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The development of urbanization has led to the creation of various types of green spaces, which have a direct influence on vegetation types and soil management, This, in turn, results in differences in soil carbon sequestration capacities. However, the factors affecting soil carbon sequestration in different vegetation types within urban green spaces remain largely unexplored. To address this gap, the study focused on the soil of urban green space. A one-year field observation was conducted, utilizing local management archives and historical data, to evaluate variations in soil greenhouse gas (GHG) emission and soil organic carbon sequestration across grassland (GL), shrubs (SH), and forests stands (FS) within three types of green spaces: park green space (P), residential green space (Ra), and street green space (s). The results indicated that: (1) In comparison to grassland (GL), the CO2 flux of shrubs (SH) and forests stands (FS) declined by 10.73% and 14.46%, respectively, while the N2O and CH4 fluxes remained insignificant. Additionally, the annual increase in soil organic carbon was lower by 8.92% and 10.80% in shrub and forests stand, respectively; (2) Variations in greenhouse gas fluxes were also observed among the three types of green spaces. In comparison to park green spaces, the CO2 flux of residential and street soils decreased by 2.11% and 3.25%, respectively, while the N2O flux dropped by 16.61% and 22.41%, respectively. The CH4 flux remained insignificant. The annual increase of SOC in residential and streets was notably lower than that in parks green spaces, by 9.59% and 15.20%, respectively, indicating significant differences. This suggests that soil carbon sequestration capacity is highly responsive to changes in vegetation coverage and green space types, with WSOC, NH4+-N, and pH identified as the primary factors influencing the greenhouse gas flux in the three soils. This study provides data and a theoretical basis for the strategic selection of urban soil management measures, particularly in the context of achieving carbon neutrality goals.
[image: Graphical Abstract]GRAPHICAL ABSTRACT | The research focuses on urban green space soil, investigating the variations in soil carbon sequestration capacity across different green space types and vegetation coverages. The findings revealed significant variations in soil carbon sequestration functionality among various green space types and vegetation coverages. The maximum soil carbon sequestration was observed in the park type with forest planting. Consequently, to enhance soil carbon sequestration, it is necessary to augment the coverage area of diverse vegetation and management intensity of greenspace in the process of urban construction to enhance the carbon sink function of the soil, in order to maintain the balance of the urban ecosystem.
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1 INTRODUCTION
Although cities account for only about 2% of the world’s land area, they contribute roughly 70% of global carbon emissions (Churkina, 2016). The negative impacts of urbanization have exacerbated the tension between the environment and humans (Yang et al., 2023). To mitigate the negative impacts of these emissions, increasing carbon storage in urban areas is essential (Churkina et al., 2010). Urban green spaces, as key public open areas, not only provide a place for the public for recreation, relaxation, and enjoyment, but also play a crucial role in enhancing the quality of life for city residents. Furthermore, they hold significant ecological importance in maintaining biodiversity, fixing greenhouse gases in the atmosphere, and mitigating the urban heat island effect (Aram et al., 2019; Aronson et al., 2017; Zhang and Qian, 2024) Therefore, green infrastructure has been recognized as an effective strategy to address urban environmental issues (Lal and Augustin, 2012). Soil not only supports the physical development of green infrastructure but also collaborates with vegetation to facilitate the carbon and nitrogen cycles within urban ecosystems, thus playing a key role in determining the environmental quality of green infrastructure (Morel et al., 2015). However, in the process of expanding green infrastructure, urban functional block construction often introduces various vegetation combinations and management models, which can lead to significant alterations in the soil activities of these green spaces (Liu et al., 2023; Reynolds et al., 2020; Schetke et al., 2016). Research indicates that tree species diversity in forest will significantly increase the soil carbon sequestration (Zhang X. et al., 2024), while soil degradation resulting from the unmanagement can substantially reduce the gas flux of the soil (Yuan et al., 2023).
Soil carbon sequestration is crucial for mitigating global climate change and maintaining the ecosystem balance (Liu Q. et al., 2024). Soil organic carbon, a primary source of soil nutrients, is mainly decomposed by microorganisms and subsequently stored in the soil, helping to fix atmospheric CO2. Thus, SOC has become an ideal indicator for assessing soil carbon sequestration (Zhu et al., 2020). Numerous studies have highlighted diverse factors driving the accumulation of urban soil organic carbon (Vasenev and Kuzyakov, 2018). For instance, (Chen X. et al., 2022). analyzed surface litter and soil samples from six urban and suburban forests in China, classifying soil organic carbon and quantitatively assessing the content of each organic carbon group. Their study revealed that urbanization significantly influences the accumulation pattern of SOC in subtropical forest surface soils, such as shifting from microbial-mediated pathways to abiotic pathways, which impact the stability of soil organic carbon. Similarly, (Chaurasia et al., 2023) compared the effects of five urban land use patterns on soil SOC accumulation, found that soil SOC accumulation varies significantly among the five land use categories.
There is a high correlation between soil carbon sequestration capacity and soil GHG flux (Rubaiyat et al., 2023; Serrano-Silva et al., 2014). However, most existing studies on the response of soil carbon sequestration to urban environmental changes primarily focus on soil organic carbon content, The dynamic changes in soil characteristics across different urban vegetation coverage types. Remain largely unexplored (Enescu et al., 2022). Therefore, it is necessary to conduct dynamic research on soil physical and chemical properties, as well as GHG fluxes, in urban green space types influenced by different vegetation coverage types (Serrano-Silva et al., 2014). This approach not only emphasizes the shaping of soil environment by changes in vegetation coverage types, but also is related to the specific activity state of soil. Integrating the dynamic changes in soil carbon and nitrogen pools with soil GHG emissions will provide a comprehensive understanding of the changes and mechanisms affecting soil activity in urban green space during urbanization. This will also aid in formulating more effective management strategies for different urban green space types (Demuzere et al., 2014).
