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Changes in soil moisture following the establishment of sponge cities play a key role in the regulation of the relationship between surface runoff and rain resources in arid and semi-arid regions of the Loess Plateau. Based on soil moisture and rainfall monitoring data obtained at the fine-scale (per 10-cm depth and hourly), temporal and spatial variation in soil moisture under different sponge measures and their responses to rain events were analyzed, in addition to water quality changes were investigated by water sampling. The results showed, from 2000 to 2018, the area of farmland greatly decreased from 56.88 to 5.02% in Guyuan, while the area of construction land increased from 29.24 to 45.96%. The area of changes in Guyuan accounted for 63.68% of the total area. Precipitation in July and August was large, and accounted for 19.11 and 23.24% of the multi-year average precipitation, respectively. The grasslands and sunken green spaces exhibited good water retention effects, with average soil moisture of 14.40 and 13.77% during the study period, and 18.48 and 15.52% during the rain event, respectively. During the rain event, the total nitrogen (TN), ammonia nitrogen (NH3-N), available phosphorus (AP), and total phosphorus (TP) can be effectively reduced by the sunken green spaces, with average concentrations of 0.79, 0.28, 0.03, and 0.05 mg/L, respectively. The development of sponge measures could improve the urban ecological environment and hydrological conditions in the Loess Plateau, and increase the potential utilization of urban rainwater resources.
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INTRODUCTION

With the implementation of the reform and opening up policy in China, remarkable social and economic developments have been observed, and urbanization rate increased from 17.55% in 1977 to 57.35% in 2016 (Chen, 2007; Liu and Luk, 2009; Wang et al., 2017a). Urbanization has altered urban hydrological conditions and floods in urban spaces have become widespread in China (Zheng et al., 2013; Hu et al., 2015, Lyu et al., 2017, 2018a,b; Hu et al., 2018). Heavy rains and floods hit about 200 cities annually in China (Yin et al., 2015; Sang and Yang, 2017; Lyu et al., 2018c). On July 21 2012, in Beijing, 79 people died following heavy rains (Yu and Liu, 2015). Wuhan in China often has substantial losses following inundation in the rainy season (Lyu et al., 2018a). Therefore, the construction of a sponge city was proposed in 2012, and the concept of low impact development was adhered to in the development of sponge cities in China (Xia et al., 2017; Yuan et al., 2017; Wang et al., 2017b). Regulating urban hydrological processes and increasing the storage capacity of urban rainwater are key goals in the development of sponge cities, and since 2015, a pilot sponge city is being constructed in China (Sang and Yang, 2017; Xia et al., 2017).

Sponge city measures include planting grasslands, establishing grass ditches and sunken green spaces, and other measures (Shafique and Kim, 2015). By adopting sponge measures, sources of flood runoff could be controlled, and the hydrological characteristic of the city surface was changed by regulating soil moisture using different sponge measures (Wang et al., 2009, 2017a). Water could also be accumulated and redistributed, which was as a way of regulating urban hydrological processes, to reduce floods and to improve urban water cycling. Therefore, it is critical to investigate the changes in soil hydrological characteristics that occur following the construction of sponge cities.

The water collected and stored in the soil is the result of the combined effects of precipitation infiltration, redistribution, evaporation, and water uptake by plant roots (Heathman et al., 2009; Chaney et al., 2015; Hou et al., 2015; Xu et al., 2017; Xiao et al., 2019). Soil water content influences penetration strongly, and the depth of penetrating decreases dramatically with increasing of water content (Njoku and Rague, 1996). At present, in order to explore the impact of low-impact development measures on hydrological process, numerous studies have been carried out to analyze the changing characteristics of soil moisture and to explore the impact of low-impact development strategies on water quality. Xu et al. (2016) have shown that soil depth influences the spatial and temporal distribution of soil water content significantly. Studies by Davis et al. (2009) have shown that bioretention measures such as rainwater gardens reduce runoff and flood peaks considerably, while storing rain. De Busk and Wynn (2011) observed that bioretention could reduce 97 to 99% of surface runoff, and Ahiablame and Shakya (2016) observed that different sponge measures reduced urban flooding significantly. In addition, Liu et al. (2016) and others have shown that the stable infiltration rate of a sunken greens spaces ranged between 0.5 and 2.3 mm/min. Furthermore, Wang et al. (2012) showed the runoff that can be accommodated by the water grass ditches is 2.16 times that of the hard road. The above studies have reported some effects of sponge measures on runoff and hydrological processes. However, only few studies have explored spatial and temporal variation of soil moisture and water quality under different sponge measures, particularly in the course of rain events. Therefore, it is necessary to study the hydrological characteristics of soil water and water quality under different sponge measures, and the responses during rain events.

