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Abstract

:

Urban soils can contribute to organic carbon sequestration. The socioeconomic drivers of soil organic carbon (SOC) in urban areas may differ between regions due to the different land tenure and its derived green space management regimes. Currently, few studies focus on regions where public ownership of land was implemented. We examined the SOC storage and driving factors of urban green spaces in Guangzhou, China at 0–20 cm depth by variance and regression analysis. Our results showed that the total SOC storage did not vary significantly among green space types, with an average value of 2.59 ± 1.31 kg/m2. SOC increased with plot age (2–87 years) by 0.025 kg/m2/year (p = 0.026) and plot size (63–2058 m2) by 0.001 kg/m2/m2 (p = 0.026). Disturbance intensity was negatively correlated to SOC storage. Green space maintenance practices could promote SOC sequestration, but this benefit may be offset by high-intensity disturbances such as trampling, litter and debris removal and fragmentation of green spaces. To increase urban residential SOC storage, except for remediation of compacted soils, it is essential to promote house owners’ initiative in green space management and conservation by improving the current residential green space management regimes.
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1. Introduction


Although urban areas cover less than 0.5% of the global land surface [1], cities contribute more than 70% of global energy-related CO2 emissions [2]. Globally, urban land is projected to expand by more than 5.87 million km2 between 2000 and 2030 [3]. The population of urban residents will increase to 68% by 2050 [4], which highlights the importance of urban carbon management in mitigating global climate change [5]. Cities are often regarded as having high carbon emissions. However, recent research demonstrates that urban trees have the potential to store a substantial amount of plant carbon [6,7,8], and a widespread, increasing positive indirect effect of urbanization on vegetation growth has been found at the global scale [6]. The green spaces have higher carbon storage than adjacent rural forestlands, grasslands and agricultural land [9,10,11,12]. Considering the continuous urbanization, understanding and regulating ecosystem service of carbon sequestration provided by urban land is essential in helping to improve urban carbon management and mitigate global climate change [13].



Urbanization is related to soil degradation and soil sealing, which deplete soil organic carbon (SOC) pools [12,14,15]. However, the soil is still one of the largest organic carbon pools in the urban ecosystem [16]. Previous studies reported that residential soil had a considerable potential to accumulate carbon [10,17,18,19,20]. For instance, Contosta et al. reported that the 0–50 cm SOC storage in the urban residential yards of Manchester, USA, was almost eight times larger than that of tree carbon [21]. Raciti et al. found that cultivated or forested soils in residential sites before development in Baltimore, USA, had higher carbon densities than present-day forested soils of similar types due to the rapid carbon accumulation [18]. Given the considerable carbon sequestration capacity, soil carbon management in urban areas needs to be considered an important strategy to advance sustainable urban carbon management [13]. However, compared with natural and agricultural ecosystems, fewer studies focus on SOC sequestration in urban ecosystems [22], especially the global patterns of urban soil carbon and its share of the global soil carbon budget [13,23]. The importance of enhancing SOC storage in urban soils is still primarily neglected by urban policymakers [24].



Soil properties in urban areas are highly heterogeneous [25,26], and SOC density varies greatly by land-use type [12,22,27,28]. For example, some researchers reported high SOC storage in urban residential areas [11,13,21,25,27,29]. In contrast, Sun et al. found that the SOC storage in the 0–100 cm soil of residential districts was much lower than that of traffic and industrial districts in Kaifeng, China [30], while Liu et al. reported that SOC stock in the 0–10 cm layer of parkland in Chongqing, China was higher than that of other green lands [31]. Canedoli et al. found high SOC stock in urban parks of Milan in Italy [22]. These inter- and intra-city variabilities of SOC storage highlight the necessity of more soil surveys for each land use/cover type in cities to reduce the uncertainty in carbon pool estimation in urban ecosystems [22,32].



Understanding the drivers of SOC stocks in an urban area is crucial for policymaking to enhance urban carbon stock [21]. Prior studies have examined how human-mediated biogeochemical drivers (e.g., climate, soil type, land use, plant type or management regime) or socioeconomic factors (e.g., population density, housing age, lifestyle behavior, household income, home ownership) affect urban soil stocks [10,13,18,21,23,26,29,33,34,35]. Urban SOC biogeochemical cycles are controlled by complex interactions between anthropogenic and natural drivers [13,26]. Human population dynamics exert significant controls on biogeochemical cycles due to engineering structure, energy and food demand [36]. In China, high-density urban areas with low c coverage have been developed to balance the demands between living space and food production as a result of the large population, leading to the high fragmentation of urban green spaces [37], which, in turn, increases the possibility of human disturbance (e.g., stepping on the grass, limiting environmental conditions caused by the surrounding impervious surface) on plant and soil carbon sequestration. Household-scale drivers such as landscape design and lawn management regimes (e.g., fertilization, irrigation) are constrained by institutional and socioeconomic factors [36]. Under the state-controlled property regime in China, the real estate development company directly designs and constructs urban residential greening under national, provincial and municipal legislation. The maintenance and management of these residential green spaces are under the responsibility of the property management company. The urban parks and roadside green belts are under the administration of the bureau of landscaping, which authorizes landscape companies to manage and maintain these green spaces. Therefore, compared with private land ownership, individuals have little influence on the decisions of green space design and its management practices, making China an exceptional region for studying urban SOC dynamics and its anthropogenic drivers.



At the general debate of the 75th session of the United Nations General Assembly in 2020, China committed to constraining peak CO2 emissions by 2030 and achieving carbon neutrality by 2060. To achieve the goal of increasing carbon sequestration and reducing carbon emissions, new guiding philosophies ideology of urban land growth, such as “urban growth boundary” and “ecological red line”, have been incorporated into the land use planning regimes, and many greening projects have been implemented by central and local governments. For example, the Guangzhou government has implemented many ecological projects, such as greenway network construction, vest-pocket park construction and green space coverage in developed urban areas during the past two decades.



