

[image: image]





FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual articles in this ebook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers. 

The compilation of articles constituting this ebook is the property of Frontiers. 

Each article within this ebook, and the ebook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this ebook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version. 

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or ebook, as applicable. 

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with. 

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question. 

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-83250-925-8
DOI 10.3389/978-2-83250-925-8

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers journal series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view. By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers journals series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area.


Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers editorial office: frontiersin.org/about/contact





Surface processes and morphodynamics related to climate and human impacts

Topic editors

María Fernandez – Universidad de León, Spain

Jesús Rodrigo-Comino – University of Granada, Spain

Ataollah Kavian – Sari Agricultural Sciences and Natural Resources University, Iran

Yang Yu – Beijing Forestry University, China

Citation

Fernandez, M., Rodrigo-Comino, J., Kavian, A., Yu, Y., eds. (2022). Surface processes and morphodynamics related to climate and human impacts. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-83250-925-8





Table of Contents




Editorial: Surface processes and morphodynamics related to climate and human impacts

María Fernández-Raga, Ataollah Kavian, Yang Yu and Jesús Rodrigo-Comino

Experimental Study of Freeze-Thaw/Water Compound Erosion and Hydraulic Conditions as Affected by Thawed Depth on Loessal Slope

Wei Wang, Zhanbin Li, Rui Yang, Tian Wang and Peng Li

Vegetation Restoration Alleviated the Soil Surface Organic Carbon Redistribution in the Hillslope Scale on the Loess Plateau, China

Yipeng Liang, Xiang Li, Tonggang Zha and Xiaoxia Zhang

Effects of Textural Layering on Water Regimes in Sandy Soils in a Desert-Oasis Ecotone, Northwestern China

Chengpeng Sun, Wenzhi Zhao, Hu Liu, Yongyong Zhang and Hong Zhou

Soil Moisture Estimation and Its Influencing Factors Based on Temporal Stability on a Semiarid Sloped Forestland

Mingzhu Xu, Guoce Xu, Yuting Cheng, Zhiqiang Min, Peng Li, Binhua Zhao, Peng Shi and Lie Xiao

Daily Runoff Forecasting Using Ensemble Empirical Mode Decomposition and Long Short-Term Memory

Ruifang Yuan, Siyu Cai, Weihong Liao, Xiaohui Lei, Yunhui Zhang, Zhaokai Yin, Gongbo Ding, Jia Wang and Yi Xu

Terrestrial Signature of a Recently-Tidewater Glacier and Adjacent Periglaciation, Windy Glacier (South Shetland Islands, Antarctic)

Kacper Kreczmer, Maciej Dąbski and Anna Zmarz

Research on the Dispatching Rules of Inter-Basin Water Transfer Projects Based on the Two-Dimensional Scheduling Diagram

Siyu Cai, Long Sun, Qingtao Liu, Yi Ji and Hao Wang

Lake Inflow Simulation Using the Coupled Water Balance Method and Xin’anjiang Model in an Ungauged Stream of Chaohu Lake Basin, China

Zijun Li, Xiaohui Lei, Weihong Liao, Qingchun Yang, Siyu Cai, Xiaoying Wang, Chao Wang and Jia Wang

Soil Freeze-Thaw and Water Transport Characteristics Under Different Vegetation Types in Seasonal Freeze-Thaw Areas of the Loess Plateau

Lanfeng Bo, Zhanbin Li, Peng Li, Guoche Xu, Lie Xiao and Bo Ma

Experimental Study of Runoff and Sediment Yield Affected by Ridge Direction and Width of Sloping Farmland

Shanshan Liu, Tianling Qin, Xizhi Lv, Xuan Shi, Biqiong Dong, Jianwei Wang and Chun Liu

Water Uptake by Artemisia ordosica Roots at Different Topographic Positions in an Alpine Desert Dune on the Northeastern Qinghai–Tibet Plateau

Haijiao Wang, Lihui Tian, Hongwei Zhang, Yang Yu and Huawu Wu



		EDITORIAL
published: 21 November 2022
doi: 10.3389/feart.2022.1082090


[image: image2]
Editorial: Surface processes and morphodynamics related to climate and human impacts
María Fernández-Raga1*, Ataollah Kavian2, Yang Yu3 and Jesús Rodrigo-Comino4
1Department of Applied Physics, University of León, León, Spain
2Faculty of Natural Resources, Sari Agricultural Sciences and Natural Resources University, Sari, Iran
3School of Soil and Water Conservation, Jixian National Forest Ecosystem Research Network Station, CNERN, Beijing Forestry University, Beijing, China
4Departamento de Análisis Geográfico Regional y Geografía Física, University of Granada, Granada, Spain
Edited and reviewed by:
Zhenliang Yin, Northwest Institute of Eco-Environment and Resources (CAS), China
* Correspondence: María Fernández-Raga, maria.raga@unileon.es
Specialty section: This article was submitted to Hydrosphere, a section of the journal Frontiers in Earth Science
Received: 27 October 2022
Accepted: 04 November 2022
Published: 21 November 2022
Citation: Fernández-Raga M, Kavian A, Yu Y and Rodrigo-Comino J (2022) Editorial: Surface processes and morphodynamics related to climate and human impacts. Front. Earth Sci. 10:1082090. doi: 10.3389/feart.2022.1082090

Keywords: Earth surface processes, land degradation, erosion, land sustainability, control measures
Editorial on the Research Topic 
Surface processes and morphodynamics related to climate and human impacts


The variation of climate conditions and the rapid increase in human activities such as non-sustainable agricultural or forestry or urban management shape the landscape, sometimes causing negative impacts. Recent scientific literature has been highlighting abundant study cases where Earth’s surface morphologies are suffering from exploitation of natural resources (mining, wood, water, etc.), wildfires, or non-controlled urban sprawl. One of the main consequences is an irreparable damage of soil quality. These changes are also affected by an imminent climate change with responses varying dependent on scale, from the pedon to the hillslopes, catchments, or regions. Depending on how fast and intense these modifications of Earth’s surface conditions progress, land productivity, water quality, and biomass should be studied.
Due to the unknown dynamics of climate change and the speed with which human population and activities increase, the scientific community is daily seeking new models, designing field measurements, and applying diverse control measures to estimate, quantify, and reduce the possible negative impacts.
Land degradation processes are shaping the Earth’s surface, but for scientists, stakeholders, and policymakers it is not a new concept. In this Research Topic, the environmental and dynamic processes that modify the most sensible spheres of the land surface are discussed: bio-, hydro-, and pedospheres. Therefore, it is indispensable that humankind pay attention and raise awareness of the factors, causes, consequences, and possible control measures of soil processes with negative impacts on natural and anthropogenic ecosystems. Moreover, the increasing awareness of the critical role of climate change related to temperature, precipitation patterns, and wind characteristics is discussed. It is demonstrated that climate change could introduce new trends to the current known surface processes, despite the continuous advances in observational techniques and more comprehensive laboratory and field monitoring programs and application of new models that aim to decipher the interactions between soil, water, and atmosphere. This Research Topic grouped novel investigations, providing a much better understanding of the physical environment and human interventions and new methodologies developed to study erosion using models, sensors, photogrammetry, field research, in situ observations, qualitative assessments, etc.
A total of eleven manuscripts have been accepted, including nine studies from China, one on the Tibetan ecosystem, and another one on the Antarctic continent. They aimed to represent the different approaches to erosion, using new techniques and applying novel tools applicable under both natural and human-made processes affected by climatic change. Wang et al. highlighted the determination of the natural processes happening in areas that are likely to determine the fate of terrestrial environments, focusing on the increase in erosion because of the interaction of rainfall intensity and defrosting depth. Their results improved the understanding of the response of freeze/thaw/compound water erosion to hydraulic conditions. Another article explored soil water migration characteristics of two typical vegetation types at the Loess Plateau during seasonal freezing and thawing processes using bare lands (BL) as control plots. It provides a scientific basis for vegetation restoration in arid and semi-arid areas, useful for other countries too. Sun et al. measured the soil water content and mineral composition for 87 different soil profiles distributed along three transects to show that textural layered soils were patchily but extensively distributed throughout a study area in China. Liu et al. demonstrated the combined effects of ridge direction and width on surface runoff and soil losses from hillslopes cultivated with croplands, indicating that ridge direction had significant effects on runoff and sediment yield (p < 0.05), although ridge width had no influence. Cross tillage is advised for soil and water conservation on sloping croplands in arid and semi-arid regions of China.
Readers can find two other interesting manuscripts that focused on how the vegetation communities affect aspects such as the redistribution of carbon or the water content, analyzing the influence of micro-dunes in plant adaptation modus considering water-limited environments. Wang et al. used stable isotopes to analyze the variability in water sources of the native species during the growing season in an alpine semi-arid desert on the Qinghai–Tibet Plateau, China. Liang et al., meanwhile, assessed three different environments: naturally regenerating forests (NF), artificial black locust plantation (BP), and a corn field (CK). They found that vegetation restoration of NF slowed migration and homogenized organic carbon distribution.
Other investigations published in this Research Topic were based on the use of robust models to forecast future conditions. For example, Li et al. coupled a model to determine inflow in an ungauged stream and assembled an empirical mode decomposition (EEMD) to group runoff series into several stationary components and a trend. All of them were combined with the long short-term memory (LSTM) model used to build the prediction model for each sub-series. To verify these last two models, Yuan et al. designed the MI method and the Radial Basis Function (RBF) model, which are basics for the decision-making of starting water transfer process, and designed compensation roles of hydrological characteristics and storage capacities of multi-reservoirs to maximize the utilization efficiency of water resources. On the other, Cai et al. in the Datong-Huangshui area, analyzed the composition of the inter-basin water transfer system, and constructed a dispatching rule extraction model including water transfer, water diversion, and water supply rules. In a similar Research Topic, Xu et al. described the main factors influencing the change in temporal stability of soil water content in different seasons such as elevation, root density, and sand content. This allowed the design of scientific guidance for monitoring this hydrological property.
Last but not least, Kreczmer et al. published novel research about the Antarctic continent, in which they identified, mapped, and quantified terrestrial glacial and periglacial landforms developed in front of windy glaciers with the help of digital images and elevation maps elaborated during a UAV BVLOS photogrammetric survey in 2016, Google Earth Pro images from 2006, and maps from 1978/1979.
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Freeze-thaw cycles have significant influences on slope erosion processes. In this study, simulated rainfall laboratory experiments were implemented to investigate erosion processes and the relationship between the soil loss rate and hydraulics conditions under different thawed depths and rainfall intensities. The results indicated that linear regression could be used to describe the relationship between the soil loss rate and runoff time. Soil loss rate, as measured by the curve slope k (represented the increase rate in the soil loss rate), generally increased with runoff time over different thawed depths across all rainfall intensities. The k values generally increased with rainfall intensity from 0.6 to 1.2 mm/min, with the exception of the 4 cm thawed slope, for which the k values initially increased before decreasing with rainfall intensity from 0.6 to 1.2 mm/min. The mean soil loss rate and range also increased with thawed depth under the same rainfall intensity. Finally, the interaction of rainfall intensity and thawed depth had the greatest effect on soil loss rate, while stream erosion power was the hydraulic parameter that exhibited the best soil loss rate prediction performance. The results presented herein improve the understanding of the response of freeze-thaw/water compound erosion to hydraulic conditions.

Keywords: freeze-thaw, rainfall, thawed depth, compound erosion, hydraulic conditions


INTRODUCTION

Soil erosion is one of the main environmental problems facing the world (Batista et al., 2019; Dazzi and Papa, 2019; Shi et al., 2020), and this is especially true in the Loess Plateau of China (Shi et al., 2019; Guo et al., 2020; Yu et al., 2020; Yue et al., 2020). However, research in this region has focused on hydraulic erosion and wind erosion, while comparatively little is known about freeze-thaw precipitation compound erosion (Xu et al., 2015a, b; Zhang B.J. et al., 2019; Zhang J. et al., 2019; Zhang W. et al., 2019).

Seasonal freeze-thaw (FT) influences soil physical characteristics, such as soil bulk density (Li et al., 2013; Li and Fan, 2014), erodibility (Wang et al., 2017; Cheng et al., 2018), aggregates (Edwards, 2013; Xiao et al., 2019), and water content (Ala et al., 2016; Wang et al., 2019), which make the soil more susceptible to erosion under compound forces (Edwards, 2013; Li and Fan, 2014). As more snow and glaciers melt due to global warming, soil erosion is continually worsening (Ragettli et al., 2015; Wang et al., 2020). Most mid-latitude regions also suffer from seasonal FT erosion (Ragettli et al., 2015; Wang et al., 2019). Depending on Second National Soil Erosion Remote Sensing Survey in China, 13.23% of national territorial area is in danger of FT erosion (Fan et al., 2009). In the loess hilly-gully region of Loess Plateau, there are around 105–125 d with average temperatures below 0°C, and the average annual rainfall is 300–600 mm, which meets the basic conditions necessary for FT erosion (Wang et al., 2019, 2020). Soil erosion during the thawing period is a unique erosion form known as FT-hydraulic compound erosion.

Previous laboratory rainfall experiments on frozen slopes have shown contrasting patterns. Using control FT-water combined erosion experiments, Wang et al. (2019) found that the total sediment yield of a FT slope exhibited increased soil erosion compared to a control slope (Wang et al., 2019). Wang et al. (2020) found that frozen slopes displayed higher sediment yield capacity at equal flow rates when compared with shallow-thawed and unfrozen slopes. However, Zhou et al. (2009) investigated the effects of the thawed depth on black soil erosion under simulated rainfall and found that the erosion amount decreased with increasing thawed depth under lower soil water content. Wei et al. (2015) studied the impacts of FT cycles on runoff and sediment yield of slope land and found that FT cycles greatly increased the sediment yield intensity. In contrast, Ban et al. (2017) found that shallower thawed depths delivered more sediments than deeper thawed depths of high altitude and latitude regions. However, few studies have investigated the effects of thawed depth on soil erosion processes in loess slopes under simulated rainfall.

Generally, hydraulic parameters are essential to describing erosion processes and understanding the hydrodynamic mechanisms of slope erosion (Cuomo et al., 2016; Zi et al., 2016; Xiao et al., 2017; Mirzaee and Ghorbanidashtaki, 2018; Luo et al., 2019). Foster and Meyer (1972) showed that erosion has a positive relationship with shear stress. Govers (1990) found that unit stream power was the best parameter for describing erosion processes. Nearing et al. (1999) and Cai (1995) found stream power to be better than other hydraulic parameters for describing erosion processes. Lu et al. (2009) put forward the stream erosion power concept and established the relationship between soil loss rate and stream erosion power. Wang et al. (2020) found that runoff energy loss could predict thawed soil erosion processes under concentrated flow well. Govers (1992) determined that no existing formula could perform efficiently over the entire range of available data. Soil loss by shallow flows is more closely correlated with flow energy than shear stress (Zhang et al., 2002). Some studies have indicated that stream power is better than shear stress for Dc prediction (Knapen et al., 2007; Cao et al., 2009); however, it is still not clear which parameters are suitable for the prediction of FT precipitation compound erosion under simulated rainfall.

Here, we used laboratory experiments of three rainfall intensities to survey erosion processes and assess the relationship between soil loss rate and various hydraulics parameters under four thawed depths and three gradient rainfall intensities. The specific objectives of this study were to (i) assess erosion processes with runoff time under different thawed depths, and (ii) determine the relationships between soil loss rate and hydraulic parameters.



MATERIALS AND METHODS


Experimental Materials and Design

We used loessal soil collected from the Wangmaogou catchment (37°34′13″–37°36′03″ N and 110°20′26″–110°22′ 46″ E) in Shaanxi Province, China. The collected soil was air-dried and sieved (10 mm) to remove roots, stones, and other debris. The soil particle with 2 mm distribution was then measured using a Mastersizer2000 particle size analyzer (Malvern Instruments, Malvern, United Kingdom), which showed the mechanical composition of the original soil was 0.02 ± 0.003% clay, 65.28 ± 0.43% silt, and 34.7 ± 0.21% sand depending on USDA classification system of soil texture. We then increased the soil water content to 15% by gravity and kept it indoors for 24 h while covered with plastic.

The experimental soil flume was 2 m long, 0.75 m wide, and 0.3 m deep (Figure 1A). The skeleton of the soil flume was made of angle steel, and the wall (0.4 m high) was made from wood to reduce heat exchange so that the soil thawed vertically. The bottom of the flume was filled 0.05 m deep with sand to maintain water permeability. Next, experimental soil was added to a depth of 25 cm in 5 cm layers. Quantitative experimental soil for each layer was obtained depending on the soil dry bulk (1.3 g/cm3), soil water content (15%), and volume of each layer. The surface topography on two sides was raised to an experimental slope of 15°. The area of slope farmland less than 15° accounts for 43.65% of the total area of slope farmland, and the slope gradient 15° is a relative threshold of soil erosion modulus.


[image: image]

FIGURE 1. The experimental soil flume (A), calibration rainfall intensity (B), rainfall simulator (C) and runoff over the flume (D).


A FT system, 4.5 m long × 2.5 m wide × 2.5 m high, was used to freeze the experimental soil layer. The FT system could produce temperatures of −40 to 30°C with an accuracy of ±1°C. To ensure the soil was completely frozen, the filled soil flume was placed in the FT system for 24 h at −18 to −22°C. We investigated four thawed depths: 0, 2, 4, and 6 cm. The completely frozen soil-filled flume was then placed at room temperature for thawing, during which time a needle was used to measure the thawed depth every 15 min to meet the requirement of thawed depth during the thawing period. The filled soil flume was then divided into 12 grid cells for testing points of thawed depth. We subjected the slope to three rainfall intensities (0.6, 0.9, and 1.2 mm/min) and set a runoff duration of 60 min for each experiment from the rainfall simulator (Figures 1B,C). Each experiment was repeated two times to give a total of 36 experiments and the results were averaged.

The slope was divided into four transects between 0–0.5, 0.5–1.0, 1.0–1.5, and 1.5–2.0 m. The surface flow velocity of the four transects was measured at 1 min intervals using the KMnO4 tracer method (Figure 1D). We multiplied the measured surface flow velocities by a correction factor of 0.65 to obtain the mean flow velocity (Luk and Merz, 1992). The flow widths were measured on the four transects using a ruler at 1-min intervals.

The soil flume bottom was constructed with convergence equipment to collect runoff and sediment at 1 min intervals. The runoff volume was measured in each gathered bucket, and the weight of sediment was recorded after drying in an oven at 105°C for >24 h.



Methods

The soil loss rate was calculated as the erosion amount per unit area per second:

[image: image]

where Sr is the soil loss rate (g/m2/s); er is the mass of soil loss during the observation time (g); l and w are the length and width of the experimental flume (m), respectively; and t is the observation time (s).

Shear stress, which is related to soil particle detachment and transport, was calculated as follows (Xiao et al., 2017):

[image: image]

where τ is the shear stress (Pa); γm is the muddy water density (kg/m3); g is the gravitational acceleration (m/s2); J is the slope gradient (m/m); and R is the hydraulic radius, which was considered equal to the flow depth under overland flow conditions (m).

It was difficult to directly measure flow depth because the flow depth was shallow and the bed elevation changed with erosion. We calculated flow depth as follows:

[image: image]

where h is the flow depth (m); Q is the runoff volume (m3); W is the water width (m); t is the time (s); and V is the mean flow velocity (m/s).

The stream power, which represents power consumed by water flow per unit area, was calculated as previously described (Cao et al., 2009):

[image: image]

where ω is the stream power (N/m/s); τ is the shear stress (Pa); V is the mean flow velocity (m/s).

The unit stream power, which describes the rate of change of potential energy per unit water mass with time, was calculated as follows (Zhang et al., 2002):

[image: image]

where P is the unit stream power (m/s); J is the slope gradient (m/m); V is the mean flow velocity (m/s).

The stream erosion power, which comprehensively expresses the efficiency of runoff erosion and sediment transport, was calculated as described by Lu et al. (2009):

[image: image]

where E is the stream erosion power [m4/(s⋅m2)]; [image: image] is the runoff peak modulus [m3/(s⋅m2)], which is equal to the runoff peak divided by the experimental soil flume area; and H is the mean flow depth (m).



Data Analysis

The regression analyses and associated figures were drawn using OriginPro 8.5 (OriginLab Inc, Northampton, MA, United States), statistical analyses were conducted with SPSS 16.0 (SPSS Inc, Chicago, IL, United States).



RESULTS


Soil Loss Rate Variation With Runoff Time Under Different Thawed Depths

As shown in Figure 2, linear regression was used to describe the relationship between the soil loss rate and runoff time. The determination coefficient (R2) was used to elevate the regression equation (Table 1). Soil loss rate, as measured by the curve slope k (represented the increase rate in the soil loss rate), generally increased with runoff time over different thawed depths across all rainfall intensities (Figure 2 and Table 1), although it plateaued or slightly decreased after 30 min in some trials (e.g., Figure 2C, 4 cm depth).


TABLE 1. Regression parameters of erosion processes under different thawed depth and rain intensity.
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FIGURE 2. The relationship between soil loss rate and runoff time over different thawed depth at 0.6 mm/min (A), 0.9 mm/min (B), and 1.2 mm/min (C).


