Krona chart of all metagenomes at BTL1 revealed that 17% of annotated metagenomic sequences were bacteria, archaea, and viruses with the remaining 83% containing genes of unknown function (B). Since BTL1 had the highest number of methanogens, a Krona chart zooming into the archaea fraction at BTL1 was generated, that shows the diversity of methanogenic, halotolerant, and alkaliphilic archaea genera detected from metagenomes (C).


To understand the absolute number of microbes at 150 cm we focused our analysis on predicted genes and performed analysis microbial composition analysis metagenomes at the genus level. From this analysis we generated a heat map table comparing microbial genus abundance across boreholes at 150 cm depth is displayed with conditional formatting to highlight the microbial abundance across core sites at 150 cm depth (Figure 5A). The BTL1 metagenomes contained a notable diversity of archaea, with many examples of methanogenic and halotolerant species (Figure 5C). These results indicated high abundance of the archaeal Methanosarcina family at BTL1 compared to the other cores at 150 cm depths. However, many of the genes and microbes were unclassified with > 80% in the metagenomic data and > 40% in 16S amplicon data that we could not attribute either a predicted function or host.



Potential metabolic functional genes

Functional gene analysis revealed the potential for CH4 production at all sites (Figure 3). BTL1.150 contained genes for hydrogen-, acetate-, and methanol-dependent methanogenesis. Metagenomic analysis of gene counts also showed the highest potential for CH4 metabolism at BTL1.150, followed by NSY1.150 (Supplementary File S2). In contrast, gene counts for CH4 pathways at SKP1.150 and BTL2.150 were considerably lower. The taxa associated with the central methanol methyl-coenzyme M reductase (EC 2.8.4.1), the enzyme that catalyzes the final step in methanogenesis pathway, was observed to be highest in BTL1.150 (Supplementary File S2), which also had the highest fraction of Methanosarcina (16.4%), by more than an order of magnitude, compared to BTL2.150, NSY1.150, and SKP1.150 (< 1.3% Methanosarcina). Metagenomic annotations of gene counts for sulfur reduction were present at all sites. In total, 10 archaeal and 681 bacterial genera were associated with sulfate reduction. Among them, 77 potential sulfate-reducing bacterial genera were observed in the various soil core samples including Desulfobacterota, Rhodoferax and Pseudomonas, which have been shown to contain robust sulfate reduction pathways (Chen et al., 2023; Wang et al., 2023; Supplementary Figure S4; Supplementary Table S3). Interestingly, the lowest relative abundance of sulfate reducing bacteria (i.e., Desulfosporosinus) was found at SKP for the 430 cm samples, where methanogenic archaea were dominant (Supplementary Figure S3; Supplementary Table S2).



Characterizing borehole VOCs and their associated biogenic pathways

Our analysis of 2D-GC-MS data revealed biogenic VOC abundance and divergent chemical features between talik boreholes sites. We found > 400 unique VOC features ranging from C2 – C28, with > 40 VOCs linked to microbial and biogenic activity (Supplementary material). Our summary of the relative VOC abundance at each site and conditional formatting reveal distinctive VOC “fingerprints” for each borehole (Supplementary File S3). We were able to identify different classes of VOC compounds (e.g., aromatic hydrocarbons, aldehydes, butenolides, alcohols, ketones, and carbonyls) and derivative compounds (e.g., acetaldehyde, benzene, hexanaldehyde, acetone, tolueneformaldehyde) that have been previously identified as GHGs and linked to global warming (David and Niculescu, 2021).

As documented in Supplementary Table S6, the observed VOC byproducts can also be associated with gene hits for anaerobic styrene degradation, glyoxylate and dicarboxylate metabolism, propanoate metabolism, and volatile fatty acid degradation (e.g., propionate, formate, acetate, and butyrate). In fact, many of the VOCs appeared to be byproducts of enzymatic anaerobic degradation by laccase, oxidoreductase, decarboxylase, and hydrolase enzyme reactions, as inferred from analysis of KEGG pathways (in anaerobic systems acyl lipids are hydrolyzed by lipases.) (Mackie et al., 2008). Notable biogenic VOCs were identified from a manual KEGG database analysis (Supplementary Table S4). VOC abundance profiles were aligned to the genes of degradative enzymes, including cyclohexane to cyclohexane dehydrogenase (EC: 1.3.8.10), isobornyl formate to formylmethanofuran dehydrogenase (EC: 1.2.7.12), acetic acid to acetate kinase (EC: 2.7.2.1), acetophenone to ethylbenzene hydroxylase (EC: 1.17.99.2), styrene to aliphatic nitrilase (EC: 3.5.5.7), and oleic acid (fatty acid degradation product) to catalase (EC: 1.11.1.6) (Figure 3).




