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Abstract

:

Exploring soil water dynamics under different land use types is important for water resource management and vegetation restoration in the Loess Plateau. In this study, we investigated the hydrogen and oxygen isotopic compositions of soil water from four different land use types to explore the mechanism of soil water movement and transformation and analyse the influence of land use. The results show that the range of stable isotopes (δD and δ18O) in soil water was smaller than that in precipitation. Values for δD and δ18O in soil water showed relatively similar temporal variation, heavy isotopes were enriched in the soil water in July and depleted in October. Stable isotope values in shallow (<100 cm depth) soil water and deep (>200 cm depth) soil water were low. The δD and δ18O values in woodlands decreased gradually with increasing depth. Across the four land use types, the maximum variation in δD and δ18O was in the shallow depth of the soil profile. Groundwater was recharged mainly from precipitation and then from soil water. The ratio of groundwater recharge by soil water under different land use types followed this rank order: woodland (35.70%) > grassland (31.14%) > shrubland (29.47%) > cropland (29.18%). Matrix flow and preferential flow coexisted during infiltration, and the occurrence of preferential flow was related to the land use type. The main reason for the variation in isotopic composition in soil water is the difference in soil evaporation, which is influenced by different vegetation cover. Owing to the difference in soil evaporation and fractionation, precipitation on cropland, shrubland, and grassland can recharge more soil water than on woodland.
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1. Introduction


Soil water is an important component of terrestrial water resources, particularly in arid and semi-arid regions [1]. Soil water originates only from precipitation in most loess hilly areas, where no irrigation is used. In addition, precipitation and soil water can recharge groundwater through matrix flow and preferential flow [2,3]. In loess hilly regions, precipitation and soil water are vital for agriculture and forestry [4]. Over the past 20 years, the vegetation types on the Loess Plateau of China have changed significantly, which affects the process of soil moisture variation [5,6,7]. Thus, understanding the mechanism of soil water movement has essential implications for the analysis of groundwater recharge, particularly in loess hilly regions where water resources are in short supply [8].



Stable isotope tracing is an effective method to study soil water movement [9,10,11,12]. Zimmermann et al. applied hydrogen and oxygen stable isotope technology to study the movement mechanism of soil water in an unsaturated layer. They reported the isotopic index profile distribution caused by soil evaporation [13]. Thereon, many indoor soil column experiments and field experiments have observed the phenomenon of δD and δ18O enrichment close to the soil surface and have provided theoretical explanations for it [14,15]. The distribution characteristics of stable isotopes in soil profiles are widely used to explore the groundwater recharge mechanism [16,17,18,19,20]. Stable isotopes have been widely employed to analyse the relationship between soil water and vegetation [21,22,23]. Using stable isotope data from soil and plant xylem samples from the Scottish Highlands, Geris et al. provided preliminary insights into the spatial pattern and temporal dynamics of soil–plant water interactions [24]. Gao et al. used stable isotopes to study soil moisture in active layers under different land cover types in the Qinghai–Tibet Plateau, indicating that preferential flow often occurs in the degraded alpine meadows, which provide deeper water supply to the groundwater [25]. Song et al. studied the water use patterns of non-native and native woody species in semi-arid sandy land in Northeast China by using stable isotopes, indicating that native woody species mainly used soil water, whereas non-native species depended on groundwater, particularly under low soil water content conditions [26]. Understanding the soil water movement process under different land use types is of great significance for water resource management and plant utilisation of water resources [27,28]. In research on soil moisture in the Loess Plateau of China, many studies have been conducted using stable isotopes in combination with ecological restoration [29,30,31]. These studies have laid a foundation for the study of soil water using hydrogen and oxygen stable isotope tracers in the Loess Plateau area, while the study of soil water dynamics and groundwater recharge under different land use types still needs to be further investigated.



In this study, we selected four typical land uses and determined their soil water content and stable isotopes in soil water, precipitation and groundwater, to explore the mechanism of soil water movement and analyse the influence of land use type on soil water dynamics.