Many uncertainties remain regarding the mechanism through which vegetation coverage and green space usage influence soil carbon sequestration function. The functional classification of green space, as well as the interactions between aboveground vegetation and the soil carbon and nitrogen pools, requires further investigation (Liu Y. et al., 2024). In light of this, the present study conducted a one-year-long field observation to examine the differences in soil GHG flux and soil carbon pool across three vegetation coverage types: grassland (GL), shrub (SH) and forest stands (FS). These types were studied in three green space categories: park green space (P), residential area green space (Ra), and street green space (S). This research aims to explore how environmental factors in the soil vary across different vegetation coverage and green space types, and how these factors influence GHG flux mechanism. The goal is to provide a reliable reference for optimizing urban green space management, rational urban green space planning, and the construction of low-carbon cities.
2 MATERIALS AND METHODS
2.1 Experiment region
The experimental site was situated in Lin’an District, Hangzhou City, Zhejiang Province (119°50′E longitude and 30°14′N latitude) (Figure 1). The region has a subtropical monsoon climate, characterized by four distinct seasons. Summers are hot and receive abundant rainfall, while winters are relatively cool. The mean annual temperature (MAT) is 15.6°C, 15.6°C, and the mean annual precipitation (MAP) measured 1,450 mm. The frost-free period lasted for approximately 230 days, with a total sunshine duration of 1847 h. According to Chinese classification standards, the soil in this area is classified as krasnozem (Lv et al., 2022).
[image: Figure 1]FIGURE 1 | It shows the location of the sample plots in this study. SH, GL and FS represent shrub, grassland and forest stand, and P, Ra, S represent Park green space, Residential area green space and Street green space, respectively. The right figure shows in the mean monthly temperature and mean monthly precipitation throughout the experiment month.
2.2 Experiment design
In accordance with China’s “Urban Green Space Classification Standard” (CJJ/T85–2017) as cited in (Cjj/t 85–2017, 2018). Among these, the “park green space” pertains to the G132 category within the urban green space classification standard, featuring a highly integrated distribution pattern and a green space coverage rate of ≥80%; The “residential area green space” falls under the RG category in the urban green space classification standard, exhibiting diverse distribution forms and a greening coverage area of ≥65%; The “street green space” belongs to the SG category in the urban green space classification standard, with a greening coverage area of ≥40%. Subsequently, based on field surveys, sample plots under three types of vegetation cover: shrubs, grassland, and forest stand were further selected. In March 2023, plots were established at selected locations, each having an area of 100 m2. The minimum distance between each plot was set at 200 m (Figure 1). In forest stand (FS), the dominant tree species within the forest are all indigenous dominant tree species in Zhejiang Province, and the soil has an establishment history of approximately 10 years. In order to more effectively reflect the activity patterns of greenhouse gas fluxes and environmental factors, we carried out continuous field observations for 12 months (from April 2023 to March 2024) within the sample plot.
A fundamental survey of the vegetation within the plot was carried out. The principal constituents of the survey encompassed vegetation, diameter at breast height, coverage, and biomass. The diameter at breast height is defined as the diameter of the tree trunk measured at breast height above the ground surface (Zhang et al., 2023). The ground diameter is denoted as the diameter of the tree trunk base just above the ground, commencing from the ground level. The ground diameters of standing trees and shrubs were measured employing traditional surveying methodologies. A DBH ruler was utilized to measure 130 cm above the base of the tree trunk, while the ground diameter of shrubs was measured at 10 cm above the ground. With respect to the average height, the direct measurement approach was adopted for shrubs and grass. Locate a flat area on the ground, hold the ruler perpendicularly to the ground surface such that the scale line aligns with the apex of vegetation growth, and subsequently read the measurement indicated on the ruler. The average height of the forest patch was gauged employing an altimeter. Measuring points were randomly chosen within each plot, and the measurement process was repeated thrice (Supplementary Table S1).
The coverage degree primarily refers to the percentage of the vertical projected area of the above-ground portion of the plant in relation to the sample plot area, as reported in (Peaden, 2019). Vegetation coverage was quantified using the coverage box method. On sunny days, between 12:00 and 15:00 p.m., a 1 m × 1 m quadrat frame was randomly positioned within the quadrat area, and the area covered by the vertical projection of vegetation within the frame was observed and recorded. The vegetation coverage was calculated by comparing the coverage area with the total frame area. Given that the projection of the grassland is nearly imperceptible, the green coverage area within the quadrat frame was used as a substitute. This procedure was repeated three times for each quadrat (Supplementary Table S1).