Discussion


Biogenic VOCs serve as biological indicators of CH4-emitting taliks

One of our primary goals was to identify the biological drivers of CH4 emissions found at Big Trail Lake during the cold season by comparing VOC profiles at four local thermokarst sites taken from the same transition-layer depth (150 cm) (Supplementary Figure S1). We assumed that permafrost soil microbes control the fate of soil organic carbon (SOC) during various states of thaw, and subsurface VOCs could provide improved resolution of how microbes respond to warming trends. Our preliminary CH4 flux measurements identified anomalous CH4-hotspots around BTL, which provided a roadmap to investigate microbial transformation of SOC to VOCs under anaerobic conditions in the subsurface (Supplementary Figure S1). We hypothesized that if we measured microbes and their functional metabolisms beneath the frozen active layer, we would be able to identify contrasting biochemical profiles, particularly at sites with different CH4 flux measurements.

The results of our proof-of-concept study appear to support our hypothesis. We used 16S rRNA amplicon sequencing to screen microbial populations at the same depth (150 cm) at all four sites, finding that each site hosts unique and diverse microbial communities, including biologically active species related to VOC emissions, such as populations of methane-related microbes (e.g., methanogens, methylotrophs, and methanotrophs). However, all four populations were largely composed of unclassified and uncharacterized taxa and contained many (> 80%) genes of unknown identity and/or function (Figure 5).

Shotgun metagenomics further revealed that the microbiomes associated with each talik site were also distinct from one another, although we observed similarities between metabolic enzyme genes and the specific VOC abundance profiles involved in anaerobic degradation of carbon substrates (e.g., phenolics, aromatics, and organic acids) (Figure 6). Additionally, many VOCs mapped to anaerobic degradation pathways in KEGG (including toluene, ethylbenzene, phenol, styrene, benzoate, and methylnaphthalene), indicating potential linkages between microbial metabolic potential and VOC signatures (Supplementary Table S6). Therefore, VOCs potentially provide novel bioindicators of subsurface biogeochemical changes that can be leveraged for long-term ecosystem monitoring.
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FIGURE 6
Biogenic VOCs related to anaerobic degradation were aligned to enzyme gene hits for each bore site in a dual y-axis bar plot. The left y-axis shows the mean of triplicate VOC abundance with error bars for one standard deviation from each borehole compared to the right y-axis showing the gene hit abundance of related enzymes obtained from metagenomes for each core site at 150 cm depth. The KEGG enzyme nomenclature number is provided for each enzyme.




Methanogens, methanotrophs, and microbial communities

Because the active layer is frozen solid during the winter, we hypothesized that samples taken from the protected transition layer (which is slightly warmer due to snowpack thermal insulation) would be most likely to contain microbes that are biologically active during the winter (Holland et al., 2020) and provide the highest likelihood of VOC-to-microbial-composition comparisons. Thus, we again focused our more in-depth metagenomic sequencing on the plugs collected from all four sites at a depth of 150 cm, and at different depths at the same site (guided by the varying depths of the active/transition/permafrost layers). Our particular goal was to identify microbes that accelerate and hinder SOC sequestration, including methanogens, sulfate-reducing genera, and methanotrophs.

For example, by comparing metagenome-resolved microbial composition profiles from different depths at BLT2, we found that extremophilic cold-tolerant species (i.e., psychrophiles), such as Cryosericales, increased in abundance with soil depth at that site (Supplementary Figure S4; Supplementary Table S3). These psychrophilic species are particularly important because they are known to play a role in alkane catabolism and carbon cycling; in permafrost soils, psychrophilic species provide low-molecular-C substrates for methanogens (Bowman and Deming, 2014), ensuring that the methanogens can only uptake low-molecular-weight carbon. At BTL1, we also discovered a high diversity of methanogenic species (i.e., Methanomicrobiales, Methanosarcinales, Methanotrichales, Methanobacteriales); however, at SKP and SNY, methanogens were only found deeper in the soil column during (Supplementary Figure S3; Supplementary Table S2). Sulfate reduction is known to reduce methanogenesis potential through several paths (primarily the flow of electrons) (Sela-Adler et al., 2017), so we also looked for sulfur-reducing genera. While Desulfobacterota were highest in abundance at the BTL1.150 and NSY.150 sites, but also found in SKP and BTL2 samples, suggesting that …. In contrast, the Rhodoferax ferrireducens sulfur-reducing species was not find at either BTL1 but had high abundance in the NSY.150 and BTL2.300 samples, suggesting that….