2. Materials and Methods


2.1. Study Area


The study area is the mountain testing ground of the Ansai Agricultural Ecology Experimental Station (36°51‘30″ N, 109°19’23″ E) of the Chinese Academy of Sciences (Figure 1). It is located in Ansai County, Yanan City, Shaanxi Province, in the hinterland of the Loess Plateau. Its geomorphic type is a typical loess hilly region, and it is situated between 1068 m and 1309 m. The climate of the study area is semi-humid to semi-arid with dry windy springs, hot and rainy summers, and dry cold winters. The annual average temperature is 8.8 °C, and the frost-free period is approximately 143–174 days. The average annual precipitation in this area is 500 mm, which mainly occurs between July and September. The vegetation type of the study area belongs to the forest steppe area, with the transition from deciduous broad-leaved forest to steppe in the warm temperate zone, which is also a typical area with affected by soil and water loss due to human activities. The common types of land use are cropland, grassland, shrubland, and woodland. Woodland, shrubland, and grassland species are locust (Robinia pseudoacacia), sea buckthorn (Hippophae rhamnoides), and purple alfalfa (Medicago sativa), while the crops are mainly millet (Setaria italica) and corn (Zea mays). The soil type is the interlaced area of loessal soil and sand loess.




2.2. Sampling Methods


Soil samples were taken with a soil borer at 10 cm depth intervals at depths of 0–100 cm and at 20 cm depth intervals at depths of 100–300 cm at every study site in July, August, and October, 2019. Then, the aluminium boxes containing the soil samples were brought back to the laboratory, and the gravimetric water content of each soil sample was determined by oven-drying. Four soil samples 0–30 cm, 80–100 cm, 180–200 cm, and 280–300 cm were taken and stored frozen at −20 °C for isotopic analysis. Meanwhile, ten precipitation samples and forty groundwater samples were collected. The distance between sampling sites was less than 1000 m and, therefore, we considered that all sampling sites were subjected to the same precipitation regime and received the same rainfall amount. Precipitation was collected from rain gauges placed on the flat ground near the shrubland study site. Groundwater samples were also collected from nearby springs located on the half up hills. Polyethylene plastic bottles (100 mL) were used to collect water samples. During collection, the sampling bottle was first rinsed three times with raw water which is the same as the water sampled later, and then filled with water samples. Then, the sealed sampling bottle was refrigerated at 4 °C before stable isotope analysis [32].




2.3. Gravimetric Water Content


The total weights of soil samples were determined using a high-precision balance. Then, the dry soil weight was determined by drying soil samples at 105 °C for 12 h.


  S W C ( % ) = ( M −  M S  ) /  M S  × 100  



(1)




where SWC is the soil water content, M is the wet soil weight (g), and MS is the dry soil weight (g).




2.4. Stable Isotopic Composition Measurements


Soil water was extracted using a LI-2000 vacuum extraction system (LICA, HongKong, China). The δD and δ18O values of all water samples were quantified using a liquid water isotope analyser (IWA-45EP, Los Gatos Research Inc., MA, USA) at the State Key Laboratory of Soil Erosion and Dryland Farming on the Loess Plateau, Institute of Soil and Water Conservation Chinese Academy of Sciences with measurement accuracies of ±1‰ and 0.2‰, respectively. Results were expressed as δ values (‰) with reference to Vienna Standard Mean Ocean Water (VSMOW), as follows:


  δ ( ‰ ) = (    R  s a m p l e   −  R  v s m o w      R  v s m o w     ) × 1000  



(2)




where Rsample is the D/H atoms or 18O/16O ratio in the water sample, and Rvsmow is the D/H atoms or 18O/16O ratio of the VSMOW sample.