Biomass is defined as the total dry weight of organic matter that persists per unit area or volume at a specific time, as noted in (Ónodi et al., 2017). Different biomass measurement methods are used based on vegetation cover types. The biomass of grassland and shrubs was measured using the harvest sampling method. A small 25 cm × 25 cm quadrat was placed within the sample plot. Sampling tools were used to collect soil from the surface layer, extending from the above-ground vegetation to a depth of 0–20 cm below ground level in the quadrat,The specimens were then transported to the laboratory, where plant components were separated from the soil, weighed, and placed in an oven at 105°C for 12 h. After drying, the biomass value was converted into area and weight units to determine the biomass per unit area (kg C m-2). This process was repeated three times. The forest standing biomass in the arboreal zone is calculated using a model-based protocol. Based on the diameter at breast height and tree species data from the sample plot, the volume was estimated using the volume table specific to Zhejiang Province. The BEF conversion coefficient (for fir, Masson pine, hard broadleaf, soft broadleaf) was calculated using 2009 CFI data (values of 0.7453, 0.8839, and 1.0705 respectively). The total biomass in the forest stand was then obtained, and the area and weight units were converted to determine the standing tree biomass per unit area of the sample plot (kg C m-2) (Supplementary Table S1).
2.3 Soil sampling and determination of environmental factors
Soil sampling was conducted during the even-numbered months of the observation period, to ensure the data’s representativeness, a random sampling method was applied. Firstly, the central point of each sample plot was designated as the sampling center. Then, four equally spaced points were selected along the diagonal from this center. Soil samples were collected from the 0–10 cm layer at each of these five points. After collection, the soil from all five points was thoroughly mixed to ensure uniformity. This sampling procedure was repeated three times at each point. In total,162 soil samples were collected over the observation period.
Once the collected samples were transported to the laboratory, they underwent a series of processing steps. The samples were divided into four portions. One portion was immediately stored at −40°C for cryopreservation. A second portion was sieved through a 2-mm sieve and then stored in a 4°C refrigerator. To ensure sample stability for subsequent analysis of soil carbon and nitrogen. From the remaining sample, 10–15 g of fresh soil was weighed, prepared for pH measurement. For the pH determination, the potentiometric method was used. Ten grams of air-dried soil, sieved through a 2-mm sieve and air-dried for 2 weeks, were mixed with 25 mL of ultrapure water, the mixture was stirred for 1–2 min, allowed to stand for 30 min, and then the pH was measured using a calibrated pH meter (FE20; Mettler Toledo, Switzerland) (Aramburu Merlos et al., 2023).
Soil microbial carbon (MBC; mg kg-1) and microbial nitrogen (MBN; mg kg-1) were determined using the chloroform fumigation extraction method (TOC-VcpH; Shimadzu; Kyoto, Japan) (Liao et al., 2021). Water-soluble carbon (WSOC) and water-soluble nitrogen (WSON) were measured employing the Singh (Wang et al., 2022) method with a TOC-TN automatic analyzer (TOC-VcpH, Shimadzu, Kyoto, Japan). Ammonium nitrogen (NH4+-N) (mg kg-1) and nitrate nitrogen (NO3−-N) (mg kg-1) concentrations were determined using the indophenol blue colorimetric method and dual-wavelength ultraviolet spectrophotometry, respectively, with a spectrophotometer (UV-8000 P C, Shanghai, China) (Rouge, 1981).
In April 2023 and March 2024, three portions of soil from the surface stratum 0–20 cm were randomly sampled from each sampling point to measure soil organic carbon storage. We used the following Formula 1 to calculate soil organic carbon stocks (Wang et al., 2004):
[image: image]
In the formula, CSOC represents the SOC reserve (Mg C ha-1) in the 0–20 cm soil, i represents the specific soil stratum. Ci represents the organic carbon concentration (g kg-1) at depth i, Bi represents the soil bulk density (g cm-3) at depth i, and Di represents the soil thickness (cm) at depth i. Soil thickness and soil bulk density (g cm-3) are also considered in the formula.
The annual carbon sequestration of soil organic carbon was calculated using Equation 2:
[image: image]
 Where ∆SOC depicts the annual soil carbon sequestration (CO2-eq Mg ha−1 year−1); CSOC,2024 and CSOC,2023 depict soil organic carbon storage in 2024 and 2023, respectively.
2.4 Measurements of soil GHG emissions
Greenhouse gas flux in the study area was measuring using the closed static chamber-gas chromatography method. During the observation period, an experimental device constructed from PVC was installed in the study area. This device consisted of a base and a chamber. With the chamber measured 30 cm × 30 cm ×30 cm and featuring a 1 cm diameter hole at the center of its top, a rubber stopper was inserted into this hole for gas sampling. The base, measuring 30 cm × 30 cm×10 cm, included a 5 cm × 5 cm groove on its top and was embedded 0–10 cm into the soil. Prior to installation, plant stems, leaves, and roots within the embedding area were thoroughly eliminated to remove the effects of plant respiration.