Methanotrophs (i.e., Methyloligellaceae, Hyphomicrobium, Bradyrhizobium, Pseudomonas, and Streptomyces) provide a more direct SOC sink. We detected methanotrophs at higher abundance in the upper 50 cm of the soil column at BTL1, but also present deeper in the soil column at BTL2, SKP, and NSY (thermokarst mounds) (Supplementary Figure S3; Supplementary Table S2). Notably, in the BTL1.150 samples, the dominant methanotroph species were Methyloligellaceae, Methyloceanibacte, Hyphomicrobium, but other species that have been reported to stimulate methanotrophy (e.g., Pseudomonas) were also present. BTL1 had the highest concentrations of Methyloceanibacter, which suggests that C uptake and sequestration is likely responsive to C emissions in these thermokarst systems. In contrast, Pseudomonas was the predominate species in the upper 300 cm at SKP and NSY, suggesting possible modes for carbon sequestration from C emissions deeper in the soil column (Veraart et al., 2018). This finding may also explain periodic CH4 emissions detected at NSY and SKP sites after heavy rains saturated the thermokarst mounds (Walter Anthony et al., 2024 Manuscript submitted for publication).

Our community structure analysis identified methanotrophic co-occurrence when methanogenic archaea were present in high abundance, which has been previously reported in other soils systems including Arctic soils (Tripathi et al., 2019; Li C. et al., 2021). However, previously, massive field efforts to characterize microbial distributions in permafrost soil found that, as soils thaw, microbial spatial variation is primed and driven by specific biochemical processes (e.g., gas production, metal redox) (Waldrop et al., 2023). Hence, we acknowledge that our limited sample sets cannot draw concrete conclusions of microbial distribution at our talik sites. Still, our observations provide further evidence that methanogenesis can occur lower in the soil column, which has implications for promoting methanotrophy (Singleton et al., 2018) in near-surface soils, thereby capturing and sequestering CH4 and other bulk carbon emission before release into the atmosphere.

While we were able to identify of several key methane-related soil microbes and VOC-related metabolic genes, we also discovered that many of the metagenomes we obtained had > 70% unclassified genes. For example, only 17% of the metagenomes from BTL1.150 contained annotated genes for bacteria, archaea, and viruses. The remaining 83% of the metagenomes at BTL1.150 contained unclassified genes (i.e., microbial dark matter), which highlights our limited ability to identify novel extant and extinct genetic traits associated with VOC-related metabolic pathways. Moreover, the diversity of archaea was most pronounced in the BTL1.150 metagenomes, at the site with the highest CH4 emissions, which contained many examples of known methanogenic, halophilic, and alkaliphilic genera. Although we couldn’t completely resolve patterns in microbial composition profiles across the cores from various sites and depths, our metagenomic and 16S sequencing of soil depths provided verification that microbes residing in 150–200 cm depths had higher microbial diversity, are potentially active during winter, and could inform how microbial compositions would tie to VOC metabolism at these contrasting talik sites.



Borehole VOC fingerprints and related anaerobic degradation pathways

VOC abundances for each borehole were aligned in a heat map that revealed distinct “fingerprints” for each borehole (Supplementary File S3), highlighting the many VOCs associated with anaerobic degradation pathways of hydrocarbon catabolism (e.g., alkane, toluene, and naphthalene metabolic pathways) and similar enzyme genes associated with hydrocarbon catabolic pathways for propanoate, naphthalene, styrene, and ethylbenzene (Supplementary Table S6). At present, given our limited knowledge of enzyme identity and degradation stages, these anaerobic degradation pathways remain unresolved; however, recent reports indicate that there are four stages of alkane degradation [fumarate addition, C-skeleton re-arrangement, decarboxylation, and beta-oxidation byproducts (Bian et al., 2015)], which are in agreement with the VOCs detected in this study (i.e., fumarate, valerate, butyrate) (Figure 7).
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FIGURE 7
Biogenic VOC abundance from each bore site was collected and analyzed by 2D-GC-MS, and averaged to show medium (A), high (B), and low (C) abundance. Bar plots show the mean of triplicate VOC measurements with error bars for one standard deviation. Chemical features with a comma after the name have additional moieties not included in this table but sdf listed in full table VOC features found in Supplementary material.