Datasets representing a wide range of climatic and urban-specific factors (city population, city area, management, etc.) are needed for the analysis of global patterns of urban soil carbon [13]. As China is the most populated country, its datasets are essential for the presentation of these global patterns. However, until now, SOC storage in urban soils in China has not been extensively documented. The carbon stock of Guangzhou, a megacity in China, and its influencing factors, still remain unclear. Here, we took Guangzhou city as a case study to investigate the SOC storage in different urban green spaces and related factors using a chronosequence of 72 green space plots. We aimed to explore SOC storage in four types of urban green spaces at 0–20 cm depth and examine how plot age, plot size, maintenance, human disturbance, soil type, soil texture and land use impact SOC stock. Information about the relationship of SOC storage to these factors would benefit urban landscape design and green space management to achieve sustainable development for China cities.




2. Materials and Methods


2.1. Study Site


The study site was located in Guangzhou (112°57′~114°03′ E, 22°26′~23°56′ N) in southern China. The climate is a humid, subtropical monsoon with a 10-year mean minimum and maximum temperature of 21.8 and 23.1 °C, respectively, and a mean minimum and maximum precipitation of 1421.2 and 2638.3 mm, respectively [38]. The dominant soils are classified as lateritic red soil and paddy soil [39]. The land area of Guangzhou is 7434.40 km2 and it had a population density of 2521 km−2 in 2021 [38]. As the economic and transportation center of South China, developed areas cover 18.16% of the city’s land area, and green spaces cover 45.52% of the developed area [38].




2.2. Experimental Design and Soil Sampling


Based on Google Earth images (0.27 m resolution), we selected seven of the total 11 districts of Guangzhou’s main area (735.66 km2, ArcGIS version 10.4, ESRI) (Figure 1). The study area is separated by rivers, woodlands, farmland and rural settlements from the surrounding regions. We designed soil sample plots according to the typical urban land use types in the urban core area, namely residential land, transportation-related land, public parks and mini parks beside streets, which correspond to the urban green space types of residential green space (thirty-two plots), roadside greenbelt (fifteen plots), public parks (seventeen plots) and pocket parks (six plots), respectively (Figure 1). Two plots in the university campus were also sampled and grouped into residential green space. The grid formed by road networks was used to establish sample plots, and all sampling plots except campuses were randomly selected. A grid covering the Yuexiu, Liwan, Haizhu, southern Tianhe and Huangpu districts was formed by taking the three east–west main roads (Fangcun–Huadi–Changgang–Xingang, Zhongshan–Huangpu–Dasadi–Xianlie and Guangyuan road) as horizontal axes and the roads intersecting with these three axes as vertical axes. A grid covering the southern Baiyun, the northern Tianhe and the southwest Huangpu district was formed by taking four north–south main roads as vertical axes and the roads intersecting with these four axes as horizontal axes. Plots in the Panyu district were located along Shixin, Qiaoxing, Leyuan and Donghuan roads. We sampled 1–2 plots in each grid based on plot size. When permission was not granted, the nearby green space was sampled. In addition, we also sampled four clean fill soils from newly greening construction plots. Photos of some of the urban green spaces and soil samples have been presented in Figure S1. Climate is a key factor in SOC storage at global and broad regional scale [23,40]. We ignored the climatic conditions because the subtropical monsoon climate covers all the sample plots in this study area (735.66 km2).



Soil samples were collected in July of 2019, and the plot size varied from 63 m2 to 2058 m2 due to the high fragmentation of urban green space. In each sample plot, three replicate samples were collected. For each soil sample, three randomized soil cores (4 cm diameter) were taken from the 0–20 cm depth to yield one composite sample. Soil samples were passed through a 2 mm sieve to remove rocks, roots, and other debris and then air-dried for further analysis. The content of SOC was determined for all ground bulk soil samples using the potassium dichromate–oil bath external heating method [41]. SOC stock (kg/cm2) in green space was calculated using Equation (1):


   SOC   stock  = C × θ × D ×  (  1 − δ  )  / 100  



(1)




where C represents the SOC content (g/kg); θ represents the bulk density, an averaged value of 1.38 g/cm3 from references (1.41 g/cm3 for the A-horizon of university campus soils sampled by Guan et al. [42], 1.38 g/cm3 for residential soils at 0–15 cm depth sampled by Zhuo et al. [43] and values for the 0–10 cm soil of urban green spaces from Zhu et al. [44]); D represents the depth of soil layer (20 cm); δ represents the volume ratio of gravel greater than 2 mm in diameter (an averaged value of 4.4% from references of Jim [45] and Zhang et al. [46]). To better compare with green spaces, the θ and δ in clean fill soil were assigned the same values estimated in green soils.




2.3. Data Sources of Soil Type, Soil Texture and Land Use History


The soil type of each sample site was determined according to the Guangzhou Soil Type Map in 1985 (1:200,000) provided by the Department of Agriculture and Rural Affairs of Guangdong Province. Soil clay and silt content of each soil type in farmland or natural ecosystems were obtained from the book Soil Chorography of Guangdong Province [47]. The book and soil type map belong to the second soil census dataset of Guangdong Province. For sample sites located in the historically developed land (not included in the second soil census), we took the average clay and silt content in urban soils of green spaces reported by Zhu et al. [44] as a reference. Rapid urbanization in Guangzhou began in the 1990s. We used the land use/cover map interpreted from Landsat images (30 m resolution) in 1990 [48] to characterize the land use history. By clipping this with the boundary of our study area (ArcGIS, version 10.4), we obtained the historical land use types and classified them into paddy fields (rice), irrigated fields, forest land, water and developed land. By matching the coordinates of the sample plots with the soil type map and land use/cover map, we obtained the soil type and land use type data of each sample plot.