2.5. Calculation of Water Supply Ratio


According to the law of isotope mass conservation, by comparing different water isotopes, an end member mixture model can be applied to determine the proportions of water supply between precipitation, soil water, and groundwater [33,34,35]. The precipitation and soil water is the supply source and groundwater is the mixed pool, the linear algebraic equation is as follows:


  C (  V A  +  V B  ) = A  V A  + B  V B   



(3)






  C = A    V A     V A  +  V B    + B    V B     V A  +  V B    = A ( 1 − x ) + B x  



(4)




where A, B, and C are the precipitation, soil water, and groundwater stable isotope values (‰), respectively; VA is the amount of precipitation; VB is the amount of soil water; x is the recharge proportion of soil water; and (1 − x) is the recharge proportion of precipitation.




2.6. Statistical Analysis


Statistical analysis was completed using OriginPro9.0 (OriginLab, Northampton, MA, USA) and SPSS19.0 (IBM, Beijing, China). One-way ANOVA followed by the Tukey’s HSD test (p < 0.05) was used for evaluating the effect of the month, soil depth and vegetation on the hydrogen and oxygen isotopes in soil water. The study area map was drawn using ArcGIS 10.2.





3. Results


3.1. Stable Isotopic Composition of Soil Water in Different Land Use Types


The isotopic composition of soil water in the study area ranged from −39.34‰ to −77.31‰ (δD) and −3.19 ‰ to −10.52‰ (δ18O), the isotopic composition of precipitation ranged from −22.65‰ to −94.76‰ (δD) and −5.98‰ to −14.84‰ (δ18O), the isotopic composition of groundwater ranged from −32.79‰ to −61.48‰ (δD) and −4.84‰ to −9.60‰ (δ18O) (Table 1). The range of stable isotopes (δD and δ18O) in soil water was smaller than that of precipitation. Due to the fact that water vapor source of precipitation is more complex than that of soil water and groundwater, the standard deviation of δD and δ18O in precipitation is larger at 20.45‰ and 2.59‰, respectively. Groundwater is more stable, with standard deviations of δD and δ18O of 6.32‰ and 1.13‰, respectively.



The stable isotopes (δD and δ18O) of soil water clearly decreased (p < 0.05) over time (Figure 2); the variation of δD and δ18O under four land uses followed this rank order: July > August > October. Heavy isotopes were enriched in the soil water in July and depleted in October.




3.2. Vertical Distribution Characteristics of Stable Isotopes in Soil Water


The maximum variation in hydrogen and oxygen stable isotopes was observed in the shallow layer (0–100 cm depth) (Figure 3). The deepest level (200–300 cm depth), showed the smallest variation in cropland and woodland whereas the smallest variation observed in grassland and shrubland was in the middle layer (100–200 cm depth). In addition, the variation in soil water content at 0–100 cm depth was larger than that at 100–300 cm depth under the four land uses (Figure 4). Precipitation has a significant influence on the soil water content and stable isotope composition of hydrogen and oxygen in the shallow layer, and the soil moisture, D, and 18O, fluctuated significantly [36]. The vertical distributions of δD and δ18O in soil water were similar (Figure 5). The maximum value of δD and δ18O in cropland and grassland was found at 100 cm depth, whereas the maximum value in shrubland was found at 200 cm depth. δD and δ18O in woodland decreased gradually with increasing depth overall, and the δ18O value tended to increase below 200 cm depth, due to water mixing changes δD and δ18O in soil water. The content of soil moisture under four land uses was largest in the shallow layer (0–100 cm depth), and the inflection point of soil water content appeared at a depth of 100 cm. The water content of woodlands below the 100 cm depth was stable at approximately 5%, which indicated that the locust root distribution was deeper than in other vegetation types, and the soil water absorbed by the root caused the soil water profile to be persistently at low values.




3.3. Relationship between Recharge and Transformation of Different Water Bodies


Table 2 shows the proportion of groundwater recharge by precipitation and soil water. Soil water recharged by precipitation consequently transformed into groundwater under certain land use. The proportion of groundwater recharge by precipitation and soil water was 70.82% and 29.18% in the cropland, 68.86% and 31.14% in the grassland, 70.53% and 29.47% in the shrubland, and 64.30% and 35.70% in the woodland, respectively. The proportion of groundwater recharge by soil water under the four land use types follows this rank order woodland > grassland > shrubland > farmland, and precipitation was the main recharge source of groundwater.





