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Abstract

:

Permeable surfaces are increasingly rare in urban centers, but they have the utmost importance for stormwater infiltration. In this context, green spaces are key to reducing problems caused by runoff. This work aimed to evaluate the physical characteristics of the soil used for agroecological gardening, in comparison with parks, wasteland, and riparian forest in Sorocaba, São Paulo, Brazil. During the one-year data collection, urban gardens were superior to other areas in hydraulic conductivity (35.8 mm h−1), humidity (25.8%), and soil penetration resistance (1.21 MPa). On the other hand, the riparian forest showed signs of soil degradation, with low water infiltration rates (121.9 mm h−1) and humidity (14.4%). These findings highlight the importance of better soil management solutions to avoid compaction, such as the protection and conservation of riparian forests. Furthermore, the encouragement of urban gardens and parks with multiple uses can be an option for the enhancement of stormwater management in cities, since this practice has the potential to improve the physical characteristics of urban soils and provide several ecosystem services.
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1. Introduction


Stormwater management in large centers has been traditionally based on gray infrastructures, with concrete sinks, runoff collection, transportation pipelines, and wastewater treatment facilities [1,2]. However, there are alternatives focused on water infiltration that can improve water management, such as blue-green infrastructure, urban green spaces, and urban river parks [3]. These spaces can reduce peaks and urban runoff volumes and prevent various social and environmental problems [4,5,6,7]. Moreover, they can generate ecosystem services such as thermal comfort, improved air quality, increased biodiversity, landscape connectivity, pollinator attraction, and population well-being [8,9,10,11,12,13].



Although the number of these techniques is gradually increasing worldwide, their large-scale application is still challenging [14,15], and there are still few cases of green infrastructure application and success in Brazilian cities [16]. Thus, an alternative is to assess how permeable urban areas that already exist in cities can contribute to water infiltration. Arboriculture deserves special consideration as rainwater control and there are several applications in urban cities, where trees are integrated in the urban landscape [17]. For example, the City of Mitcham, Australia, successfully retrofitted twelve permeable pavement sections and tree planting pits along verges in a residential street delivering ecosystem functions on urban landscape [18,19]. In addition to the provision of aesthetic, environmental, and economic functions, trees have been shown to enhance air pollution mitigation [20], increase stormwater attenuation and evaporation [17,21,22], reduce noise pollution [23], help to reduce the effects of the urban heat island [21,24], increase real estate value of buildings [25], provide energy saving function [26,27], and protect buildings [28]. Trees interact with the urban water cycle by intercepting incoming rainfall, removing soil water through transpiration, and increasing infiltration. They are also extremely important for water quality maintenance [29].



However, there are practices that urban populations have developed over the years that did not have the specific objective of water regulation but can assist in environmental recovery and conservation. For instance, urban gardening provides several positive impacts in addition to food production [30,31,32]. These spaces can generate all categories of ecosystem services: support, Regulation, provision, and cultural [33].



Provision of water regulation service is an example, since gardens are permeable areas that can contribute to the stormwater management [34]. However, to understand the extent of these benefits, it is also necessary to understand the soil–water relationship in other urban permeable areas. The reaction of a permeable soil in the face of a rain event can be investigated through some physical characteristics, such as soil density, soil moisture content, and evapotranspiration. Soil density depends on its structure and reflects the arrangement of its particles, which defines the characteristics of the porous system [35]. Soil moisture indicates the fraction of porous space occupied by water [36], and its determination is important for the viability of plant growth [37], evapotranspiration [38], and for risk assessment of runoff and soil erosion [39].



Hydraulic conductivity is the soil’s ability to conduct water from the upper to the deepest layers; it is often higher in the first layers and decreases with increasing depth [35]. In saturated soils, all pores are full and conductive, so their values are maximum. However, under natural conditions with unsaturated soils, some pores are filled with air and the conductive portion of the transverse soil area decreases proportionally [36,40]. Causally related to conductivity is the water infiltration velocity, which represents the maximum flow rate per unit area and per unit of time capable of crossing the soil surface [41]. This parameter reflects the ability of soil to absorb water from rain or irrigation [42] and is also related to runoff and erosion processes [43].