The most abundant VOCs detected from the four talik sites included terminal degradation products consisting mainly of organic acids (e.g., acetic acid, acetone, phenol, acetophenone) (Figure 7B), which likely feed methanogens through the acetate-dependent pathway (Figure 3). We also identified notable biogenic VOCs from a manual KEGG database analysis (Supplementary Table S4), including octanal, acetophenone (Jobst et al., 2010), isothiocyanatocyclohexane (cyclohexane, isothiocyanate) (Hanschen and Schreiner, 2017), phenol (Maurer et al., 2019), furaldehyde (furfural) (Rivard and Grohmann, 1991), furanone (Gómez et al., 2022), styrene (Kanehisa et al., 2023), and benzaldehyde (Huang et al., 2022) (Supplementary Table S4). We also found sulfur-containing VOCs, including sulfur dioxide, isothiocyanatocyclohexane, thiophenecarboxaldehyde, and sulfurous acid (Figure 7). By mapping distinct VOC abundance trends to the gene abundance of associated degradative enzymes (Figure 6), we were able to find remarkable agreement in abundance trends, but also discrepancies that cannot be explained by metagenomics alone, which will require more in-depth functional characterization of enzyme expression. Although many anerobic degradation pathways remain unexplored, our comparative analysis provided a means to understand these talik sites through specific degradation enzymes that correlated to VOC “fingerprints” of boreholes in different thermokarst systems (Supplementary File S3). Although metagenomics doesn’t provide expression or enzyme activities, we were able to infer the presence of functional pathways from gene count abundance. While the ecological role of our measured VOC compounds remains to be elucidated, our results provide insights into the subsurface microbial processes with environmentalsignificance.



Volatilomics for informing subsurface biokinetics

At each borehole, we identified unique chemical VOC signatures that warrant further study (e.g., via laboratory soil incubations) to statistically define VOC expression patterns and determine transient VOC signatures. In fact, we found many VOCs that are byproducts from various degradation enzymes, including oxidoreductases, lyases, laccases, and carboxylases (Gibson and Harwood, 2002). Although current understanding of microbial anaerobic degradation pathways are limited, recent studies have revealed the scope and complexity of anaerobic biodegradation pathways of n-alkanes in carbon-rich oil reservoirs (Bian et al., 2015). These reports have attempted to define species-specific metabolic pathways using metagenomics and metaproteomics (McGivern et al., 2021); however, VOC “fingerprinting” does not require knowledge of specific enzymatic pathways to identify permafrost states that are likely to facilitate abrupt thaw, talik formation, and thermokarst expansion.

Our alignment of VOCs to degradation enzyme genes provided preliminary evidence that VOC monitoring in Arctic soils is a potentially useful approach to measuring subsurface microbial dynamics over time (Figure 6), because the biochemical alignment can potentially be used to interpret VOC expression to infer subsurface biokinetics, which could provide high-resolution datasets of subsurface SOC transformation, advancing attempts to model the degradation and transformation of SOC. For instance, a recent study used metagenome-assembled genomes to refine the enzyme latch theory and detected similar degradation products (e.g., propionic acid, fumaric acid, and benzaldehyde derivatives), which could be enhanced with VOC “fingerprinting” analysis to further elucidate degradation enzymes and their associated pathways (Wilhelm et al., 2021). Refinement of terrestrial SOC models using VOC-derived biokinetics could also resolve chemical and biological heterogeneity to make soil microbiomes tractable for study in subsurface systems (Jansson and Taş, 2014; Mackelprang et al., 2017; Waldrop et al., 2023).