Sampling was conducted from 8:00 to 11:00 a.m. on sunny days each month. Before sampling, vegetation within the base area was trimmed with scissors, and a fan was placed inside the base area. Then, approximately 800 mL of ultrapure water was poured into the groove. The chamber, with the hole facing upward, was then placed into the groove, and gas sampling was initiated using a medical syringe. Gas samples were collected every 10 min at 0, 10, 20, and 30 min. With each sample totaling 80 mL which was stored in a 100 mL sealed aluminum foil bag. Simultaneously, along with the greenhouse gas sampling, a soil thermometer (Dalian Bright Chemical Design Institute, Dalian, China) was vertically inserted into the soil to a depth of 5 cm, and close to the box, to measure the soil temperature. Each sample was tested in triplicate to calculate the standard deviation of the experimental data. After collecting the experimental samples, the gas samples were promptly analyzed within 48 h using a Shimadzu Gas Chromatograph (GC-2014, Shimadzu Corporation, Tokyo). The concentrations of greenhouse gases in the samples were quantified by measuring them against a standard curve established using laboratory reference standards. The standard concentrations used were as follows: N2O:5.0 × 10−6 mol/mol, CH4:20.4 × 1010−6 mol/mol, CO2:302 × 1010−6 mol/mol The following Formula 3 is used to calculate the concentrations of N2O, CH4, CO2 (Song et al., 2020):
[image: image]
Where F represents the soil greenhouse gas emission flux (mg·m-2·h-1), [image: image] represents the greenhouse gas concentration value under standard laboratory reference conditions. A (m2) V (m3) are the effective bottom area and volume of the chamber, respectively; [image: image] is the ratio of atmospheric pressure under standard conditions to atmospheric pressure in the laboratory. [image: image] It is the ratio of the absolute temperature under standard conditions to the absolute temperature inside the PVC box during sampling.
The annual greenhouse gas emissions are calculated by the following formula (Xu et al., 2020):
[image: image]
In the formula, [image: image] represents the soil CO2, N2O emissions, or CH4 uptake (Mg CO2 ha−1 yr−1, kg N2O and CH4 ha−1 yr−1); F represents the emission of each soil GHG determined at each sampling time, i represent the sample number, and t represents the sampling time.
The global warming potential (GWP) was used to assess the contribution of soil greenhouse gas fluxes to global warming under the three types of coverage. The calculation method is as follows Formula 5 (Xu et al., 2020):
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In the formula, [image: image], [image: image], [image: image] respectively represent the cumulative emissions of CO2, CH4, and N2O. The numbers 25 and 98 are the conversion factors for the emission fluxes of CH4 and N2O to be equivalent to the emission of CO2 over a 100-year time scale.
2.5 Determination of the soil carbon sequestration
Soil carbon sequestration refers to the ability of soil to absorb and store carbon dioxide. In this study, soil carbon sequestration is defined as the total amount of carbon stored in the soil carbon pool, after accounting for the carbon dioxide emitted from soil greenhouse gases during the experimental period. The annual soil carbon sequestration in this study was calculated using the following Equation 6:
[image: image]
Where Utotal refers to the yearly carbon sequestration of the soil in different urban vegetation cover and green space types, ΔSOC and GWP represent soil SOC sequestration, and the soil GHG emissions.
2.6 Statistical analyses
Preliminary data recording and classification were performed using Excel. The data were analyzed using SPSS 26.0, and the significance level was set at 0.05. Prior to data analysis data analysis, One-way analysis of variance (ANOVA) and least significant difference (LSD) were employed to compare the differences in soil carbon and nitrogen pools as well as soil carbon sequestration under different vegetation coverage and green space types. The responses of soil greenhouse gas emissions, soil temperature, soil water content, water-soluble organic carbon (WSOC), NO3−-N, NH4+-N, microbial biomass carbon (MBC), and microbial biomass nitrogen (MBN) to seasonal changes were analyzed using repeated measures analysis of variance (RM-ANOVA) and tests. PCA (Principal Component Analysis; PCA) was applied to analyze the correlation between soil physical and chemical properties and C and N pool; To assess the interactive effects of different vegetation cover and green space types on soil carbon and nitrogen pools, as well as greenhouse gas emissions, HLM (Hierarchical Linear Model; HLM) was used, with green space type treated as a random effect. Lastly, redundancy analysis (RDA) and Random Forest were used to investigate the relationship between soil greenhouse gas fluxes under different green space types. The presentation of soil physical and chemical properties and statistical charts in this article was completed by Origin 2018.
3 RESULTS
3.1 Effects of different types of urban vegetation covering green space on soil physical and chemical properties and C and N pools
Over a 12-month period of field observations, the fluctuation pattern of soil temperature at a depth of 5 cm showed a strong correlation with the seasonal temperature change in the study area. The lowest temperature occurred in winter (December-February), while the highest temperature was observed in summer (August) (Table 1; Figure 2a). Significant differences in soil temperature and pH were found among various vegetation covers, with lower soil pH and temperature observed under forest stand (FS) (Figure 2). Notably, in park types (P), the differences in soil temperature and pH among vegetation cover types were more pronounced (p < 0.05) Additionally, the HLM results indicate that the interaction between green space type and vegetation cover has a significant effect on soil pH and temperature (p < 0.05) (Table 2). Significant differences in soil moisture content were observed among different vegetation cover types only in the residential area (Ra), while the differences in soil moisture content between vegetation covers were not significant in the other green space types (Table 1). Overall, compared with park type, the soil pH of residential area (Ra) and street (S) types decreased by 15.0% and 13.89%, respectively (Table 2). Notably, the soil pH under grassland (GL) coverage exhibited a statistically significant increase (p < 0.05).
TABLE 1 | The differences (mean ± standard deviation, n = 3) in soil environmental factors under different vegetation cover types were analyzed. Additionally, the responses of soil environmental factors and annual greenhouse gas emissions to seasonal changes were assessed under various urban vegetation cover and green space types using repeated measures analysis of variance (RM-ANOVA).
[image: Table 1][image: Figure 2]FIGURE 2 | Monthly changes of soil environmental factors under different types of greenspace covered by vegetation. Soil temperature (a), soil moisture content (b), and soil pH (c). These values represent means ± SDs (n = 3).
TABLE 2 | Differences (mean ± standard deviation) in soil environmental factors under different vegetation cover types, with the interaction being greenspace type and vegetation cover type.
