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Abstract

:

Empirical evidence shows that the expansion of impervious surface threatens soil organic carbon (SOC) sequestration in urbanized areas. However, the understanding of deep soil excavation due to the vertical expansion of impervious surface remains limited. According to the average soil excavation depth, we divided impervious surface into pavement (IS20), low-rise building (IS100) and high-rise building (IS300). Based on remote-sensing images and published SOC density data, we estimated the SOC storage and its response to the impervious surface expansion in the 0–300 cm soil depth in Guangzhou city, China. The results showed that the total SOC storage of the study area was 8.31 Tg, of which the top 100 cm layer contributed 44%. The impervious surface expansion to date (539.87 km2) resulted in 4.16 Tg SOC loss, of which the IS20, IS100 and IS300 contributed 26%, 58% and 16%, respectively. The excavation-induced SOC loss (kg/m2) of IS300 was 1.8 times that of IS100. However, at the residential scale, renovating an IS100 plot into an IS300 plot can substantially reduce SOC loss compared with farmland urbanization. The gains of organic carbon accumulation in more greenspace coverage may be offset by the loss in deep soil excavation for the construction of underground parking lots, suggesting a need to control the exploitation intensity of underground space and promote residential greening.
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1. Introduction


The share of urban people in the world has increased from 30% in 1950 to 55% in 2018 and this proportion is projected to reach 68% by 2050 [1]. Urbanized areas in 2030 will nearly triple from those in 2000 [2]. With the rapid expansion of urban areas, many agricultural or natural ecosystem areas have been converted into greenspace or impervious surface, which greatly changes the structure and function of the original ecosystems and has a far-reaching impact on soil organic carbon (SOC) storage [2,3,4,5]. Previous studies have shown that urban vegetation has high carbon sequestration capacity [6,7,8,9,10,11], and the SOC density observed in greenspace is higher than that of grassland or farmland in some cities [8,12,13]. In New York City, the SOC density of the greenspace is comparable to that of suburban and rural forest soil [14]. However, the vegetation and soil removal and soil sealing during the installation of impervious surface have seriously disturbed soil functions [15], which can counterbalance the positive effects from urban greenspace ecosystems [14]. Impervious surface has become the dominant land cover in urbanized areas. Impervious surface covers approximately 31% [13] and 65.91% [16] of the land within urban areas in the United States of America and China, respectively, and more than 50% in many European cities [17]. Therefore, it is necessary to study the influence of impervious surface construction on SOC storage to comprehensively quantify the impact of urbanization on regional carbon budgets [18,19].



The effect of impervious surface expansion on soil carbon storage has been studied from two perspectives. Some studies revealed the differences in SOC storage between sealed soils and surrounding greenspace soil at the sample site scale [14,19,20,21,22,23], and others have used spatially explicit models driven by land cover change and/or other multiple environmental covariates to analyze the total SOC loss and its spatial and/or temporal variability at regional, national and even global scales [24,25,26,27,28]. These models provide a powerful and effective tool for presenting carbon changes in space and time. However, they usually treat urban area or impervious surface as a homogeneous space unit, and interpret land cover types from medium or low resolution remote sensing images, which cannot reflect the differences of soil carbon disturbance among impervious surface types. For urban carbon management, research based on high-resolution images and refined types of impervious surface could be more beneficial to policy making.



Topsoil removal is the main cause of depletion in SOC content under impervious surface [29]. Although the depth of soil removal varies in different types of impervious surface, few studies have explored in detail the difference of soil carbon disturbance between different impervious surfaces. In China, the depth of soil extraction for pavement is approximately 15–30 cm, and that for low-rise buildings without underground parking lots is approximately 80–100 cm. High-rise buildings usually include underground garages. According to the Design Code for Residential Buildings (GB 50096-2011) [30], the net height of underground garage driveways should not be less than 220 cm. Adding spaces for the construction of building foundations and for the installation of facilities, such as pipes, wires and ventilating ducts, the depth of soil extraction for buildings with underground parking requires a deeper depth than 300 cm. Large utility lines, subways, car park facilities and malls have been constructed under the urban surface in many big cities around the world [31,32], especially in China where high-rise buildings with underground parking lots are widely distributed in many medium-sized or big cities. Although the depth of soil excavation in many underground space utilizations is deeper than the top 100 cm soil layer, most published studies on urban SOC storage ignored the carbon below a depth of 100 cm. Soil at deeper depths (e.g., 100–300 cm) still has large carbon storage [33]; therefore, consideration of 0–20 cm or 0–100 cm soil depth cannot reveal the influence of the vertical expansion of impervious surface on SOC pools.