The R2 values were greater than 0.82 for all tests under 0.6 mm/min intensity. The value of k became greater with deeper thawed depth under 0.6 mm/min intensity and increased to two times when the thawed depth increased from 2 to 4 cm under 0.6 mm/min intensity (Table 1). The value of k was 2.17 times greater at a thawed depth of 4 cm than at 2 cm under 0.6 mm/min intensity (Table 1). As the thawed depth increased from 4 to 6 cm, the value of k increased to 1.31 times under 0.6 mm/min intensity (Table 1).

The R2 values were greater than 0.66 for all tests under 0.9 mm/min intensity (Table 1). The value of k became greater as the thawed depth increased from 0 to 4 cm under 0.9 mm/min intensity (Table 1), while it decreased slightly as the thawed depth increased from 4 to 6 cm under 0.9 mm/min intensity (Table 1). The value of k increased by 1.63 times when the thawed depth increased from 0 to 2 cm under 0.9 mm/min intensity (Table 1), while it was 1.54 times greater at a thawed depth of 4 cm than 2 cm under 0.9 mm/min intensity (Table 1).

The R2 values were 0.56, 0.73 and 0.90 at the thawed depths of 0, 2, and 6 cm under 1.2 mm/min. However, the R2 was 0.26 at a thawed depth of 4 cm under 1.2 mm/min. Except for the thawed depth of 4 cm, the values of k tended to increase as the thawed depth increased from 0 to 6 cm. As the thawed depth increased from 0 to 2 cm, the value of k increased by 1.56 times under 1.2 mm/min intensity (Table 1). Additionally, the value of k was 3.14 times greater at a thawed depth of 6 cm than 2 cm under 1.2 mm/min intensity (Table 1).

For the 0, 2, and 6 cm thawed depths, the values of k increased with increasing rainfall intensity from 0.6 to 1.2 mm/min. The values of k also increased when rainfall intensity increased from 0.6 to 0.9 mm/min for the thawed depth of 4 cm. However, the value of k tended to decrease when the rainfall intensity increased from 0.9 to 1.2 mm/min for the thawed depth of 4 cm.



Statistical Analysis of Soil Loss Rate Under Different Thawed Depths

Figure 3 shows a box plot of soil loss rate under four thawed depths at rainfall intensities of 0.6 mm/min (a), 0.9 mm/min (b), and 1.2 mm/min (c). The data used to create Figure 3 are summarized in Table 2.


TABLE 2. The statistics of soil loss rate for different thawed depth under changing rainfall intensity.
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FIGURE 3. The box plot of soil loss rate under different thawed depth at 0.6 mm/min (A), 0.9 mm/min (B), and 1.2 mm/min (C).


The mean soil loss rate increased as thawed depth increased under the same rainfall intensity (Figure 3). A similar phenomenon was also observed for the 1.2 mm/min rainfall intensity except at the thawed depth of 6 cm (Figure 3). At a thawed depth of 0 and 6 cm, the mean soil loss rate increased as rainfall intensity increased. At thawed depths of 2 and 4 cm, the mean soil loss rate increased when the rainfall intensity increased from 0.6 to 0.9 mm/min (Figure 3 and Table 3). However, the mean soil loss rate decreased when the rainfall intensity increased from 0.9 to 1.2 mm/min (Figure 3 and Table 2).


TABLE 3. Relationships between soil loss rate and hydraulic conditions.

[image: Table 3]As shown in Figure 3, the median values increased as the thawed depth increased under rainfall intensities of 0.6 and 0.9 mm/min (Table 2). For the 1.2 mm/min rainfall intensity, the median values tended to increase as the thawed depth increased from 0 to 4 cm (Table 2). However, decreases in the median value were observed at a rainfall intensity of 0.9 mm/min when the thawed depth was from 4 to 6 cm (Table 2). Moreover, the median value increased with increasing rainfall intensity at thawed depths of 0, 2, and 6 cm (Table 2). For a thawed depth of 4 cm, the median value increased as rainfall intensity increased from 0.6 to 0.9 mm/min (Table 2). However, the median value was lower under 0.9 mm/min than under 1.2 mm/min (Table 2).

The range was used to describe the variation in soil loss rate for individual groups (Table 2). The range increased as thawed depth increased under the same rainfall intensity (Table 2). For thawed depths of 0 and 6 cm, the range values also increased as rainfall intensity increased from 0.6 to 1.2 mm/min (Table 2). For thawed depths of 2 and 4 cm, the ranges also increased as rainfall intensity increased from 0.6 to 0.9 mm/min (Table 2); however, the ranges decreased as rainfall intensity increased from 0.9 to 1.2 mm/min (Table 2).



Relationships Between Soil Loss Rate and Hydraulic Conditions

Figure 4 shows the relationship between soil loss rate and shear stress (a), mean stream power (b), mean unit stream power (c), and stream erosion power (d). All the mean hydraulics conditions were found to have a positive relationship with soil loss rate (Figure 4).


[image: image]

FIGURE 4. The relationships between the soil loss rate and the mean shear stress (A), mean stream power (B), mean unit stream power (C) and stream erosion power (D).


Soil loss rate can be linearly described via mean shear stress (Figure 4A and Table 3). The determination coefficient (R2) is 0.52 and the probabilities test was less than the significance level of 0.01. The erodibility value based on the mean shear stress was 0.17 s/m and the critical shear stress was 0.66 Pa.

The soil loss rate can be fitted to mean stream power with the following power function (Figure 4B and Table 3). The R2 was 0.60 and the probabilities test was less than the significance level of 0.01. The erodibility value based on the mean stream power was 0.78 s2/m2 and the power was 0.61.

The soil loss rate showed a linear increase as the mean unit stream power increased, and the relationship could be fitted with the linear expression (Figure 4C and Table 3). The R2 of Eq. (3) is 0.57 and the probabilities test was less than the significance level of 0.01. The erodibility value based on the mean unit stream power was 0.78 kg/m3 and the critical unit stream power was 0.1 cm/s.

The power function below effectively described the relationship between the soil loss rate and stream erosion power (Figure 4D and Table 3). The R2 value of Eq. (4) was 0.68 and the probabilities test was less than the significance level of 0.01. The erodibility value based on the mean stream power was 0.58 kg/L4 and the power was 0.52.



DISCUSSION


The Effect of Rainfall Intensity and Thawed Depth on Soil Loss Rate

Under different rainfall intensities, the k differed with increasing thawed depth. The soil loss rate is determined by hydrodynamic and erosion material conditions. In this study, the hydrodynamic was determined by the rainfall intensity and the soil utilized. For the same rainfall intensity, the k value increased up to a thawed depth of 4 cm. This was likely because shallower thawed soil layers (0 and 2 cm) have slower thawing rates due to heat conduction because the frozen layer will decrease the infiltration ability (Sharratt et al., 2000; Zheng et al., 2001; Wang et al., 2020). As a result, the erodible soil was in short supply, leading to a lower erosion rate. As thawed depth increased (4 and 6 cm), more erodible soil was supplied compared the shallower thawed depths, leading to greater erosion rates. However, the limited hydrodynamic conditions at these depths resulted in decelerating erosion rates. For the 1.2 mm/min rainfall intensity, the erodible soil was still limited for 0 and 2 cm thawed depths. The 4 cm thawed depth showed a unique trend under high intensity rainfall. Specifically, the soil loss rate began to decrease after 30 min of rainfall, which led to the lowest k value in that trial. The soil loss rate decreased because frozen soil melted slowly in the final 30 min of rainfall, but the soil loss rate was still higher than at thawed depths of 0 and 2 cm.

To clarify the correlation of rainfall intensity and thawed depth, the correlations between soil loss rate and rainfall, thawed depth and rainfall intensity-thawed depth were analyzed. As shown in Table 4, soil loss rate was significantly correlated with rainfall intensity, thawed depth, and rainfall intensity-thawed depth in the following order: I∗H > I > H. These findings indicate that interaction of rainfall intensity and thawed depth has the most important effect on soil loss rate.


TABLE 4. Correlation coefficients between soil loss rate with coupling effects of rainfall intensity and initial thawed depth.

[image: Table 4]


Response of Soil Loss Rate to Hydraulics Conditions

In this study, the soil loss rate could be robustly predicted as linear functions of previously identified hydraulic conditions, which is similar to the results of previous studies (Laflen et al., 1991; Nearing et al., 1999; Zhang et al., 2003, 2015). However, we found lower erodibility values than some previous investigations, where erodibility ranged from 8.18 × 10–4 to 8.4 × 10–3 s/m (He et al., 2003; Zhang et al., 2013). Additionally, the critical shear stress was only 10% that obtained from a recent laboratory study (Cao et al., 2009). Zhang et al. (2015) found that the critical shear stress was 12.8 Pa under a steep slope accumulation yield experiment (30∼50°), while we found that critical shear stress was almost 20 times greater than that obtained in their study at 15°. Together, these results suggest that FTed soil has a greater erodibility and is less resistant to erosion (Li and Fan, 2014; Ban et al., 2017; Wang et al., 2020).

In addition, the mean stream power coefficient was larger and the power exponent was smaller than in previous studies (Zhang et al., 2008; Mirzaee and Ghorbanidashtaki, 2018; Wang et al., 2018). The larger coefficient mainly resulted from thawed soil having increased susceptibility to provide sediment sources (Wang et al., 2018, 2020). The smaller power exponent indicated that the increasing amplitude of the loss rate decreased with increased stream power because more energy was used to transport the sediment while the loss energy increased (Zhang et al., 2009; Shen et al., 2016; Xiao et al., 2017).

The erodibility value of unit stream power was larger and the critical unit stream power value was smaller than for previously conducted studies (Wang et al., 2017, 2020). This can be attributed to freeze-thawed soil being more easily eroded (Cuomo et al., 2016; Zi et al., 2016). Many erosion models based on processes utilize stream power to establish transport capacity. In our experiments, stream power could not predict loss rate well, similar to the results of previous studies (Nearing et al., 1999; Zhang et al., 2002, 2003; Wang et al., 2016).

The probabilities test (P < 0.01) indicate that all the hydraulics conditions examined could be used to describe the changes in soil loss rate. However, based on the R2 values, stream erosion power best described the relationship between the soil loss rate and the hydraulic conditions, followed by stream power, unit stream power and shear stress. Flow energy has been shown to be more closely related to soil loss rate than shear stress, as well as to be a useful indicator for describing soil loss rate (Nearing et al., 1999; Zhang et al., 2002; Wang et al., 2016; Xiao et al., 2017). Shear stress is mainly related to slope and flow depth, and thus reflects the response of eroded slope surfaces to concentrated flow. However, water depth is determined by dividing the runoff by the average water width. As a result, the horizontal and vertical evolution of the rill network cause increased inaccuracy of the measured water width. Hence, shear stress was not good predictive parameter in this study. For mean stream power and unit stream power, flow velocity, which was measured by KMnO4 tracking, was the crucial parameter. The flow velocity is the average of different rill velocities resulting from eroded surfaces; thus, flow velocity error increases with rill amount. As a result, hydraulic conditions based on flow velocity will also become less robust. However, the predictive power of soil loss rate from stream or unit stream power was still better than that of shear stress. Finally, stream erosion power is calculated from the flow peak and average flow depth. The average flow depth can be obtained from total runoff amount divided by the underlayer area, which has lower measurement error. Thus, stream erosion power is a better hydraulic parameter for predicting soil loss rate.