Anthropogenic impacts on the environment can influence the characteristics of soils. Some of the main examples are studies projecting the increase in erosion globally because of climate change [44,45]. In addition, the use of chemical fertilizers can affect the biological activity in the soil. On the other hand, sustainable management can interact positively with the physical characteristics of the soil and with its enzymatic activities, and mitigate the environmental impacts [46]. In this context, this study aimed to evaluate the soil characteristics of urban gardens and understand how these spaces can contribute to water regulation in cities. Furthermore, parks, wastelands, and a riparian forest (reference area) were adopted as other permeable urban areas for comparison. The results were obtained from one-year monitoring of the soil density, humidity, hydraulic conductivity, infiltration velocity, and soil penetration resistance of urban permeable soils with different uses in Sorocaba, São Paulo, Brazil.




2. Materials and Methods


2.1. Study Area


Data was collected from the urban area of Sorocaba, São Paulo, Brazil. The city is in the southeast of the state, 92 km away from the capital São Paulo, on the border of peripheral São Paulo depression [47]. According to the Koeppen classification, the climate is Cwa (tropical altitude), defined by rainy periods in summer and winter droughts, with average minimums of 12 °C and maximums of 30 °C, and average annual temperature 22.1 °C. The regular annual rainfall is around 1311 mm, and the median altitude is 580 m [48].



Sorocaba has an area of 449 km2, with a population of approximately 660,000 inhabitants, 99% of them living in urban areas [49]. The predominant biome in the region is the Atlantic Forest, with plant formations of Seasonal Semideciduous Forest and Dense Ombrophilous Forest. In addition, some regions have an ecotone area between Atlantic Forest and Cerrado, with the presence of phytophysiognomies: Cerrado, Cerrado fields, and Floodplain forests [50]. The pedological unit is characterized by Red Latosols and Red-Yellow Argisols [51].



For this study, seven permeable urban areas were selected: one riparian forest, two urban gardens, two parks, and two wastelands. (Figure 1 and Figure 2). One of the gardens (Garden 2) ended its activities in the third month of analysis and was replaced by another garden with similar characteristics. The garden was family-run, developed on a private plot of land that had been ceded for this activity, but was taken over for a building construction.



The watercourses in the Itanguá watershed were channeled with no riparian forest or with restricted access, limiting the fieldwork. Therefore, the chosen forest in the Lageado watershed had a large extension, which allowed measurements to be taken at different points in the region and different distances from the watercourse. To equal the difference in the number of collections, the analysis was performed by grouping the same land uses. Thus, only four treatments were considered at this stage: G (mean of G1 and G2); W (mean of W1 and W2); P (mean P1 and P1); and F.



The riparian forest is not adequate, according to the Brazilian Forest Code [52]. Some problems were identified: a residence near to the water body, chickens foraging, and frequently burning of garbage. The wastelands have some places covered with grasses and some areas with exposed soil. Illegal garbage disposal is frequent, and both wastelands are used as parking lots. The parks are mostly covered by grasses. The remaining area includes trees, exposed soil, and infrastructures such as pathways and playgrounds. All these areas have been in the same use and land cover for at least ten years, according to satellite images from Google Earth.



The gardens are mostly covered by edible herbaceous species (lettuce, cabbage, arugula, spinach, spices, and medicinal herbs) as well as some fruit trees. The urban garden practices began in 1997 in G1, and since 2016 in G2—previously wasteland. An important characteristic is that both gardens are organic and follow agroecological practices, such as green cover, compost, high diversity, and crop rotation.




2.2. Precipitation


During the period in which data collection was conducted, Sorocaba-São Paulo presented less than normal rainfall (Figure 3), especially in February. The months of November and August stand out for presenting larger volumes of rain than expected for the period. Although there were discrepancies, the characteristics of a tropical altitude climate were observed [53].