Soil is the largest contributor to the urban ecosystem carbon pool [13,34]. Although the SOC density beneath impervious surface is lower than that in adjacent greenspace areas [14,19,20,28,29], the contribution of soil under impervious surface to urban SOC pool is still large due to the large coverage area. For instance, in the Chicago and Boston metropolitan areas, the impervious surfaces contribute 28.76% and 22.46% to the total soil and plant carbon pools with aerial coverages of 60% and 53.9%, respectively [18]. In the China Urumqi urban area, the impervious surface covers 63% of the urban area and it contributes 57% of the SOC pool. Buildings account for a large proportion of impervious surface in cities; however, previous studies usually sample soils under pavement, such as roads, sidewalks, parking lots, paved backyards and paved squares [14,19,20,22,23,29], because it is hard to sample soil under buildings. The SOC stock in building-covered soil was assumed to be 0 kg/m2 [19,23], or was designated a proxy such as the SOC density of clean fill soil [13,18] or the provincial average SOC density [34], which greatly increased the uncertainty of urban SOC pool estimation and its response to the expansion of urban impervious surface. Thus, it is necessary to try other methods to estimate SOC storage in building-covered areas.



Due to the rapid land use/cover changes in China, ecosystem services intensity experienced a continuously decreasing trend from 1995 to 2015, especially in large megacities [35], and ecosystem service values for provision, regulation, support and culture also decreased during the period of 1988–2008 [36]. Guangzhou is a representative megacity with rapid urbanization and increasing impervious surface in China. Urban area in Guangzhou has increased from 187.40 km2 in 1990 to 1324.17 km2 in 2019 with an annual expansion area of 39 km2 [37]. Urban underground space use has become an essential part of the urban master plan in China. According to the urban subsurface development target of “The master plan of Guangzhou city (2011–2020)”, the city-wide area of developed underground space will reach 90 million square meters, of which 8 million square meters will be used as commercial space. This large-scale soil excavation will cause large disturbances to SOC storage, which should not be ignored in the environmental assessment of underground space exploitation. The objectives of this study were: (1) to estimate the SOC stocks of pavement, low-rise buildings and high-rise buildings based on their average soil extraction depth and the SOC density of pre-urbanization pervious surfaces; (2) to estimate the SOC storage in the 0–300 cm soil layer and then quantify the impacts of urban impervious surface expansion on the SOC stock at the residential and regional scale. To our knowledge, this is the first study in which the urban SOC and its response to the expansion of impervious surface in the 0–300 cm soil layer have been quantified. This research provides implications for policy making on how to reduce disturbances to the deep soil carbon pool during urban underground space development.




2. Materials and Methods


2.1. Study Area


Guangzhou city (112°57′~114°03′ E, 22°26′~23°56′ N) is located in the lower reaches of the Pearl River Delta near the South China Sea. This city is the economic and transportation center of South China, with a built-up area of 1263.34 km2 and a large population of 14.49 million in 2018 [37], making it a key area to study the effects of impervious surface expansion on soil carbon sequestration. Guangzhou city, which is dominated by lateritic red soil and paddy soil, has a subtropical monsoon climate with an average annual temperature of 21.4–22.6 °C and an average annual precipitation of 1600–2300 mm [37]. The northeastern part of this city is dominated by middle and low mountains, the central part contains a hilly basin and the southern part contains a coastal alluvial plain. We delineated the urban core area (735.66 km2) as our study area on Google Earth images (0.27 m resolution) using geographic information system software (ArcGIS version 10.4, ESRI) (Figure 1). This area is separated from the surrounding regions by rivers, woodlands, farmland and rural settlements.




2.2. Mapping Land Use/Cover in 2019


We first classified land use/cover into nine types: urban village plot, high-rise building plot (>28 m), farmland, conservatory, residual forest, tree orchard, water, greenspace with area larger than 1500 m2 and low-rise building (<28 m) plot. Then, using manual digitization techniques, we digitized the first eight land use/cover types from Google Earth images (0.27 m resolution) using the software of ArcGIS (version 10.4, ESRI). The area of the low-rise building plot was the total size of this study area minus the summed area of the other eight land cover types. Second, we grouped the above nine land use/cover types into six categories: greenspace, woodland, farmland, pavement (excavated soil thickness ≤ 20 cm, IS20), low-rise building (excavated soil thickness ≤ 100 cm, IS100) and high-rise building (excavated soil thickness ≥ 300 cm, IS300). According to codes for road and building foundation construction, consultation with engineers and our field investigation, we assigned the evacuation thickness of IS20, IS100 and IS300 as 0–20, 0–100 and 0–300 cm, respectively, and detailed information was presented in the Section 1 of the Supplementary Materials [30,38]. The area of green space was the difference between the total area of this study and the summed area of the other five land cover types. Tree orchard land was grouped with forestland. Conservatory land was classified as farmland. Buildings located in urban village plots and low-rise building plots were grouped as IS100. IS300 included buildings located in high-rise building plots and low-rise building plots or villas equipped with underground parking or other kinds of underground space development. To calculate the area covered by buildings, we multiplied the area of each type of building plot by its building density. The building densities of low-rise building plots, high–rise building plots and urban village plots were randomly sampled based on Google Earth images (0.27 m resolution) using the software of ArcGIS. To calculate the area of pavement, we first calculated the sum area of the impervious surface and bare soil and then subtracted the area of the buildings and conservatory areas (according to Google Earth images, most of the bare soil plots are land parcels under construction, and they were digitized as high-rise building plots; impervious surface interpreted from Landsat images included conservatories that were grouped with farmland). We used the method developed by Fan et al. [39] to estimate the area of imperious surface (Figure S1) and bare soil from Landsat8 OLI images (30 m resolution) at the subpixel scale. The detailed framework for the land use/cover type interpretation was presented in Figure S1 and Table S1. The accuracy assessment of impervious surface map and land use/cover data was presented in the Section 2 of the Supplementary Materials [39, 40, 41, 42].