2.4. Statistical Analysis


An ANOVA procedure was performed to determine if mean SOC storage differed with green space types, maintenance and disturbance types, and the statistical significance was determined as p < 0.05. All data were checked for normal distribution and homogeneous variances. When data were not normally distributed, logarithmic transformation was performed. Multiple comparisons and analyses of variance with the Tukey test were performed to test the difference in SOC content and stock between green space types and disturbance intensity types.



Simple linear regression analysis was performed to assess the relationship between the SOC storage and plot age or plot size. Plot age was represented as the period since road, park and residential community construction. Building age data were collected from real estate agents on a website (zfcj.gz.gov.cn/zfcj/ygjy, accessed on 15 January 2022); park age data were obtained on the official websites of the parks, and the road age data were obtained from the website (http://baike.baidu.com, accessed on 7 August 2022). The period of the whole sample plot was 2 to 101 years, and the home age spanned 10 to 29 years. Public parks spanned 5 to 101 years. We set up a series of paired younger and older home age classes to reveal the differences in SOC accumulation rates [33]. The youngest class was 2–10 years, which contained 11 plots, followed by 2–15 years, 2–20 years, 2–35 years (there were only four plots of 25–35 years and these were grouped with plots of 2–35 years) and 2–101 years (only seven plots had age span larger than 35 years and these were grouped with plots of 2–101 years). The elder age class started with 16–20 years, followed by 16–25 years, 16–35 years, 16–101 years, 21–25 years, 21–35 years and 21–101 years.



Multiple and stepwise regression analyses were performed to explore the key drivers of SOC storage among factors of plot age, plot size, maintenance practices, disturbance types, soil texture, soil type and land use history. Soil type and land use history were all treated as dummy variables. The reference category for the soil type variable was the soil in the developed land. The reference category for land use history variable was the historically developed land. The methodology flowchart is presented in Figure S2.



The statistical significance was determined as p < 0.1 for all regression models. All statistical analyses were performed using SPSS version 17.0 (International Business Machines Corporation, Chicago, IL, USA). The value assignment of maintenance practices and disturbance types was listed as follows.



The management intensity of watering, fertilization, mowing and pesticide use could not be investigated in detail on every sampled plot; we used a binary variable to specify the effect of maintenance practice. We used 1 for public parks, greenbelts beside roads and green space in universities because of their periodic maintenance by garden workers, and 0 for residential plots and pocket parks beside streets, which are usually under low maintenance.



According to visitor flow and human trampling on vegetation and soil, the disturbance intensity types were classified as high, medium and low groups. High-disturbance plots were assigned the values of 3, 2 and 1 for medium and low groups, respectively. Plots with evident marks of trampling (such as reduced plant cover, evident soil compaction and ongoing recreational activities) were grouped as a high-disturbance group (value of 3). Plots with little tramping were assigned a value of 1 and 2 for all remaining plots. Pocket parks were popular daily recreation places for children and the elderly, so they were all grouped into high-disturbance classes. Roadside greenbelts in the main urban area were grouped as low-disturbance plots because they are rarely visited due to their small size and safety concerns. One plot of roadside greenbelts was grouped as a medium class because of its small patches of degraded grassland (no high-intensity recreational stresses). Four residential green spaces with no obvious signs of trampling were grouped as the low-disturbance group. All public parks and other residential plots were grouped as medium-disturbance groups.





3. Results


3.1. SOC Content and SOC Stocks


The SOC content of green spaces ranged from 7.17 ± 4.60 g/kg in pocket parks to 11.70 ± 6.09 g/kg in roadside greenbelts, with an average value of 9.80 ± 4.96 g/kg (Table 1). Among the four green spaces, more than 56% of sampled plots had less than 10 g/kg SOC content (Figure 2a). The clean fill soil had significantly lower SOC content than the four green spaces, and no significant difference was observed among the four green space types (Figure 2b).



The SOC stocks of green spaces show a similar trend in SOC content, with a lower value of 1.89 ± 1.21 kg/m2 in the pocket parks and a higher value of 3.09 ± 1.61 kg/m2 in the roadside greenbelts (Table 1). Among the four green spaces, more than 43% of plots had less than 2.0 kg/m2 SOC stock (Figure 2c). Similar to SOC content, the clean fill soil had significantly lower SOC stock than the four green spaces (Figure 2d).




3.2. Soil Type, Soil Texture and Land Use History


Eight soil types were involved in our sample plots, among which the type of developed land accounted for 44% and vegetable soil accounted for 26%. By soil type, the clay content ranged from 4.84% to 28.48%, and the silt content ranged from 16.65% to 43.42% (Table 2). According to the historical land use map interpreted from Landsat TM images (30 m resolution), 54% of the sample plots had already been developed in 1990 (39 samples) and farmland accounted for 28% (Figure 3).




3.3. The Differences in SOC Stock among Maintenance and Disturbance Types


The mean SOC stock in low-maintenance plots (2.28 ± 1.15 kg/m2) was significantly lower than that in high-maintenance plots (2.90 ± 1.40 kg/m2) (Figure 4a). Among the three disturbance intensity types, the low-disturbance intensity had significantly higher SOC stocks (3.37 ± 1.36 kg/m2) than the medium- and high-disturbance intensity. There was no significant difference in SOC stocks between medium- (2.38 ± 1.19 kg/m2) and high- (1.89 ± 1.21 kg/m2) disturbance intensity (Figure 4b). The differences in SOC content of green spaces between maintenance and disturbance intensity types (Figure S3) showed a similar trend in SOC stock.