2.3. Soil Indicators


Monthly sample collections were performed in the selected areas, between October 2017 and September 2018, totaling 12 samples. For all indicators, three repetitions were conducted in each area, and the average was the final value. During this period, ffive soil indicators were analyzed: density (g cm−3), volumetric humidity (%), hydraulic conductivity (mm h−1), soil water infiltration rate (mm h−1), and Soil Penetration Resistance (MPa). The infiltration rate was determined with the aid of the Minidisk Decagon Infiltrometer, with a suction range adjusted to −2 cm s−1 for all areas and 30 s measurements until the results stabilized. As the infiltration velocity calculation depends on the soil type, a soil particle size analysis was performed using the pipette method.



Volumetric humidity and density were calculated using soil control rings with a capacity of 100 cm3. After field collection, the soil was weighed (wet weight) and placed to dry in the greenhouse at 105–110 °C for 24 h, according to Brazilian Agricultural Research Corporation recommendation [54]. After drying and cooling of the samples, they were weighed again (dry weight). For resistance to penetration, the equipment provided the values in MPa for each centimeter of the soil (0–60 cm), with maximum strength limit of 7 MPa.




2.4. Data Analysis


For the calculation of hydraulic conductivity, a spreadsheet provided by the manufacturer of the Infiltrometer–Minidisk was used, with the equations for predicting the hydraulic conductivity of unsaturated soils [55,56]. The soil texture influences the calculation; therefore, it was adjusted according to the classification: Garden 1, Wasteland 1, Garden 2 and Park 2—Sandy clay; Park 1 and Riparian Forest—Sandy clay loam; and Wasteland 2—Sandy loam. The volumetric humidity was calculated using the equation:


Ug = [(a − b)/v] × 100



(1)




where a is the wet sample mass (g); b is the dry sample mass (g); and v is the ring volume (cm3). Bulk density was calculated using the equation:


Ds = a/b



(2)




where a is the dry sample mass (g) and b is the ring volume (cm3). Water infiltration rate was calculated using the equation:


Vi = I/T



(3)




where I is the cumulative infiltration (mm) and T = time (h). All the formulas were presented by the Soil Analysis Methods Manual (Brazilian Agricultural Research Corporation, 2011)



Statistical analysis was conducted to compare the results found in the areas, using the Minitab 19 Statistical Software. Initially, a Shapiro–Wilk normality test was performed to compare the means. Statistical analysis was carried out to compare the results found in the areas through PAST 3.23 software. A Shapiro–Wilk normality test, analysis of variance (ANOVA), and Tukey Test were employed. Finally, to compare the adopted parameters, the Pearson Correlation Coefficient was used. The charts were generated by Microsoft Excel Microsoft Office 365 2020, and the map by QGIs 3.4.14.





3. Results


3.1. Bulk Density


Soil density (ρb) can be evaluated in different soil strata [57,58]. In this case, the first stratum (0–10 cm) was chosen. F (1.7 g cm−3) presented the lowest mean value, followed by G and P (1.8 g cm−3). W had the higher density, with 1.9 g cm−3. Considering that all areas have medium texture soil, the results presented higher values than expected in at least one month but there was no significant difference, even with different soil cover. Although unexpected, this result could also be found in other studies [59] (Figure 4).




3.2. Volumetric Humidity


When it comes to growing and maintaining vegetation in the urban environment, moisture is one of the determining factors. Both high humidity and water stress conditions can increase plant species mortality [60], and humidity values lower than 10% may influence the permanent wilting point [61]. The riparian forest had this critical measure in the dry season months: June (8.7%), July (2.4%), and August (8.6%) (Figure 5).



Statistically, G was superior and presented a high humidity rate. Forest (14.4%) and parks (17%) means, on the other hand, did not differ from wastelands (17%) on this parameter. In addition to presenting the highest mean (25.8%), G also had the highest moisture recorded for the evaluated period, in November (39.15%) and January (32.57%). Although irrigation may favor the water maintenance in agricultural areas, seasonal variation shows that the rainfall influenced this parameter.