2.3. Compiled SOC Densities for Pervious Surfaces


By assuming that the 100–200 cm soil layer had a constant SOC density, we calculated the SOC density of the 100–200 cm layer according to the difference in SOC density between the 0–180 cm and 0–100 cm soil layers. The SOC density of woodland was an area-weighted value of the SOC density in residual forest and tree orchard soil. The SOC density of the 0–20 cm, 0–100 cm and 0–180 cm soil layers in farmland, woodland, orchard and greenspace were derived from Zhu [39,40].



For the SOC density of the 200–300 cm layers in woodland and farmland soil, we used the globally averaged SOC density of 200–300 cm soil in tropical evergreen forest and farmland [33] as a proxy, respectively. Urban land in this study area was mainly converted from farmland; therefore, the SOC density for greenspace in the 200–300 cm layer was assigned the value of the corresponding layer in the farmland soil.




2.4. Estimates of SOC Density for Impervious Surfaces


Previous studies have suggested that there is no significant difference between SOC density at the equivalent depth and soil sampled under impervious surface and greenspace [21,23]. The pattern of vertical decline of the SOC density in impervious-covered soil is similar to the trend of rural soils, and the disturbance of pavement installation to the subsoil layers may not be serious; therefore, the vertical distribution of the SOC density before soil sealing is largely maintained [19]. Due to the inaccessibility of soil sampling beneath impervious surface, especially soil under buildings, we estimated the SOC density of sealed soil according to the SOC density of the residual soil layer of the land use/cover before urbanization and the average depth of soil excavation for an impervious surface installation. We hypothesize that: (1) the mineralization rate of residual original soil layers was zero and that all excavated soil was removed from this study area; (2) for regional SOC loss estimation, soil excavation for the construction of buildings and underground facilities was limited to the areas where the buildings would be located. The specific assignment method was as follows.



The average excavation depth was included in the profile of impervious-covered soil; however, its SOC density was assigned as 0 kg/m2. The SOC density of the soil layer beneath impervious surface was equal to the SOC density of the residual soil layer of the land use/cover before urbanization. The average soil excavation depths were 0–20 cm, 0–100 cm and 0–300 cm for IS20, IS100 and IS300, respectively. By subtracting the SOC0–20 density from the SOC0–100 density of the pre-urbanization land use/cover, we obtained the SOC0–100 density of IS20. By assuming that the SOC density between 100 cm and 200 cm soils was a constant value, we evaluated the SOC100–200 density for IS20 or IS100 according to the averaged SOC density of the 0–180 cm layer in the original land use/cover soil before urbanization. We assigned the SOC200–300 density of farmland soil from Jobbágy and Jackson [33] as the SOC200–300 density of IS20 and IS0–100.



Field investigations [19,21,23] and estimation based on the measured SOC density of interval soil layers [14,22] are the main methods by which to obtain the SOC density of deep soil under pavement. SOC density of building-capped soil was assigned as 0 kg/m2 [14,19] or the density of clean-fill soil [13,18]. For comparison with the other methods and their values (Tables S2 and S3 within which references [19,21,23,42,43,44,45,46] were cited). we sampled soil (0–20 cm) beneath impervious surface from 11 new road reconstruction projects and clean-fill soil (a kind of backfill soil excavated from natural sedimentary soil layer, and into which organic waste, stone or white lime should not be mixed) from three road greening projects. We also collected SOC content data from granitic residual soil and oceanic-continental sedimentary clay soil (the widely distributed parent material in Guangzhou), as well as SOC content data from the bottom soil layers of paddy soil and lateritic red soil (the widely distributed soils in Guangzhou). Based on these literature-derived SOC data and the code of soil compaction used for road construction (to evaluate the bulk density of soil under impervious surface), we calculated the SOC density of the deep-soil layer beneath buildings and pavement (Tables S2 and S3). Methods of soil sample and SOC density calculation for the sealed soil and clean-fill soil were present in the Section 3 of the Supplementary Materials [38,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61]. The SOC density estimated according to the SOC density of the remaining soil layer in the original pervious soil profile was used to assess the total SOC pool and its loss due to the expansion of impervious surface, while the SOC densities calculated by the other methods were mainly used for comparison.