CONCLUSION

In this study, experimental investigations of erosion processes of different thawed depth loessal slopes were conducted under different rainfall intensities. The results indicated that linear regression could be used to describe the relationship between the soil loss rate and runoff time. The k values increased as rainfall intensity increased from 0.6 to 1.2 mm/min except for the 4 cm thawed depth slope. For the 4 cm thawed depth, the values of k increased first, then decreased as the rainfall intensity increased from 0.6 to 1.2 mm/min. In general, the mean soil loss rate increased with thawed depth under each rainfall intensity. Additionally, the range increased as thawed depth increased under the same rainfall intensity. We observed a significant relationship between soil loss rate and rainfall intensity, thawed depth, and their interaction, and their interaction was found to have the most important effects on soil loss rate. After testing multiple hydraulic conditions, stream erosion power was found to be the best predictor of soil loss rate.
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The redistribution of soil organic carbon (SOC) in response to soil erosion along the loess slope, China, plays an important role in understanding the mechanisms that underlie SOC’s spatial distribution and turnover. Consequently, SOC redistribution is key to understanding the global carbon cycle. Vegetation restoration has been identified as an effective method to alleviate soil erosion on the Loess Plateau; however, little research has addressed vegetation restoration’s effect on the SOC redistribution processes, particularly SOC’s spatial distribution and stability. This study quantified the SOC stock and pool distribution on slopes along geomorphic gradients in naturally regenerating forests (NF) and an artificial black locust plantation (BP) and used a corn field as a control (CK). The following results were obtained: 1) vegetation restoration, particularly NF, slowed the migration of SOC and reduced the heterogeneity of its distribution effectively. The topsoil SOC ratios of the sedimentary area to the stable area were 109%, 143%, and 210% for NF, BP, and CK, respectively; 2) during migration, vegetation restoration decreased the loss of labile organic carbon by alleviating the loss of dissolved organic carbon (DOC) and easily oxidized organic carbon (EOC). The DOC/SOC in the BP and NF increased significantly and was 13.14 and 17.57 times higher, respectively, than that in the CK (p < 0.05), while the EOC/SOC in the BP and NF was slightly higher than that in the CK. A relevant schematic diagram of SOC cycle patterns and redistribution along the loess slope was drawn under vegetation restoration. The results suggest that vegetation restoration in the loess slope, NF in particular, is an effective means to alleviate the redistribution and spatial heterogeneity of SOC and reduce soil erosion.
Keywords: vegetation restoration, soil organic carbon stability, hillslope, soil erosion, Loess Plateau (China)
INTRODUCTION
Soil is considered the most significant terrestrial carbon sink. It is a critical factor in the regulation of the global carbon cycle, as well as in the supply of pivotal ecosystem services (Muñoz-Rojas et al., 2016; Pereira et al., 2018; Brevik et al., 2020). Soil organic carbon (SOC) is the amount of organic carbon contained in the soil fraction and contributes to a variety of important biological, physical, and chemical functions (Muñoz-Rojas et al., 2016; Willaarts et al., 2016; Wiesmeier et al., 2019; Pereira et al., 2020). SOC’s depletion has a negative influence on water storage capacity, soil fertility, and the supply of other significant ecosystem services, such as climate regulation, and is therefore a major factor that leads to soil degradation (Kiani-Harchegani and Sadeghi, 2020). In water-limited ecosystems, vegetation restoration is one of the options to prevent land degradation and soil erosion (Yu et al., 2016; Shi et al., 2019a). Ongoing vegetation restoration and climate change processes are having a far-reaching effect on soil carbon stocks, which creates an imbalance in carbon input/output ratios and results frequently in net releases back into the atmosphere (Haigh et al., 2019; Petrakis et al., 2020; van der Bank and Karsten, 2020). SOC is the most susceptible to changes in site conditions and is therefore the target of most evaluations (García-Díaz et al., 2016; Yeasmin et al., 2020).
In past years, numerous estimates of SOC stocks have been conducted at multiple scales (from slope to watershed, regional and global), using different approaches (Abdalla et al., 2018; Álvaro-Fuentes et al., 2014; Grebliunas et al., 2016; García-Díaz et al., 2018; Shi et al., 2019b; Rodrigo-Comino et al., 2020). Quantitative assessments of the redistribution of SOC along geomorphic gradients and the processes involved have become increasingly important in a changing climate (Bloom et al., 2016; Yu et al., 2019a; Olson and Gennadiev, 2020). At the same time, the storage of SOC showed significant differences within ecological units because of the effect of such local factors as soil properties, topographic conditions, soil depth, and land use and management (Novara et al., 2019). Among these, topography is one of the five major soil surface formation factors (Jenny, 1994). Topography affects soil erosion and thus affects SOC’s spatial distribution either directly or indirectly (Sun et al., 2010; Rodrigo-Comino et al., 2016, 2017; Cagnarini et al., 2019; Cerdà and Rodrigo-Comino, 2020). Several studies have demonstrated the effects of topography and soil erosion on SOC’s distribution (Beguería et al., 2015). For example, a previous study reported a close relationship between soil erosion and SOC content and indicated further that the SOC content is generally higher in a slope’s middle and lower reach than in the upper reach (Sanderman and Chappell, 2013; Hancock et al., 2019). A typical hill slope can be divided into a stable area, eroding area, and sedimentary area according to its position and gradient on the slope (Wang et al., 2014a; Wang et al., 2017). Topography affects the stable area less, but the SOC in the eroding area will continue to migrate toward the sedimentary area, where it will accumulate (Doetterl et al., 2016). At the same time, the slope system also affects the composition and stability of SOC (Wang et al., 2014b; Wiaux et al., 2014). In some simulations in hillslope plots, the distribution of labile organic carbon varied markedly along slopes (Berhe and Torn, 2017), and most followed the trend: sedimentary area > stable area > eroded area (Doetterl et al., 2012; Patton et al., 2019; Wang et al., 2019). However, current research on the distribution of the SOC in the extension of slopes focuses primarily on agricultural land or grassland (Kirkels et al., 2014; Doetterl et al., 2016; Li et al., 2019). Vegetation restoration is recognized widely as an effective way to enhance SOC content and control soil erosion (Kim and Kirschbaum, 2015; Xin et al., 2016; Hancock et al.,2019). Therefore, it seems likely that vegetation restoration may also affect the SOC redistribution process in areas with complex terrain.
The Chinese Loess Plateau covers approximately 64 × 104 km2, lies in the semiarid zone of China, and is characterized by thick (50–300 m), yet highly erodible soil (Feng et al., 2013). Hundreds of years of intensive cultivation and severe erosion have incised the plateau and thus fragmented the vast flat area into tableland and slopes, with notable depositions in valley bottoms (Wang et al., 2017; Yu et al., 2019b). To alleviate soil erosion, large-scale ecological restoration efforts have been implemented in the Loess Plateau, the most notable example of which is the Grain for Green Project (GGP) that was initiated in the 1980s (Feng et al., 2013; Yu et al., 2020a). These projects have improved vegetation restoration greatly and affected SOC sequences and the carbon cycle on the Loess Plateau (Chang et al.,2011; Ran et al., 2013; Wang et al., 2017). However, systematic investigations of the results of vegetation restoration on SOC redistribution and its stability have not been reported to date. Particularly, the topographic positions of SOC in the hilly-gully region on the fragmented Loess Plateau remain unknown.
To offer new insights to fill this gap, hillslope positions and vegetation-induced changes in SOC in the first 0–30 cm were investigated on three different hillslopes of the loess hilly watershed where farmland has been transformed into forestland. Accordingly, this study’s primary goals were to 1) detect changes in SOC at different soil depths (0–10, 10–20, and 20–30 cm) and different vegetation types at the hillslope scale and 2) assess the effects of vegetation species and topography on soil carbon stability during ecological restoration. Our study hypothesized that vegetation restoration alleviates the spatial heterogeneity of SOC by increasing organic input and decreasing soil erosion and the slow SOC mineralization or loss of unstable carbon.
MATERIALS AND METHODS
Study Area
As a typical loess gully area, the Caijiachuan Watershed (110027′-111007′E, 35053′-36021′ N, elevation 868–1553 m) is located on the Loess Plateau in Ji County, Shanxi province, China (Figure 1). This area has a warm, temperate continental climate with an average mean temperature of 10°C, a mean duration of 2,563 h of sunshine, a frost-free period of 172 days, and a mean annual precipitation of 575.9 mm. The precipitation varies greatly between years and seasons and is concentrated largely between June and September of each year (Zhou et al., 2013). The study area is characterized by a deeply incised hilly-gully loess landscape. The soils are the result of a high wind-deposited loess process and can be classified as Haplic Luvisols (IUSS Working Group, 2006).
[image: Figure 1]FIGURE 1 | Locations of the research sites (a: China, b: Shanxi Province, and c the Caijiachuan Watershed). NF is the naturally regenerating forest, BP is the black locust plantation, and CK is the cropland as control.
In general, soils are characterized by a high content of sand (45–60%) and silt (36–55%) material with certain variations depending on the hillslope position and previous land uses (Zhang et al., 2013b). The soil bulk density is approximately 1.15–1.30 g cm−3, with a low organic matter content (5–15 g kg−1). The principal forest types are naturally regenerating forests (NF) dominated by aspens (Populus davidiana) and oaks (Quercus liaotungesis) and reforested areas of black locust (Robinia pseudoacacia), Chinese pine (Pinus tabulaeformis), and cypresses (Platycladus orientalis). All forests were planted in 1990 as part of the GGP.
Experimental Design
Three typical hillslopes characterized by similar landforms (considering the gradient, aspect, and length fully) and different vegetation types (Table 1) were selected, representing 1) a black locust plantation (BP), 2) NF, and 3) a corn field as a control (CK). Both the BP and NF were converted from corn filed in 1990, and the main tree species in the NF was secondary Quercus aliena Bl. Both the BP and CK are located in the same gully at similar elevations (1120 m a.s.l.). The NF is located in an area affected by a gully of approximately 4 km southeast and an elevation of approximately 1040 m a.s.l. Corn fields in this area adopt the traditional cultivation model with few management measures, such as ploughing and fertilization.
TABLE 1 | Basic information on the research site (Caijiachuan catchment, Shanxi Province, North China). DBH = diameter at breast height; canopy density is provided for the forested sites and coverage is provided for the corn farmland; “−” = not measured. The values presented are the means and SD in brackets.
[image: Table 1]In this study, the hillslopes were divided into three erosional areas based on the slope gradient and soil erosion conditions (Figure 2). Specifically, the stable area was defined as the area at the shoulder of a slope with a low gradient (<50) and light soil erosion marks. The eroding area was defined as the area in the backslope with a steeper gradient (>100) and clearer soil erosion signs. Finally, the sedimentary area was defined as the area at the footslope with a lower gradient (<50). Because the eroded material from the eroding areas is used to accumulate in the sedimentary parts, the soils therein consist largely of a mixture of sediment setting on loess parent materials in deeper layers (Doetterl et al., 2012; Doetterl et al., 2016; Wang et al., 2017).
[image: Figure 2]FIGURE 2 | Topographical transect showing stable, eroding, and sedimentary areas. The stable area is on the top of the slope and has a small gradient (<50) and little erosion. The eroding area is in the middle of the slope and has a steep gradient (>100) and strong soil erosion. The sedimentary area is at the bottom of a slope and has a small gradient (<50) and notable sediment deposit.
Field Sampling
In mid-August, 2017, three plots of 10 × 10 m (separated by at least 10 m) were established representing the typical erosional area of each typical hillslope. Detailed site conditions (including elevation, slope length, angle, and aspect), as well as a vegetation inventory, were conducted in each plot. Five sampling points were set randomly and soil samples were collected at 10 cm intervals from a depth of 0–30 cm using a cylindrical soil driller (4 cm diameter and 20 cm long). Soil from corresponding layers was mixed to form one soil composite sample. Five replicate soil samples were collected in each plot, and 135 soil samples were collected in total. Each soil sample was divided evenly into two parts after visible roots and other impurities were removed, and one was naturally air-dried, while the other was refrigerated at 4°C until further use.
Laboratory Analysis
The air-dried soil was passed through a 0.2 mm sieve to ensure complete removal of gravel. The SOC content was determined by the potassium dichromate external heating method (Bao, 2000). The dissolved organic carbon (DOC) content was analyzed as follows: 10 g of a soil sample was added to a triangular flask with 40 ml of distilled water. The sample was shocked and leached for approximately 30 min at room temperature after 10 min of high-velocity centrifugation (6000 r/min at 4°C). The supernatant obtained was filtered through a 0.45 μm filter into separate vials and the extracts were analyzed for DOC using a total organic carbon analyzer (Multi N/C 3100, Analytik Jena AG, Thuringia, Germany). The level of easily oxidized organic carbon (EOC) in the organic phases was measured using 333 mmol/L of KMnO4 by shaking for 1 h, centrifugation for 5 min at 4000 g, diluting 10 times with deionized water, and using a spectrophotometer (AQ8100, Thermo Scientific™, MA) to measure the absorbance at 565 nm (Von Lützow et al., 2007). The KMnO4 standard curve and calculation method were based on Blaire et al. (1995) report.
Statistical Analysis
An analysis of variance (ANOVA) was used to analyze vegetation restoration’s effects on SOC content, DOC/SOC, and EOC/SOC between forest types, slope areas, and soil depth (p < 0.05). The means for each vegetation type in Table 1 were calculated by averaging the values of nine plots within the same slope, and the means in the figures for each area were calculated by averaging the values from three replicated plots in the corresponding soil layers. All data analyses were performed using SPSS v. 23.0 (SPSS Inc. 2016; NC) and R software v. 3.6 (R Development Core Team, 2012; R Project for Statistical Computing, Vienna, Austria).
RESULTS
Effect of Vegetation Restoration on SOC Content
Figure 3 shows that the SOC content increased significantly in response to vegetation restoration (p < 0.05). For the BP, the average SOC content was 6.85 g/kg, 1.38 times higher than that of the CK. For NF, the average SOC content was 14.28 g/kg, 2.88 times higher than that of the CK. The SOC content in the same area decreased significantly with increasing soil depth (p < 0.05).
[image: Figure 3]FIGURE 3 | Soil organic carbon content of the 0–30 cm soil layer (in 10 cm intervals) in the three areas defined in Figure 2 under naturally regenerating forests (NF), black locust plantation (BP), and the corn field as the control (CK). Vertical bars represent the standard deviations of five replicated soil samples. Different capital letters for the same areas indicate significant differences at p < 0.05 of soil layers, while different lowercase letters for the same soil layers indicate significant differences at p < 0.05 of different regions.
The SOC content followed the same distributions throughout the three vegetation types: sedimentary area > stable area > eroding area. However, the range of the changes observed was smaller after vegetation restoration. The ratio of the SOC content in the sedimentary to eroding areas in the CK was 247.0%, which decreased to 158.4% and 129.3% in response to the BP and NF, respectively. The change in the SOC distribution along the slope was most obvious in the 0–10 cm soil layer following vegetation recovery. In BP and CK, the SOC content in the deposition area was significantly higher than that in both the stable and eroding areas (p < 0.05). However, in NF, no significant difference was found in the surface soil between the three areas tested (p < 0.05). In the 20–30 cm soil layer, the SOC contents of NF, BP, and CK were all significantly higher in the deposition area than in the stable area and the content in the stable area was significantly higher than that in the eroding area (p < 0.05).
Effects of Vegetation Restoration on SOC Stability
Effects on Dissolved Organic Carbon
The proportion of DOC in SOC increased significantly (p < 0.05) after vegetation restoration (Figure 4). The DOC/SOC of the BP and NF was 0.92% and 1.23%, respectively, 13.14 times and 17.57 times higher, respectively, compared to the CK (0.07%). The DOC/SOC differed significantly in different soil layers; however, no consistent pattern of change was identified (p < 0.05). In the BP, the DOC fluctuated with the soil layer, but without apparent regularity; in the same area of NF, DOC/SOC decreased with increasing soil depth but increased in the CK.
[image: Figure 4]FIGURE 4 | Ratio of dissolved organic carbon (DOC) to total soil organic carbon (SOC) of the 0–30 cm soil layer (in 10 cm intervals) in three areas under different forest types. Vertical bars represent the standard deviations of five replicated soil samples. Different capital letters for the same areas indicate significant differences at p < 0.05 of soil layers, while different lowercase letters for the same soil layers indicate significant differences at p < 0.05 of different regions.
Compared to the CK, the increasing extent of DOC/SOC in the sedimentary area decreased significantly after vegetation restoration (p < 0.05). In the BP, NF, and CK, the ratios of DOC/SOC in the deposition areas were 1.29, 1.15, and 1.50 times that in the eroding area. For the BP, the DOC/SOC in the sedimentary area in the 0–10 cm and 10–20 cm soil layers was significantly higher than that in the stable and eroding areas (p < 0.05). However, in the 20–30 cm soil layer, no significant difference was found between the deposition and eroding areas (p < 0.05), and in NF, no significant erosion or accumulation of DOC in a specific area was observed (p < 0.05). In the CK, the DOC/SOC of each soil layer in the deposition area was significantly higher than that in both the stable and eroding areas (p < 0.05).
Effects on the Easily Oxidized Organic Carbon
Figure 5 shows that the increase in EOC/SOC following vegetation restoration was not significant (p < 0.05). The average EOC/SOC values of the BP and NF were 20.52% and 22.56%, respectively, approximately 1.06 and 1.16 times higher than that of the CK (19.38%). The EOC/SOC in both the stable and sedimentary areas decreased with increasing soil depth; however, no regular change was identified in the eroding area. No significant difference was found between different soil layers in any of the three regions (p < 0.05).
[image: Figure 5]FIGURE 5 | Ratio of easily oxidized organic carbon (EOC) to SOC of the 0–30 cm soil layer (in 10 cm intervals) in the three areas under different forest types. Vertical bars represent the standard deviations of five replicated soil samples. Different capital letters for the same areas indicate significant difference at p < 0.05 of soil layers, while different lowercase letters of the same soil layers indicate significant differences at p < 0.05 of different regions.
Among the three vegetation types, the EOC/SOC ratio was slightly, but not significantly, lower in the eroding area than the stable area, and the EOC/SOC in the deposition area was identical to that in the stable area (p < 0.05). Vegetation restoration did not affect this result significantly (p < 0.05). The ratios of EOC/SOC in the sedimentary areas of the BP, NF, and CK were 1.06, 1.08, and 1.06 times higher, respectively, than that in the eroding area. The EOC/SOC of the 0–10 cm layer in the BP and NF was significantly higher than that in the eroding area (p < 0.05); however, in the 10–20 cm and the 20–30 cm soil layers, there were no significant (p < 0.05) differences among the three areas. The CK showed no significant difference between soil layers (p < 0.05).
DISCUSSION
Effect of Vegetation Restoration on SOC Migration at the Soil Surface (0–30 cm)
Soil erosion and SOC deposition along hillslopes can lead to spatial redistribution of SOC, i.e., the removal of soils that are rich in organic carbon from source hillslopes (shoulder and backslope) and their accumulation at the footslope (Wang et al., 2017). It has been confirmed that the SOC content in the cultivated areas of the Loess Plateau had the following distribution pattern: sedimentary area > stable area > eroded area (Wang et al., 2014a; Li et al., 2019). In our study, considering the first 30 cm, the SOC distribution along the hillslope after vegetation restoration followed a similar trend. However, the ratio of SOC content in the sedimentary area to the eroded area decreased significantly (p < 0.05). This could indicate that vegetation restoration reduced the migration of SOC effectively in some areas. Further, while vegetation recovery increased the SOC input, it decreased soil erosion effectively (Wang et al., 2011; Qin et al., 2014). This could also explain the fact that the SOC among these three areas of the 0–10 cm soil layer after vegetation recovery decreased significantly; at the same time, the change was not significant in the 20–30 cm soil layer (p < 0.05). Further, in NF, the surface SOC did not differ significantly between different areas, and thus, NF could be considered to perform better in reducing SOC heterogeneity. This could be the case because the BP vegetation types were relatively simple over time and their diversity recovery was slower than that of NF (Zhang et al., 2017). This led indirectly to a low root density in the surface soil and a small cumulative amount of litter on the surface (Ceccon et al., 2011; Vos et al., 2019). Therefore, the resulting soil erosion-inhibiting effects were weaker in the BP than in NF.
With respect to the sampling depth, we cannot assume that the SOC concentration below 30 cm was unimportant. Therefore, future research should be devoted to assessing the effects that the tree roots, root secretions, and the microorganisms associated with them may affect, which, subsequently, enrich the SOC pool themselves. Secondly, it would be possible to observe whether dissolved SOC migrates deep into the soil. Finally, soil organisms have a very large effect (direct and indirect) on the distribution of SOM in soil (also at a depth of over 30 cm). This is particularly common in soils developed on loess and is associated particularly with earthworms (anecic earthworms) (Lavelle, 1988).
Effect of Vegetation Restoration on the Stability of SOC on Hillslopes
It is accepted generally that DOC, microbial biomass carbon, EOC, and particulate organic carbon are the most active parts of SOC (Von Lützow et al., 2007; Wang et al., 2014b). These indices reflect small changes in the soil before it experiences changes in the total organic carbon (Bloom et al., 2016; Yu et al., 2020b). EOC and DOC were considered the most sensitive indicators of labile organic carbon in response to changes in vegetation areas (Haynes, 2005; Zhang et al., 2013a). Hence, EOC/SOC and DOC/SOC were chosen to evaluate vegetation restoration’s effects on SOC stability.
Generally, DOC originates from plant litter, microbial decomposition, and root exudation (Franzluebbers, 2002). Although the DOC content is very low, it has strong mobility in the soil and therefore is considered one of the main forms of soil nutrient loss (Perakis and Hedin, 2002; Zhang et al., 2003). In this study, the increment in DOC/SOC in the sedimentary area was significantly lower in response to vegetation restoration, particularly for NF compared to the CK (p < 0.05). This showed that vegetation restoration could slow the migration of DOC to some extent. This could be because of the higher litter inputs in NF and BP than that in the CK, and decomposed litter add DOC to the surface soil. Moreover, litter’s runoff interception function can reduce the migration of DOC (Ma et al., 2016b). EOC refers to the part of SOC that can be oxidized by 330 mmol/L potassium permanganate (Neff and Asner, 2001; Von Lützow et al., 2007). In NF, BP, and CK, the distribution trends of EOC/SOC along the slopes were fundamentally identical: EOC/SOC was identical in the stable and sedimentary areas and slightly exceeded that in the eroded area. No significant (p < 0.05) enrichment trend in EOC was found in the sedimentary area, which Doetterl et al. (2012) also reported for cropland in central Belgium. It has been suggested that most of the EOC may have been mineralized during the migration process (Zhou et al., 2005; Ma et al., 2016a). In the 0–10 cm layer in both NF and BP, the EOC/SOC ratios in the stable and the sedimentary areas were significantly higher (p < 0.05) than that in the eroded area. However, there was no significant difference among the three areas in the CK (p < 0.05). This indicated that vegetation restoration could reduce topsoil mineralization during erosion to some extent.
Several studies have concluded that the SOC is more active in the foothills than in other areas (Doetterl et al., 2012; Zhang et al., 2019), although naturally, anthropogenic effects can introduce some variability in this final result. However, this study did not find any significant enrichment of labile organic carbon in the sedimentary area. This may be because the active components in organic carbon have been mineralized already during the migration process, or they may have migrated to deeper soil layers because of leaching (Wang et al., 2015; Kelleway et al., 2016).
This research concerns soil, and therefore in the future, more aspects related to the lack of clear information about the way soil properties affect (strongly in some cases) the process of soil organic matter (SOM) mineralization and its transformation should be included. For example, the potential presence of redox traces in soil (which is likely in soils at the bottom part of the slope) would indicate the contribution to the SOM mineralization of conditions other than simply erosion or vegetation. Another soil process could be related to soil oxygenation conditions and thus the conditions for SOM mineralization as well. In this research, we did not include information about the activity of soil fauna, but it could be an interesting line of future research because even earthworms can change the distribution of SOM (and also SOC) in soil significantly.
Schematic Diagram of SOC Cycle Patterns on Hillslopes