Conclusion

The increasing duration of thaw seasons in permafrost ecosystems has created positive feedback loop with gradual and abrupt thaw events, which is deepening and expanding the areas of year-round unfrozen ground (i.e., taliks) (Walter Anthony et al., 2018; Turetsky et al., 2020; Walter Anthony et al., 2021). The lack of high-resolution data in subsurface Arctic terrestrial ecosystems limits our ability to understand the subsurface biogeochemical drivers which drive the rate and magnitude of environmentally triggered SOC turnover (Bradford et al., 2016; Tao et al., 2024). Our study demonstrates a proof-of-concept that VOCs can potentially serve as bioindicators of subsurface biogeochemical processes, providing high-resolution data and broad-scale measurements that can be used to characterize biological roles in the thermokarst–permafrost continuum. This study also establishes methods and approaches for effectively capturing VOCs during winter seasons that could allow for more accurate measurements of subsurface microbial rates of C conversion. Although further validation is required to determine the full range of biogenic VOC “fingerprints” that represent subsurface dynamics and indicate the onset of thaw events (i.e., precursors of gradual and abrupt thaw), these results provide an identification-based approach to track and understand permafrost thaw states responsible for CH4 emissions during all seasons in Alaska. Future work should integrate measurements of VOC “fingerprints” derived from laboratory soil incubations at different thaw states to understand the metabolic drivers that shift microbial C cycling during and allocation in arctic soils and translated to other soil systems.
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Site Longitude (E) Latitude (N) Altitude Soil types
s1 90.768292 29.275992 355594 SL sandy soil
s2 90.937386 29288484 353445 WL clay soil
3 91085251 29286345 3530.30 WL clay soil
s4 91.331067 29262169 3533.80 FL sandy soil
5 91612019 29258597 352110 FL sandy soil
s6 91.705393 29104931 3625.28 GL sandy soil
s7 91624075 28923538 4038.18 GL sandy soil
8 91.664332 28776647 458146 WL clay soil
s9 91.850085 28805475 4614.14 WL clay soil
s10 91921878 28913834 404073 GL sandy soil
su 91.882193 28997407 380651 GL sandy soil
s12 91.840264 29104441 3641.66 GL sandy soil
s13 91.921600 29269853 3517.73 WL clay soil
s14 92.018830 29254577 3512.68 SL dlay soil
S5 92.166001 29279894 352090 FL loam soil
s16 92.337692 29229733 3499.66 SL sandy soil
517 92.562916 29.151465 324231 FL loam soil
s18 92.699804 29.109214 312161 GL sandy soil
s19 92.865627 20079116 309778 GL sandy soil
520 93.078333 29.071086 3089.37 SL sandy soil
s21 93176376 29014414 303619 SL clay soil
s22 93.368569 29048844 300872 SL clay soil
523 93543089 20171325 299720 FL loam soil
s 93.795871 29116889 2942.66 FL loam soil
525 94.027581 29.194081 293420 WL clay soil
526 94244026 29233782 293801 FL loam soil
s27 94.420024 29357805 2900.10 WL clay soil
528 94.637056 29462648 2887.72 FL Toam soil
529 94.887494 29524680 2883.01 FL loam soil

SL, shrubland; GL, grassland; FL, forestland; WL, wetland.
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Factors

First principal component

Second p

cipal component

Third p

al component

SBD -0.160 0430 0.048

Soil color ~0.028 0.068 -0.105

Rock outcrop -0459 -0.021 -0392

Soil genus -0042 0235 -0218

Soil structure 0.120 0.868 -0015

Soil humidity 0236 0.122 0.042

Soil thickness 0991 -0.050 -0.118
Contribution rate of variance (%) 49.778 17.162 15.123
Accumulate contribution rate (%) 49.778 66.940 82.063
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Soil properties Maximum Minimum [AVAVA)] Skewness Kurtosis

Soil thickness (cm) 100 5 6170 053 -0.07 -156
SBD (gem™) (Eq. 1) 184 039 117 0.18 -0.19 -0.36
Rock outerop rate (%) 095 0 016 138 133 -079

Moisture content (%) 536 46.73 023 057 257 -133
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Phylum (n)

Insecta (862) Arthropoda (897)

Soil animal/Species umber ( Class
Ground beetle (D. dispar Chanisso et Eysenhard) 18 Blattaria (18)
Agrotis segetum (Denis et Schiffermiiller) 19 Lepidoptera (22)
Caterpillar (Caterpillar) 17
Ant (Monomorium pharaonis L.) 791 Hymenoptera (791)
Cicada (Cryptotympana atrata Fabricius) 7 Hemiptera (7)
Cricket (Gryllulus; Gryllus) 2 Orthoptera (24)
Coccinella septempunctata 15 Coleoptera (15)
Spider (Araneida) 10 Araneae (10) Arachnida (10)
Centipede (Scolopendra subspinipes) 25 Chilopoda (25) Myriapoda (25)
Frog (Rana nigromaculata) 1 Anura (11)
Earthworm (Earthworm) 331 Haplotaxida (331) Clitellata 331) |