2.5. Estimate of SOC Storage Loss Caused by Impervious Surface Expansion


Topsoil removal largely contributed to the depletion in SOC content under impervious surface [21,23,29]. We used the SOC storage in the removal soil layer as a representation of the carbon loss caused by impervious surface expansion since it is almost impossible to survey soil beneath buildings. SOC0–300 density changes and the total SOC0–300 pool loss were estimated to reveal the impact of impervious surface expansion at the residential and regional scale, respectively. For farmland urbanization, the loss of SOC0–300 storage at the residential scale was estimated by the area-weighted average SOC0–300 loss in pavement, building and greenspace. For impervious surface and green space, we assumed that the SOC density loss for each impervious surface was the difference between the SOC density of the original pervious surface before urbanization and the estimated SOC density of each surface type. It is very difficult to conduct a spatially explicit study on the conversion between each impervious surface and original pervious surfaces; therefore, we took the average SOC0–300 density of woodland (including tree orchard) and farmland as a proxy for the SOC density of original pervious surfaces (farmland, tree orchard and woodland were the main land use/cover types before urbanization in this region, and the differences in SOC0–180 density between these land covers were small [40]). For urban renewal plots, the loss of SOC storage was the difference of SOC0–300 density before and after urban renewal. The detailed method of this section is present in the Table S5 [62,63,64].



The rapid urbanization of Guangzhou city began around 1990; however, the earliest fine resolution images that we could get were from 2000. Therefore, we did not consider the specific time period of impervious surface expansion, but rather assessed the total SOC loss according to the current distributions and areas of these impervious surface types. To estimate the SOC pool loss caused by the expansion of each impervious surface, we multiplied the area of each impervious surface by its loss of SOC0–300 density. Summing the SOC pool losses caused by each impervious surface, we obtained the total SOC pool loss due to the expansion of impervious surface to date. A summary of the method and characteristics of the study area are shown in Figure 2.





3. Results


3.1. Area Estimation by Land Cover in 2019


IS20 had the largest area (35.54%), followed by IS100 (32.88%), greenspace (9.13%), woodland (8.02%), IS300 (4.96%) and farmland (3.39%) (Figure 1). The areas of urban village plots, low-rise building plots and high-rise building plots were 89.53, 364.97 and 121.41 km2, respectively (Table S1). Large areas of urban roads were subsumed in the low-rise building plots. However, these roads were not considered in the building density sample, which may result in an overestimation of 16% of the low-rise building’s area (Section 2 of the Supplementary Materials). We used the root mean square error (RMSE) to assess the accuracy of the impervious surface map, and the RMSE citywide was 0.20 (Section 2, Figure S1). The total area of IS20, IS100 and IS300 (539.87 km2) was much higher than the impervious surface area interpreted from Landsat 8 OLI images (Figures S1 and S2), because the bare soil areas were regarded as high-rise building plots under construction.




3.2. SOC Stock and Its Profile Distribution by Land Cover


When the thickness of the excavated soil layer was included in the profile of impervious-covered soil, the SOC density at the 0–300 cm layer of farmland, woodland, greenspace, IS20, IS100 and IS300 was 19.04 kg/m2, 17.32 kg/m2, 17.15 kg/m2, 4.04 kg/m2, 8.22 kg/m2 and 0 kg/m2, respectively (Table 1). Relative to the top 100 cm, the percentage of SOC density in the 0–20 cm layer was 26%, 28% and 26% for farmland, woodland and greenspace, respectively; the proportion of SOC density in the 100–200 cm layer was 0.73%, 0.67%, and 0.75%, respectively (Figure 3). The SOC0–100 density and SOC100–200 density for IS20 accounted for 41% and 39% of SOC0–300 density, respectively. The SOC density of IS100 in the 100–200 cm layer was 67% of that in the 0–300 cm layer (Table 1).



The total SOC pool of 300 cm was 8.31 Tg (the thickness of the excavated soil layer was included in the profile of impervious-covered soil), and the largest pool by land cover was IS20 (3.67 Tg), followed by IS100 (1.99 Tg), greenspace (1.15 Tg), woodland (1.02 Tg), farmland (0.48 Tg) and IS300 (0 Tg) (Figure 4). By soil horizon, the contributions of the 0–20 cm, 20–100 cm, 100–200 cm and 200–300 cm layers to the total SOC pool were 4%, 30%, 44% and 22%, respectively (Figure 4, Table S4). Pervious surface carbon pools contributed 32% of the total SOC pool, of which 48% was stored in the 0–100 cm soil layer; impervious surface carbon pools contributed 69% of the total SOC pool, of which 49% was stored in the 100–200 cm layer (Table S4).