3.4. Factors Affecting SOC Stock


Simple linear regression analysis showed that SOC stock exhibited a significant positive relationship to plot age (with outliers removed) across all the “young” age classes except for the 2–10 years group (Figure 5a–e). By contrast, except for the 16–87 years group (Figure 5f), all the other “old” age groups showed no significant relationships between SOC stock and plot age (the result of the 21–87 years group is presented in Figure 5g and other data are not shown (p values ranging from 0.23 to 0.87). Plot size also shows a significant positive relationship to SOC stock (Figure 5h).



Multiple linear regression analysis showed that plot size maintained a significant positive effect on SOC stock when the other variables were gradually added. The disturbance maintained a significant negative effect on SOC stock. In contrast, no significant effects of maintenance and plot age (the outliers were not removed) were observed on SOC stock (Table 3).



Stepwise regression analysis showed that only sample plots of latosolic red soil developed from red sandy shale had significantly lower SOC storage than the reference category (soil in the developed land). Only soil samples previously in forest land had significantly more SOC storage than those in historically developed land. However, soil texture, soil type and land use history variables were all removed from the stepwise regression model (Table 3). The drivers entered into the stepwise regression model were plot size and disturbance. All the variables showed a similar trend of effect on SOC content (Figure S4 and Table S1).





4. Discussion


4.1. SOC Content and SOC Stock


Our results showed that urban green space stored SOC content (Table 1) was 49% and 69% lower than that of the young and mature zonal subtropical evergreen forests nearby [49], respectively. This result was comparable to values of 9.07 g/kg and 10.89 g/kg in the nearby cities of Shenzhen [50] and Hong Kong [45], respectively. In Guangzhou, the mean urban green space SOC content in 0–20 cm soil in this study was much lower than that reported by Zhu et al. in a 0–15 cm soil layer (18.22 g/kg) [44] and by Zhuo et al. in a 0–10 cm layer (16.98 g/kg) [43]. The SOC content in public park soils in this study was comparable to the 12.88 g/kg reported by Lu et al. [51]. Soil properties in urban areas are highly heterogeneous [25]. Therefore, the differences in sample plot selection and time span of soil accumulation may contribute to these intra-city differences in SOC content. For example, the average SOC content of the public parks we sampled was 2.66 times higher than that of a newly constructed park [52]. There were several new parks and residential green spaces in our sample plots, which may partly explain the lower than average level of SOC content because of their short accumulation span.



The SOC stock in urban residential soil in Guangzhou (Table 1) was 35% and 42% lower than that in farmland [53] and monsoon evergreen broad-leaved forest soils [54] nearby, respectively, in contrast to the results of Pouyat et al., who found that urban turf grass had much higher SOC density than rural forest soils in Baltimore, USA [11]. Our result was consistent with the result of Chien et al. [55], who found that natural habitats have higher SOC stock than urban habitats by a meta-analysis of global natural and urban soils. The SOC storage in a 0–20 cm soil layer of residential green space in Guangzhou was almost the same as that of the 0–15 cm layer of pure residential lawns in Auburn, USA (2.37 kg/m2) [34], both being humid, subtropical cities. The average urban SOC in green space was much lower than that in Baltimore and Denver, USA (4 to 6 kg/m2 for 0–20 cm) [11], Leicester, UK (9.9 kg/m2 for 0–21 cm) [27], Madison, USA (6.4 to 9.3 kg/m2 for 0–25 cm) [28], Bloomington, USA (4.7 kg/m2 for 0–15 cm) [29], Paris and New York City (9.9 and 11.3 kg/m2, respectively, for 0–30 cm) [56]. Climate and urban-specific factors such as city age, city area, city population and management may all contribute to the intercity variation of urban SOC stocks [13,23]. Some possible reasons for such low SOC in Guangzhou are explicitly discussed in Section 4.2, Section 4.3, Section 4.4 and Section 4.5.




4.2. Plot Age and SOC Storage


Preliminary regressions covering all plots showed that the relationship between SOC and plot age was not significant (p > 0.1, data not shown) except for the group of 2–15 years (Figure 5b). The wrong investigated accumulation span may be the main reason for these insignificant relationships. It is difficult to accurately estimate the time span of SOC accumulation because of the frequent human disturbance. For example, green space reconstruction may lead to a discrepancy between the construction and SOC accumulation span. The earlier green space is built, the easier it is to rebuild in later urban greening campaigns and urban renovation projects, especially green spaces under the management of public departments, such as roadside greenbelts and public parks. Therefore, plots with older age but much low SOC content were removed in this study. Specifically, one 20-year-old residential green space with similar SOC content (5.46 g/kg) to the 5–8-year-old plots, one 25-year-old pocket park and one 23-year-old roadside greenbelt with similar SOC content (2.10 g/kg and 2.30 g/kg, respectively) to the 2-year-old plot, one 23-year-old public park with similar SOC content (4.00 g/kg) to the 5-year-old plots, one 63-year-old roadside greenbelt plot, one 71-year-old park and one 101-year-old public park plot with lower SOC content (3.53 g/kg, 6.18 g/kg and 5.62 g/kg, respectively) than the 10-year-old plots were removed. When these outliers were removed, the relationships between plot age and SOC storage became significant across the age groups of 2–20, 2–35, 2–87 and 16–87 years (Figure 5c–f).