As the largest and deepest loess deposit in the world, the Loess Plateau covers an area of 640,000 km2 (Fu et al., 2017). Most of the plateau is located in semi-arid zone with low precipitation. The Loess Plateau is an area associated with soil erosion and drought, and its ecological environment is very fragile. In recent years, urbanization activities in the Loess Plateau have increased, accompanied by the frequent extreme precipitation events. Due to the collapsible characteristics of the Loess Plateau, the damage caused by urban flood is more severe than in other areas. In April 2016, Guyuan city located in the western part of China’s Loess Plateau became the second pilot city among the 16 declared sponge cities in China. Assessing the impact of sponge city construction on soil moisture and water quality in cities in the Loess Plateau could reveal some rules that could facilitate the improvement of the ecological environment in the Loess Plateau.

Therefore, the present study analyzed the effects of sponge city measures in Guyuan city on the Loess Plateau, on soil moisture changes and water quality changes. The purpose of the present study is to: (1) analyze land-use change processes in the course of urbanization in Guyuan city; (2) quantitatively analyze the temporal and spatial changes of soil water content in the soil profile under different sponge measures and the response to rain events; and (3) evaluate impacts of different sponge measures during a rain event on water quality.



MATERIALS AND METHODS


Study Area

Guyuan city is located on the bank of Qingshui River to the north of Liupan Mountain on the Loess Plateau (Figure 1). The terrain is high in the south and low in the north. The coordinates are 36°00′N∼106°16′E and the altitude is 1753 m. It falls under the warm temperate semi-arid climate zone. It has drought and little precipitation, and the climate is a typical mid-temperate continental climate. The multi-year average temperature is 5°C and the multi-year average precipitation is 438.5 mm. The annual precipitation varied greatly among years, and mainly concentrated in June to September, accounting for 79.37% of the multi-year average precipitation. The rain events are short, water resources are scarce. The soil in the Loess Plateau is collapsible. The vegetation is dominated by Larix principis-rupprechtii and Hippophae salicifolia. The study site is located in the Rose Garden Community in the western part of Yuanzhou district of Guyuan city. The sponges in the study area are covered with water grass ditches, sunken green spaces, and grasslands.
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FIGURE 1. Location of the study area.




Rainfall and Soil Moisture Monitoring

Three soil moisture monitoring tubes (ET100-Pro, Insentek, Beijing, China) were installed in the middle of the three different sponge measures, including water grass ditches, grasslands, and sunken green spaces, to monitor changes in soil moisture content. Volumetric soil moisture was obtained at 10-cm intervals to a depth of 60 cm using each moisture monitoring tube from August 30, 2018, to August 29, 2019. The soil layer from the top to the bottom was divided into six layers at equal intervals, and soil moisture content at each layer was measured every hour.

Since the precipitation in Guyuan was concentrated in July and August, the present study monitored the rain events from 00:00 on July 16, 2019, to 24:00 on August 29, 2019. In addition, rain event was monitored from 10:00 on July 21, 2019, to 22:00 on July 21, 2019, and the rainfall data were recorded every 5 min. Rainfall data were obtained from the Guyuan weather station.



Water Quality Analysis

The total nitrogen (TN) content, ammonia nitrogen (NH3-N) content, nitrate-nitrogen (NN) content, total phosphorus (TP) content, and available phosphorus (AP) content of the water samples were determined using an automatic Kjeldahl apparatus (Kjeltec 8400, FOSS Analytical, Hillerød, Denmark).

Water samples were collected from the three sponge measures at 21 time points during a rain event from 10:00 on July 21, 2019, to 22:00 on July 21, 2019 (Figure 2). The time distribution of sampling points is relatively uniform, and changes in water quality during rain event can be captured. The first sample was obtained at 12:45 on July 21, 2019, and the last sample at 18:30 on July 21, 2019. During the sample collection, three replicates were collected for each sample, and water quality indicators such as TN, TP, NH3-H, NN, and AP were tested in each sample.
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FIGURE 2. Rain event process and water sampling time every 5 min on July 21, 2019.




RESULTS


Land-Use Change

In 2000, 2010, and 2018, there were mainly seven land-use in Guyuan city, including road, construction land, forestland, farmland, grassland, water system land, and unutilized land, as shown in Figures 3A–C. Construction land, farmland, and forestland were the main types of land-use in Guyuan in 2000, 2010, and 2018. The proportion of construction land in Guyuan increased from 29.24% in 2000 to 45.96% in 2018, increasing by 0.93% per year. The proportion of farmland decreased from 56.88% in 2000 to 5.02% in 2018, which was mainly observed in the central and northern parts of Guyuan city. Similarly, the area of water system land decreased slightly, and the areas of the other land-use exhibited increasing trends. The land use change area accounts for 63.68% of the total area, mainly in the central and northern regions from 2000 to 2018 (Figure 3D).
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FIGURE 3. Spatial distribution of land-use change in Guyuan City from 2000 to 2018.