3.3. SOC Loss Caused by Soil Removal for the Installation of Impervious Surface


All residential districts converted from farmland had high SOC0–300 loss (6.16–14.18 kg/m2), particularly the high-rise building plots for which underground parking lots covered the whole residential land (14.18 kg/m2) (Figure 5, Table S5). The SOC0–300 losses of renovating urban village into high-rise building plot were lower than that of renovating low-rise building plot. If underground parking lot covers 30% of the residential area, urban village renovation may even slightly increase SOC storage (0.85 kg/m2) (Figure 5, Table S5).



The total SOC loss caused by the expansion of impervious surface (539.87 km2) was 4.16 Tg (0–300 cm), of which the IS100, IS20 and IS300 contributed 58%, 26% and 16%, respectively (Table 2). The SOC density loss by impervious surface type was 18.18 kg/m2, 9.96 kg/m2 and 4.14 kg/m2 for IS300, IS100 and IS20, respectively (Table 2).





4. Discussion


4.1. Comparison Analysis of SOC Density for Pervious Surfaces


Our results showed that the SOC0–20 density and SOC0–100 density in farmland were much lower than the global mean values of the corresponding soil layers [33]. The average proportion of SOC0–20 density to SOC0–100 density in farmland was 26% (Figure 3), which was close to the sampled value of 29% in the Ten-Thousand-Mu Orchard in the Haizhu District of Guangzhou city [65], but slightly lower than the citywide average value of paddy soils (33%) in Guangzhou [66]. All of the above-mentioned ratios in the farmland of Guangzhou were much lower than the global mean value of 40% [33], and farmland management practices may be the main reason for this difference. Compared with the utilization of chemical fertilizer, less organic fertilizer was applied in the farmland of Guangzhou, which was disadvantageous to the SOC accumulation, especially in the topsoil. Sulman et al. [67] reported that tilled soil had low organic carbon concentrations in the top mineral soil. In Guangzhou city, farmers rarely let their land lie fallow, instead tilling their farmland more frequently because of the farming system of the rice-rice-vegetable rotation or the rotation of various vegetables. Farmers plow paddy fields into deep furrows (to a depth of 20–30 cm covered with water) and then heap up soil into rows of broad ridges to grow vegetables on them. Therefore, soils layers deeper than 20 cm are often flooded, which is beneficial to the accumulation of organic carbon in the deep soil. The SOC0–200 density in farmland (Table 1) was slightly higher than the global averaged value of 15.0 kg/m2 [33]. This may contribute to landform and soil parent material in this region. Buried soil layers in the alluvial plain of a river can increase the organic carbon storage of the deep soil layer [68,69]. Our study area is located in the lower reaches of the Pearl River Delta and near the South China Sea. Organic-rich, oceanic-continental sedimentary clay soils are widely distributed in this area. Furthermore, large areas of this clay soil are buried no deeper than 300 cm [70], and its average organic carbon concentration is as high as 2% [46].



The average SOC0–100 density of woodland was only 43% of the global average value [33]; the low stand age and anthropogenic disturbance may be the main reasons for these lower carbon stocks. Guo and Gifford [71] noted that the conversion of natural forests into plantations reduced soil carbon storage. Many forests in the study area are secondary forests or young forests planted in the middle of the 1980s. The average SOC density of the young, middle-aged and mature forests in the Pearl River Delta (where Guangzhou city is located) was only 6.67 kg/m2, 8.41 kg/m2 and 10.26 kg/m2, respectively [72], all of which are much lower than the values reported by Jobbágy and Jackson [33]. The SOC100–200 density in woodland (Table 1) was comparable to the average value in tropical evergreen forest soil [33], which may be due to the deeply buried organic-rich clay soil under the orchard land (tree orchards were grouped with woodland).



We assigned the SOC200–300 density of farmland reported by Jobbágy and Jackson [33] as a proxy to the SOC200–300 density of farmland soil in our study area. Turnover profiles, which were removed from the dataset of Jobbágy and Jackson, were widely distributed in our study area because of the organic-rich sedimentary clay soil that developed in the deep layer of paddy soil [43]; therefore, this proxy maybe an underestimated value.



The proportion of SOC0–20 density to SOC0–100 density in greenspace (Figure 3) was equivalent to the value of 0.25 in a greenspace in the Ten-Thousand-Mu Orchard in the Haizhu District of Guangzhou city [65]. Many topsoil layers in the greenspace originated from clean fill soil, plus the younger age of the vegetation and the carbon storage in the upper 20 cm soil was low. The proportion of SOC100–200 density to SOC0–100 density in the greenspace was as high as 0.75, which was slightly higher than the proportion in the woodland. Most of the greenspaces were converted from farmland. Perhaps because the high carbon pool of 100–200 cm in farmland had not been greatly disturbed during the conversion, the greenspace soil inherited the high carbon density at a depth of 100–200 cm (Table 1 and Figure 3). In addition, areas with thick organic-rich clay soil are usually developed as greenspaces rather than buildings because of their low bearing capacity.