Our results showed that SOC stocks increased with increasing plot age. These results are consistent with previous observations reported by Vasenev et al. [13], Qian and Follett [17], Raciti et al. [18], Contosta et al. [21], Ziter et al. [28], Huyler et al. [33,34], Campbell et al. [35] and Huh et al. [57]. The rate of SOC accumulation in this study declined from 0.18 kg/m2/year in the age group of 2–15 years to 0.03 kg/m2/year in the age group of 2–87 years with the addition of older plots (Figure 5). This result was consistent with the trend observed by previous studies [33]. Qian and Follett found that SOC increased sharply over the first 25–30 years for intensively managed golf courses [17]. Huyler et al. observed that the rapid accumulation of SOC occurred over the first 25 years in less intensively fertilized residential yards [33]. In our study, the rapid accumulation occurred in the 2–15 age groups, and the slope of the 15–87 groups was much lower than that of the pre-35 age groups (Figure 5b–f). The declined slopes suggest positive relationships between SOC storage and plot age in the younger plots [33], consistent with the trend described by SOC stabilization capacity curves in the SOC-saturation model elaborated by Stewart et al. [58]. In Guangzhou city, where rapid urbanization began around the year 1996, 71% of the sampled plots were less than 20 years old and 14% of sampled plots were between 21 and 25 years. Therefore, excluding climate effects [13,23], the short accumulation span can also partly explain why SOC storage in Guangzhou’s urban soil was much lower than that in cities of Western countries, especially in residential green spaces.



It is worth noting that the 2–15 age group had the highest slope (Figure 5b), which was 1.9 and 1.7 times that of the 3–16 and 3–20 age groups observed by Huyler et al. [33], respectively. The SOC accumulation rate of the 2–35 age group (0.048 kg/m2/year) was similar to that of the 3–35 years group observed by Huyler et al. (0.046 kg/m2/year) [33] but lower than the rates observed by Qian and Follett (0.09 kg/m2/year) [17], and Huh et al. (0.07 kg/m2/year) [57]. The possible reason for the higher rate in the 2–15 years group may be the extensive occurrence of topsoil replacement with clean fill soil in Guangzhou, and this fill soil usually originates from deep soil, which was excavated for the construction of building foundations. Clean fill soil usually has fairly low soil organic matter. For example, the SOC storage in the clean fill soil in the USA was 77% lower than that in residential soils at 0–100 cm depth [59] and 75% lower than in urban green space soils at 0–20 cm depth in our dataset (Table 1). Stewart et al. concluded that soils further from SOC saturation would have the greatest efficiency in SOC sequestration [60]. The saturation deficit in deep clean-fill soil was much higher than that in soils converted from farmland or forest. Therefore, the rate of SOC accumulation over 2–15 years in our study was much higher than that in other studies.




4.3. Maintenance and SOC Storage


Studies reported that lawn management practices such as fertilization and irrigation could significantly elevate SOC storage in residential yards compared to yards with less intensive management practices [35] or native landscapes [11]. For all the green space types we studied, the rate of SOC accumulation was relatively lower than that in some Western countries except for in the 2–15 years group. For example, soils of the 2–20 years group in our data accumulated SOC at a rate of 0.076 kg/m2/year at 0–20 cm depth (Figure 5c), which is in accord with soils of 4–58 years with an SOC accumulation rate of 0.082 kg/m2/year at 0–100 cm depth in Baltimore yards [18]. Soils ranging from 2 to 35 years accumulated SOC at 0.048 kg/m2/year at 0–20 cm depth in Guangzhou (Figure 5d), which is in accord with soils of 8–149 years with an SOC accumulation rate of 0.05 kg/m2/year at 0–50 cm depth in Manchester residential yards [21]. Greening species and their related management activities can partially explain this difference. Compared with lawn-dominated residential yards in many Western countries, tree-dominated green spaces in humid Guangzhou do not frequently need irrigation and fertilization. Fertilizer application was assumed to contribute to SOC sequestration by promoting biomass production [35]. However, low frequency of application may not have a significantly measurable effect on SOC storage [33,34].



Our results showed that SOC stocks significantly differed between lowly and highly managed urban green spaces (Figure 4a). The mean SOC storage in residential soils with less intensive management practices was lower than that in roadside greenbelts and public parks with high management intensity (Table 1). Green space management activities and their intensity would also differ according to property rights regimes, such that communal land ownership often results in the “tragedy of the commons” compared with private land ownership [61]. The ownership of green space and its corresponding responsibility subjects and management regimes can largely explain why SOC storage in residential green space was lower than that of public parks and roadside greenbelts and why SOC stocks in Guangzhou residential areas were lower than that of cities in Western countries. Edmondson et al. found that mean SOC stock in domestic gardens was significantly higher than in non-domestic urban green spaces, suggesting that land property regimes affect soil carbon sinks through the initiative and intensity of green space maintenance [27]. In China, all urban green spaces are state-owned land and the municipal government controls and plans urban green space systems under national and provincial legislation. The land use right of residential green space is allocated to all the residents who have bought houses. Property developers plant specific vegetation based on the government-approved residential district plan, and house owners can entrust the house-owner conventions and committees to change greening species and cover types (e.g., pure vegetation or vegetation plus small areas of pervious or impervious pavement). The property management company is responsible for daily maintenance such as irrigation, fertilization and clipping. Individual residents have no direct responsibility for maintaining green space since they have paid the property management fee. Land rights were assumed to affect land production by affecting an individual’s investment incentives [62]. The above green space management system makes it challenging to mobilize residents’ enthusiasm for green space maintenance and conservation and contributes greatly to “the tragedy of the commons” instead.