Since Doetterl et al. (2012); Doetterl et al. (2016) proposed agricultural land slopes’ effect on SOC content and its stability explicitly, several models and regional organic carbon estimates have introduced topographic factors (Bloom et al., 2016; Fissore et al., 2017; Patton et al., 2019). Therefore, a model for the process of SOC migration on the slope was proposed in this study. SOC reserves depend mainly on a dynamic balance between input and output (Bloom et al., 2016; Vos et al., 2019), as indicated in Figure 6A. According to the findings of this study, SOC also migrated and redistributed within the soil slope system, as shown in Figure 6B. In stable areas, topographic factors affected SOC less and the input and output along the slope were both very small. In the vertical direction, the litter vegetation produced increased the SOC input and improved the SOC activity to some extent. The activated SOC was mineralized and then either degassed in the form of carbon dioxide or continued to migrate to lower layers because of leaching. However, stable organic carbon is stored in the soil for a long period. In the eroded area, SOC will migrate downward together with the eroded soil because of the slope. Therefore, for a specific area, SOC input and output will increase simultaneously. In the vertical direction, the vegetation-induced organic carbon input remains largely the same as in the stable area; however, soil erosion will intensify the labile organic carbon’s mineralization and leaching, thus causing organic carbon to decrease continuously during its downward migration. In the sedimentary area, the eroded soil is deposited and the SOC content increases in response. However, the primary component is stable organic carbon. The reason may be that most of the labile organic carbon either has been mineralized during the migration process or could not be enriched in the sedimentary area because of leaching. However, the CK’s slope migration and conversion process differed notably from that of the BP and NF. On the one hand, the SOC input on arable land is relatively small and crop yield increases the SOC output, thus decreasing the total SOC on the slope (Von Lützow et al., 2006; Vos et al., 2019). On the other hand, because of the decreased coverage with surface litter and low content of labile organic carbon, a large amount of SOC migrates downward from the eroded area because of soil erosion and finally deposits in the sedimentary area.
[image: Figure 6]FIGURE 6 | (A) SOC cycle pattern. SOC reserves depend mainly on a dynamic balance between input and output. For SOC in a certain area, SOC input includes largely soil migration input because of soil erosion and organic carbon contained in the vegetation litter; SOC output includes largely soil migration output because of soil erosion, mineralization, and dissolution of active parts of SOC. The carbon dioxide (CO2) in the atmosphere is fixed by photosynthesis to achieve carbon circulation. (B) SOC migration pattern in stable, eroding, and sedimentary areas along the slopes in response to vegetation restoration. The thickness of the arrows indicates the amount of SOC migration.
Finally, we agree strongly that erosion changes the soil and affects its morphology, properties, and taxonomic position. It cannot be assumed that the same soil will be everywhere, but we consider that although other soils occur in each of the transect sections studied, which is attributable to erosion and other processes in the past, as well as different water-air conditions in the soil, our results correspond to the most representative possible patterns according to the number of soil surface samples and low variability.
CONCLUSION
To examine vegetation restoration’s effects on SOC redistribution along a loessial hillslope, soil samples were collected from stable, eroding, and sedimentary areas of typical hillslopes with different vegetation types in the hilly-gully loess area of China. Our results demonstrated that, compared to croplands, the differences in SOC content among these three areas decreased in NF and the BP, and the proportion of labile carbon to total SOC increased significantly for DOC/COC, but not for EOC/DOC. We conclude that this could indicate that vegetation restoration in the typical Loess Plateau hillslopes (NF in particular) is an effective measure to alleviate SOC’s redistribution and spatial heterogeneity and reduce soil erosion, which directly affects other ecosystem services. Therefore, the effect of vegetation recovery considering the vegetation type should be taken into account to better estimate the soil carbon storage and evaluate ecosystem services in the sloping areas of the Loess Plateau in China.
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Textural layering of soil plays an important role in distributing and regulating resources for plants in many semiarid and arid landscapes. However, the spatial patterns of textural layering and the potential effects on soil hydrology and water regimes are poorly understood, especially in arid sandy soil environments like the desert-oasis ecotones in northwestern China. This work aims to determine the distribution of textural layered soils, analyze the effects of different soil-textural configurations on water regimes, and evaluate which factors affect soil water infiltration and retention characteristics in such a desert-oasis ecotone. We measured soil water content and mineral composition in 87 soil profiles distributed along three transects in the study area. Constant-head infiltration experiments were conducted at 9 of the soil profiles with different texture configurations. The results showed that textural layered soils were patchily but extensively distributed throughout the study area (with a combined surface area percentage of about 84%). Soil water content in the profiles ranged from 0.002 to 0.27 g/cm3 during the investigation period, and significantly and positively correlated with the thickness of a medium-textured (silt or silt loam) layer (p < 0.001). The occurrence of a medium-textured layer increased field capacity and wilting point and decreased available water-holding capacity in soil profiles. Burial depth of the medium-textured layer had no clear effects on water retention properties, but the layer thickness tended to. In textural layered soils, smaller water infiltration rate and cumulative infiltration, and shallower depths of wetting fronts were detected, compared with homogeneous sand profiles. The thickness and burial depth of medium-textured layers had obvious effects on infiltration, but the magnitude of the effects depended on soil texture configuration. The revealed patterns of soil textural layering and the potential effects on water regimes may provide new insight into the sustainable management of rainfed vegetation in the desert-oasis ecotones of arid northwestern China and other regions with similar environments around the world.
Keywords: Textural layering, Soil hydrology, Water retention, Water infiltration, Water regimes
INTRODUCTION
Textural layered soils are soils with textural contrasts, or duplex soils with subsoil in which the clay content is at least one and a half times that of the overlying layer (Northcote, 1971). These include abrupt textural-change soils (Hill and Parlange, 1972; Bockheim, 2016) characterized by a clear, abrupt, or sharp boundary between the surface and the underlying horizon, and soils with a considerable increase in clay content within a very short vertical distance (Hardie, et al., 2012; Bockheim and Hartemink, 2013). Commonly, soil texture in these soils ranges from sandy to medium or medium-heavy clay soils (Hardie, et al., 2013). The formation of textural layered soils is a complex process resulting from a number of factors, such as translocation via eluviation-illuviation, bioturbation, erosion, deposition, and artificial reclamation (Phillips, 2001; Alfnes, et al., 2004). Textural layered soils are ubiquitous in the natural world, in places like southwestern Australia (Tennant, et al., 1992), the southwestern United States (Munson, et al., 2016), and western Canada (Selim, 2011). In China, similar textural layered soils have been found in the wind-water erosion crisscross region of the Loess Plateau (Zhang, et al., 2017a), and in the desert-oasis ecotone of northwestern China (Zhou, et al., 2016).
The desert-oasis ecotone of northwestern China is an ecologically fragile region currently experiencing significant desertification (Yu, et al., 2020). Since the mid-1970s, native sand-adapted shrubs have been widely planted, in order to curb desertification and alleviate its influence on crops, pasture, and human life (Zhou, et al., 2017). In regions with low precipitation, water is a basic condition on which vegetation relies for survival (Noy-Meir, 1973). Soil texture can affect quantity and availability of plant water as an important determinant of soil hydrological properties and processes, e.g., water retention, infiltration and drainage. There is evidence that discontinuity of subsurface soil horizons is a common feature in arid regions, and causes spatial heterogeneity of soil texture (Pahlavan-Rad and Akbarimoghaddam, 2018; Regmi and Rasmussen, 2018), which in turn leads to high heterogeneity of water reserves. To accommodate such conditions, plants have changed foraging mechanisms by modifying root distribution patterns (Hamerlynck, et al., 2002; Zou, et al., 2005). Additional studies suggest that the root increases in some plants (e.g., deeply rooted shrubs) are dampened on textural layered soils (Browning, et al., 2008; Duniway, et al., 2018), due to the clay-rich subsurface soil horizons, which can inhibit root growth and elongation (Zhou, et al., 2019). Through these responses, textural layered soils can influence vegetation dynamics and landscape evolution (Hamerlynck, et al., 2002; Sperry and Hacke, 2002; Macinnis-Ng, et al., 2010), which in turn influences local ecological stability. Understanding the effects of textural layering on soil hydrological properties and processes in arid ecosystems will be helpful for predicting the patterns and self-organizing processes of rainfed vegetation in desert-oasis ecotones.
Textural layered soils are generally regarded as a natural isolation layer (de Jong van Lier and Wendroth, 2016), influencing flow behaviors and temporal availability of soil water (McAuliffe, 1994). Many studies have explored the impact of textural layering on soil hydrological properties, and results have suggested that textural variability can increase soil water storage (Ityel, et al., 2011; Zettl, et al., 2011; Mancarella, et al., 2012). However, previous studies have provided inconsistent results on the associations between soil water availability and textural variability (Huang, et al., 2013; Fensham, et al., 2015). The influence of textural layered soils on water infiltration have also been widely investigated. Textural layered soils often impede infiltration (Ma, et al., 2011; Li, et al., 2014) due to a capillary and hydraulic barrier resulting from the discontinuity of hydraulic properties (Ross, 1990; Miyazaki, et al., 1993). Generally, a capillary barrier develops when a coarse-textured layer is found beneath a fine-textured layer (Stormont and Anderson, 1999). Factors affecting the efficiency of a capillary barrier include soil texture (Yang, et al., 2004), thickness of the overlying layer (Qian, et al., 2010), and the size of the interfaces between soil horizons (Si, et al., 2011). A hydraulic barrier develops when a coarse-textured layer covers a fine-textured layer (Thompson, et al., 2010), and the barrier is mainly affected by precipitation characteristics (Chu and Mariño, 2005), thickness of the coarse layer (Zhang, et al., 2017a), and disparities in permeability between surface soil and subsoil (Mohammadzadeh-Habili and Heidarpour, 2015). Water infiltration can be extremely complex under the condition of the simultaneous presence of two flow barriers—for example, a soil profile with a contrast-textured interlayer. Most studies suggest that infiltration is inhibited in these conditions, and the effect varies by the number, position and soil texture of the interlayers (Gvirtzman, et al., 2008; Ng, et al., 2015; Wang, et al., 2018; Hou, et al., 2019). However, further studies have suggested that textural layered soils do not obstruct water flow (Rimon, et al., 2007), and even in some cases (e.g., under dry soil conditions), facilitate infiltration (Hardie, et al., 2011; Wang, et al., 2014). These controversial findings need to be further investigated.
Many approaches have been proposed for analyzing the characteristics of infiltration processes in textural layered soils. Common methods for acquiring soil hydrological processes include laboratory tests (Al-Maktoumi, et al., 2015), field experiments (Rimon, et al., 2007; Gvirtzman, et al., 2008), and simulations by current commercially available soil water models such as HYDRUS 1D or 2D (Wang, et al., 2017; Wang, et al., 2018), and theoretical models such as the Green-Ampt model (Mohammadzadeh-Habili and Heidarpour, 2015; Deng and Zhu, 2016). Preferential flow is a common phenomenon in the desert-oasis ecotone (Yan and Zhao, 2016; Zhang, et al., 2017b), however, HYDRUS failed to simulate the complexity of flow processes observed in dry soils, specifically confounding preferential flow (Hardie, et al., 2013). Taking the complexity of textural layering effects into consideration, we chose in-situ infiltration testing in this study.
The primary objectives of this study were to: 1) examine the distribution and structures of textural layered soils; 2) identify the role of textural layered soils in soil water content (SWC) and hydrological properties (water-holding capacities) and processes (water infiltration); and 3) discuss the potential implications of textural layered soils for vegetation conservation in the study region.
MATERIALS AND METHODS
Study Area
The study was carried out in the Linze desert–oasis ecotone, located in the middle of the Heihe River Basin in northwestern China (39° 21′-39° 25′ N, 100° 08′-100° 11′ E). The area is about 3.5 km2 and is surrounded by the Beishan Mountain to the northwest, the Heihe River to the south, and the Badain Jaran Desert to the east (Figure 1). The climate is continental, with cold winters and hot summers. Mean annual precipitation is about 116.8 mm, with rainfall maximum during the summer period from May to September. Mean annual temperature and evaporation were 7.6°C (−27.3–39.1°C) and 2,390 mm, respectively, for the 1987–2017 period (Liu, et al., 2018). The dominant soil types are Aridisol, Plaggept and Psamments (Liu, et al., 2011) in the margin of the oasis, owing to long-term alluvial deposits and eolian processes forming a special type of texture-contrast soil (Zhang and Zhao, 2015). The major landscape types include the peripheral desert, desert-oasis ecotone, and central oasis (Zhang, et al., 2018). Dominant plant species include natural native vegetation such as Nitraria sphaerocarpa, Nitraria tangutorum and Calligonum mongolicum, and planted Haloxylon ammodendron.
[image: Figure 1]FIGURE 1 | Location of the sampling and infiltration sites. Note: Numbers from 1 to 9 at the blue points indicate the infiltration sites from T1 to T9, and the size of blue symbols does not represent the sampling range.
In the study area, H. ammodendron was planted at various times (2010, 2005, 1995, and 1975) using one-year-old seedlings in rows at about 2.0 m × 2.5 m spacing (Zhou, et al., 2017). Precipitation and volumetric water content (VWC) data collected by the Linze Inland River Basin Research Station of the Chinese Academy of Sciences indicated that single precipitation events did not usually recharge the soil below 20–30 cm. Clustered rain events could infiltrate into deeper layers, and wetting front fluctuations were mostly constrained to within 60 cm of the surface (Figure 2), as in deeper soils no impact of specific rain events was observed. Therefore, a key factor determining infiltration patterns in these soils involves the physical properties at 0–60 cm depth.
[image: Figure 2]FIGURE 2 | Dynamics of precipitation and soil moisture (2017) in the study area.
Soil Sampling
We set up three sampling transects 250 m apart. Along each transect, 29 sites were chosen at a distance of 250 m apart (Figure 1). The advantage of such sampling design was that it allowed us to assess the spatial distribution of medium-textured layers at the fringe of the oasis, and to evaluate potential impacts of medium-textured layers on soil water content. We sampled these 87 representative soil sites during the months of August and September 2018. At each site, we collected soil samples at intervals of 10 cm from 0 to 300 cm profiles with a hand-held soil auger (5 cm in diameter). Longitude and latitude at each site were obtained with a hand-held GPS. Land-use type and plant species were also noted. Sampling was paused for 7 days after a precipitation event to avoid confounding soil water content with direct precipitation inputs.
Infiltration Experiments and Observation Methods
To estimate the influence of textural layered soils on infiltration features, ponded infiltration measurements in situ were carried out on nine soil profiles with a medium-textured layer. The nine sites were selected from the 87 sites according to the following criteria (except for one control site): the presence of medium-textured layers in soils to 60 cm depth, and representative variations in soil texture configurations and burial depth of the medium-textured layers; these sites were named T1 to T9. The nine sites were divided into five categories based on the position and number of medium-textured layers: homogeneous soil profile (T1), soil profiles in which medium-textured layers covered the coarser layer (T2 and T3), soil profiles in which medium-textured layers lay beneath the coarser layer (T4 and T5), soil profiles with medium-textured soil interlaid within a coarser profile (T6 and T7), and soil profiles with multiple medium-texture layers (T8 and T9), as shown in Table 1.
TABLE 1 | Soil texture configurations for infiltration measurements.
[image: Table 1]A 20 cm inside-diameter ring was used to conduct infiltration tests, taking into consideration edge effects and disturbance of the sampled soil volume (Bagarello and Sgroi, 2004). A 100 cm-deep and 250 cm-wide soil profile was excavated with the central line of the ring as the axis in each site. The ring was carefully driven into soil 3 cm away from the excavated profile to a depth of 3 cm using a rubber hammer; surface vegetation was first removed, while the roots remained. To prevent extra seepage, we gently firmed the soil surface around the inside edges with a finger. The surface of the soil was padded with filter papers to prevent disturbance when adding water. A Mariotte bottle with an inner diameter of 40 cm and a height of 100 cm was used for the water supply. A 3 cm constant head of ponding was established in the ring, taking into consideration the effect of head of ponding on gravity potential and the maneuverability of the experiments (Touma, et al., 2007). The fall of the water level in the bottle was monitored to calculate the cumulative infiltration and the infiltration rate. The infiltration time was 450 min. The depth and breadth of the wetting front movement were obtained by observing the strong color contrast between wet and dry soil along the dug soil profile; only the right side of the horizontal wetting front was used, since the sides were nearly symmetrical. The dug profiles were covered with plastic to prevent evaporation. After infiltration, undisturbed soil samples were collected with steel cores (about 110 cm3) at intervals of 10 cm from 0 to 60 cm profiles.
Soil Properties
Soil particle size was analyzed using a particle-size analyzer (Mastersizer 3,000, Malvern Instruments, Malvern, England) after being air-dried and sieved to < 2 mm. The components were clay (<0.002 mm), silt (0.002–0.05 mm), and sand (0.05–2 mm). According to USDA soil taxonomy, the texture of the sediments in the pan belonged to the medium-texture category (clay 0–40%, sand 0–52%). SWC was measured by the oven-drying method (105°C, 12 h). Some of the soil samples collected with stainless steel cylinders at the infiltration sites were dried in an oven at 105°C for 48 h to calculate bulk density (BD). Other soil samples were allowed to be saturated for 72 h, and were then centrifuged (H-1400 pF centrifuge for soil, Kokusan Corporation, Japan). The centrifuge was operated using 12 matric potentials as follows: −0.001, −0.005, −0.01, −0.02, −0.04, −0.06, −0.08, −0.1, −0.2, −0.5, −1, and −1.5 MPa. The mass water content of each soil sample at a given pressure head was recorded individually. Water-holding capacity was measured using field capacity (FC), wilting point (WP), and available water content (AWC). In practice, WP is generally considered to be the soil water content at −1.5 MPa. FC for coarse- and medium-textured soils are measured more consistently at −0.01 MPa and −0.02 MPa, respectively, (Gijsman, et al., 2007). AWC represents the difference between FC and WP (Ren, et al., 2017). Therefore, SWC refers to mass water content, in this work.
Statistical Analyses
Statistical analyses were conducted with SPSS 22.0 (SPSS, Chicago, IL, United States). Because most of the soil property distributions failed the test of normality, a nonparametric Kruskal-Wallis ANOVA test could be used by comparing the differences in soil properties among the nine infiltration sites. We used linear regression to analyze the relationships between soil water content and textural size fractions of soil profiles, thickness, and burial depth of the medium-textured layers at the 87 sites. Correlation analysis was performed using Spearman’s correlation coefficients to evaluate the relationships between water retention properties and soil properties at the nine infiltration sites.
RESULTS
Textural Layering and Soil-Structure Interactions
Textural layered soils displayed large variability in the sampled landscape. Overall, approximately 84% of soil profiles in the study area were textual layering soils, and the soils had a patchy distribution (Figure 3). Based on the position and number of medium-textured layers, the 87 sampling sites were separated into six classes: soil profile with multiple medium-textured layers (MM), soil profile with medium-textured soil interlaid within a coarser profile (CMC), soil profile in which medium-textured layers lay beneath the coarser layer (CM), homogeneous soil profile (HS), soil profile in which medium-textured layers covered the coarser layer (MC), and soil profile with coarser texture interlaid within a medium-textured profile (MCM); these accounted for 28.74 27.59, 18.39, 16.08, 5.75, and 3.45% of the samples, respectively.
[image: Figure 3]FIGURE 3 | Distribution map of different texture-configuration soils. HS, CM, MC, CMC, MCM, and MM represent homogeneous soil profile, soil profile in which medium-textured layers lie beneath the coarser layer, soil profile in which medium-textured layers cover the coarser layer, soil profile with medium-textured soil interlaid within a coarser profile, soil profile with coarser texture interlaid within a medium-textured profile, and soil profile with multiple medium-textured layers, respectively. Note: The size of circle symbols dose not represent the sampling range.
Clay and silt concentrations (Figure 4A and Figure 4B) and SWC (Figure 4D) at the 87 sites were not normally distributed, but showed a strong tendency toward low values. Sand content data exhibited an opposite trend with >45% of soil profiles having sand content >90% (Figure 4C). Thickness of the medium-textured layer produced general unimodal distribution (Figure 4F), with >65% of medium-textured layers ranging in thickness from 0 to 90 cm. Distribution of burial depth was characterized by a single well-expressed maximum at 210–240 cm, with a second, less well-expressed maximum at 0–30 cm (Figure 4E).
[image: Figure 4]FIGURE 4 | Histograms of frequency distribution of values for soil texture fractions, soil water content, and thickness and burial depth of medium-textured layers at the 87 sites.
Similarly, soil physical properties at the nine infiltration sites exhibited prominent differences (Table 2 and Figure 5). The differences in SWC, surface specific area (SSA), and grain diameter (GD) between T1, T3, and T4 were significant (p < 0.05). As the thickness of the medium-textured layer increased, SWC increased from 0.03 g/cm3 for T1 to 0.12 g/cm3 for T3 to the maximum (0.16 g/cm3) for T4. SSA was substantially greater in T3 and T4 than in T1, and increased from 96.53 (m2/kg) for T1 to 1,443.00 (m2/kg) for T3 to 1,528.00 (m2/kg) for T4. GD at T1 was approximately 15 times larger than that at T3 and T4. SWC, SSA, and GD had no remarkable variation in the same texture configuration profile other than soil profiles in which medium-textured layers covered the coarser layer (T2 and T3) and soil profiles in which medium-textured layers lay beneath the coarser layer (T4 and T5). BD and TP did not differ in the effects of soil textural layering. The distribution of clay, silt, and sand in the T1 profile was uniform, whereas textural size fractions were exceptionally heterogeneous in T2 to T9, with the medium-textured layers stratified horizontally thereby forming sharp textural interfaces. Specifically, FC and WP were much lower in subsurface medium-textured layers than in sites with the medium-textured layers on the surface (average of 0.21 and 0.13 g/cm3, average of 0.24 and 0.16 g/cm3, respectively, for FC and WP). Notably, there was no significant effect of burial depth of the medium-textured layer on water-holding capacity; FC and WP for sand layers overlying medium-textured layers were 0.14 and 0.04 g/cm3, respectively, and the values for subsurface sand layers were 0.14 and 0.03 g/cm3, respectively. Conversely, AWC exhibited no significant difference between overlying silt loam layers and subsurface silt loam layers (0.08 and 0.09 g/cm3, respectively); AWC was higher in surface sand layers than in sand layers beneath the silt loam layers (0.11 and 0.09 g/cm3, respectively). In general, the FC and WP of sand layers were lower than those of medium-textured layers, including silt loam and loam layers, and the AWC of sand layers was higher than that of medium-textured layers.
TABLE 2 | Median (Standard Error) of soil physical properties at the nine infiltration sites (0–60 cm).
[image: Table 2][image: Figure 5]FIGURE 5 | Textural size fractions and water-holding capacities of different soil texture configurations.
Soil Infiltration Features Affected by Textural Layering
The water infiltration rate was high at the beginning of the experiment, decreased significantly with time, and then slowed down, finally stabilizing in most sites, such as T1, T2, T3, T8, and T9 (Figure 6). However, the infiltration rate for T4 and T5 first began to increase, then decreased slowly compared with T1 (between 20 and −100 min), and thereafter stabilized; a special condition was detected at T5 and T6, where the infiltration rates declined linearly after 245 and 255 min, respectively. In addition, the infiltration rate curve for T7 fluctuated until 285 min. In general, the average infiltration rate fell in the order T1> T5> T9> T4> T6> T8> T7> T3> T2.
[image: Figure 6]FIGURE 6 | Infiltration rate and cumulative infiltration with different texture configurations.
The cumulative infiltration curves rose gradually during the infiltration period (Figure 6). The cumulative infiltration at other sites was lower than that at T1 (709.89 cm); those of the average of soil profiles in which medium-textured layers covered the coarser layer (T2 and T3, 63.66 cm), of soil profiles with medium-textured soil interlaid within a coarser profile (T6 and T7, 196.58 cm), of soil profiles with multiple medium-textured layers (T8 and T9, 334.69 cm), and of soil profiles in which medium-textured layers lay beneath the coarser layer (T4 and T5, 408.14 cm) decreased by 91, 72, 53, and 43%, respectively. Interestingly, two turning points (the first at 120 min and the second at 255 min) were observed in the cumulative infiltration curve at T7, after which soil water infiltration decreased. However, this phenomenon was not as notable at other sites.
The horizontal and vertical wetting front initially advanced very fast and then slowed down until finally the rate of the wetting front became constant (Figure 7). The wetting zone for T1 was larger than that of the other sites, especially in the vertical direction. There were substantial reductions in the vertical wetting front at T2 to T9 compared with T1; the decreases were 74.5, 79.5, 72, 55, 74, 57, 73.5, and 50.3 cm, respectively. Meanwhile, the order of advancement in the horizontal direction for the same test duration was: T1, T5, T6, T8, T9, T4, T7, T2, and T3. The times when the wetting fronts of T4 to T9 first arrived at the interface were 20, 45, 4, 20, 15, and 35 min, respectively. The process of water penetration created an onion-shaped wetting front at T3 that propagated very slowly, in both vertical and horizontal directions. Likewise, the vertical and horizontal wetting distances at T2 and T7 were similar.
[image: Figure 7]FIGURE 7 | Advance of the wetting front in horizontal and vertical directions, with time.
Water Regimes Affected by Textural Layering
A correlation analysis between SWC and soil properties among the 87 sites is shown in Figure 8 and Figure 9. Significant positive correlations were found for SWC and silt (r = 0.78, p < 0.001, Figure 8B) and clay concentrations (r = 0.73, p < 0.001, Figure 8C) in soil depth to 300 cm, while SWC was highly significantly negatively correlated with sand concentration and an r value of 0.78 (p < 0.001, Figure 8A). And there was a significant negative correlation between SWC and burial depth of the medium-textured layers (r = −0.25, p < 0.05, Figure 9A), whereas the thickness of the layers was positively correlated with SWC (r = 0.57, p < 0.001, Figure 9B).