Amphibian (1) Chordata (11)

Annelida (331)
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Soil layers Cultivate Garden lal Forest lal Grassland rren lan
0-5 4373 £ 18.13 4297 + 1844 6925 £ 35.34 63.76 + 31.07 63.60 + 33.29
5-10 3864 £ 16,18 3671£17.98 58.3 £ 30.94 5321 £27.37 5271+ 2882
10-15 34.17 + 15.52 315 + 1895 50.96 + 28.36 46.82 £ 26.10 44.55 + 23.51
15-20 28.54 + 14.97 27.23 1821 4491 £ 27.20 4128 +24.78 39.71 + 22.80
20-30 2240 £ 13.50 2185 £ 1586 3354 £ 2039 3356 + 2062 33.94 £ 2237
30-40 17.15 £ 10.54 16.95 + 11.14 2252 + 12.88 25.15 + 1492 27.59 + 19.30

40-50 1502 + 1042 1418 + 830 1854 + 1088 1845 + 1029 215 %1525
50-60 12.76 £ 9.76 13.85 £ 7.83 14.68 + 7.60 1591 + 8.64 14.89 + 8.97
60-70 1136 + 896 1226 + 790 1315 +739 1518 +7.80 1225 + 6.83
70-80 1045 + 891 9.18 £ 629 1243+ 782 1244 + 631 1134 £ 612
80-90 928 £ 9.06 9524773 1198 + 803 1209 + 532 1021 + 544
90-100 889 % 743 9.00 £ 405 1109 + 829 1157 +578 898 + 388
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Warming Top diameter Bottom Height (m) Temperature (°C)
gradient (°C) (m) diameter (m)

10 cm above ground air 5cm below ground

temperature soil temperature
wi 15 195 04 047 061
w2 1 145 04 092 109
w3 05 095 04 144 195

W1, W2, and W3 denote the warming conditions relative to Wo0.
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Stage Tillage practices

Grain

Elongation filling @©ir RT
AB (gm™) 137b 246 162b 168b 214a 222 <0.001 <0.001 0540
BB (gm) 45.4b 5682 420b 44.4b 572 608 <0.001 <0.001 0256
SWC (%) 600 6.7 557b 6.383b 672 5.742b 0415 0.007 0.986
pH 813 819 7.98b 817 827 8.2% 0.098 <0.001 0375
SOC (gkg™) 8402 7.72b 727 622 902 9.742 0.002 <0.001 0526
TN (ghg™) 0.78b 083 0.72b 0.63¢ 091a 0.962 0.003 <0.001 0.046
TP (gkg™) 1.02 1.06 0.98b 0.86c Li2a 11% 0.181 <0.001 0.253
AP (mgkg™) 2248 217 2858 21.05b 18.27b 21.42b 0.832 <0.001 0472
NO; (mgkg™) 3.56 392 3.26b 3420 441a 3.87ab 0.138 0.005 0788
NH, (mgkg™) 191 238 252 237 222 147 0093 0056 0845
DOC (mgkg™) 17.7 169 11.0b 9.7b 219 2662 0.297 <0.001 0.001
MBC (mgkg™) 89.2b 26450 168.0¢ 17.24 198.6b 237 <0.001 <0.001 0.001
MBN (mgkg™) 9.97b 1449 8.18c 1253 19.302 891c <0.001 <0.001 <0.001

Bold values are significant (p <0.05). § i crop stage effect; T s tillage treatment effect.

For each parameter, data in a row followed by a different lowercase letter indicates significant difference at the 0.05 probability level based on protected HSD tests.
Values for elongation stage and grain flling stage are averaged across tillage treatments (n=24),

Values for tllage practices are averaged across crop stages (1= 12). CT, conventional tillage; N, no tillage with mulch; RT, reduced tillage; S8, subsoiling with mulch.
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Edges: 81
Module: 0.752
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Nodes: 81
Edges: 112
Module: 0849
Clust Coeff: 0.661






OPS/images/fmicb-15-1394104/fmicb-15-1394104-g005.jpg
AB
88
swe

soc

MBN ®

.
o
Q
2
2

soc o
NH4+
poc (o

Mantels p

- <00

= 001-005
2005

Mantel's
— <02
— 02-04

-04

Pearson's

.ﬂs

00

Ini





OPS/images/fmicb-15-1462941/cross.jpg
©

|





OPS/images/cover.jpg
& frontiers | Research Topics.