4.4. Anthropogenic Disturbance and SOC Storage


In this study, the SOC stock of pocket parks with high-disturbance intensity was significantly lower than that of plots with medium and low levels of disturbance (Figure 4b). The difference in mean SOC stock between low- and high-maintenance types was significant (Figure 4a). However, when added as a factor in the multiple regression models, the positive effect of maintenance was not significant. In contrast, plot size and disturbance maintained a significant effect on SOC stock with other variables added to models, and the two variables also remained in the stepwise regression model (Table 3). These results suggest the negative impact of human disturbance on SOC storage in Guangzhou is greater than the positive effect of maintenance. An investigation in Guangzhou reported that services such as providing space for physical exercises, sporting activities, educational opportunities and entertainment in urban green spaces were favored by respondents [63]. The population density in old city districts such as Yuexiu, Liwan, Haizhu and Tianhe is as high as 20,000 to 30,000 people per square kilometer [38], which generates great pressure on urban green spaces, especially pocket parks and residential sites where the elders and children gather daily for physical exercise and recreation. To facilitate the supply of services mentioned above, hard landscapes such as pavement, gravel roads and pavilions are widely used in parks and residential sites, increasing the fragmentation of green space. The coverage rates of impervious surfaces (67%) and buildings (30.07%, 48.68% and 71.75% for high-rise building, low-rise building and urban village plots, respectively) in our study area [64] were much higher than those in Madison, USA [28], which greatly increased the intensity and frequency of human disturbance. This great negative effect from disturbance could also largely explain why the SOC stock in Guangzhou residential green space was much lower than that of residential yards in Western countries.



Anthropogenic disturbances such as trampling-induced soil compaction, litter removal, vegetation destruction and laying of impervious surfaces could decrease SOC input from plant-derived carbon [65]. Nawaz et al. reviewed that soil compaction may change urban soil’s physical, chemical and biogeochemical characteristics, such that soil compaction could increase the soil strength and bulk density, decrease the soil porosity, cause more resistance to penetration, or reduction of aeration, alteration of oxide conditions and pedological processes [66]. These changes would ultimately limit plant growth, decrease soil biodiversity and may define a lower effective SOC sink capacity [35]. The smaller the area of green space is, the more likely it is to be disturbed by trampling and litter removal, and thus SOC accumulation is less likely. Lou et al. found that the average above-ground biomass significantly decreased from large to small patches, and the above-ground biomass in large patches significantly declined from center to edge [67]. The decreasing trend of plant-derived carbon may result in a similar variation in SOC accumulation.




4.5. The Influence of Soil Texture, Soil Type and Land Use History


Soil clay or silt can protect carbon through physical or chemical pathways [68], so soil texture has been examined as an important biogeochemical driver of SOC stock [21,33,34,69,70]. Assuming soil texture and soil type of the 0–20 cm layer did not change drastically after urbanization, we used historical data to explore the influence of soil type and soil texture. Compared with the drivers of plot age and disturbance, our results showed that soil type and soil texture had no significant effect on SOC storage (Table 3). In farmland or natural ecosystem, soil type and texture were always reported as important factors in SOC storage [71,72]. However, the biogeochemical factors in urban ecosystems are under human control, such as engineering, urban demographic trends and household scale actions, which make urban ecosystems different from farmland or natural ecosystems [36].



Soil excavation depth in Guangzhou city is generally not less than 100 cm for the construction of multi-unit building foundations or even 300 cm for the construction of underground parking lots [64]. The volume of soil excavation in residential plots is usually large and difficult to pile up in situ because of limited space. Backfill soils used in many residential green spaces are excavated deep-soil from other construction sites. This is different from that in parks or roadside greenbelts, which may use the original soil piled up in situ. By taking the average clay and silt contents of each green space type reported by Zhu et al. [44] as a reference, the influence of clay and silt content on SOC was also found to be insignificant (Table S2). Construction practices such as extensive original topsoil removal and later backfill of clean soil could reduce the differences in soil texture and soil type because the usual fill-soil in Guangzhou is weathered granite soil which is excavated from high-building foundation pits. Delbecque et al. [73] found that urban soil properties were strongly influenced by compositional differences between native or human-transported parent material types. Therefore, the impacts of soil texture and soil type on SOC accumulation in the topsoil were weakened in the present study. This result was consistent with other studies on the urban system. For example, Contosta et al. observed no correlation between SOC stock and soil silt content of urban residential yards in Manchester, USA and yard management practices were regarded as a possible explanation [21]. In residential yards of Auburn, USA, the insignificant correlation between SOC stock and clay content was attributed to the low clay content and humid-subtropical climate [33,34].



Current and historical land use may all influence SOC sequestration in the urban landscape [28]. For example, for current land use in Madison, USA, Ziter et al. [28] reported that open spaces (parks, golf courses and cemeteries) and residential areas had higher SOC stocks than forests and grasslands, but SOC did not differ between open spaces and residential areas. In our study, we also found that the SOC storage did not vary significantly between residential land and parks (Figure 2b,d). Delbecque et al. [73] also found no significant difference in SOC content among parks, residential areas and industry and services land in Ghent, Belgium, while a globally comparative analysis showed that functional zoning dominated the intracity variability of SOC stocks with large SOC storage in residential areas [13]. For technosols globally, industrial land had significantly higher SOC content than mine and urban land [23]. It has been noted that climate and urban-specific factors such as city age, city area, city population and land cover may all contribute to the intercity variation of urban SOC stocks [13,23].