[image: Figure 8]FIGURE 8 | Relationships between SWC and sand concentration (A), silt concentration (B) and clay concentration (C) in soils to 300 cm depth; *** significant at p < 0.001.
[image: Figure 9]FIGURE 9 | Relationships between SWC and burial depth (A) and thickness (B) of medium-textured layers in soils to 300 cm depth; *** significant at p < 0.001, * significant at p < 0.05.
A correlation analysis between soil water retention and infiltration parameters and soil properties among the nine infiltration sites is shown in Figure 10. Water retention capacities (FC, WP and AWC) were significantly correlated with soil physical properties (SWC, sand, silt and clay concentrations, BD, and TP). A positive relationship with the thickness of the medium-textured layers was found for FC and WP, but not for AWC. The infiltration rate at 450 min (i450) and cumulative infiltration at 450 min (I450) were significantly positively correlated with sand concentration, BD, and the burial depth of the medium-textured layers, but significantly negatively correlated with silt concentration and TP. WFW450 and wetting front depth at 450 min (WFD450) were significantly negatively correlated with the thickness of the medium-textured layers. Moreover, SWC was associated with the thickness of the medium-textured layers but not with the burial depth of these layers.
[image: Figure 10]FIGURE 10 | Correlation matrix among soil properties and water-holding capacities and infiltration parameters. Note: i0, i450, I450, WFW450 and WFD450 represent initial infiltration rate (cm/min), infiltration rate at 450 min (cm/min), cumulative infiltration at 450 min (cm), wetting front width at 450 min (cm) and wetting front depth at 450 min (cm), respectively; FC, WP, AWC and SWC represent fielding capacity (g/cm3), wilting point (g/cm3), available soil water content (g/cm3) and soil water content (g/cm3), respectively; BD and TP represent bulk density (g/cm3) and total porosity (%), respectively; Burial and Thick represent the burial depth and thickness of the medium-textured layers (cm).
DISCUSSION
How Does Textural Layering Affect Soil Hydrological Properties and Processes?
Textural layering could increase water retention capacities both directly and indirectly. We had evidence that textural layering increased FC, WP and AWC of the surface sand layers (Figure 5), indicating the possibility of high water-storage capacity. These results were likely related to the increases in silt and clay content and TP of the surface sand layers and the thickness of the medium-textured layers, irrespective of the burial depth of those layers (Figure 10), because the thickness of the medium-textured layers is used as an indicator of silt and clay content, and increases in silt and clay content and TP can cause an increase in the abundance of small pore spaces where most water is retained (Sperry and Hacke, 2002). Our study also found that the correlation coefficients of soil texture with FC and WP were higher compared with those of TP, BD and the thickness. Any inconsistency might be caused by a discrepancy in initial soil water content, which can indirectly reflect matric potential. At high matric potentials, the impact of soil structure and physical properties on water-holding capacity would overrule the effect of clay content (Petersen, et al., 1996). Nevertheless, silt and clay contents become major contributors to water-holding capacity at low matric potentials (Banin and Amiel, 1970; Arthur, et al., 2013). In our study, low soil water content corresponded to low matric potential, and the concentrations of silt and clay were the major factors.
Although the burial depth of the medium-textured layers played minor roles in FC, WP and AWC compared with soil physical properties and the thickness of medium-textured layers (Figure 10), burial depth might be relevant for hydrological processes along with the texture configuration. In textural layering soils, the finer-textured layers act as barriers to infiltration (Li, et al., 2014), making burial depth an important factor in the infiltration process (Leconte and Brissette, 2001). Our study found that textural layering soil infiltration increased with the burial depth of the medium-textured layer, although it was less in the 17.5 cm treatment (T6) than in the 13 cm treatment (T4). A similar finding was reported by Wang et al. (Wang, et al., 2018), who found that the infiltration reduction effect was more pronounced in the 10 cm burial depth treatment than in the 5 cm treatment when the finer-textured layer was wettable. This result was also reported by Zhang et al. (Zhang, et al., 2017b), who indicated that infiltration increased as the burial depth of finer-textured layers increased from 0.5 to 25 cm, although the 10 cm treatment was an exception. They further found that burial depth hardly influenced infiltration process when the depth increased from 15 to 25 cm. Clearly, the impact of burial depth of the medium-textured layer on infiltration is complicated. On the other hand, our work revealed that textural layering soils had an infiltration-reduction effect, promoting the partition of water into lateral flows; these effects decreased in the order: MC, CMC, MM, and CM. This result is powerful evidence that the finer-textured layer governs the infiltration process (Kale and Sahoo, 2011). Infiltration is affected not only by the textural layering configurations and the burial depth of the finer-textured layers, but also by the thickness of the layers. For the MC scenario, the soil infiltrability of T2 was weaker than that of T3. There was no pronounced flow barrier effect in T3 resulting from the thickness of the overlying medium-textured layer when it greatly exceeded WFD450. Therefore, the 450 min infiltration process in T3 could be regarded as active in the medium-textured layer alone. Generally, a homogenous coarse layer has the fastest infiltration, while a fine homogenous layer has the slowest infiltration (Deng and Zhu, 2016). One explanation for these opposing results is that the finer-textured layer had a low hydraulic conductivity and more water was needed to break the capillary barrier when it was dry (McCartney and Zornberg, 2010; Si, et al., 2011). Therefore, when a finer-textured layer overlies a sand layer, a flow barrier can form when the thickness of the finer-textured layers does not exceed the response length.
Overall, these findings suggested a role for textural layering in soil hydrological processes. Textural layering could increase the content of silt and clay and of soil porosity, resulting in increasing surface sand layer water retention. Soil texture configuration, burial depth and thickness of the medium-textured layers influenced flow barriers indirectly, thus impacting the infiltration process. Moreover, these results contribute to a better understanding of infiltration characteristics in soils with different textural configurations, and provide data for validating and developing infiltration models and preferential flow modeling.
How Does Textural Layering Control Water Regimes?
Data from the infiltration sites showed that textural layering significantly altered sand, silt and clay concentrations, and increased SWC, compared with HS (Table 2). There was significant correlation between SWC and soil texture (Figure 8 and Figure 10). These results agreed with earlier findings, demonstrating that the effect of soil composition on SWC was inversely proportional to sand concentration and directly proportional to silt and clay concentrations (Gómez-Plaza, et al., 2001; Kokulan, et al., 2018). This trend was attributed to a higher absorption capacity with variations in the SSA with medium and fine particles (Petersen, et al., 1996), a result consistent with our findings (Table 2). Soil texture configuration could affect the thickness and burial depth of medium-textured layers and thus acted as another determining element of SWC (Figure 9). The thickness and burial depth of medium-textured layers were other determining elements of SWC. The thickness of the medium-textured layers could be regarded as an indicator of silt and clay concentrations, and as a consequence, there was significant positive correlation between SWC and the thickness of medium-textured layers (Figure 9 and Figure 10). On the other hand, there was little relationship between SWC and burial depth of the medium-textured layers (Figure 9 and Figure 10). In the previous section, we discussed the complex relationship between burial depth and soil hydrological processes. This relationship further explains why the burial depth of the medium-textured layer had a negligible effect on soil water content, and in part accounted for the low r value (0.39) between the thickness of a medium-textured layer and SWC in this study (Figure 10). In general, because precipitation could be captured by medium-textured layers but not penetrate into subsurface soil, the effects of small precipitation pulses could accumulate to produce a larger response pulse (Noy-Meir, 1973), which, coupled with increased water-holding capacity, resulted in increased SWC.
Implications for Regional Vegetation Conservation
Arid ecosystems, where rainfall is uneven and long drought periods are recurrent (Fernández-Raga, et al., 2017), are characterized by a high sensitivity of vegetation to the plant-available water in the soil. Therefore, the sustainable management of rainfed vegetation is critical for the stability of the ecosystem in arid regions. We have proved that textural layering increased soil water quantity by extending the timescale of precipitation pulses and changing soil hydrological processes, and increased the AWC of surface sand layers (Figure 4 and Table 2). This could presumably benefit perennial grasses as they are shallow-rooted and experience large fluctuations in water availability in the upper soil profile (Munson, et al., 2016). However, most studies have shown that woody plants dampened increases on textural layered soils because soil water was effectively inaccessible to plants for long periods, possibly limiting root growth (Fensham, et al., 2015). A recent study revealed that the interaction between rainfall and soil texture may change resources and recruitment strategies available to Haloxylon ammodendron (Liu, et al., 2020a). Due to the limited range of the soil layers, the results of this study were insufficient to confirm or refute the previous findings relating to woody plants. Aside from the effect of textural layering configurations on vegetation, the adaptation of plants to hydrology should also be taken into account (Liu, et al., 2020b). Therefore, further work is still needed to identify the potential effects of textural layered soils on eco-hydrological effectiveness and to determine whether textural layering should be considered a potential adverse factor for rainfed vegetation in the desert-oasis ecotones of arid northwestern China, especially as the ecological health of this ecotone is essential for regional ecosystem functioning and services.
CONCLUSION
Based on soil sampling and in-situ infiltration tests, this study examined the heterogeneity of textural layering soils and the effects of textural layering on soil water content, hydrological properties and processes. The main research results demonstrate that textural layered soils are widespread and the distribution of medium-textured layers shows discontinuity in the desert-oasis ecotone; and that the presence of medium-textured layers plays a critical role in soil water content, water storage and infiltration in sandy soils. Textural layering can increase soil water content in sandy soils both above and beneath medium-textured layers; and soil water content depends largely on the soil texture configurations, the thickness of medium-textured layers, and silt and clay concentrations. Medium-textured layers significantly increase soil porosity, and higher soil porosity results in increased water retention in surface sand layers. Meanwhile, medium-textured layers generate flow barriers in soil profiles-barriers that could capture and retain water for substantial periods of time relative to sandy soils. The infiltration process is mainly determined by soil texture configuration, and by the burial depth and thickness of medium-textured layers. The present study has only examined textural layering effects on soil water content and hydrological properties and processes. Textural layering effects on vegetation dynamics deserve further attention to improve sand-fixing vegetation in desert-oasis ecotones.
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Soil water content (SWC) plays a crucial role in the hydrological cycle and ecological restoration in arid and semi-arid areas. Studying the temporal stability of SWC spatial distribution is a requirement for the dynamic monitoring of SWC and the optimization of water resource management. The SWC in a Pinus tabulaeformis Carr. forest on the slope of the Loess Plateau of China were analyzed in five soil layers (0–100 cm with an interval of 20 cm) in the rainy and dry seasons from July 2014 to November 2017. The mean SWC was estimated and the main factors affecting the temporal stability of the SWC were further analyzed. Results showed that the SWC had strong temporal stability during the two seasons for several consecutive years. The temporal stability of SWC and the number of representative locations varied with season and depth. The elevation, soil total phosphorus (STP), clay, silt, or sand content of the representative locations approached the corresponding mean value of the study area. A single representative location accurately represented the mean SWC for the five depths in the rainy and dry seasons (RMSE <2%; rainy season: 0.81 < R2 < 0.94; dry season: 0.63 < R2 < 0.83; p < 0.01). The mean relative difference (MRD) and the relative difference standard deviation (SDRD) changed with the seasons and were significantly correlated with elevation, root density, and sand and silt content in two seasons (p < 0.05). Elevation, root density, and sand content were the main factors influencing the change of SWC temporal stability in different seasons. The results provide scientific guidance to monitor SWC by using a small number of locations and enrich our understanding of the factors affecting the temporal stability of SWC in the rainy and dry seasons of the Loess Plateau of China.
Keywords: soil water content, temporal stability, influencing factors, representative location, season, spatial distribution pattern, soil particle size
INTRODUCTION
Soil water content (SWC) is an important or even dominant influencing factor for the hydrological cycle, and vegetation and ecological restoration in arid and semi-arid ecosystems. SWC is also the key carrier of material transport in soil and an important driving force for energy transport (Brocca et al., 2009; Heathman et al., 2012; Penna et al., 2013; Zhao et al., 2019; Cheng et al., 2021). However, It is very difficult to obtain SWC data on large areas quickly and accurately. Besides, owing to the influence of topography, rainfall, soil characteristics, vegetation, and human activities, SWC shows high variations at different spatial and temporal scales (Western and Blöschl, 1999; Gómez-Plaza et al., 2001; Zhao et al., 2010; Biswas and Cheng Si, 2011; Hu and Si, 2016), which also increases the difficulty in obtaining reliable SWC data. SWC also had a major influential role in the processes of rainfall infiltration, evaporation, solute transport, runoff and sediment yield, plant photosynthesis, and groundwater recharge (de Souza et al., 2011; Duan et al., 2016; Wang et al., 2019; Xiao et al., 2020). Therefore, it is very important to understand the dynamic characteristics of SWC for vegetation protection, ecological restoration, and water resources management in arid and semi-arid areas.
Although the SWC displays high variability in time and space. However, in 1985, Vachaud first discovered that the high and low rank order of SWC at sample locations presented relative stability phenomenon with time and defined the concept of SWC temporal stability for the first time. He defined “temporal stability” as “the time-invariant association between spatial location and classical statistical parameters of a given soil property”. The method of SWC temporal stability is based on point-scale observations and considers that the SWC at certain locations can represent the mean SWC of a region over a period of time. The temporal stability concept at different spatial scales (e.g., slope, watershed, field, landscape-scale), different land-use types (e.g., rangeland, grass, pasture, agricultural land, shrub, forest), different terrain conditions (e.g., rolling, gentle sloping, complex terrains) and different climate zones (e.g., semi-arid, semi-humid, humid, semiarid) has been widely noticed and verified (Kachanoski and De Jong, 1988; Williams et al., 2009; Jacobs et al., 2010; Liu and Shao, 2014). At present, SWC temporal stability is widely used to interpolate missing SWC data and establish hydrological models (Pachepsky et al., 2005; Penna et al., 2013), and verify or correct remote sensing SWC data affected by resolution, vegetation, ground roughness, and topography (Mohanty and Skaggs, 2001; Jacobs et al., 2004; Vivoni et al., 2008; Wang et al., 2020). Besides, rapidly identifying the representative locations of SWC and use of these locations to directly or indirectly estimate the mean SWC is an important application of the concept of SWC temporal stability (Duan et al., 2017; He et al., 2019). The advantage of using the SWC representative location to obtain large-area SWC is that can reduce measurement costs and shorten the measurement cycle compared with traditional random multi-sample methods (Jacobs et al., 2004; Xu et al., 2017b). Direct or indirect estimation of the spatial mean SWC at different scales through the most temporally stable location or representative locations is very effective and feasible with accurate estimation results. (Grayson and Western, 1998; Guber et al., 2008; Hu and Si, 2014; Li et al., 2015; He et al., 2019). It is also able to accurately estimate the multi-year average SWC within the allowed error range (Schneider et al., 2008; Liu and Shao, 2014). Since 1999, the Chinese government has implemented a wide-ranging project of returning farmland to forests and grasslands to improve the ecological environment and reduce soil erosion of the Loess Plateau (Shi et al., 2020; Yu et al., 2020). However, soil water consumption increases with the increase of vegetation cover, which exacerbates the water shortage problem in the vegetation restoration process of the Loess Plateau (Liu and Shao, 2015), and causes the changes of SWC dependent on soil depth (Yaseef et al., 2010; Gao et al., 2011; Jian et al., 2015). Therefore, it is necessary to study the temporal stability patterns of SWC in different seasons over consecutive years to understand the dynamics of soil SWC and the effect of vegetation restoration on SWC changes in the Loess Plateau. No studies have yet focused on the temporal stability of SWC, and the factors affecting this temporal stability, in the dry and rainy seasons on the Loess Plateau for several consecutive years.
Many studies have been performed to determine the factors influencing SWC temporal stability, and many results have shown that SWC temporal stability depends on soil properties, topography, vegetation, climate, observation period, and scale of the study area (Vachaud et al., 1985; Gómez-Plaza et al., 2000; Heathman et al., 2009; Hu et al., 2009; Pan and Wang, 2009; Martinez et al., 2013; Liu et al., 2020; Xu et al., 2021). Soil texture and topography are considered to be some of the most dominant influencing factors. Vachaud et al. (1985) reported that the clay content contributes more to the temporal stability of SWC than other relevant factors, consistent with Mohanty and Skaggs (2001). However, Mohanty and Skaggs (2001) found that sandy soils exhibited stronger and more remarkable temporal stability contrasted with silty soils. Jacobs et al. (2004) studied various terrains of the Walnut Creek watershed in an Iowa depression (hilltop, steep slope, and mild slope), and pointed that the optimal time stable locations were those on a mild slope having moderate or above moderate clay content. Gao et al. (2011) also reported that those time-stable locations should have some identical or similar characteristics with locations of comparatively high clay content, comparatively mild slope, and comparatively planar surface for the 0–60 cm SWC in semi-arid jujube. This confirmed the results of Jacobs et al. (2004). Hu et al. (2009) study showed that land use did not affect the SWC spatial variability and temporal stability, but soil particle size and organic matter content were the main key factors of SWC temporal stability. Studies have confirmed that vegetation also has an important effect on the stability of SWC (Gómez-Plaza et al., 2001), the normalized difference vegetation index value in the most stable location was the moderate and above level (Jacobs et al., 2010). Jia et al. (2013) found that SWC shortage was mainly caused by vegetation restoration and depended on plant species, while vegetation cover and aboveground biomass were the main factors affecting SWC temporal stability. He et al. (2019) reported that vegetation characteristics such as leaf area index, soil bulk density, and canopy interception losses had an obvious effect on the temporal stability of high-elevation forests SWC. Besides, the temporal stability of SWC varied with the seasons and was stronger with the increase of vertical soil depth (Pachepsky et al., 2005; Guber et al., 2008; Xu et al., 2017a). Vanderlinden et al. (2012) found that a combination of topography, soil, vegetation, and climate have close interaction and comprehensive influence on SWC stability, rather than a single dominant factor. Therefore, it is difficult to reach a consensus on the factors that affect the temporal stability of SWC. Further understanding of the influence of these factors on the temporal stability of SWC would be helpful for the rapid and accurate identification of representative locations, the prediction and estimation of SWC at different scales, and the establishment of SWC models.
This study was based on the measured data of SWC from July 2014 to November 2017 in 21 monitoring locations on a slope afforested with Pinus tabulaeformis Carr. The objectives of this study were: 1) to evaluate the spatial distribution and temporal stability of SWC at different depths during the dry and rainy seasons for several consecutive years; 2) to estimate the mean SWC at different depths in two periods using a single representative location; and 3) to further identify the dominant factors that influence the temporal stability of SWC in different seasons.
MATERIALS AND METHODS
Study Area
The study was conducted in Wangmaogou watershed (110°20′26″–110°22′46″E, 37°34′13″–37°36′03″N). This 5.97 km2 area is located in Suide county, Shaanxi province, China (Figure 1). The watershed belongs to the typical gully region of the Loess Plateau, a central area of hydraulic erosion. The area of the upland and gully region in the watershed is 2.97 km2, accounting for 46.7% of the total watershed area. The elevation ranging is from 940 to 1200 m and the mean gradient is 28°. The region is dominated by a continental monsoon climate and has a mean temperature of 10.2°C. The annual mean evaporation and precipitation are 1,519 mm and 513 mm, respectively. Precipitation is unevenly distributed throughout the year, with more than 73.1% rainfall occurring between July and October. Figure 2 shows the precipitation distribution in the study area from June 2014 to November 2017. The typical soil type in the study area is loessial soil and the bulk density of surface soil ranges from 1.1 to 1.3 g/cm3. The soil in the watershed is made of over 60% fine sand and silt. The land use is dammed land (6.24%), forest land (9.5%), slope farmland (22.32%), terrace (25.78%), and grassland (36.51%). More information about the soil properties for the studied slope is shown in Table 1. Pinus tabulaeformis Carr. is one of the main tree species in the vegetation restoration process of Loess Plateau, so we chose typically sloped forestland covered by Pinus tabulaeformis Carr. to study. The selected slope is a slope and gully system with a small proportion of 1/5 of the whole slope, and the Pinus tabulaeformis Carr. is mainly distributed on the gully slope. The sample locations were placed in an approximate grid pattern along with the entire Pinus tabulaeformis Carr. forestland (Figure 1C). The mean plant spacing is 1.95 m and the stand age is 30 years.
[image: Figure 1]FIGURE 1 | The distribution of the 21 tube locations across the hillslope (C) located in the Wangmaogou watershed (B) on the Loess Plateau, China (A).
[image: Figure 2]FIGURE 2 | Evolution of daily rainfall for the study area from 2014 to 2017.
TABLE 1 | Statistical characteristics of soil properties at different depths.
[image: Table 1]Soil Sampling and Measurement
We chose 21 sampling locations on the hillslope, at elevations ranging from 964 to 997 m, and placed a 2 m long polycarbonate (PC) tube with an inner diameter of 44 mm at those locations (Figure 1C). The mean horizontal distance between adjacent PC tubes was about 10 m. Soil samples with roots were gathered at each sampling location at 20 cm intervals, and each sample was taken back to the laboratory for testing and analysis of its soil organic carbon content (SOC), soil total phosphorus (STP), soil total nitrogen (STN), soil particle size and root density (Table 1). N/C3100 analyzer (Analytik Jena AG, Germany) was applied to measure SOC. Foss 8400 analyzer and Auto Discrete analyzer (ADA, CleverChem 200, Germany) were employed to analyze the content of STN and STP. The WinRHIZO 2013 image analyzer system (Regent Instruments Inc., Quebec, Canada) was employed to scan root samples that were previously rinsed to acquire root length and diameter. The Mastersizer 2000 particle size analyzer (Malvern Instruments, Malvern, United Kingdom) was applied to measure soil particle composition which was sorted according to clay (<0.002 mm), silt (0.002–0.05 mm), and sand (0.05–2.0 mm) by the percentage of the soil particle distribution.
Volumetric SWC (%, V/V) was obtained by a time domain reflectometry (TDR) system (TRIME-PICO IPH, Ettlingen, Germany) at each location at soil depths of 0–20, 20–40, 40–60, 60–80 and 80–100 cm. The mean values of 3 measurements were taken as the final SWC at each tube location and each depth. The SWC was generally recorded twice a month (at least once a month) for a total of 57 measurement events from July 2014 to November 2017. During the rainy season from June to November, 35 measurement events took place in total, and during the dry season from December to May of the following year, 22 measurement events took place in total. In all 21 sampling locations, SWC was recorded by TDR during the rainy season and the dry season. The five soil layers at a soil depth of 0–100 cm at 20 cm intervals were designated as H1, H2, H3, H4, and H5, respectively.
Method of Data Analysis
The following methods were used to analyze the SWC temporal stability and the representativeness of the estimation results at H1, H2, H3, H4, and H5 depths. The Spearman’s rank correlation coefficient, rs, was used to reflect the temporal stability and consistency of SWC rank changes with time at different sampling locations. Furthermore, rs = 1 indicated that soil the spatial distribution of SWC had strong temporal stability in spatial distribution during different periods (Douaik et al., 2006). The relative difference method was originally proposed by Vachaud et al. (1985). The mean relative difference (MRD) and the relative difference standard deviation (SDRD) were adopted to describe the SWC temporal stability and find the representative locations. A location can be regarded as the SWC representative location when the MRD of the sampling location ranged from −0.05 to 0.05, and the corresponding SDRD was lower than the mean value for SDRD (Jacobs et al., 2004; Xu et al., 2015). The SWC at representative locations can predict or estimate the mean SWC in the study area. A t-test can be used to test whether there was a significant difference between the SWC of representative locations and the mean SWC on the slope (Gao and Shao, 2012). The difference between the estimated and observed values was analyzed by the root mean square error (RMSE) and mean absolute error (MAE). The smaller RMSE and MAE, the smaller the difference between the SWC and the mean SWC at the representative location.
RESULTS
Statistical Characteristics of SWC