[image: Table 2]TABLE 3 | The carbon sequestration of different carbon pools (Mg CO2-eq ha-1) under different vegetation cover of UGS.
[image: Table 3]Soil C pool movement responded similarly to seasonal changes (Table 1; Figure 3). Differences in mean monthly WSOC content between vegetation covers within the same green space type varied minimally. However, in the park type(P), the mean monthly WSOC content of the forest stand (FS) was 172.82 ± 1.18 mg kg-1, which was significantly (p < 0.05) higher by 1.5% and 3.1% compared to the soil under shrubs (SH) and grassland (GL), respectively (Table 1). The mean monthly MBC content under grassland (GL) cover ranged from 170.14 ± 1.92 to 230.27 ± 0.71 mg kg-1, which was higher than the MBC content under the other two cover types. This difference was most pronounced in park type(P), where the MBC was, on average, higher by 31.03 and 29.68 mg kg-1compared to shrubs (SH) and forest stand (FS), In the residential area (Ra) type, however, the difference was negligible. Soil C pools varied more among green space types than among vegetation cover types (Table 2). Overall (Table 2), compared to the park type (P), the monthly mean MBC content in the other two green space types decreased by 6.41% and 19.43% (p < 0.05), respectively, and WSOC decreased by 7.20% and 15.77% (p < 0.05), respectively (Table 2).
[image: Figure 3]FIGURE 3 | Monthly changes of soil C environmental factors under different types of greenspace covered by vegetation. Water soluble organic C (a) and soil Microbial biomass C (b). These values represent means ± SDs (n = 3).
The seasonal activity patterns of soil N pools followed a trend similar to those of soil C pools (Table 1; Figure 4). The concentrations of MBN, NH4+-N, and NO3−-N exhibited significant variability across different vegetation covers, particularly for NO3−-N, which showed a monthly mean value ranging from 12.06 to 5.21 mg kg-1 among the three vegetation covers. The variability was even greater across the three green space types (Table 2). In the park type (P), the monthly mean MBN of the grassland (GL) was 30.05 ± 6.0 mg kg-1, representing a significant increase of 23.8% and 26.6% (p < 0.05) compared to the other cover types, as well as between shrub (SH) and forest stand (FS) cover soils in residential area (Ra) and street(S). Monthly mean WSON showed significant differences (p < 0.05) only between different vegetation covers in park type (P). Overall, differences in soil N pool activity were relatively small among vegetation covers (Table 2). Specifically, NO3−-N content decreased by 21.71% and 34.5% in the residential area (Ra) and street (S) soils compared to those under the park type (P); NH4+-N content decreased by 19.96% and 26.8%, respectively (Figure 4b); and WSON content decreased by 15.19% and 22.83%, respectively, with significant differences (p < 0.05) (Table 2). These variations were more pronounced than those observed across different vegetation cover types. Same with soil C pool, the HLM showed that the interaction between green space type and vegetation cover type did not significantly affect the soil N pool (Table 2).
[image: Figure 4]FIGURE 4 | Monthly changes of soil N environmental factors under different types of greenspace covered by vegetation. NO3−-H (a), NH4+-N (b), water - soluble organic N (c), and microbial biomass N (d). These values represent means ± SDs (n = 3).
3.2 Impacts of various types of urban vegetation-covered green spaces on soil greenhouse gas fluxes
During the 12-month field observation, soil CO2 emissions exhibited a clear seasonal pattern under the three vegetation cover types, peaking in summer (June to August) and reaching a minimum in winter (December to February). Summer emissions accounted for 35.86%–38.55% of the annual total, while winter emissions ranged from 12.38% to 15.39% (Figures 5a, b). Among the three green space types, soil CO2 emissions under grassland (GL) cover were consistently higher than those under the other two vegetation covers, particularly in parks(P), representing a substantial portion of the annual emissions, ranging from 35.86% to 38.55%. In parks, grassland (GL) cover contributed 13.43% more to the monthly emissions than forest stand (FS) cover, leading to a 15.55% increase in annual emissions (p < 0.05). Significant differences (p < 0.05) in average monthly CO2 emissions were also observed between shrubs (SH) and forest stand (FS) covers in park (P) green spaces.
[image: Figure 5]FIGURE 5 | Monthly mean ± standard deviation (n = 3) under different urban vegetation cover and green space types: (a) soil CO2 emission flux, (c) soil N2O emission flux, (e) soil CH4 uptake flux, errors are represented by error bars; (b) soil cumulative CO2 emissions, (d) soil cumulative N2O emissions, and (f) soil cumulative CH4 uptake. The four colors in the column represent the proportions of greenhouse gas fluxes in different seasons to the annual greenhouse gas flux, with spring, summer, autumn, and winter corresponding to March-May, June-August, September-November, and December-February respectively.
The N2O emission pattern followed a similar trend to CO2 emissions, with GL > SH > FS observed across all green space types (Figures 5c, d). Grassland (GL) cover exhibited 11.11% higher N2O emissions in P-type green spaces compared to forest stand (FS) cover. Significant differences in N2O emissions were also noted between shrubs (SH) and forest stand (FS) soils in the residential area (Ra) (p < 0.05). In general, the emission patterns for CO2 and N2O mirrored each other across vegetation covers and green space types. Notably, CO2 emissions exhibited significant differences between both green space types and vegetation cover types, while N2O emissions showed significant variation only between green space types (p < 0.05). The HLM revealed that the interaction between green space type and vegetation cover was statistically significant only for N2O fluxes (p < 0.05) (Table 1).