Compared with current land use, few studies have focused on how historical land use influences urban SOC storage [28]. Raciti et al. [18] reported that residential soil in former agricultural land had a significant capacity to sequester carbon compared with soil in previously forested land and high SOC storage in historically agricultural land has also been reported by Ziter et al. [28]. In our study, only green space soils in previously forested land had higher SOC storage than soils in historically developed land. This may relate to the intensity of human soil modification that was differentiated among site geomorphologies. Compositional differences between native or human-transported parent material types strongly influence urban soil properties, and pre-urban geomorphology is indicative of parent material type and human soil modifications [73]. The geomorphology of historically forested lands in Guangzhou indicates they were usually small hills which were often preserved with slight human soil modifications. However, compared with the variables of plot size and disturbance, most of the historical land use types had no significant influence. This result cannot definitively rule out the impact of land use history on SOC storage in urban green spaces. Frequent human disturbances and soil backfilling make it more intractable to accurately analyze the effects of land-use history.




4.6. Limitations and Future Implications


We did not sample bulk density in our investigation. The bulk densities we used in SOC stock calculation were averaged values from references, leading to certain biases in SOC values. According to previous observations, the bulk density ranged from 0.86 to 1.61 g/cm3 in the 0–10 cm soil layer in urban green spaces [43] and 0.68 to 1.64 g/cm3 for the 0–15 cm soil layer [44], with an average value of 1.38 g/cm3 and 1.31 g/cm3, respectively. Based on the above bulk density intervals, the highest overestimates and underestimates of SOC stock were 50% and 19%, respectively, according to Equation (1). Zhuo et al. reported that 72% of sampled plots had a bulk density higher than 1.30 g/cm3, and the average values for soils in commercial districts, road greenbelts, old and new industrial zones, old and new residential areas and public parks were 1.46, 1.37, 1.33, 1.36, 1.39, 1.37 and 1.40 g/cm3, respectively [43]. Therefore, the underestimated probability of SOC stock was small. For pocket parks with heavier trampling than other green space types, the average value of 1.38 g/cm3 estimated in this study would underestimate SOC storage. In the green space in commercial districts, also with heavy trampling, the SOC stock of the pocket parks would increase by 6% when the bulk density value of 1.46 g/cm3 [43] was used. The bulk density of roadside green space is relatively large. For example, the bulk density of soils in roadside green space in Hong Kong ranged from 1.43 to 2.63 g/cm3, with an average value of 1.67 g/cm3 [74]. However, this survey was conducted on roadside soil pits, not covered in our investigation. Sampled plots in our investigation were relatively large patches of green space under viaducts or greenbelts distributed in the middle or one side of the road, and we did not see obvious signs of heavy trampling in these roadside green spaces. Certain biases may also appear in the analysis of drivers of SOC stock. However, the differences in SOC content between types of maintenance, disturbance and green space all showed a similar trend in SOC stock (Figure 2, Figure 4 and Figure S3), and all the drivers showed a similar trend of effect on SOC content (Figure 5 and Figure S4, Table 3 and Table S1). These similar trends implied that the drivers could actively affect SOC sequestration in urban soils.



We did not measure soil texture in the present study. Remote sensing combined with machine learning methods can model clay content [75,76] but needs a large number of sample data. In this study, the analyzed soil type and soil texture data were reported in earlier years. Using historical soil type and soil texture data could lead to certain biases in the mechanism analysis of carbon dynamics. However, the soil layer we focused on was the topsoil in urban green spaces, which contained a certain volume of backfill soil. Many green space construction projects use backfill soil from similar parent material, which can reduce the spatial heterogeneity of soil texture and soil type. For example, previous studies in Guangzhou reported that loam soil accounted for more than 93% of soil texture types in the topsoil of urban green spaces [43,44]. In urban green spaces of different urban land use types, the clay, silt and sand content in the 0–10 cm soil layer ranged from 4.34 to 5.34%, 36.18 to 49.64% and 45.02 to 59.46%, respectively [44]. Undoubtedly, only extensive field investigation can provide more precise information on the mechanisms of SOC dynamics in urban soils.





5. Conclusions


The total urban SOC storage in the 0–20 cm layer in Guangzhou did not vary significantly among the four green space types, with an average value of 2.59 ± 1.31 kg/m2. SOC increased with plot age, but the sequestration rate declined with time, with the highest sequestration rate of 0.177 kg/m2/year in plots aged 2–15 years, followed by 0.076, 0.048 and 0.025 kg/m2/year in the 2–20, 2–35 and 2–87 years groups, respectively. SOC sequestration also increased with plot size (63–2058 m2) by 0.001 kg/m2/m2 (p = 0.026). The average SOC storage and accumulation rates in Guangzhou were lower than those in many cities in Western countries. Short time span, disturbances due to large population density and fragmentation of green space, less intensive management due to tree-dominated vegetation species and the lack of house-owner-orientated, incentive-based residential green space management regimes may all partially contribute to this relatively low SOC storage. Maintenance practices such as irrigation and fertilization can also promote SOC sequestration in Guangzhou city. In contrast, high-intensity disturbances such as increasing fragmentation of green spaces and trampling caused by many visitors could heavily reduce the capacity of SOC accumulation and largely offset management-induced SOC increases. Therefore, disturbance has become a key factor in SOC storage in Guangzhou. Many green spaces in Guangzhou were built in the past 20 years, so they have a great potential to sequestrate SOC, especially in the widely distributed residential land. In the future, measures should be taken to increase SOC storage, such as composting locally sourced litters, reducing fragmentation of green space and planting trampling-tolerant lawn species. In the long run, these measures will bring long-term benefits to SOC storage in residential green spaces by improving the current residential green space management regimes to encourage house owners to maintain and conserve residential green spaces.
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Figure 1. Location of Guangzhou city and sampling site distribution. 
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Figure 2. Interval distributions of SOC contents (a) and SOC stocks (c) across green space types; SOC contents (b) and SOC stocks (d) across land covers. Different letters denote significant differences among green space types at p < 0.05. 
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Figure 3. Land use types of sample plots in the study area in 1990. 
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Figure 4. Differences in SOC stock between (a) maintenance and (b) disturbance intensity classes. Thirty-six plots for low- and high-maintenance classes, respectively, and 18, 48 and 6 plots for low-, medium- and high-intensity disturbance groups, respectively. Different letters denote significant differences among maintenance or disturbance intensity types at p < 0.05. 
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Figure 5. Relationship of stock (kg/m2) to plot age (2–101 years) of age groups: 2–10 years (a), 2–15 years (b), 2–20 years (c), 2–35 years (d), and 2–87 years (e), 16–87 years (f), 21–87 years (g) and to plot size (63–2058 m2) (h). Plots with older age but much lower SOC content were removed. A total of 1, 4, 7, 7 and 7 outliers were removed from the 2–20 years (c), 2–35 years (d), 2–87 years (e), 16–87 years (f) and 21–87 years (g) groups, respectively. The outliers removed from the former age group were also removed from the latter. 
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Table 1. SOC content and stock in different green space types (mean ± SE).
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	Type of Green Space
	SOC Content (g/kg)
	SOC Stock (kg/m2)
	N