Variation in Precipitation and Rainfall

The monthly changes in precipitation in Guyuan city from 1985 to 2015 were shown in Figure 4. From 1985 to 2015, maximum annual precipitation and minimum annual precipitation are 703.2 mm and 313.9 mm, respectively. And the average annual precipitation was 438.5 mm. The coefficient of variation of annual precipitation reaches 0.21, and the inter-annual variability of annual precipitation was weak. Rainfall is the main form of precipitation during the flood season from June to October. Maximum monthly rainfall and minimum monthly rainfall are 285 mm and 0 mm. And the proportion of rainfall in August and July of the total annual precipitation were the greatest, in the following proportion: 23.24 and 19.11%.
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FIGURE 4. Monthly precipitation changes in Guyuan City from 1985 to 2015.


The hourly rainfall from 00:00 on July 16, 2019, to August 29, 2019 in Guyuan was shown in Figure 5A. The total rainfall was 133.87 mm, accounting for 30.53% of the multi-year average precipitation. The rain event from 10:00 on July 21, 2019 to 22:00 on July 21, 2019 were shown in Figure 5B. The rain event began falling at 10:15 on July 21, 2019, and ended at 18:45. It lasted for 510 min and lasted nearly 9 h. The total rainfall was 13.63 mm and the average rain intensity was 0.03 mm/min.
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FIGURE 5. Hourly rainfall from 1:00 on July 16, 2019 to 24:00 on August 29, 2019 in Guyuan City (A); From 10:00 to 22:00 on July 21, 2019, every 5 min rainfall of the rain event in Guyuan City (B).




Temporal and Spatial Changes in Soil Moisture Under Different Sponge Measures

The changes in average soil moisture at different soil depths under three types of sponge measures, such as grasslands, sunken green spaces, and water grass ditches in Guyuan, as shown in Figure 6. During the monitoring period, the average soil moisture in water grass ditches varied with no clear pattern with an increase in soil depth, and the average value was stable at 4.80%. The average soil moisture in the grasslands and the sunken green spaces increased with an increase in soil depth, with average values of 14.40 and 13.77%, respectively.
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FIGURE 6. Vertical changes of average soil moisture content under different sponge measures.


The monthly average soil moisture under the three sponge measures over the 12-month monitoring period was shown in Figure 7. The average monthly soil moisture under the three sponge measures were 14.35, 4.78, and 13.74%, respectively. The monthly average soil moisture in the grasslands and sunken green spaces increased significantly from April to December. Compared with water grass ditches, average soil moisture in the grasslands and the sunken green spaces varied more greatly.
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FIGURE 7. Changes of average soil moisture content in different months under different sponge measures.


Figure 8 showed the variations in average soil moisture in grasslands, water grass ditches, and sunken green spaces on the process of the rain event. The average soil moisture under the three sponge measures exhibited increasing trends with an increase in rainfall duration. The rainfall peaked at the 7th hour, and the average soil moisture in the water grass ditches also increased significantly. However, the average soil moisture in the grassland and the sunken green space increased at the 8th hour, and the response to rainfall was delayed. When the rain event was end, the average soil moisture in the water grass ditches began to decrease, but the average soil moisture in the grassland and the sunken green space continued to increase. During the entire duration of rain event, the average soil water in the grassland, water grass ditches, and the sunken green space were 18.48, 11.43, and 15.52%, respectively.
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FIGURE 8. Changes of average soil moisture content under different sponge measures during the rain event.




Water Quality Change Under Different Sponge Measures

During the rain event, there were obvious differences in the five water quality indicators among the three sponge measures (Figure 9). The average TN concentration in the water was the highest under three sponge measures, such as grassland, water grass ditch and sunken green space, reaching 1.07, 0.93, and 0.79 mg/L, respectively. Except for TN, compared with other three water quality indicators, the average concentration of NH3-H was also higher. The average concentration of TN and NH3-H in the water under the grassland were the highest, compared with the water grass ditch and sunken green space. Among the five water quality indicators, the average concentration of NN in the water under grassland was the lowest, and the average concentration of NN in the water under the water grass ditch and sunken green space was much higher than that of grassland. However, the average concentration of AP in the water was the lowest under the water grass ditch and sunken green space, but the average concentration of AP in the water in the grassland was higher. Compared with water grass ditch and grassland, the average concentration of TN, NH3-H, AP, and TP in the water under the sunken green space was the lowest, with concentrations of 0.79, 0.28, 0.03, and 0.05 mg/L, respectively.
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FIGURE 9. Water quality changes under different sponge measures during the rain event.