[image: Figure 6]FIGURE 6 | After converting the GHG fluxes of different vegetation coverage green space types into GWP coefficients, a Sankey diagram is used to represent the contribution of different treatments to GWP under different coverage types. The columns of different colors on both sides represent different vegetation coverage and green space. The total GWP of the type. The middle column shows the total GWP of all vegetation cover and green space types. The larger the GWP value, the longer the column. The width of the connection between columns reflects the contribution to GWP. The dashed line indicates that CH4 absorption reduces the GWP value. Letters next to the bars indicate significant differences between treatments determined by the least significant difference (LSD) test with p < 0.05.
Soils from various green space types, characterized by different vegetation covers, acted as sinks for CH4 (Figure 5e). While CH4 emissions showed no clear seasonal pattern, CH4 uptake was notably higher in summer (Figure 5f). The average CH4 uptake by loam soil beneath the three vegetation cover types ranged from 41.55 ± 1.36 to 443.69 ± 0.82 μg m−2h-1. The park grassland (P-GL) and the forest stand in the residential area (Ra-FS) average CH4 uptake was significantly higher (39.71 ± 0.74 and 45.51 ± 1.23 μg m−2h-1) compared to the other vegetation-covered soils in the same green space type (p < 0.05). Overall, the CH4 uptake by grassland (GL) cover was statistically distinguished from the other two vegetation covered soils in the same green space type (p < 0.05). Same to soil CO2 emissions, the HLM showed that the interaction between green space type and vegetation cover type did not significantly affect the soil CH4 uptake (Table 2).
3.3 Effects of soil environmental factors on soil GHG emissions
All PC1 accounted for 62.7% of the variance, which was greater than PC2. The analysis revealed a significant positive correlation between soil carbon and nitrogen pools across the greenfield soils of all vegetation cover types. However, the correlation between pH and soil water content, soil carbon and nitrogen pools was weaker. The differences between greenfield types were significantly greater than those under different vegetation cover types, indicating stronger differences between groups (Figures 7a,b).
[image: Figure 7]FIGURE 7 | Redundancy analysis to investigate the impact of soil environmental factors on GHG fluxes in different types of vegetation cover (a–c) and green space types (d–f).
Random forest modeling results showed that for CO2 fluxes, WSOC under the three vegetation cover types was significantly correlated with soil temperature (Supplementary Figures S2a, d, g), with a significance level greater than 20% in shrubs (SH), which was highly similar to the results of the random forest analysis under different green space types (Supplementary Figures S1a, d, g). For N2O fluxes, the importance of WSON activity on N2O fluxes was greater than 20% for all three vegetation types under cover, and 51% in shrubs (SH), which was statistically significant (Supplementary Figure S2b). In addition, NH4+-N was second only to WSON on N2O fluxes in shrubs (SH) and grassland (GL), but had a minimal influence on N2O in forest stand (FS). Similarly, the results of random forests under different green space types showed that WSON had an effect of greater than 20% on N2O fluxes in both park (P) and residential area (Ra), and NH4+-N also had a significant effect on N2O fluxes in all three green space types, especially in residential area (Ra), with a 29% effect. Except for patchy forest stand (FS) cover soil, pH showed significant importance in CH4 uptake under both vegetation types, which was similar to the results of the random forest analysis under the three green space types, but its lowest importance was observed in forest stand (FS) (Supplementary Figure S2i).
The RDA1s of the redundancy analyses for different vegetation covers and green space types were all greater than 60%, substantially exceeding the RDA2s (Figures 7a–f). The results indicated that the effects of soil CN pool activities on GHG fluxes were relatively consistent under different vegetation cover types. Specifically, the soil CN pool activities were positively correlated with CO2 and N2O emissions, while CH4 fluxes demonstrated a weaker correlation with the soil CN pools. Additionally, WSOC had a strong positive correlation with CO2 fluxes across all three vegetation covers (Figures 7d–f). For N2O fluxes, NH4+-N and WSON exhibited strong correlations, although WSON showed a weaker correlation in grassland. In contrast, CH4 and soil physicochemical properties did not exhibit a strong correlation with carbon and nitrogen pool activities. The RDA analysis results of the three green space types were similar to those of the vegetation cover types (Figures 7a–c).
3.4 Responses of soil carbon sequestration to different urban vegetation cover and green space types
Our results indicate that the soils under the three vegetation covers exhibited varying levels of soil carbon sequestration, with forest stand (FS) exhibiting the highest sequestration, followed by grassland (GL) and shrubs (SH). However, the level of variability differed among the various green space types (Figure 8). Specifically, for the park type (P), the carbon sequestration of forest stand (FS) soil was 2.17 ± 0.04 Mg CO2 eq ha-1yr-1,which represents increases of 35.94% and 21.65% compared to the soil under the grassland (GL) and shrubs (SH). This difference was highly significant (p < 0.001). Additionally, soil carbon sequestration in the park green space (P) was 1.75 ± 0.18 Mg CO2 eq ha-1yr-1, which was significantly higher than the other two green space types by 15.13% and 78.57%, respectively. This difference was statistically significant (p < 0.05).
[image: Figure 8]FIGURE 8 | Principal component analysis of soil physical and chemical properties under different vegetation cover (a) and green space types (b).