3.3. Hydraulic Conductivity and Infiltration Velocity


The measurements were performed on unsaturated soil in situ [62]. Although the values found are below expectations in saturated soil experiments, G also had the highest conductivity (35.8 mm h−1) and was significantly higher than all other areas. The lowest average conductivity found was in W (15.7 mm h−1). (Figure 6).



Hydraulic conductivity is directly proportional to soil water infiltration velocity in saturated soils. Thus, a moderate positive correlation of these two was found for W, and a strong correlation for G, F, and P. Factors such as soil type and surface influence the water movement in the soil. For this reason, calculations consider the soil texture. Following the previous results, G, again, shows the highest infiltration rates, with an average of 193.4 mm h−1. The other areas have lower means: P = 132.8 mm h−1, F = 121.9 mm h−1, and W = 118.4 mm h−1 (Figure 7).




3.4. Soil Penetration Resistance


In SPR, three factors are fundamental for analysis: average force, peak force, and maximum depth reached. According to the ranges proposed by the manufacturer of the PenetroLOG, the tolerable level of strength is below 2 MPa, the intermediate level is between 2 and 3.5 MPa, and the critical level is above 3.5 MPa. The equipment cannot measure values above 7 MPa. For this reason, the absence of measures indicates that the device was unable to penetrate, showing high soil compaction at the site (Figure 8).





4. Discussion


Ideally, non-constructed areas can infiltrate water and contribute to groundwater recharge and reduce runoff [63]. This process should be even more representative in green spaces such as riparian forests and parks [64]. However, this study has shown that urban vegetated areas can be sealed, reducing their potential for providing ecosystem services to cities. Our results presented higher values of density than those observed in other studies [65,66,67,68,69]. Nevertheless, there are few studies of bulk density in urban areas, since forest or rural soils used for agriculture and pasture are more explored [70,71,72,73,74]. In general, medium-textured Brazilian soils may vary from 1.20 g cm−3 to 1.80 g cm−3 [51], so the means between 1.7 g cm−3 and 1.9 g cm−3 are within the expected.



Humidity has a positive relationship with the amount of organic matter [35], and the garden presented good values throughout the year. Even for urban and small-scale sites, the values are compatible with rural agriculture areas, indicating that areas are being effectively managed with litter addition [38,39,75,76]. Constant irrigation applied by farmers can contribute to this moisture and can also improve soil enzyme activity [77]. The favorable scenario is important for maintaining plant productivity, as soil physic-chemical conditioning is crucial to maintain plant water status [37].



Moreover, infiltration rates are dynamic in time and depend on antecedent soil moisture [78]. The gardens presented both highest humidity and water infiltration. In a superficial layer, the increase in the organic matter content also is responsible for reducing SPR [79], and the longevity of the organic compound’s benefits can last for five years [80]. In urban gardens, the SPR means in the first layer of the soil can have a mean of 0.28 MPa [34]. This value is close to what we found (0.35 MPa). Additionally, if compared to agroforestry systems, the gardens in this study demonstrated good rates of SPR. Systems intercropped with cocoa can reach averages of 3.86 MPa, with rubber 1.73 MPa, cupuaçu 2.19 MPa, and peach 2.84 MPa in the first 10 cm of the soil [81].



Due to the litter natural deposition, areas with trees were expected to have good moisture values [82,83]. However, the critical moisture of the riparian forest in some months indicates an issue related to this soil property. In addition, SPR values high and uneven indicate that the soil is compacted. In Atlantic Forests, an average of 0.89 MPa can be found [84]. In Brazilian Cerrado, the mean of SPR in the first 10 cm was 0.42 Mpa in a 46-years restoration fragment, 0.22 Mpa in 11-years, and 0.24 Mpa in 8 years [85]. Considering both cases, values were lower than we found in the urban forest (1.2 Mpa).