4.2. Comparison Analysis of SOC Density of Impervious-Covered Soil


For soils under pavement, the SOC0–100 density estimated from the residual original pervious surface was similar to the value calculated by the measured SOC density of 0–20 cm soil beneath pavement (Table S2 and Section 3). Our estimated SOC0–100 density in soils sealed by pavement was comparable to that in Urumqi, China [19] and in New York City, USA as reported by Raciti et al. [14]; however, it was much lower than that in Leicester, UK [23] and in New York City, USA as reported by Cambou et al. [21] (Table S2). Clay content and climatic differences may account for the carbon density differences among cities [23]. For clean-fill soil or constructional layers (mainly carbon-free materials) under pavement, SOC0–100 density estimation based on the SOC density of residual pervious surface may lead to a large overestimation. For instance, the SOC density estimated based on the measured organic carbon content in clean-fill soil (100 cm thick) in this study was 3.94 kg/m2 for artificially tampered soil and 3.30 kg/m2 for untampered soil (Table S2 and Section 3), which was similar to the estimation by Pouyat et al. in USA [18]. The sampled SOC density of filled soil under pavement of the Seoul residential area in South Korea was as low as 2.7 kg/m2 [42], and the sampled value for constructional layers (mainly gravel, crushed rock and sand) below the road surface in Lahti, Finland, was as low as 1.20 kg/m2 [22].



For the SOC density of the 0–100 cm soil layer under buildings, Pouyat et al. [18] took the estimated SOC density of clean fill soil as a proxy, which was equivalent to the value calculated in this study (Table S2). If we are using the SOC density of the residual original soil layer before urbanization as a proxy, assuming that the decomposition rate of the residual soil was zero, the estimated values of 5.52 kg/m2 (an estimation based on the SOC density of the residual original soil layer) and 5.43 kg/m2 (an estimation based on the averaged SOC content of the bottom soil in original pervious soil layer) were both higher than the SOC density of the clean fill soil (Table S2 and Section 3). Fill soil mainly comes from excavated deep soil, which has low organic matter content; therefore, the SOC density of clean fill soil may be used as an underestimated proxy for the 0–100 cm soil under IS100, especially for buildings without a clean fill soil layer.



For the SOC200–300 density of pavement and IS100 covered soil, we took the SOC200–300 density (Table 1) in farmland as a proxy, which was close to the estimated SOC density of the granitic residual soil (100 cm thickness) (Table S2). The proxy coincided with the measured SOC density of the 0–100 cm fill soil under impervious surface in a Seoul residential area in South Korea [42] (Table S2). Weathered granitic residual soils excavated during the construction of building foundations is commonly used as a kind of high-quality fill soil. This coincidence may support the rationality of the above-mentioned proxy, since most fill soil came from excavated deep soil layers. However, if the organic-rich, oceanic-continental sedimentary clay soil (Table S2) developed beneath pavement and IS100, this proxy may underestimate the SOC200–300 density of pavement and IS100 covered soil.



Topsoil removal, decomposition and leaching of the residual soil layers beneath impervious surface may attribute to the carbon loss from sealed soil [14]. A controlled field study reported that the removal of 0–10 cm soil contributed 57% to the total carbon loss (0–30 cm) [29]. We assumed that the SOC mineralization of the residual soil was zero, which would underestimate the carbon loss. However, SOC decomposition in impervious-covered areas will be slowed because of anoxic conditions [20,29]. The SOC turnover rate varies with the type, degree and extent of sealing [20,23,29]. Evidence has shown that the SOC density decreases from the edge to center in imperviously covered areas [19]. For small patches of impervious surface surrounded by greenspace, soil could still be colonized by vegetation roots and retain the organic carbon turnover rate to some extent, while organic carbon could be more stable in areas with impervious surface largely distributed [20,23]. Large areas of impervious surface continuously distributed in the study area, and the soil was excavated deeper than the organic-rich topsoil for the construction of building foundations. Therefore, the carbon mineralization in residual soil may contribute less to the carbon loss. Thus, the underestimation of carbon loss due to the above-mentioned assumption may be small.