4 DISCUSSION
4.1 Response of soil GHG flux to changes in vegetation cover green space types
Carbon dioxide, being one of the pivotal greenhouse gases, accounts for approximately 60% of the contribution to global warming, as reported (Kaye et al., 2005). In our study, regardless of the green space type, the CO2 flux was the primary source of greenhouse gas emissions, consistent with the findings of Wu et al. (2019). In conjunction with the alterations in soil environmental factors induced by variations in green space types, the present study ascertained that the CO2 in urban green spaces predominantly hinged on the activity of WSOC.
WSOC, an essential component of soil organic carbon pools, can alter the hygroscopic characteristics of aerosols, thus influencing CO2 emissions, as documented in (Yang et al., 2017), higher soil temperatures in grassland accelerate the decomposition rate of soil organic carbon (Xu et al., 2021), and the increased bioavailability of WSOC enhances the growth and activity of soil microorganisms. This promotes the decomposition of soil organic matter and the emission of soil CO2, in line with Zhang’s findings (Figure 3a) (Zhang et al., 2015), Moreover, the three vegetation covers were within the more suitable pH range for the park type under high-intensity management. This suggests that the green space type influences the intensity of soil exposure to management and disturbance (Hao et al., 2017). Activities like watering and fertilizing enhance the dissolution and movement of nutrients and WSOC in the soil surface layer, creating an optimal environment for the dissolution and transfer of nutrients and WSOC. Another possible explanation is that human disturbances lead to non-equilibrium dynamics, reducing microbial interspecific competition, as outlined in the mediated disturbance hypothesis. This, in turn, increases microbial populations in the soil, which indirectly raises CO2 emissions through microbial heterotrophic respiration and the decomposition of soil organic matter (SOM).
Soil nitrification and nitrogen mineralization are important pathways for soil N2O production (Martínez-Espinosa et al., 2021). Microbial production and consumption of N2O are influenced by both the physical and chemical characteristics of the soil and the soil management practices. The presence of grassland encourages human activities such as walking, exercising, and picnicking, these activities lead to increased soil compaction, which creates an anaerobic soil environment. Under anaerobic conditions, NO3−-N serves as an electron acceptor and is gradually reduced to N2O through the catalytic action of various enzymes (Table 1). In parks with well-managed soil and fertilizer application, fertilizers dissolved into the soil, primarily existing as ammonium ions or inorganic nitrogen. This process provides essential substrates for nitrification and nitrogen mineralization (Table 1), ultimately increasing N2O emissions (Martínez-Espinosa et al., 2021).
Soil CH4 flux results from the balance between CH4 production and oxidation processes. The extent of soil CH4 production and consumption determines whether the soil acts as a source or a sink of CH4. In diverse green spaces and vegetation types, the soil exhibits the propensity for CH4 absorption and thus serves as a sink of CH4. Alterations in soil pH can influence methane uptake by modulating the balance between CH4 production and oxidation. Due to the high root activity of grassland, alkaline substances such as carbonates are secreted, neutralizing acidic components of the soil and raising the pH. Soils with high salt content enhance the effectiveness of soil K+, which inhibits CH4 oxidation by altering the interactions between NH4+-N and clay particles. In park green spaces, the long-term use of calcium and magnesium fertilizers to neutralize soil acidity, combined with human trampling, prevents oxygen from entering the surface soil, thus slowing down the CH4 oxidation process (Tong et al., 2012) (Supplementary Figure S1, S2).
4.2 Effects of different types of green space covered by urban vegetation on soil carbon sequestration
Soil SOC content is widely used as the primary indicator of soil carbon sequestration capacity (Koorneef et al., 2024). In this study, we found that different vegetation cover types and green space categories significantly affected soil carbon sequestration, with the highest carbon sequestration observed under forest cover and the lowest under grassland. Our findings align with the findings of Livesley et al. (Weissert et al., 2016), as the accumulation and rapid decomposition of apoplastic materials beneath forest cover, due to the shedding of tree leaves, likely serves as the primary source of soil organic carbon. During the fall season, the decomposition of these materials not only improves the physicochemical properties of the soil but also increases its carbon content. Meanwhile, the reduced SOC sequestration observed in grassland and shrub cover is presumably attributed to the limited fall materials input and high plant density. An increase in plant density results in overlapping canopies, which inhibits microbial activity and intensifies competition among root systems, ultimately affecting soil carbon sequestration capacity (Figure 9a).
[image: Figure 9]FIGURE 9 | The differences in soil carbon sequestration with across to different vegetation coverage (a) and green space types (b) were illustrated using box plots. In these plots, the horizontal line in side the box signifies the mean value. While upper and lower whiskers denote box plot denote the maximum and minimum values of the data, respectively, he upper and lower edges of the box correspond to the upper and lower quartiles. The upper connecting line was uesd to indicate the comparison groups. A symbol “*” denotes a significant difference among the four treatments (P < 0.05), and ‘ns’ implies no significant difference between the two.