The statistical characteristics of SWC at different depths during the rainy and dry seasons are shown in Table 2. The mean SWC ranged between 9.69–14.49% in the rainy season and 6.60–11.63% in the dry season. The mean SWC at 0–20 cm in the two periods was the lowest, while the mean SWC at 40–60 cm was the highest, indicating that more water can be stored at 40–60 cm soil depth. Also, the SWC at each depth in the rainy season was higher than that at the corresponding depth in the dry season. SWC in five soil depths ranged between 0.30–28.97% and 0.27–27.02% in the rainy and dry seasons, respectively. The coefficient of variation (CV), standard deviation (SD), standard error (SE) for the rainy and dry seasons generally decreased with increasing soil depth. The CV in the rainy season and dry season ranged between 33–51% and 26–50% respectively, both of which belong to moderate variability (Nielsen and Bouma, 1985).
TABLE 2 | Statistical characteristics of SWC at different soil depths during rainy and dry seasons.
[image: Table 2]Temporal Stability of Spatial Distribution of SWC
The variation characteristics of mean SWC measured on the entire observation period during the rainy and dry seasons, and the driest and the wettest date at a depth of 0–100 cm in 21 locations are shown in Figure 3. The driest and wettest dates for the mean SWC at 0–100 cm depth during the rainy season occurred on Jun. 15, 2015 and Oct. 28, 2017 respectively (Figure 3A). In contrast, the driest and wettest dates for mean SWC at 0–100 cm depth during the dry season occurred on Feb. 3, 2015 and Apr. 16, 2017, respectively (Figure 3B). There was a significant difference between the wettest and driest dates of mean SWC in the rainy and dry seasons (p = 0.000). However, the spatial distribution of SWC on the entire observation period, the driest and wettest dates were strongly correlated (p < 0.01), and the spatial distribution pattern of SWC was almost unchanged.
[image: Figure 3]FIGURE 3 | Mean SWC Change of 21 locations in the rainy season (A) and dry season (B) on the driest and wettest dates in the depth of 100 cm.
The Spearman’s rank correlation coefficient, rs, was used to later analyze the temporal stability of the spatial distribution of SWC. Figure 4 shows the mean Spearman’s rank correlation coefficient time series at different soil depths in two periods. During the rainy season, the rs values varied from 0.15 to 0.85 at different soil depths for each measurement date, and the lowest rs value occurred on August 24, 2017 (Figure 4A). The mean values of the correlation coefficients rs from H1 to H5 were 0.65, 0.74, 0.63, 0.74, and 0.76, respectively. During the dry season, the rs value varied from 0.39 to 0.86 at different soil depths for each measurement date, and the lowest rs value was on December 1, 2016 (Figure 4B). The mean values of H1 to H5 correlation coefficients rs in the dry season were 0.60, 0.78, 0.68, 0.70, and 0.75, respectively. The rs values in the rainy season and the dry season were generally close to 1, indicating that there was strong temporal stability in the spatial pattern of SWC at each depth. The mean rs at H2, H3, H4, H5 depth was higher in the dry season than in the rainy season (Figure 5), indicating that SWC temporal stability in the dry season was stronger compared with the rainy season at those depths. There was no significant difference between the average rs values of different depths of soil layers in the rainy season and those of the corresponding soil layers in the dry season (p > 0.05). The rs values at soil depths from H2 to H5 in the rainy season and dry season were significantly higher than the rs values at H1. The spatial patterns of SWC in the two periods were significantly correlated (p < 0.05), most showing an extremely significant correlation (p < 0.01), indicating that the spatial patterns of SWC at each depth had strong temporal stability.
[image: Figure 4]FIGURE 4 | Time series of mean Spearman rank correlation coefficients (rs) at different depths in the (A) rainy season and (B) dry season.
[image: Figure 5]FIGURE 5 | Variation of mean MRD range and mean SDRD of different soil layers change with depth in the rainy season and dry season.
Representative Locations at Different Soil Depths
Some locations which can represent or estimate the mean SWC value can be quantitatively obtained by the relative difference method. This method involves calculating the MRD and the SDRD under different soil depths, and plotting the relative difference diagram of different soil depths in two periods, as shown in Figure 6. The ranges between the maximum and minimum MRD values at H1, H2, H3, H4 and H5 in the rainy season and dry season were 0.99%, 1.09%, 0.59%, 0.56%, 0.64% and 1.36%, 1.22%, 0.73%, 0.71%, 0.74%, respectively. The ranges of MRD values at H3, H4, and H5 were smaller than that of the soil layers H1 and H2, indicating that the spatial variability of SWC was smaller and the temporal stability of SWC was stronger at the depth of 40–100 cm. The range of MRD values in the dry season was higher than in the rainy season. The Spearman’s rank correlation coefficient of MRD in the rainy and dry seasons was close to 1, and the MRD rank in the two periods showed an extremely significant correlation (p < 0.01) which gradually increased with depth. Under the same soil depth, the number of representative locations was different in the rainy and dry seasons. The number of representative locations at different soil depths during the rainy and dry seasons was also not constant. These phenomena indicated that the distribution pattern of SWC on the forestland slope in different seasons had temporal stability. And the temporal stability of the spatial distribution of SWC increased with soil depth and varied with the season.
[image: Figure 6]FIGURE 6 | The mean relative differences of each different soil depth in the rainy season (A) and dry season (B). The error bar represents the standard deviation of the relative difference. The gray solid circle is the representative location of each soil layer.
The locations with stronger SWC temporal stability should have smaller SDRD. The average SDRD values of H1, H2, H3, H4 and H5 in rainy and dry seasons were 0.22, 0.15, 0.13, 0.11, 0.12 and 0.27, 0.16, 0.13, 0.11, 0.10, respectively. The variations of mean MRD range and mean SDRD of different soil layers with depth in the rainy and dry seasons are shown in Figure 5. As a whole, the mean SDRD value decreased with soil depth. The mean SDRD value at H1 was the highest, indicating that the temporal stability of SWC at H1 was the lowest in both periods. Also, we found that representative locations had average elevation, TP, clay, silt, or sand compared with the corresponding study area average. The soil characteristics of the representative locations and the whole study area are compared in Table 3.
TABLE 3 | The soil characteristics of the representative locations and the whole study area.
[image: Table 3]Estimation and Accuracy Analysis of Mean SWC on Forestland Slope by Representative Location
According to the location of temporal stability determined by MRD and SDRD, selecting a single location representing four or five layers can be used to estimate the mean SWC. Location 18 was determined to best represent the mean SWC at different depths during the two periods. In the two seasons at each soil depth, a portion of the measurement events was used to establish a linear regression line between the measured mean SWC and the estimated SWC by the representative location, while the remaining events were used to test the accuracy of the estimation of the mean SWC on the slope by the representative location. Figure 7 shows the linear regression line between the measured SWC and estimated SWC at the representative location during the two periods. The determination coefficient R2 of the linear regression in the rainy and dry seasons ranges from 0.81 to 0.94 and 0.63 to 0.83 respectively, and all the linear regressions are significant at the level of p < 0.01. The accuracy of estimating the mean SWC on forestland slope by representative location points was further analyzed. For the rainy season, the RMSE value ranged from 0.62 to 1.81% and the MAE value ranged from 0.48 to 1.68%. For the dry season, the RMSE value ranged from 0.52 to 1.45% and the MAE value ranged from 0.42 to 1.08%. Cosh et al. (2008) considered that estimation is accurate when the RMSE between the estimated and measured values is less than 2%. The RMSE values in two periods at each depth were less than 2%. The lower the RMSE and MAE values in the two periods, the smaller the error between the predicted and the measured values, and the higher the confidence of estimating the average SWC. Therefore, we considered that a single representative location can be reliably used to estimate the mean SWC at different depths of the slope in the two periods, and the estimation accuracy was within the acceptable range.
[image: Figure 7]FIGURE 7 | Plot mean soil water content vs. SWC at representative locations for the 0–20, 20–40, 40–60, 60–80, and 80–100 cm soil layers (location 18 for the five soil layer) during the (A) rainy season and (B) dry season.
Factors Affecting the Stability of SWC
The Pearson’s correlation coefficients of the temporal stability parameters MRD, SDRD, and altitude, SOC, total N (TN), total P (TP), silt, sand, and clay and root density are shown in Table 4. From the relationship between MRD and soil properties mentioned above, MRD in rainy and dry seasons was significantly positively correlated with elevation and silt (p < 0.05), and negatively correlated with sand (p < 0.05). SDRD in the rainy and dry seasons was significantly positively correlated with elevation, SOC, and root density (p < 0.05). The factors affecting MRD and SDRD during the rainy season were fewer than those during the dry season. There was no significant correlation between TN, TP, clay content, and MRD and SDRD. The Pearson's correlation showed that soil particle size, root system, elevation, and SOC were the main factors affecting the spatial pattern and temporal stability of SWC in sloping forestland.
TABLE 4 | Pearson correlation between MRD, SDRD, and influencing factors in rainy and dry seasons.
[image: Table 4]Redundancy analysis (RDA) was used to further analyze the relationship between SWC and soil properties. The SWC data matrix consisted of MRD and SDRD, and the soil properties data matrix was composed of elevation, root density, SOC, TN, and TP. The longest arrow lines of elevation, and sand and root density indicated that they had significant effects on soil properties in the RDA ordination chart of Figure 8. During the two periods, MRD was positively correlated with elevation and negatively correlated with root density and sand content. SDRD was positively correlated with elevation and root density, and negatively correlated with sand content.
[image: Figure 8]FIGURE 8 | Two dimensional ordination diagram of redundancy analysis of MRD and SDRD in (A) rainy season and (B) dry season.
DISCUSSION
Temporal Variability and Temporal Stability of SWC
The SWC at different depths on the slope of the forest area under study was lower than 15% due to relatively low precipitation and strong evapotranspiration in the rainy and dry seasons (Gao and Shao, 2012; Liu and Shao, 2015; Xu et al., 2017a). The SWC at 40–60 cm depth was the highest, due to the lower distribution of high water consumption root organisms and relatively high precipitation replenishment at this depth (He et al., 2019). SWC in the rainy season was higher than that in the dry season, attributed to the different distributions of the root, rainfall recharge, and transpiration in different seasons. The spatial variability of deep SWC was low, consistent with other reports (Jia et al., 2013). Deep SWC was relatively weakly affected by rainfall events, evaporation, and climate ((Penna et al., 2009; Duan et al., 2017).
The spatial distribution patterns and Spearman’s rank correlation coefficient of SWC in the rainy and dry seasons showed strong temporal stability in all the five soil layers, consistent with previous studies (Vachaud et al., 1985; Schneider et al., 2008; Brocca et al., 2009; Gao and Shao, 2012; Zhao et al., 2017). According to the change of mean Spearman’s rank correlation coefficient, and MRD and SDRD calculated in the two periods, the temporal stability of SWC in deep soil depth were stronger than that in shallow soil depth. The main reasons for this phenomenon were that the effects of vegetation, topography, climate change and surface hydrological conditions on the temporal stability of SWC in deep layers decreased with the increase of soil depth (Hu et al., 2010b; Biswas and Cheng Si, 2011; Gao et al., 2011; Vanderlinden et al., 2012; Penna et al., 2013). At the same time, soil structure, strong heterogeneity of canopy interception, and the capacity of soil to retain water also reduced the temporal stability of shallow SWC (Korsunskaya et al., 1995; He et al., 2019).
However, the mean Spearman’s rank correlation coefficient at 20–60 cm depth was higher in the dry season than in the rainy season, indicating that SWC temporal stability in the dry season was stronger than in the rainy season at this depth. This conclusion is inconsistent with the previous results in other regions. For example, Williams et al. (2009) and Penna et al. (2013) found that SWC has more temporal stability in the rainy season. The 21 sampling locations in our study area ranged between 964–997 m in elevation, and the relatively large topographic relief had a certain impact on the temporal stability of SWC in different seasons. Gao et al. (2011) found that the temporal stability of SWC at 20–60 cm depth was higher in dry seasons than in wet seasons due to the complex topography of the jujube forest on the loess plateau. Lin (2006) also reported that the temporal stability of SWC spatial patterns in complex terrain may vary between seasons.
Mean SWC at Representative Locations
The variation range of MRD values in rainy and dry seasons decreased with depth, due to the weak spatial variability of soil water in deep layers (Table 2). Other studies have found that the range of MRD values increases with soil depth (Gao and Shao, 2012; Jia et al., 2013; Li et al., 2015), related to the soil, terrain, vegetation characteristics, and the study area scale (Schneider et al., 2008; Brocca et al., 2009). Average SDRD values in rainy and dry seasons decreased with the soil depth, similarly to previous research results (Guber et al., 2008; Penna et al., 2013; Liu and Shao, 2014). The influence of climate, biological, and hydrological factors on deep soil were smaller than on shallow soil, resulting in the low SDRD value of deep soil. The main reason for the low SDRD value of deep soil was that the influence of climate, biological, and hydrological factors on deep soil decreased with depth (Vanderlinden et al., 2012; Gao et al., 2016), which increased the temporal stability of SWC in deep layers. As in other studies, the representative locations of temporal stability varied with the depth and the number was not constant (Hu et al., 2010a; Coppola et al., 2011; de Souza et al., 2011; Martinez et al., 2013; Liu and Shao, 2014).
We found that representative locations were those having average elevation, TP, clay, silt, sand content, or root density compared to the corresponding means on the sloped forestland. Some studies have also reported that time-stable locations present some significant characteristics, such as mean soil bulk density, leaf area index, slope, slope direction, elevation, or relatively low canopy interception loss compared to the corresponding field means (Vanderlinden et al., 2012; He et al., 2019). Many previous studies have shown that it is difficult to accurately estimate the average SWC of multiple soil depths using a single stable location (Vanderlinden et al., 2012; Li et al., 2015), and even that no single stable location can represent the mean SWC at different depths (Duan et al., 2017). This study found a single stable location could estimate the field mean SWC at different depths satisfactorily, confirming the results (Jia et al., 2013; Penna et al., 2013; He et al., 2019). More importantly, our results showed that SWC in different seasons can also be estimated by the same representative location. The R2 in the rainy season was all larger than in the dry season, indicating that the estimation accuracy of representative locations was higher for the rainy season. Also, the low RMSE and MAE values of the two periods indicated that the estimation of mean SWC was accurate (Cosh et al., 2008).
Major Factors Influencing the Spatial and Temporal Changes of SWC
The Pearson’s correlation coefficient carried out showed that the factors affecting MRD and SDRD varied with the season, and more factors affected SWC parameters in the dry season than in the rainy season. The differences in climate, temperature, vegetation, and rainfall between the dry and rainy seasons are the main reason for the different factors influencing MRD and SDRD in the two periods. The RDA ordination chart of the two periods in Figure 8 indicates that elevation, root density, and sand content were the main factors influencing the temporal stability of SWC. The temporal stability of complex terrain is strongly affected by altitude (Cosh et al., 2008), and the distribution of root biomass leads to the dynamic of the required water height of vegetation (Zhao et al., 2010; He et al., 2019). The temporal stability of the SWC spatial pattern was related to soil, terrain, and vegetation (Gao and Shao, 2012).
The elevation, silt, and sand content had significant effects on MRD in the dry and rainy seasons. During the two periods, MRD was significantly negatively correlated with sand content (p < 0.01), and positively correlated with elevation and silt content. MRD in the dry season was also significantly affected by root density (p < 0.05), mainly because rainfall replenishment of soil water in the dry season was less than in the rainy season, leading to a significant influence of root water absorption on MRD. MRD was significantly influenced by soil particle size, in agreement with previous research (Vachaud et al., 1985; Penna et al., 2013; Chaney et al., 2015). However, the correlation between MRD and clay was not significant because soil texture was dominated by silt and sand in the study area, while clay content was less than 0.5%. Also, MRD was not significantly correlated with SOC, TP, and TN. Jia et al. (2013) also found that TP was not significantly correlated with MRD, but Zhao et al. (2010), Biswas and Cheng Si (2011) showed that MRD was significantly correlated with SOC. MRD was significantly associated with elevation, and many studies also reported that elevation had a slight or significant effect on SWC temporal stability (Hébrard et al., 2006; Zhao et al., 2010; Biswas and Cheng Si, 2011; Gao and Shao, 2012).
There have been few studies on the factors influencing SDRD in different seasons. In our study, in the two periods, SDRD was significantly positively correlated with elevation, SOC, and root density. Previous studies showed that elevation mainly affects the redistribution of SWC after rainfall (Vivoni et al., 2008), and indirectly affects evapotranspiration through solar radiation time and temperature (Xu et al., 2017a). Zhang et al. (2019) reported that soil particle size affects SOC content, so the effect of SOC content on SDRD was essentially still the effect of soil particle size on SWC temporal stability. Root water absorption has an important effect on SWC (Graefe et al., 2011). Soil particle size had a significant effect on SDRD in the dry season (p < 0.05), especially the content of clay and sand. A relatively high silt content and a low sand content result in a smaller SDRD, which is consistent with the result of RDA. However, SDRD was not significantly correlated with TN, TP, and clay content in two seasons.
CONCLUSION
Based on SWC data from 57 monitoring events in rainy and dry seasons, we studied the temporal stability and temporal spatial variability of SWC for several consecutive years in the Loess Plateau in China. SWC in this area showed moderate variability and presented strong temporal stability in dry and rainy seasons. The SWC temporal stability and representative location varied with the season and soil depth. The mean SWC at five depths in different seasons can be simultaneously predicted by a single representative location and allows accurate estimations. The factors influencing MRD and SDRD varied with the seasons. Moreover, elevation, root density, and sand content were the dominant factors affecting the temporal stability of SWC in two seasons. More attention should be emphasized to the comprehensive effects of season, complex topography, and soil properties on SWC in arid and semi-arid areas. Our results provide support for the targeted management of water resources during the dry and rainy seasons and the restoration of reasonable vegetation in arid and semi-arid areas.
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Hydrological series data are non-stationary and nonlinear. However, certain data-driven forecasting methods assume that streamflow series are stable, which contradicts reality and causes the simulated value to deviate from the observed one. Ensemble empirical mode decomposition (EEMD) was employed in this study to decompose runoff series into several stationary components and a trend. The long short-term memory (LSTM) model was used to build the prediction model for each sub-series. The model input set contained the historical flow series of the simulation station, its upstream hydrological station, and the historical meteorological element series. The final input of the LSTM model was selected by the MI method. To verify the effect of EEMD, this study used the Radial Basis Function (RBF) model to predict the sub-series, which was decomposed by EEMD. In addition, to study the simulation characteristics of the EEMD-LSTM model for different months of runoff, the GM(group by month)-EEMD-LSTM was set up for comparison. The key difference between the GM-EEMD-LSTM model and the EEMD-LSTM model is that the GM model must divide the runoff sequence on a monthly basis, followed by decomposition with EEMD and prediction with the LSTM model. The prediction results of the sub-series obtained by the LSTM and RBF exhibited better statistical performance than those of the original series, especially for the EEMD-LSTM. The overall GM-EEMD-LSTM model performance in low-water months was superior to that of the EEMD-LSTM model, but the simulation effect in the flood season was slightly lower than that of the EEMD-LSTM model. The simulation results of both models are significantly improved compared to those of the LSTM model.
Keywords: ensemble empirical mode decomposition, long short-term memory, three gorges reservoir, runoff forecasting, streamflow series, hydrological model
INTRODUCTION
The Three Gorges Reservoir is located in the upper reaches of the Yangtze River. The Three Gorges Project is the largest water conservancy project in the world. It plays an important role in the governance and development of the Yangtze River and has comprehensive benefits such as flood control, hydropower generation, and increased water supply (News and Focus, 2015). Forecasting Three Gorges River inflows is critical for dispatching cascaded hydropower stations for optimal production and operation. Accurate hydrological forecasts are not beneficial for deciding the optimal dispatch time and reservoir station locations, but they are conducive to the development and adjustment of station power generation plans (Cheng et al., 2015). Two primary types of runoff prediction methods have been developed: physical analysis models and data-driven methods. Physical models are based on the hydrological dynamic process, and they are closely integrated with the spatio-temporal precipitation distribution, meteorological conditions, and underlying surface conditions (Lee et al., 2020). Zhu et al. (2019) proposed a method to improve runoff simulation by fusing multi-source precipitation products. Patil and Ramsankaran (2017) improved the flow simulation and prediction performance of the Soil and Water Assessment Tool (SWAT) by assimilating remotely sensed soil moisture observations. Due to the high data requirements of physical analysis models and the complexity of runoff generation and flow concentration processes, it is difficult to establish precise hydrological models, which restricts the application of physical models. Therefore, scholars have utilized data-driven methods to solve these problems (Abbaspour et al., 2015; Wang et al., 2018).
Data-driven methods rely on historical observation data to predict data characteristics and the relationship between model inputs and outputs. Data-driven methods have been widely used and have achieved excellent results (Kan et al., 2016). Wu et al. (2005) developed an artificial neural network (ANN) model and successfully applied it to short-term flow forecasting. Nanda et al. (2016) used a linear autoregressive moving average model to forecast floods with a forecast period of 1 d–3 days Ahmadi et al., 2019 used ANN models on a daily, monthly, and annual basis in the Kan watershed, which is located in western Tehran, Iran. Certain data-driven forecasting methods, such as the ANN, adaptive-network-based fuzzy inference system, and support vector machine methods assume that streamflow series are stable, which contradicts reality and causes the simulated value to deviate from the observed one (Adamowski et al., 2014).
In order to solve the instability problem of the runoff series and improve the simulation accuracy of model, many studies employed ensemble empirical mode decomposition (EEMD) to process the runoff series and decompose the non-stationary original series into a trend with several stable sub-series. This method has been widely used in combination with data-driven methods in recent years. Tan et al. (2018) used an EEMD-ANN model to forecast the monthly runoff at three stations in Ertan, Cuntan, and Yichang. Wang et al. (2020) used ANN and SVR to regress a monthly flow series decomposed by EEMD according to the climate index.
The EEMD is an optimized version of empirical mode decomposition (EMD) method. Huang et al. (1998) proposed the EMD method in 1998. The EMD method innovatively introduces “intrinsic mode functions” based on the local characteristics of the signal, which makes the instantaneous frequency meaningful. This makes it suitable for nonlinear and linear stationary processes. The final results of EMD decomposition are reflected in an energy-frequency-time distribution (Huang et al., 1998). Zhao et al. (2017) used the EMD method to decompose annual runoff; they effectively improved the simulation accuracy of the Chaotic Least Squares Support Vector Machine model. Based on EMD, the EEMD method improves the phenomenon of EMD modal aliasing by adding white noise. It can add white noise without any basic function, so that signals with different scales can be clearly sorted in the appropriate intrinsic mode function (IMF) (Huang and Wu, 2008). Wang et al. (2015) used the EEMD method to decompose an annual runoff sequence, and constructed an EEMD-ANN model. Their results showed that the EEMD method effectively improved the simulation performance of their ANN. Yu et al. (2018) combined the EEMD method with a radial basis function (RBF) neural network and an autoregression (AR) model to forecast annual runoff, effectively improving the simulation accuracies of the two models.
Combining EEMD and data-driven methods for data series prediction has been extensively studied in various fields, but few studies combine the EEMD and long short-term memory (LSTM) methods or use these combined methods to perform runoff predictions. Zhang et al. (2018) used the EEMD-LSTM method to predict the daily surface temperature, comparing it with the EMD-LSTM and EEMD-RNN methods and demonstrating that the EEMD-LSTM model is the most suitable tool for temperature prediction. An et al. (2020) used singular spectrum analysis (SSA) and EEMD to extract the frequency and trend features of Niangziguan spring discharge, and then they used LSTM to simulate each frequency and trend sub-sequence. The results demonstrate that the SSA-LSTM and EEMD-LSTM performances are superior to that of LSTM, and the EEMD-LSTM model achieved the optimal prediction performance. Therefore, this study utilizes LSTM to determine whether runoff data processed by EEMD can improve the prediction performance of the LSTM model for runoff data. In addition, this study utilized the mutual information method which is suitable for handling the nonlinear relationship between hydrological series to select the input variables.