Climate change and soil
microbial control of
carbon sequestration






OPS/images/fenvs-12-1362366/math_qu1.gif
Index o geo-accumulation ..
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EDlpreathe EDlsyin EDlmoutn EDlrotal

metals classification children adult children adult children LI children adult
As maximum 569E-08 162E-07 115E-06 5.15E-05 3.05E-03 147E-03 3.05E-03 147E-03
minimum 252E-09 7.16E-09 5.11E-08 2.28E-06 205E-03 649E-05 205E-03 649E-05

Average 244E-08 6.95E-08 496E-07 221E-05 8.83E-04 6.30E-04 8.83E-04 630E-04

Zn maximum 4.10E-08 1.17E-07 8.32E-07 3.71E-05 1.48E-03 1.06E-03 1.48E-03 1.06E-03
minimum 7.56E-09 2.15E-08 154E-07 6.84E-06 273E-04 1.95E-04 273E-04 1.95E-04

Average 1.74E-08 4.96E-08 3.54E-07 1.58E-05 6.30E-04 449E-04 6.30E-04 449E-04

cd maximum 321E-11 9.12E-10 651E-09 2.90E-07 LIGE-05 827E-06 L16E-05 827E-06
‘minimum 285E-11 S11E-11 579E-10 2.58E-08 LO3E-06 7.35E-07 1O03E-06 7.35E-07

Average 146E-10 4.16E-10 297E-09 1.32E-07 5.28E-06 3.77E-06 5.28E-06 377E-06
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As Zn Cd
Child 883E-04  6.30B-04 | 528E-06
Adult | 63E0I aaoE0r | 377E06
Child 244E-08  174E-08 | 146E-10
Adult 695E-08  4.96E-08 | 4.16E-10
Child 496E-07  3.54E07 | 297E-09
Adult 221E05  158E-05 | 132607
Child 883E-04  6.30E-04 | 528E-06
Adult 630E-04  4.50E-04 | 377E-06
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Project Grade Pollution level

0 Non-pollution
0<lye, =1 o Mild poisoning pollution
<l 52 2 Moderate pollution
2Ky =3 3 Moderate to strong pollution
3lgeo=4 4 Strong pollution
4<lgeo S5 5 Strong pollution—extremely severe pollution
5<lgey =10 6 Extreme pollution
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Parameter

Children
IRsoil/(m/d) 200 100
IRair/(m*/d) 7.5 15
EF/(d/a) 350 350
ED/a 6 30
SA/(cm?/d) 1600 5000
AF/(mg/en) 007 02
ABS 0.001 0001
I PEF/(m’/kg) 136 x 10° 1.36 x 10°
BW/kg 159 559
AT/ carcinogenic70 x 365 noncarcinogenic30 x 365
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Heavymetal

Ni

As

Zn

102 x 107
212 %107
314 x 10

305 x 107

RfD breath/

[mg/(kg.d)]

114 % 10°

2.06 % 10

383 % 10

0

RfD skin/

[mg/(kg.d)]

‘ 138 x 107
‘ 521107
‘ 321 x 10

‘ 3.02x 107

N

[(kg.d)/mg]
3.56 x 107"
875x 107"

193 x 10°
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Heavy Detection Average  Coefficient of Average Average Standard  Coefficient of

metal range value variation (%) number of exceedance value variation (%)
(mg/kg) exceedances rate (%) (mg/kg)
cd 1~11.25 ‘ 5.13 . 100 06 278 ‘ 54.26
As 88.25~1994.75 ‘ 857.18 [ 100 s 543.30 ‘ 6338
B 9124475 ‘ 157.28 | 6 140 34.64 203
cr 85.75~532.50 ‘ 20145 10 300 102.37 \ 50.82
Cu 66.25~3,682.50 ‘ 27439 | 13 am 645.76 | 23535
Ni 5825-318.25 ‘ 125.40 | 57 100 65.34 ‘ 52.10
Zn 265.25~1437 [ 611.242 | 100 | 250 240.70 ‘ 3938
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