Unlike residential or street green spaces, which primarily serve individual households, park green spaces are regional ecosystems that play a critical role in air purification and provide a range of ecosystem services. Parks green spaces are more integrated, and the ecological cycling process within their soil may be more resilient to the adverse impact of urban air pollution and water quality degradation. As a result, parks tend to have higher carbon sequestration capacity. Another plausible explanation for this difference is the diverse vegetation in park types, which contributes significantly to the increase in soil SOC (Supplementary Table S1). Increased plant biodiversity enhances carbon inputs from the root to the microbial community, boosting soil overall soil carbon storage capacity (Lange et al., 2015). In residential areas or street green spaces, human activities are more prevalent, which may influence soil carbon sequestration in various ways. The lower soil carbon sequestration observed in street green spaces is likely due to their proximity to traffic arteries. The increase in automobile traffic flow has led to an elevation in vehicle emissions, including harmful gases such as sulfur dioxide (SO2), nitrogen oxides, and particulate matter. These pollutant gases may infiltrate the soil through deposition, reducing microbial and root activity, and subsequently lowering the soil’s carbon sequestration capacity (Ahmad et al., 2021) (Figure 9b).
4.3 Urban soil management under the perspective of carbon neutrality: how to maximize the urban soil carbon sequestration function?
Our findings indicate that urban green space, as a semi-natural ecosystem with both natural ecological functions and human intervention characteristics, experiences an impact on its soil carbon sequestration function from functional pathways Consequently, human intervention in soil management practices to reduce soil greenhouse gas emissions is an effective approach to enhancing the carbon sequestration function of soils (Zhang J. et al., 2024).
Our study demonstrates that WSOC is a significant factor influencing CO2 emissions across various vegetation cover types and green space categories. Therefore, reducing the decomposition rate of WSOC may lead to a reduction in CO2 flux. Although the decomposition of WSOC is accelerated in grassland due to higher soil temperatures, the relatively low microbial abundance in these areas provides a potential means of mitigating CO2 flux (Smith et al., 2015). Furthermore, leaching plays a critical role in converting SOC to WSOC. Therefore, minimizing soil disturbance in green space management practices and employing appropriate irrigation techniques and frequencies can control the conversion of SOC to WSOC and enhance the stability of the soil carbon pool (Arce et al., 2021).
Currently, nitrification inhibitors such as dicyandiamide and thiourea have emerged as an effective strategy for mitigating soil nitrification processes (Guo et al., 2022). These inhibitors work by reducing the activity of ammonia-oxidizing bacteria, thereby slowing down the conversion of NH4+-N to NO3--N and reducing soil N2O emissions. However, it is important to note that the use of nitrification inhibitors can affect the structure of soil microbial communities, which in turn impacts both the carbon and nitrogen cycles within the soil ecosystem. This has been supported by research conducted by SHU et al. (Section and Sciences, 2017), Additionally, maintaining moderate soil moisture and avoiding excessive irrigation, which can lead to poor soil aeration and inhibit nitrification, represent another effective approach (Lan et al., 2013).
Our findings also suggest that a more neutral soil pH enhances CH4 absorption, although this difference is not statistically significant. Furthermore, soil pH regulation is a key factor not only in CH4 absorption but also in the broader context of soil carbon and nitrogen cycles, as it influences plant growth and microbial activity. Common soil pH modifiers such as calcium carbonate and ferrous sulfate, which are suitable for acidic and alkaline soils respectively, increase the availability of K+ and consequently inhibit CH4 oxidation (Nikolaisen et al., 2023).
It is worth mentioning that fertilization can rapidly replenish the soil SOC content, enhance the structure of soil aggregates, and reduce the decomposition and loss of organic carbon. Fertilization plays a crucial role in increasing and stabilizing the SOC content in the soil (Liu C. et al., 2024). As a result, it has emerged as another viable method to enhance the soil carbon sequestration function. However, urban pollution has become a significant factor affecting the carbon sequestration potential of urban green space soils. Thus, it is equally crucial to increase the accumulation of organic carbon while improving the resistance of urban soils to external disturbances. Biochar-based fertilizers, which combine the advantages of traditional fertilizers with biochar, have proven effective in improving soil structure, adsorbing pollutants, increasing vegetation productivity, and enhancing soil carbon sequestration capacity. These properties make biochar-based fertilizers an ideal solution for boosting the carbon sequestration capacity and stress tolerance of urban soils (Shiu et al., 2022).
5 LIMITATIONS OF THE STUDY
This study has certain limitations. Firstly, data collection was confined to the southeastern coastal regions of China, which could affect the applicability of our conclusions to other areas. Also, the sample area and soil depth may limit the generalizability of our findings. Our analysis of soil carbon sinks excluded deeper soil layers (beyond 50 cm), but the root systems of grassland are primarily concentrated in the topsoil (Wei et al., 2018). While root exudates can help stabilize surface SOC through adhesion, the lack of such biological activities in deeper soil layers may lead to an overestimation of soil SOC content under grassland cover. This potential deviation is not fully addressed in our model (Chen J. et al., 2022). Lastly, soil carbon sequestration is a gradual, long-term process. Long-term monitoring is essential to better understand how soil greenhouse gas emissions and carbon sequestration may respond to different green space types and vegetation coverages.
6 CONCLUSION
In this study, we investigated the variations in soil greenhouse gas fluxes and soil carbon sequestration capacity across different green space types with varying vegetation coverage. The results demonstrate that changes in the types of green space and the vegetation type significantly influence soil SOC accumulation and carbon sequestration function. Forest cover and park green spaces exhibit the most effective soil carbon sequestration functions. From an ecological and environmental perspective, urban construction should integrate management strategies, such as the application of soil conditioners or fertilization, to mitigate greenhouse gas emissions or enhance SOC accumulation. Moreover, it is necessary to incorporate these management approaches into the overall assessment of urban green space carbon sequestration capability, which will contribute to maintaining the balance of the urban ecosystem.
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