The remainder of this paper is organized as follows. Materials and Method contains the methods used in the research and relevant information about the study area, model inputs, parameter settings, and verification strategy. Results and Discussion describes the calculation results and analysis of each step, and Conclusion contains the research conclusions.
MATERIALS AND METHODS
The main purpose of this research is to study whether the data processed by EEMD can improve the simulation performance of the LSTM model for runoff data. Therefore, the main structure of the model is decomposition-analysis-simulation, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Research flowchart.
EEMD
EEMD optimizes EMD, improving the mode mixing phenomenon of EMD by adding white noise. The EEMD method adds the appropriate amount of white noise to the original sequence and then divides the original sequence into a trend and n finite intrinsic mode functions (IMFs) (Huang and Wu, 2008; Wang et al., 2020). The specific EEMD steps are as follows:
1 Step 1: Input the data to be decomposed as the original signal x(t) and set the EEMD parameters, including the noise standard deviation (Nstd), number of realizations (NR), and maximum number of sifting iterations allowed (MaxIter).
2 Step 2: Add white noise (wi(t)) to the original sequence to form the following new sequence:
[image: image]
3 Step 3: Using the following formula, EMD divides the new sequence obtained in Step 2 into n finite IMFs and a trend item.
[image: image]
4 Step 4: Repeat Steps 2 and 3 until the maximum NR is achieved for i.
5 Step 5: IMFs are calculated using Eq. 3, and the final result is obtained using Eq. 4.
[image: image]
[image: image]
where cj(t) represents the jth IMF, and r(t) is the trend item.
Mutual Information
The mutual information method describes the degree of correlation between two random variables, and it can reflect both the non-linear and linear correlations. If variables x and y are related, and x is known, the uncertainty of y can be reduced according to the degree of mutual information between x and y. If variables x and y are independent of each other, the joint density is equal to the product of their edge distribution density (Sharma, 2000; Zhao and Yang, 2011; Ding et al., 2019), which can be expressed as follows:
[image: image]
When variables x and y have N observations and are discrete random variables, the mutual information between the variables can be expressed as follows:
[image: image]
When the variables x and y are continuous random variables, the mutual information equation between the variables is
[image: image]
where µ(x,y) represents the joint distribution density of continuous random variables x and y; and µx(x) and µy(y) represent the marginal distribution densities of continuous random variables x and y, respectively.
When the random variables x and y are independent of each other, [image: image], and [image: image], then MI = 0. When x and y are not independent of each other, MI approaches positive infinity.
Long Short-Term Memory
LSTM is an improved recurrent neural network (RNN) that resolves the problem of gradient disappearance during an RNN simulation. LSTM replaces the cell unit in the RNN with a memory unit, which effectively improves the long-term memory ability of the neural network (Kratzert et al., 2018). LSTM is connected in a time sequence. At time t, the input of the memory unit includes the hidden layer state variable ht−1 at time t−1 and the state variable Ct−1 of the memory unit and input information xt at time t. Additionally, the forget gate ft, input gate it, and output gate ot are coordinately controlled. Finally, the calculation result yt of the LSTM at time t is obtained, and it is passed into the calculation at time t+1 together with Ct (Yin et al., 2019). The LSTM memory unit structure is displayed in Figure 2.
[image: Figure 2]FIGURE 2 | Diagram of LSTM memory cell structure. (Yin et al., 2019)
The specific calculation process of LSTM is as follows:
1 Step 1: Forget gate (ft) calculation. ft determines the amount of information discarded, and the calculation is as follows:
[image: image]
where Uf, Wf, and bf are adjustable parameter matrices or vectors of the forgetting gate that can be optimized during neural network training, and σ is the sigmoid activation function.
2 Step 2: Input gate (it) calculation. it determines the amount of information used to update the state.
[image: image]
where Ui, Wi, and bi are the adjustable parameter matrices or vectors of the input gate that can be optimized during the neural network training process. The calculation formula for the newly acquired information [image: image] is as follows:
[image: image]
where [image: image], [image: image], and [image: image] are the adjustable parameter matrices or vectors of [image: image] that can be optimized during neural network training, and tanh is the hyperbolic tangent activation function.
3 Step 3: Neuron state update. The neuron state update is calculated as follows:
[image: image]
where ∗ represents the product of the matrix elements. Because Ct interacts linearly with other LSTM units, the information can be kept unchanged for a longer period.
4 Step 4: Output gate (ot) calculation. ot can generate the hidden layer state variable ht at time t, and the corresponding formulas are as follows:
[image: image]
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where Uo, Wo, and bo are adjustable parameter matrices or vectors of the output gate that can be optimized during neural network training.
5 Step 5: Output (yt) calculation. The yt calculation formula is as follows:
[image: image]
where Wd and bd are the adjustable parameter matrices or vectors of the output layer that can be optimized during neural network training.
EEMD-LSTM
The EEMD method has been demonstrated to effectively improve the prediction ability of ANN, SVR, and other methods for processing non-stationary series. To study the effect of EEMD on the LSTM model, an EEMD-LSTM model was established. EEMD is used to process the non-linear and non-stationary runoff series into several stable sub-series, and the LSTM model is used to build the prediction model for each sub-series.
The EEMD-LSTM model is based on a decomposition-analysis-prediction framework, and it includes three stages: 1) decompose the original runoff series into IMF and residue; 2) use the mutual information method to select the predictor with the largest amount of mutual information within each sub-series; and 3) use the LSTM model to predict each sub-sequence and obtain the sum to calculate the prediction result of the original series.
Radial Basis Function and EEMD-RBF
The Radial Basis Function Neural Network (RBF) is a forward type network based on the radial basis function, which can approximate any finite function with arbitrary precision (Tayyab et al., 2018; She and You, 2019). Compared with other neural networks, RBF has the advantages of fast convergence, it does not easily fall into local minima, good robustness and easy implementation, and has been widely used in the field of nonlinear time series forecasting (Meshram et al., 2020).
The EEMD-RBF model uses EEMD to decompose the original data series, and then uses the RBF model to predict the sub-series. We then superimposed the RBF prediction results for each sub-series to obtain the EEMD-RBF prediction results for the original series.
GM-EEMD-LSTM
To study the simulation characteristics of the LSTM model for various month series, the GM-EEMD-LSTM model (The GM-EEMD-LSTM model is a model in which data is grouped monthly and then decomposed and predicted) was set as the control. This study uses data from 2005 to 2017 for research, dividing the data from 2005 to 2014 into the training set and the data from 2015 to 2017 into the validation set. The GM-EEMD-LSTM model first separates the original runoff series by month and arranges the sub-series chronologically to obtain a 12-month series. Then, it sorts the input variables of each monthly series. The 12-month series are then separately processed using EEMD. Each monthly series is divided into eight or nine sub-series. The predictor with the largest mutual information within each sub-series is selected as the input of the LSTM model. The simulation results of each sub-series are superimposed to obtain the simulation results of the monthly sequence and are arranged chronologically to obtain the simulation results from 2015 to 2017.
Case Study
Study Area
The Three Gorges Reservoir is a national strategic freshwater resource and an important ecological barrier in the upper reaches of the Yangtze River (Cheng et al., 2015). The reservoir was impounded for the first time in 2003, and the water level in front of the dam was 135 m. In 2006, the impoundment water level reached 156 m. In 2008, a 175-m experimental impoundment was commenced (Tian et al., 2020). The inflow flow forecast of the Three Gorges Reservoir is vital for optimizing scheduling to make correct decisions regarding production and operation. Accurate hydrological forecasts not only provide the basis for optimal decision-making regarding reservoir dispatching times but are also critical to power station formulations and power generation plan adjustments (Cheng et al., 2015).
This study used daily inflow data from 2005 to 2017 to forecast the inflows of the Three Gorges Reservoir. The reservoir is located in the middle reaches of the Yangtze River Basin. The research area and station distribution, as shown in Figure 3. It controls a drainage area of 1 million km2 and has an average annual runoff of 451 billion m3 (Zhou et al., 2019). The monsoon characteristics of the Yangtze River Basin indicate that the region is greatly affected by extreme weather events. Over the past few decades, especially since the 1990s, the climate has warmed and the frequency of flood disasters in the Yangtze River Basin has increased. Future climate changes may further aggravate this phenomenon (Zhao et al., 2020). Extremely severe flood, ice, and snow disasters and drought events are also on the rise (Yu et al., 2020). Human activities and climate change have altered the underlying surface conditions of the Yangtze River Basin, leading to more complex runoff changes (Jiang et al., 2008).
[image: Figure 3]FIGURE 3 | Research area and station distribution. Tan et al. (2018)
Model Inputs and Parameter Settings
When forecasting the daily inflows of the Three Gorges Reservoir, daily flows (inflows) measured for 1–7 days for the Three Gorges Reservoir and its upstream stations in Cuntan and Wanxian were selected as the predictors. Because runoff is a comprehensive result of meteorological and hydrological processes, the arithmetic average method was used to obtain the arithmetic average of the meteorological elements of the meteorological stations upstream of the Three Gorges Reservoir, and the meteorological elements from the previous 7 days to the forecast day were used as the model forecast factors. The meteorological elements considered by the model included rainfall, relative humidity, light, daily average temperature, and wind speed; thus, there were 5 + 8 × 7 forecast factors in the forecast factor set. LSTM uses a month of previous data as the input for each simulation. Both the inflow and predictor data series of the Three Gorges Reservoir use daily data from 2004 to 2017. The data from 2004 were used as preliminary predictors, and the data from 2005 to 2017 were used for model training and testing. The 2014 data were used as the training set, and the 2015–2017 data were used as the test set. The data were obtained from the Information Center of the Ministry of Water Resources.
In the EEMD model, the white noise amplitude was set to 0.2 times the standard deviation of the sample data, NR was set to 100, and the maximum number of filtering iterations was set to 500. Each decomposed sub-sequence must establish a unique LSTM model; thus, [image: image] models must be established, where mi is the number of series in the ith month, and M is the number of sub-series divided by the number of natural flow series.
In the LSTM model, the number of hidden layers was 1, the number of neurons in the hidden layer n was proportional to the complexity of the model, the value was 2k (k = 1,2,3,...,10), and the sequence value range was [2,7]. For training, the learning rate was set to 0.0005, and the maximum training generation m was 500 generations. The model adopts the z-score algorithm for standardization. After standardization, the mean value of the data was 0, and the standard deviation was 1. In this study, the training and test sets were standardized Tan et al. (2018) separately, and the mean and standard deviation used in the calculation and de-standardization of the model results were derived from the training set.
Verification Strategy
To quantify the performance of the LSTM model, this study used three indicators, the Nash coefficient (NSE), relative deviation (BIAS), and mean absolute percentage error (MAPE), to evaluate the forecast accuracy of the model. The value range of the NSE was [−∞, 1]. The closer the value is to 1, the higher the degree of fit between the simulated and measured values. BIAS was used to evaluate the accuracy of the overall water balance of the model results, and the value range was [−100%, 100%]. The optimal value is 0; a positive value indicates that the water volume is higher overall. MAPE was used to reflect the relative deviation between the forecast and measured values; the value range was [0,100%], and the month was close to 0. The corresponding formulas are as follows:
[image: image]
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where i is the ith moment, N is the total number of time steps, represents the simulation value, y represents the observation value, and [image: image] is the mean value of the observation data.
RESULTS AND DISCUSSION
Decomposition Results Using EEMD
EEMD was used to decompose non-linear and non-stationary raw flow data into linear and stable sub-sequences. The monthly runoff sequence of the GM-EEMD-LSTM model was divided into eight or nine independent sub-sequences. In addition, the original sequences from 2005 to 2017 were broken down into 13 independent levels in the EEMD-LSTM model. The frequency of these components gradually decreased from IMF1 to IMFn, and the residual was the slowest trend of the original sequence. Due to space constraints, Figure 4 displays the decomposition results of the May month sequence of the GM-EEMD-LSTM model.
[image: Figure 4]FIGURE 4 | Components decomposed by EEMD for May.
Figure 4 displays the sub-sequences of different periods. IMF1 is short, with a higher frequency and greater fluctuation. The positions of IMF1, IMF2, and IMF3 related to larger amplitude fluctuations are consistent. IMF3 contains 13 cycles in total, which is consistent with the original sequence (2005–2017). The residue was the upward change trend of the data in May, which is consistent with the slight upward trend of the May monthly series.
Correlations Between Related Factors and Original/Decomposed Components
Through a cross-correlation analysis, the correlation coefficients between the forecast factors and flow series (LSTM, EEMD-LSTM, and GM-EEMD-LSTM model target series) were assessed, and the forecast factor with the largest mutual information value was selected as the model input.
The original sequence, the target sequence of the LSTM model, and the sub-sequences decomposed by EEMD based on the original sequence are counted and displayed in Table 1.
TABLE 1 | Top three maximum mutual information values of original and decomposed series.
[image: Table 1]Based on Table 1, the high-frequency sub-sequences exhibit a higher correlation with the runoff sequences of the Three Gorges Reservoir, while the lower-frequency sub-sequences are related to the runoff sequences of the Three Gorges Reservoir and Wanxian. Residual items and sub-items whose periods are close to trend items exhibit higher correlations with meteorological elements. The original data series exhibit the highest correlation with the runoff series of the previous day, and that of the mutual information is much higher than that of the highest mutual trust coefficient of each sub-sequence after EEMD decomposition.
This study also analyzed the mutual confidence coefficients between the sub-sequences of the GM-EEMD-LSTM model and the predictors after decomposing the monthly sequence. Figure 5 displays certain sub-sequences of the GM-EEMD-LSTM model (1, 5, and 9). Based on Figure 5A, the residue in January exhibited the strongest correlation with the traffic sequence of Wanxian, reaching its peak on day 3. IMF7 exhibited the strongest correlation with the flow of Wanxian on day 4, and it exhibited a strong correlation with meteorological elements compared with other sub-series except that of residue. Both IMF6 and IMF5 were strongly correlated with the runoff series of the Three Gorges Reservoir and Wanxian County, and the peak value was the runoff of Wanxian on day 6. IMF4 and IMF3 exhibited strong correlations with the runoff sequence of Cuntan and the Three Gorges Reservoir. IMF4 exhibited the strongest correlation with the Three Gorges Reservoir on day 1, and IMF3 had the strongest correlation with Cuntan on day 1. The other two graphs in Figure 5 display similar characteristics; sub-sequences with high frequencies are more likely to be highly correlated with Cuntan and the Three Gorges Reservoir, while sub-sequences with low frequencies are more likely to be correlated with Wanxian and the Three Gorges Reservoir. The trend item and IMFn are highly correlated with meteorological elements, which is consistent with the sub-sequences of the EEMD-LSTM model above.
[image: Figure 5]FIGURE 5 | Two-dimensional correlations between model inputs and sub-inflow series by month. Vertical axis indicates the lag time, and the horizontal axis represents the indices. The redder the color, the greater the correlation. Sub-inflow series correspond to (A) January (B) May, and (C) September.
Optimal Parameters of LSTM Model for Decomposed Series
Statistical analysis was performed on the target sequence of the EEMD-LSTM model. Thirteen sub-sequences were decomposed by the EEMD of the original sequence, and statistical analysis was performed on the optimal parameters. IMF1 exhibited the highest frequency, and the optimal parameter values of the LSTM model were seq = 7, n = 128, and m = 100. The optimal parameter values of IMF12 and residue were seq = 3, n = 1,024, and m = 70.
The LSTM parameters were calculated when the prediction results of each sub-sequence of the 12-month sequence of the GM-EEMD-LSTM model were optimal, and a two-dimensional correlation diagram was obtained, as displayed in Figure 6. In the figure, IMF9 is the residue obtained by decomposing the sequence with the number of sub-sequences of 9, and the sequence residue with eight sub-sequences is IMF8 when IMF9 is blank.
[image: Figure 6]FIGURE 6 | Two-dimensional correlations between model parameters and sub-inflow series.
Based on Figure 6A, it can be seen that the sequence values of IMF7, IMF8, and IMF9 are proportionally smaller, while the period of IMF7–MF9 is long, which is substantially different from the input variable period. This result can be obtained by inputting less information during the simulation. The analysis illustrated in Figure 6B demonstrates that the ratio of IMF1–IMF4 to IMF7–IMF9, where the number of hidden neurons is less than n, is great. IMF7–IMF9 is more complicated because the period is significantly larger than that of the input variable. The proposed model can simulate this period more accurately than the simple model. Figure 6C demonstrates that IMF7–IMF9 is smaller than the other sub-sequence training times. Because the n value of IMF7–IMF9 is higher, the model is more complicated and has a stronger fitting ability; thus, when the number of training values is large, over-fitting can be easily caused. This is consistent with the sub-sequence parameter selection rule of the EEMD-LSTM model.
Model Performance Evaluation
Effectiveness Evaluation of EEMD Method
To evaluate the effectiveness of the EEMD method across multiple directions, this study uses the LSTM, EEMD-LSTM, and GM-EEMD-LSTM models to establish a model with a forecast period of 0 day to forecast the inflows of the Three Gorges Reservoir from 2015 to 2017. The predictor with the highest cross-correlation information for the measured runoff sequence was selected as the model input to predict the runoff sequence. The prediction ability of the different models was evaluated with NSE, BIAS, and MAPE. To study the simulation characteristics of the EEMD-LSTM model for different months of runoff, after evaluating the test set with the evaluation indicators, the prediction results of the test set were also counted on a monthly basis, whose results are listed in Table 2.
TABLE 2 | Model performances.
[image: Table 2]According to the analysis (Table 2), the simulation effect of the decomposition sequence was superior to that of the original series. In other words, the model performance of the EEMD-LSTM and EEMD-RBF models is better than the simulation performance of the LSTM and RBF models, especially for the NSE and MAPE indicators.
The LSTM model does not exhibit any clear rules for the runoff sequences of different months. A comparison between the EEMD-LSTM and GM-EEMD-LSTM models demonstrates that the GM-EEMD-LSTM model simulates the high-flow months (April to November) well. The result is slightly lower than that of the EEMD-LSTM model, but the overall performance in the low-water months (January, February, March, and December) was significantly better than that of the EEMD-LSTM model. Figure 7 displays the simulation results for January and May.
[image: Figure 7]FIGURE 7 | Comparison of forecast and original inflow values for 2015–2017 for the Three Gorges Reservoir.
Based on Figure 7, the decomposed model can more accurately simulate the peak and valley values of the runoff sequence. The GM-EEMD-LSTM simulation result was the closest to the measured value, while the results of the EEMD-LSTM model were the best in May. The results of both models were far superior to those of the undecomposed model. Therefore, the two methods can be combined to predict traffic. The EEMD-LSTM model can be used to make predictions in high-traffic months, and the GM-EEMD-LSTM model can be used to make predictions in low-flow months.
In addition, when the LSTM model is used alone for runoff prediction research, there is a widespread delay problem that manifests as translational misalignments on the images (Kratzert et al., 2018; Xiang et al., 2020). As displayed in Figure 7, the predicted values of the LSTM model vary and are slower to predict than the true value. This is because the LSTM network cannot accurately detect the degree of fluctuation in a time series; thus, the result of the prediction from the previous moment may be reflected at the present moment. The decomposition model using the EEMD method effectively remedies this issue. The time series is decomposed into several sub-sequences. Compared with the original series, the fluctuation degree of the sub-sequences is more stable, and it is easier to obtain the time-series fluctuations of each LSTM unit. The prediction of the network sub-model is more accurate, solving the delay problem of the LSTM network.
Results for Different Forecast Periods
To evaluate the effect of EEMD on LSTM more comprehensively, this research established EEMD-LSTM and LSTM models for different forecast periods (0–3 day, represented as Qt, Qt+1, Qt+2, and Qt+3). And all forecast periods are based on falling rain. The results are displayed in Table 3.
TABLE 3 | Forecast results for different forecasting periods.
[image: Table 3]Based on Table 3, the EEMD-LSTM exhibits a superior forecasting performance. For all forecast periods, the BIAS indicators of the LSTM and EEMD-LSTM models are less than 5%, indicating that the LSTM model water balance is accurate. As the forecast period increases, the BIAS indicator value of the LSTM model significantly increases. However, the BIAS index of the EEMD-LSTM model is irregular, indicating that the EEMD method can improve the accuracy of the overall water balance of the model when the forecasting period increases. Both models exhibit the greatest effect when forecasting Qt runoff. As the forecast period increased, the forecast accuracy decreased, and the forecast accuracy of the EEMD-LSTM model decreased less than that of the LSTM model. When the forecast period was 3 day, the Nash coefficients of the LSTM and EEMD-LSTM models were 0.79 and 0.94, respectively.
CONCLUSION
This study uses approximately 14 years of historical, meteorological, and runoff data as the forecast factor set and employs EEMD, mutual information, and LSTM for data processing, forecast factor selection, and runoff forecasting, respectively. The results demonstrate that the prediction performance of the LSTM model can be improved through EEMD processing. Based on the study results, the following conclusions can be drawn.
1 After the data was processed by EEMD, sub-sequences with different frequencies were obtained. The high-frequency sub-sequences exhibited a higher correlation with the runoff sequences of Cuntan and the Three Gorges Reservoir, while the lower-frequency sub-sequences were related to the runoff sequences of the Three Gorges Reservoir and Wanxian. The other items and sub-items with periods close to those of the trend items were highly correlated with meteorological elements. The original series exhibited the highest correlation with the data series of the day prior to the forecast, and the mutual information value was substantially higher than those of the sub-sequence and input variables. However, the decomposed series exhibited superior simulation results in the LSTM model.
2 The parameters of the LSTM model for sub-sequences with different frequencies presented the following laws: sub-sequences with low frequencies and longer periods contained less input information during simulation, more hidden neurons, were part of a more complex model, and exhibited higher training times. Additionally, the sequence parameter value was smaller, the n value was greater, and the m value was smaller.
3 The results demonstrate that the prediction results of the sub-series obtained by the LSTM and RBF exhibited better statistical performance than those of the original series.
4 The EEMD-LSTM model performs well across forecasting periods. As the forecast period increases, the forecasting accuracy decreases.
The combination of EEMD and LSTM methods for hydrological series prediction is the main novelty of this study. Moreover, while considering the autocorrelation in the runoff series, this study also considered its relationship with meteorological elements. In addition, when selecting the model input, the mutual information method suitable for linear and nonlinear relationships was selected. However, the correlation between the final model input and the prediction sequence was not strong enough, which will affect the model performance. Thus, further improvements are needed in regard to the correlation.
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Contemporary retreat of glaciers is well visible in the West Antarctic region. The aim of this study is to identify, map and quantify terrestrial glacial and periglacial landforms developed in front of Windy Glacier (Warszawa Icefield, King George Island, South Shetlands), which recently turned from being tidewater to land-terminating, and on near-by Red Hill. The study is based on an orthophoto map and a DEM elaborated with a use of images obtained during a UAV BVLOS photogrammetric survey in 2016, Google Earth Pro images from 2006 and an orthophoto map from 1978/1979. The geomorphological map obtained includes 31 types of landforms and water bodies, grouped into: (1) glacial depositional landforms, (2) fluvial and fluvioglacial landforms, (3) littoral and lacustrine landforms, (4) solifluction landforms, (5) other mass movement landforms, (6) patterned ground, (7) debris flows, landslides and mudflows, (8) water bodies, (9) other (bedrock, boulders, glacial ice, snow patches, and not recognized surface). Most area is occupied by glacial lagoon, fluvial and fluvioglacial landforms, not recognized surfaces and littoral landforms. Between 2006 and 2016 the glacier deposited a well-developed patch of fluted moraine with small drumlins. We recognize the glacial-periglacial transition zone between 41 and 47 m GPS height above which solifluction landforms and sorted patterned ground dominate. Advantages of UAV and BVLOS missions are highlighted and problems with vectorization of landforms are discussed. Distinction between flutes and small drumlins is shown on length-to-elongation and length-to-width diagrams and critical reference to previous geomorphological mappings on King George Island is presented.