	Residential green space
	9.12 ± 4.27 a
	2.41 ± 1.13 a
	34



	Public park
	10.43 ± 5.00 a
	2.75 ± 1.32 a
	17



	Pocket park
	7.17 ± 4.60 a
	1.89 ± 1.21 a
	6



	Roadside greenbelt
	11.70 ± 6.09 a
	3.09 ± 1.61 a
	15



	Clean fill soil #
	2.41 ± 0.45 b
	0.64 ± 0.12 b
	4



	Average value of green spaces
	9.80 ± 4.9
	2.59 ± 1.31
	72 $







Soil samples from universities were grouped into residential green spaces with similar maintenance. # Assume this fill soil is used for greening, and values of the bulk density and the volume ratio of gravel greater than 2 mm in diameter are the same as green space. Different letters denote significant differences among green space types at p < 0.05. $ The total number of green space plots.
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Table 2. Soil clay and silt content of different soil types in the study site in 1985.
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	Soil Type
	Clay Content

(%)
	Silt Content

(%)
	Clay + Silt Content

(%)
	Number of Sample Site





	Soil in the developed land
	4.84
	43.42
	48.26
	32



	Latosolic red soil developed from red sandy shale (shrubberies)
	22.07
	24.41
	46.48
	4



	Alluvial soil in a broad valley
	9.95
	18.62
	28.57
	3



	Vegetable soil
	8.37
	31.68
	40.05
	19



	Latosolic red soil developed from granite
	28.48
	22.09
	50.57
	3



	Fertile paddy soil developed from river-ocean sediments
	20.1
	34.74
	54.84
	4



	Latosolic red soil developed from red sandy shale (dry farming)
	15.94
	16.65
	32.59
	5



	Alluvial soil in river terrace
	16.67
	24.81
	41.48
	2
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Table 3. Regression analysis of SOC stock across all sampled plots.
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Method

	
Variables

	
Partial Regression Coefficients

	
p Value






	
Enter

	
Plot size

	
0.001

	
0.067 *




	
Maintenance

	
0.490

	
0.112




	
Enter

	
Plot size

	
0.001

	
0.045 **




	
Disturbance

	
−0.772

	
0.004 ***




	
Enter

	
Plot size

	
0.001

	
0.057 *




	
Maintenance

	
0.081

	
0.812




	
Disturbance

	
−0.737

	
0.016 **




	
Enter

	
Plot size

	
0.001

	
0.050 **




	
Maintenance

	
−0.014

	
0.968




	

	
Disturbance

	
−0.807

	
0.012 **




	

	
Plot age

	
0.007

	
0.403




	
Stepwise

	
Entered variables

	

	




	

	
    Constant

	
3.559

	
0.000 ***




	

	
    Plot size

	
0.001

	
0.045 **




	

	
    Disturbance

	
−0.772

	
0.004 ***




	

	
Removed variables

	

	




	

	
    Maintenance

	
0.031

	
0.812




	

	
    Plot age

	
0.097

	
0.382




	

	
    Land use history

	

	




	

	
        Developed land (the reference category)

	

	




	

	
        Paddy field (rice)

	
0.116

	
0.295




	

	
        Irrigated field

	
−0.043

	
0.698




	

	
        Forest land

	
0.212

	
0.059 *




	

	
        Water

	
−0.050

	
0.653




	

	
    Soil type

	

	




	

	
        Soil in the developed land (the reference category)

	

	




	

	
        Latosolic red soil developed from red sandy shale (shrubberies)

	
−0.198

	
0.074 *




	

	
        Vegetable soil

	
0.077

	
0.489




	

	
        Latosolic red soil developed from granite

	
0.100

	
0.372




	

	
        Fertile paddy soil developed from granite river- ocean sediments

	
−0.030

	
0.790




	

	
        Latosolic red soil developed from red sandy shale (farming)

	
−0.143

	
0.200




	

	
        Alluvial soil in river terrace and broad valley

	
0.078

	
0.493




	

	
    Clay + silt content

	
0.062

	
0.596








N = 72. *, ** and *** indicate statistical significance at α ≤ 0.10, α ≤ 0.05 and α ≤ 0.01 levels, respectively. Preliminary analysis showed that collinearity occurred when the variables of clay and silt content were entered into the regression model together with other variables. To eliminate this collinearity, we used the summed content of clay and silt in each soil type to explore the influence of soil texture. The adjusted R2 of the stepwise regression model was 0.151. No collinearities occurred in these models. For the variable of soil type, the alluvial soil in river terraces was grouped with the alluvial soil in broad valleys due to sample numbers being less than three.
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