Urbanization affects the quantity and quality of soil organic matter, and anthropic interventions may be an explanation for this result. Similar results obtained in urban forests indicate that these interventions affect soil physical and chemical parameters [86]. Due to the proximity to residences, the area is used for animal husbandry, garbage disposal, and criminal fire events. Rehabilitation of underground soil and application of proper techniques to minimize and mitigate external negative factors can also be key to the improvement [87,88,89].



Parks and wastelands are more difficult to evaluate because there are few studies directed to these soils. In a study of areas covered by vetiver grasses (maximum value of 2.0 Mpa), they obtained better results when compared to areas with exposed soil (maximum value of 2.5 Mpa) [90]. According to the authors, this favorable environment with higher humidity is created by plants in their rhizosphere. A similar conclusion was described in another study, where penetration was lower in soils with vegetation cover than in bare soils [91].



Thus, it was expected that the squares would present lower values of RMPS when compared to vacant lots, especially as they present larger areas covered by grass. However, the peak force of the park (2.5 Mpa) was higher than in the wasteland (2.1 Mpa). This result may indicate that different grass species may vary the contribution to soil physical features. In addition, the preparation of the ground for the establishment of a square must be considered, as well as paths that prevent the population from constantly walking in the grassy areas.




5. Conclusions


The positive performance of urban gardens in relation to water management can provide incentives for public policies to encourage initiatives by urban farmers, especially in spaces that do not bring benefits to society and the environment, such as wastelands. Parks also have the potential for diversified use, with the establishment of urban gardens and other green infrastructures in its perimeter. With few permeable spaces in large urban centers, the diversification and multiplication of ecosystem services provided by these spaces could serve to improve environmental quality in cities.



These observed characteristics are especially important in countries such as Brazil, where disorderly urban growth and real estate speculation have had several impacts on green spaces, as demonstrated by the garden that was closed during the study and the water supply issues observed. Hence, these findings are expected to guide environmental planning to include the preservation of urban riparian forests, the improvement of parks, the reframing of wastelands, and the adoption of urban gardens.



It is important to highlight that the replication of studies comparing soil physical characteristics may be important in other regions and socio-environmental contexts. Factors such as area history, management, and physical characteristics can influence the results, and future studies in different locations could contribute to further exploring how green areas contribute to urban water management.
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Figure 1. Study areas in the Itanguá and Lageado watersheds, Sorocaba, São Paulo, Brazil. 
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Figure 2. Study areas. (G1,G2) urban gardens; (W1,W2), Wastelands; (P1,P2), parks; and (F), riparian forest. Sorocaba, São Paulo, Brazil, 2019. 
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Figure 3. Precipitation (mm) from October 2017 to September 2018 and the climatological normal in Sorocaba, São Paulo, Brazil. Climatological normal corresponded as average values calculated over a relatively long and uniform period, comprising at least three consecutive decades (in this case, between 1961 and 1990). 
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Figure 4. Box plot diagram of bulk density rates (g cm−3). Different letters mean significant differences at p < 0.05 according to Tukey Test. G, urban gardens; W, wastelands; P, parks; and F, riparian forest. 
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Figure 5. Box plot diagram of volumetric humidity values (%). Different letters mean significant differences at p < 0.05 according to Tukey Test. G, urban gardens; W, wastelands; P, warks; and F, riparian forest. 
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Figure 6. Box plot diagram of hydraulic conductivity values (mm h−1). Different letters mean significant differences at p < 0.05 according to Tukey Test. G, urban gardens; W, wastelands; P, parks; and F, riparian forest. 
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Figure 7. Box plot diagram of infiltration rate values (mm h−1). Different letters mean significant differences at p < 0.05 according to Tukey Test. G, urban gardens; W, wastelands; P, parks; and F, riparian forest. 
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Figure 8. Soil penetration resistance (MPa) until 60 cm depth. G, urban gardens; W, wastelands; P, parks; and F, riparian forest. 
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