DISCUSSION


Temporal and Spatial Differences in Soil Moisture Content Under Different Sponge Measures

Increasing use of impermeable land-uses, such as building land and rural roads, would affect the spatial and temporal changes of soil hydrological processes. The construction of sponge measures can regulate soil hydrological processes. There were differences in soil moisture under different sponge measures (Rosenbaum et al., 2012). Soil moisture was higher in the three sponge measures in summer and autumn compared to spring and winter (Figure 10), and this may be affected by rainfall, which was similar to the results of previous studies (Liu and Shao, 2014; Wang et al., 2015; Liao et al., 2017; Xu et al., 2017). The soil moisture content in the water grassland ditches in the four seasons was not high and fluctuated with an increase in soil depth. The cause of the phenomenon was probably due to the better drainage of the water grassland ditches. Soil moisture in the sunken green spaces and grassland increased with an increase in soil depth, which was more pronounced in fall, which may be mainly because time changes in soil moisture were affected by climatic factors (such as precipitation and temperature; Entin et al., 2000; Koster et al., 2004).
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FIGURE 10. Seasonal differences in soil moisture under different soil depths under different sponge measures.


At a depth of 10 cm, the soil moisture content under all the three sponge measures increased gradually with an increase in the duration of rain event (Figure 11A). Soil moisture was strongly affected by topographic factors (Lin et al., 2006). Root distribution had a strong influence on soil moisture of the top soil profile (Jia et al., 2017; Xu et al., 2017). When the rainfall peaked at the 7th hour, the soil moisture increased significantly under all the three sponge measures, and the changes in soil moisture in the grasslands were the most notable. This may be related to the vegetation cover of the grassland, because the grassland vegetation there was sparse and not high. At 30, 40, 50, and 60 cm soil depth, the soil moisture in the grasslands and sunken green spaces were very high, which may be because the deep soil moisture was relatively stable (He et al., 2012), which was also related to the magnitude of rain events, as shown in Figures 11C–F (Heisler-White et al., 2008).
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FIGURE 11. Soil moisture at different soil depths under different sponge measures during the rain event.




Potential Uses of Rain Resources Following the Construction of a Sponge City in Guyuan

One of the main purposes of sponge city development was to control water quality and water recycling, to increase the potential of rainwater resources, and to make better use of rain resources (Matteo et al., 2019; Nguyen et al., 2019). During the construction of the sponge city in Guyuan, the implementation of different sponge measures had affected urban water resources considerably, particularly with regard to soil moisture and water quality in time and space. The implementation of different sponge measures had also influenced the distribution of soil moisture in space and time. The water-holding capacity of the sunken green spaces and the grasslands was significantly higher than that of the water grass ditches. The grassland was very sensitive to rainfall. Similarly, water quality was affected variably. The sunken green spaces reduced the TP and AP in the water significantly, as shown in Figure 9. The changes observed after the implementation of the sponge measures imply that the rainwater resources had different potential uses. A portion of the recovered rain resources could be used to alleviate water shortages in cities and to improve urban ecology (Su et al., 2019). Figures 12A–C showed the changes in water quality before maximum rainfall intensity, at maximum rainfall intensity, and after maximum rainfall intensity. At different stages of the rainfall event, the sunken green spaces could always decrease the TP and AP concentrations. Therefore, water purification could be achieved by establishing sunken green spaces in the city. In addition, the establishment of grasslands and sunken green spaces may facilitate water conservation, surface runoff reduction, and flood risk mitigation in case of heavy rain (Mehrabadi et al., 2013; Mahmoud et al., 2014; Karim et al., 2015).


[image: image]

FIGURE 12. Water quality changes in three stages during rain events.




CONCLUSION

With the increase in urbanization in Guyuan, the permeable surfaces in the form of farmland had been decreasing, and the construction land had been increasing. Due to the unique climatic conditions of the Loess Plateau of China, the precipitation during the year was concentrated in July and August, and the soil moisture in the soil layer increased significantly during the July-August rainy season. Grasslands, water grass ditches, and sunken green spaces had been established during the development of the sponge city. When rain events occurred, the grasslands and the sunken green spaces could conserve water, simultaneously, the sunken green spaces could purify the water. The development of sponge cities in the Loess Plateau in China could increase the value of rainwater resources and their potential applications.
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