4. Discussion


4.1. Soil WaterMovement and Transformation


In summary, the variation in hydrogen and oxygen isotopic values of shallow soil water is jointly affected by precipitation and evaporation, while the variation in hydrogen and oxygen isotopic values of deep soil water may be affected mostly by infiltration of precipitation and less by evaporation. Precipitation and soil water supply water recharges groundwater. Therefore, the soil water movement mechanism can be analysed by comparing the compositional changes of stable isotopes of precipitation, groundwater, and soil water under different land use types [8].



Precipitation is the only recharge source of soil water in the study area, which falls onto the ground and infiltrates into the soil. One part feeds plant growth and soil evaporation, and the other recharges deep soil and groundwater in the form of matrix and preferential flows. Compared with the Local Meteoric Water Line (LMWL) δD = 7.82 δ18O + 21.51 (R2 = 0.98, n = 10, p < 0.05), the slope and intercept of the soil water evaporation line (EL-SW) δD = 4.68δ18O − 24.23 (R2 = 0.86, n = 96, p < 0.05) were smaller, and the soil water data points were all distributed below the LMWL (Figure 6), indicating that the soil water was mainly supplied by precipitation and subjected to strong non-equilibrium evaporation, which caused the enrichment of soil D and 18O [37,38]. Most groundwater data points were above the soil water data points. Therefore, groundwater is recharged by a mixture of precipitation and soil water rich in heavy isotopes [7].



Matrix flow and preferential flow are two forms of soil water movement in the soil profile. Matrix flow refers to the movement of soil water driven from top to bottom according to Richard’s equation after precipitation infiltration, while preferential flow refers to the movement of some precipitation to recharge the deep soil water or groundwater through soil cracks, vegetation roots, or other channels [3]. Preferential flow can be identified by the high variability of the isotopic signal at a certain soil depth [39,40]. In this study, the stable isotopes (δD and δ18O) of the soil water showed a gradual trend at 0–200 cm depth (Figure 5), indicating that the soil water moved via matrix flow. The sudden depletion of hydrogen and oxygen isotopes in soil water below 200 cm depth in cropland, grassland, and shrubland indicated the possible presence of a preferential flow, which is consistent with other studies in the Loess Plateau region [41,42].




4.2. Influence of Land Use Type on Soil Water Dynamics


The recharge source of soil water under the four land use types in the study area is precipitation. Due to the distance between each soil sampling site is within 1000 m, the precipitation conditions are considered to be the same throughout the area. In addition, vegetation root water absorption cannot change the hydrogen and oxygen isotope compositions [43,44]. Thus, the main reason for the variation in isotopic composition in soil water is the difference in soil evaporation, which is influenced by different vegetation cover. The slope of the soil water evaporation line under four land uses followed this rank order: cropland (4.95) > shrubland (4.85) > grassland (4.75) > woodland (4.48) (Figure 7), indicating that the evaporation and fractionation degree of soil water followed this rank order: cropland < shrubland < grassland < woodland. At the whole study period, the average volumetric soil water content (0–300 cm depth) of cropland (12.19% ± 1.60%), shrubland (9.22% ± 1.95%), and grassland (11.38% ± 2.29%) was higher than that of woodland (6.56% ± 1.79%). Thus, the amount of precipitation infiltration was large and fast in agricultural land, shrubland, and grassland, which also proves the existence of soil water preferential flow in these three land use types. Preferential flow has influence on hydrogen and oxygen isotopes in soil profile under different land uses. The degree of evaporation and fractionation of soil water in cropland, shrubland, and grassland was low; thus, less water evaporated, and precipitation was more effective for recharging soil water. In contrast, the degree of evaporation and fractionation of soil water in woodlands was high, the amounts of water received through small precipitation events evaporated rapidly and did not infiltrate in the soil. Only heavy precipitation can recharge soil water.