4.3. Impacts of Impervious Surface Expansion on SOC Storage


Our result showed that there was a large amount of organic carbon in impervious-covered areas. SOC stored in sealed soil in the 0–300 cm layer and 100–300 cm layer in our study area was equivalent to 9% and 6% of the 0–100 cm SOC pool in Guangzhou city [66], respectively. If SOC density in building-covered soil were assigned 0 kg/m2 (Table S6, scenario 3), the total SOC pool in the 0–300 cm soil layer would decrease 34% (Table S6, scenario 1) or 42% (Table S6, scenario 2), and the loss of the SOC pool due to impervious surface expansion would increase by 48% or 82%, respectively (Table S6). Therefore, ignoring the SOC pool under IS100 will greatly underestimate the urban carbon pool and then greatly overestimate the negative impact of impervious surface expansion on urban soil storage.



At the residential scale, carbon loss per unit area varied with the coverage of greenspace and pavement, building density and development intensity of underground space. Foundation-excavation-induced SOC loss of IS300 was 1.8 times that of IS100 (Table 2); however, at the residential scale, if the intensity of underground space development is limited within a reasonable range, the SOC loss of IS300 plots can by roughly equivalent to that of IS100 plots (Figure 5, Table S5). Underground parking lots in many high-rise residential districts had extended to the underground spaces covered by greenspace and pavement. According to the urban construction code of the Planting Soil for Greening (CJ/T 340-2011) [64], the thickness of an effective soil layer for tree planting should not be less than 100 cm. Appropriately raising this thickness criterion may increase SOC stock in greenspace. Compared with farmland urbanization, renovating urban village or low-rise building plots into high-rise building plots has potential to substantially reduce SOC loss (Figure 5, Table S5). Adding the increment of vegetation carbon due to the increased greenspace coverage, urban renewal will be more profitable to urban carbon management. Analysis of the total organic carbon loss per unit area in vegetation and soil at the residential scale can further our understanding.



In areas with deep soil layers and intensive utilization of underground space, studies at conventional depths of 0–20 cm or 0–100 cm cannot fully reveal the negative impact of the vertical expansion of impervious surface on SOC storage. The SOC pool estimated in the 0–100 cm soil layer was 73% (scenario 1) or 54% (scenario 2) lower than that in the 0–300 cm soil layer, and the SOC loss of the 0–100 cm layer was 23% (scenario 1) or 47% (scenario 2) lower than that in the 0–300 cm soil layer (Table S6). We used SOC storage in the excavated soil layer as a representation of carbon loss caused by the expansion of impervious surface. However, these removed SOC cannot simply be considered as a carbon source because they were not necessarily mineralized rapidly [29].



The difficulty of sealed soil sampling, the higher heterogeneity and the lack of standardized methods for urban soil sampling are the main barriers to a robust estimation of the urban soil pool and its response to urbanization [21]. If the thickness of the excavated soil layer is included in the soil profile of the building-covered soil (0 kg/m2 is assigned as the SOC density of the excavated soil layer), and the SOC density of the residual pervious soil layer is taken as a proxy for soil under buildings, the great difficulty of deep soil sampling conducted beneath buildings could be avoided. Indeed, soil surveys are the basic method to accurately assess the urban soil carbon pool; however, the method presented here may be used as a last resort.




4.4. Uncertainties of SOC Pool Evaluation


Buried cultural layers may greatly contribute to the urban deep soil carbon pool [42,73]. We neglected carbon pools stored in the buried A horizon and buried sediment from ponds, which underestimated the regional carbon pool. The possibility of buried A horizons in greenspaces and paved ground is relatively high. If there are buried A horizons under all the greenspaces and pavement in the study area, and by assigning the SOC density of the 0–20 cm layer in farmland (the main land use before urbanization) as a proxy for these horizons, then the total SOC pool of these buried layers is 0.82 Tg. Rapid urbanization in Guangzhou city began in the 1990s. From 1990 to 2018, a total of 7.74 km2 of water area (mainly fish ponds and streams) was converted into construction land, according to the dataset provided by the Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences [74]. The SOC density of this sludge in the 0–100 cm layer can reach 19.64 kg/m2 [65]. If we assume that all these converted water areas contain a buried sludge layer (100 cm depth with a SOC density of 19.64 kg/m2), then the SOC pool of this buried sediment is 0.15 Tg. Taken together, the underestimation of SOC stored in buried soil layers may not be larger than 12% of the total carbon pool.



We ignored the SOC losses in deep soil under pavement and greenspace. If we assume that all of the 100–300 cm soil layers under greenspaces and pavement in high-rise building plots have also been removed during the construction of underground parking lots, then the SOC pool loss of IS300 will increase by 0.75 Tg (the SOC density of greenspace and pavement at the 0–100 cm layer is derived from Table 1), which is 9% and 18% of the total SOC pool and SOC pool loss, respectively. In addition, a small number of low-rise building plots also have small underground parking lots. The construction of subways and underground shopping malls also results in a larger amount of soil excavation. However, carbon loss due to these kinds of underground space developments is difficult to estimate due to the inaccessibility of data on the volume of the soil cuts and fills.