5. Conclusions


The proportion of groundwater recharge by soil water under different land use types followed this rank order: woodland > grassland > shrubland > cropland. Matrix flow and preferential flow coexisted during infiltration, and the occurrence of preferential flow was related to the land use. The main reason for the variation in isotopic composition in soil water is the difference in soil evaporation, which is influenced by different vegetation cover. The degree of evaporation and fractionation of soil water in cropland, shrubland, and grassland was low; thus, the water was not easily evaporated, and precipitation was more efficient at recharging soil water. However, the degree of evaporation and fractionation of soil water in woodlands was high and small precipitation events were not able to infiltrate and recharge deep soil layers. Moreover, woodland presented a higher surface of soil covered by vegetation, which intercepts some precipitation. Consequently, only heavy precipitation events could recharge soil water in woodlands. These results show that the vegetation cover alters the evaporation rate and the infiltration. The change from cropland, shrubland, and grassland to woodland makes it more difficult for precipitation to recharge deep soil water and groundwater, which hinders sustainable utilisation of groundwater in loess hilly regions.
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Figure 1. Location of the study area and the sampling sites: Precipitation (p), Groundwater (g1, g2, g3) and soil (s1, cropland; s2, grassland; s3, shrubland; s4, woodland) 
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Figure 2. Temporal variations in δD and δ18O in soil water under four land uses over the current study ((a) δD, (b) δ18O). 
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Figure 3. The amount of variation in δD and δ18O in different soil layers under the four land uses considered in the current study ((a) δD, (b) δ18O). 
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Figure 4. Profile distributions of soil water content under different land use types ((a) cropland, (b) grassland, (c) shrubland, (d) woodland). 
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Figure 5. Profile distributions of δD and δ18O in soil water under different land use types ((a) δD, (b) δ18O, measurements date: 17 June 2020). 
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Figure 6. Relationship between δD and δ18O of soil water, groundwater, and precipitation. The evaporation line of soil water (EL-SW), evaporation line of groundwater (EL-GW), and local meteoric water line (LMWL) are shown for comparison. 
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Figure 7. Relationships between δD and δ18O of soil water, groundwater and precipitation under different land use types ((a) cropland, (b) grassland, (c) shrubland, (d) woodland). 
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Table 1. Stable isotopic composition of soil water from four different land uses, precipitation, and groundwater.
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Sites

	
δD (‰)

	
δ18O (‰)




	
Max

	
Min

	
Mean

	
St. Dev.

	
Max

	
Min

	
Mean

	
St. Dev.






	
Cropland

	
−42.46

	
−73.57

	
−54.82

	
8.73

	
−4.07

	
−9.94

	
−6.49

	
1.68




	
Grassland

	
−39.34

	
−76.34

	
−56.62

	
9.27

	
−4.05

	
−10.52

	
−6.66

	
1.78




	
Shrubland

	
−40.66

	
−77.31

	
−55.67

	
10.68

	
−3.19

	
−10.10

	
−6.52

	
2.08




	
Woodland

	
−39.69

	
−70.77

	
−54.50

	
9.63

	
−3.81

	
−9.68

	
−6.99

	
2.03




	
Precipitation

	
−22.65

	
−94.76

	
−50.75

	
20.45

	
−5.98

	
−14.84

	
−9.24

	
2.59




	
Groundwater

	
−32.79

	
−61.48

	
−54.10

	
6.32

	
−4.84

	
−9.60

	
−8.44

	
1.13
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Table 2. Estimation of groundwater recharge ratio by soil water and precipitation under different land uses.
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Sites

	
δ18O (‰)

	
Supply Ratio (%)




	
Precipitation

	
Groundwater

	
Soil Water

	
Precipitation

	
Soil Water






	
Cropland

	
−9.24

	
−8.44

	
−6.49

	
70.82

	
29.18




	
Grassland

	
−9.24

	
−8.44

	
−6.66

	
68.86

	
31.14




	
Shrubland

	
−9.24

	
−8.44

	
−6.52

	
70.53

	
29.47




	
Woodland

	
−9.24

	
−8.44

	
−6.99

	
64.30

	
35.70
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