5. Conclusions


We estimated the total SOC pool and its response to impervious surface expansion in the 0–300 cm layer in the core area of Guangzhou city. Our results suggest that there was a large amount of SOC in low-rise building- and pavement-covered soils. Deep soil excavation during the vertical expansion of impervious surface can seriously disturb soil carbon sequestration, and the conventional 0–100 cm soil profile cannot fully reveal the negative effect of this vertical expansion on the regional soil carbon storage. For high-rise residential areas, the gains of organic carbon accumulation in more greenspace coverage may be offset by the loss in deep soil excavation for the construction of underground parking lots. However, compared with farmland urbanization, renovating urban village or low-greenspace-coverage low-rise building plots into high-rise building plots can generate lower SOC0–300 loss. Large areas of deep soil excavation and sealing could greatly disturb the capacity of soil to provide supporting, provisioning, regulatory and cultural services. Possible disposals of these excavated soils include discarding, dumping into designated landfill sites and using as backfill soil to foundation ditch, greenspace, ponds, etc. For regional sustainable development, it is necessary for policy-makers to manage the intensity of underground space development and to promote urban greening. It is also very necessary to investigate the disposal method of excavated soil and its corresponding effects on SOC so as to find the proper solution to meet both the requirements of urban construction and soil protection.



There are some uncertainties in SOC estimations because they are based on data compiled from the literature and a series of assumptions. For the inaccessibility of fine resolution images circa 1990 and the impossibility of deep soil sampling in impervious surface area, we used the statistical summary method to evaluate the possible excavation-induced SOC losses caused by existing impervious surface. Soil profiles formed during the construction of building foundation or underground parking lots can be used to investigate the SOC content in deep soil. Models driven by space-time explicit land cover map (fine resolution) and other natural or human-mediated covariates (such as sediment characteristics, disposal method of excavated soil and its corresponding SOC mineralization characteristics, evacuation thickness, etc.) can provide more useful information for urban construction and soil protection at site at the regional scale.
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Figure 1. Location of Guangzhou city and its land use/cover in the urban core area in 2019. 
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Figure 2. The summary of the methodology and land use/cover characteristics of the study area. Numbers in the round brackets represent the coverage proportion of green space, building and pavement in each typical residential land parcel. The GS, PA, FS, UPL, BF and RS represent green space, pavement, fill soils, underground parking lots, building foundations and residual soils, respectively. IS20, IS100 and IS300 represent pavement with a soil evacuation thickness of around 20 cm, buildings with soil evacuation thickness ≤ 100 cm and buildings with evacuation thickness ≥ 300 cm, respectively. (1) and (2) represent renovating urban village plots into high-rise building plots Ι and Π, respectively; (3) and (4) represent renovating low-rise building plots into high-rise building plots Ι and Π, respectively. Areas of high-rise building land parcels, low-rise building land parcels and urban village plots in 2019 were 121.41, 364.97 and 89.53 km2, respectively, and IS20, IS100 and IS300 totally covered 73% of the study area (Table S1). 
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Figure 3. Proportional distributions of SOC density by land cover. 
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Figure 4. Profile distributions of SOC pools by land cover. 
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Figure 5. SOC storage (black columns) and SOC loss of farmland urbanization and urban renovation (white columns) at the residential scale; Ⅰ and Ⅱ represent the coverage fraction of underground parking lots (30% and 100%, respectively). The detailed estimation method is presented in Table S5. 
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Table 1. Soil organic carbon density by land cover.
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Land Use/Cover

	
Area

(km2)

	
SOC Density (kg/m2)




	
0–20 cm

	
20–100 cm

	
100–200 cm

	
200–300 cm

	
0–300 cm






	
Farmland

	
24.97

	
2.49

	
6.97

	
6.88

	
2.70

	
19.04




	
Woodland

	
59.02

	
2.22

	
5.82

	
5.38

	
3.90

	
17.32




	
Greenspace

	
67.16

	
2.13

	
6.14

	
6.18

	
2.70

	
17.15




	
IS20

	
261.46

	
0

	
5.82

	
5.52

	
2.70

	
14.04




	
IS100

	
241.90

	
0

	
0

	
5.52

	
2.70

	
8.22




	
IS300

	
36.51

	
0

	
0

	
0.00

	
0.00

	
0.00
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Table 2. The SOC loss at a depth of 0–300 cm caused by the expansion of impervious surface.
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	Impervious Surface Type
	SOC Density Loss

kg/m2
	SOC Pool Loss

Tg
	Fraction of SOC Pool Loss

%
	Impervious Surface Coverage

%





	IS300
	18.18
	0.66
	16
	5



	IS100
	9.96
	2.41
	58
	33



	IS20
	4.14
	1.08
	26
	35



	Total
	7.67 *
	4.16
	100
	73







Note: * The area-weighted loss of SOC density due to the construction of the IS20, IS100 and IS300.
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