Keywords: glacial landforms, periglacial landforms, King George Island, Antarctic, unmanned aerial vehicles, glacial recession, photointerpretation


INTRODUCTION

Contemporary retreat of glaciers (World Glacier Monitoring Service [WGMS], 2020), well visible in alpine environments and in the Arctic is also significant in the West Antarctic region, including Antarctic Peninsula and South Shetland Islands (Cook et al., 2005; Meredith and King, 2005; Turner et al., 2014). Antarctic ecosystems, frequently protected as the

Antarctic Specially Protected Areas (ASPA) are now subject to rapid transformation which influences wildlife and the source-to-sink sediment budgets (Zwoliński et al., 2016; Lee et al., 2017; Znój et al., 2017). New ice-free oasis are developed due to recent on-shore termination of formerly tidewater glaciers. The southern and eastern margins of the Warszawa Icefield (Figure 1) on King George Island (KGI), South Shetland Islands, are also subjected to retreat which transformed tidewater glacial fronts to land-terminating ones and liberated from glacial ice over 6 km2 since the first general survey in 1979 (Pudełko, 2003; Pętlicki et al., 2017; Pudełko et al., 2018; Da Rosa et al., 2020).
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FIGURE 1. (A) Location of Windy Glacier on King George Island (South Shetland Islands); (B) flight path over ASPA128 and surroundings; (C) PW-ZOOM unmanned aerial vehicle.


The development of the terrestrial glacial landforms in front of the retreating glacier and periglacial phenomena in this area received considerable attention since the end of the 20th century due to the nearby location of the Henryk Arctowski Polish Antarctic Station (Arctowski) (Birkenmajer, 1980; Dutkiewicz, 1982; Kostrzewski et al., 1998, 2002; Rachlewicz, 1999). Satellite and conventional aerial imagery recently allowed for deepening our understanding of glacial dynamics and gave some information on the rate of development of glacial landforms (Pętlicki et al., 2017; Pudełko et al., 2018; Sziło and Bialik, 2018; Da Rosa et al., 2020), however, they sometimes lead to improper interpretations.

In years 2014–2016 the MONICA project (A novel approach to monitoring the impact of climate change on Antarctic ecosystems) was realized in the area of Arctowski, which utilized unmanned aerial vehicle (UAV) platforms and Beyond Visual Line of Sight (BVLOS) operations. The project resulted in three geomorphological studies so far, including: periglaciation of Demay Point (Dąbski et al., 2017), general morphology of Penguin Island (Zmarz et al., 2018) and development of forelands of Ecology, Sphinx and Baranowski glaciers (Dąbski et al., 2020). However, the foreland of near-by Windy Glacier (Figure 1) was omitted, due to its marginal location and relatively small size of the foreland.

The aim of this study is to fill this gap by identification, mapping and quantification of terrestrial glacial and periglacial landforms developed in front of Windy Glacier, which recently turned from being tidewater to land-terminating. The analysis of the landform assemblages allowed to infer about the glacial dynamics and the significance of contemporary periglacial processes developed in the adjacent area. Moreover, we critically address the previous geomorphological mapping of the area under study based on satellite images (Da Rosa et al., 2020).

The research was based on a high-resolution orthophoto map and a digital elevation model (DEM) created by A. Zmarz on the basis of images obtained during a photogrammetric survey performed over the west coast of Admiralty Bay in 2016. The mapping was not confirmed in the field by checking the internal structure of landforms, however, identified landforms were sufficiently visible of the aerial images to allowed for relatively detailed geomorphological interpretation.


Location, Climatic and Geological Setting of the Windy Glacier Foreland

Windy Glacier is located at the southern boundary of the Antarctic Specially Protected Area No. 128 (ASPA 128) which covers the west coast of Admiralty Bay in the vicinity of Arctowski (Figures 1A,B). Glacial recession in ASPA 128 since 1979 was documented by Pudełko et al. (2018), and the general geomorphological mapping the forelands of Ecology Glacier, Sphinx Glacier and Baranowski Glacier (main glaciers of ASPA 128) was recently performed by Dąbski et al. (2020).

Bedrock of the area includes basaltic (tholeiites) and andesitic lavas interbedded with Eocene–Oligocene sediments and volcanic plugs and dikes of Pleistocene age (Birkenmajer, 1980). Quaternary sediments are represented by glacial and fluvioglacial sediments, periglacial, weathering and mass-movement sediments as well as marine sands and gravels (Birkenmajer, 1981; Rachlewicz, 1999; Kostrzewski et al., 2002).

Mean annual air temperature (MAAT) in the study area is −1.5°C, rainfall or snowfall occur throughout most of the year, and snow cover is highly variable, redistributed by strong winds (Dutkiewicz, 1982; Gonera and Rachlewicz, 1997; Robakiewicz and Rakusa-Suszczewski, 1999; Marsz and Styszyńska, 2000; Wierzbicki, 2009; López-Martínez et al., 2012; Kejna et al., 2013; Zwoliński et al., 2016). Polar maritime climate of the area is responsible for highly dynamic weather conditions which are demanding for any UAV operations and for photointerpretation of medium- to small-scale landforms or margins of glaciers which can be covered by snow drift. Climatic changes observed since the onset of instrumentalization in this area (MAAT in years 1948–2011 increased by 1.2°C), results in glacial recession, disappearance of permafrost from coastal areas and inactivation of certain large-scale periglacial landforms (Dąbski et al., 2017, 2020; Pudełko et al., 2018). However, since the beginning of the 21st c. regional cooling is observed (Oliva et al., 2016) which is responsible for slowing deglaciation rates or glacial still-stands.

Windy Glacier flows SE of the Warszawa Icefield (max elevation 450 m a.s.l.) and its equilibrium line altitude varied between 140 m a.s.l. and 290 m a.s.l. in years 1979–2018 (Pudełko et al., 2018). Ice thickness in the frontal part of the glacier does not exceed 100 m, and ice flow velocity is below 100 m year–1 (Osmanoğlu et al., 2013). Dąbski et al. (2020) concluded that the neighboring glaciers in ASPA 128 probably experienced discontinuous fast ice flow typical of tidewater glaciers. Recent contact of the Windy Glacier with the lagoon, allowed for more dynamic behavior of the glacier by allowing for calving. Thermal state of the glacier is unknown, and both polythermal and temperate glaciers are present on KGI (Benjumea et al., 2003; Young Kim et al., 2010). According to Da Rosa et al. (2020) during 1979–2018 Windy Glacier area loss amounted to 1.10 km2 (31% of 3.51 km2 in 1979). The rate of deglaciation decreased in years during the 2000–2018 due to climatic cooling and the transition of glacier margin from tidewater to land-terminating.

Tidal range of about 1.5 m (Robakiewicz and Rakusa-Suszczewski, 1999) results in a well-developed beach, coastal cliffs and a glacier lagoon in the Windy Glacier foreland. The lagoon played a significant role in shaping the glacier’s dynamics before 2006, but afterward the glacier underwent a transformation from tidewater to land-terminating.

The western and southern margins of the Warszawa Icefield, including the Windy Glacier foreland, constitute a lowland ice-free area (about 16.8 km2), covered by diverse tundra communities (Chwedorzewska and Bednarek, 2011) suitable for huge breeding colonies of marine birds and pinnipeds (Sierakowski et al., 2017), e.g., on Patelnia Point (Figure 2) near the Windy Glacier margin (Fudala and Bialik, 2020).
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FIGURE 2. Retreat of Windy Glacier since 1979; sources: UAV-based imagery from 2016, Google Earth (glacial extent in 2006) and orthophoto of Pudełko (2003) showing glacial extent in 1979.





METHODS


Data Acquisition

During realization of the MONICA project a photogrammetric survey was performed over ASPA 128 on 15-17 November 2016 with a use of a PW-ZOOM fixed-wing UAV and a BVLOS operation (Figures 1B,C). The UAV was designed especially for polar conditions and manufactured in the Warsaw University of Technology (Goetzendorf-Grabowski and Rodzewicz, 2017; Rodzewicz et al., 2017). The starting and landing points of the PW-ZOOM were located near Arctowski. An automatic control system linked with a telemetry module in the Ground Control Station (GSC), connected to a computer running HORIZONmp software allowed for a fully autonomous flight. The flight path lines were spaced circa 70 m apart, which provided 70% forward and side overlap and flight altitude was 500 m a.s.l. The images were gathered in three flights 7 h in total, covering a distance of 720 km. All images obtained had georeferences (X, Y, Z) registered by the autopilot logger mounted on the UAV. The GPS Receiver GP-E2 was used for geolocation of the images allowing for horizontal accuracy of measurement <5 m. GPS measurements of three ground control points (GCP), marked in Figure 1B, were used to determine the vertical accuracy (accuracy of measurement was <2 m).

Other sources of aerial imagery used in this study included Google Earth Pro (GE) images from 2006 and an orthophoto map based on aerial photography from 1978/1979 (Pudełko, 2003). The GE images obtained were of relatively low resolution (1.7 m), but they allowed to get valid data on the glacier margin position in 2006, because the glacier margin was clearly visible against characteristic foreland features (Figure 2).



Data Processing

Images obtained with the use of the UAV platform were processed into an orthophoto with a resolution of 0.06 m (Figure 2) and a DEM of 0.25 m resolution in the WGS84 coordinate system (Supplementary Figure 1) showing elevation in meters GPS height (m GPS h.). The orthophoto map and DEM were created with use of the Agisoft Metashape Professional software (Version 1.3.2) and the Structure from Motion (SfM) algorithm. The orthophoto was converted to UTM system in ESRI ArcGIS 10.3 software. Google Earth satellite images (from 2006) were geo-referenced in ESRI ArcGIS to the WGS84 coordinate system, the same as one used in the orthophoto map (Figure 2). The root mean square error (RMSE) was 1.46 m. The orthophoto and DEM (Supplementary Figure 1) allowed to manually determine boundaries of landforms or patches of land surface exhibiting uniform morphological characteristics (e.g., sorted circles) by vectorization in ESRI ArcGIS 10.3 software at scales between 1:500 and 1:2000 (Figure 3 and Supplementary Figures 2, 3). The length-to-elongation ratio diagram allowed for distinction between flutes and drumlins (Figure 4).
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FIGURE 3. Geomorphological map of Windy Glacier foreland and east side of Red Hill.
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FIGURE 4. Division between small drumlins and flutes in the Windy Glacier foreland based on their morphological characteristics; (A) spatial pattern of small drumlins and flutes; (B) length-to-elongation ratio diagram; (C) length-to-width diagram.





RESULTS

Windy Glacier is a thin and short glacier lobe filling a shallow glacier trough which delivered the ice to the open sea until 1979 (Figure 2). There are no terrestrial Little Ice Age (LIA) terminal moraine ridges, because the glacier terminated in the see in the LIA maximum. The oldest end moraine complex (recessional moraine ridges) is deposited on the Patelnia Point (Figures 2, 3) and should be associated with the 20th century still-stands or short advances (see Discussion). Well-developed beaches and storm ridges can be found along the coastline and a strip of a shallow coastal cliff cut in bedrock is visible along the shore of Patelnia Point.

The following glacial retreat resulted in a creation of the glacial lagoon which now is composed of two main water bodies and constitutes most of the glacial foreland – almost 23% of study area (Figures 2, 3). Apart from the lagoon, the area liberated from glacier ice between 1979 and 2006 is characterized by a well-developed alluvial fan (sandur) west of the lagoon and a large relatively flat “not recognized surface” (Figure 3).

The interior part of the glacier foreland, deglaciated after 2006 (Figure 2), is dominated by the ground moraine with small recessional moraine ridges, especially in its western part (close to Red Hill foothills), as well as small drumlins and flutes – fluted moraine with a direct contact with the glacier (Figures 3, 4 and Supplementary Figure 3). The area is dotted with erratic boulders, some exceeding 1 m in diameter, and dissected by river channels up to 15 m wide and 6 m deep. Most of them were dry during the photogrammetric flight.

Among mapped fluvial and fluvioglacial landforms, we distinguished a large area of paraglacial erosion which is a surface built with glacial sediments (sensu largo) and heavily dissected by small gullies and rills (Figure 3). The area of paraglacial erosion is best developed on foothills of the glacial trough, most probably covered by glacial drift. Two narrow latero-frontal moraine ridges are developed, one along the eastern upper edge of the glacial trough (directly above the area of paraglacial erosion), and another one at foothills of taluses deposited on the eastern slopes of Red Hill. There is also a significant area (16% of the study area) of “not recognized surface” in terms of morphogenesis due to the lack of characteristic indicative morphological features (Figure 3).

There is no clear-cut periglacial trimline, because we do not observe the abrupt boundary between the ground shaped predominantly by freeze-thaw processes and the erosional or depositional glacial landforms. However, we can determine a glacial-periglacial transition zone between the lowest limit of periglacial landforms (the lowest reach of solifluction landforms – 47 m GPS h.) and the upper limit of glacial landforms (the uppermost reach of the lateral moraine ridge – 41 m GPS h.).

Periglacial phenomena are restricted to upper part of Red Hill (Figures 2, 3), above the upper edge of the scarp located at 70–90 m GPS h. (Supplementary Figure 1). Most of this area is covered by solifluction landforms, especially solifluction sheets (3.95 ha). Among patterned ground, sorted stripes prevail (1.05 ha) and sorted circles occupy the smallest area (0.02 ha).



DISCUSSION


Methodological Considerations

Results of our large-scale geomorphological mapping of Windy Glacier foreland disagrees with the small-scale mapping of the same area performed by Da Rosa et al. (2020) based solely on satellite images. For example, stretches of beach are interpreted in the mentioned study as recessional moraine ridges, and a very well visible recessional moraine complex on Patelnia Point (Supplementary Figure 1 and Figure 3) is not mapped by Da Rosa et al. (2020). Furthermore, the referenced study depicts three zones in terms of proglacial geomorphic activity: (i) zone of high activity (deglaciated in years 2000 – 2018, characterized by intensive paraglacial susceptibility), (ii) zone of moderate activity, deglaciated in years 1970s – 2000, and (iii) zone of low activity, deglaciated before 1970. We question the validity of the zonation in terms of dating and paraglacial activity. This is because contemporary intensive rilling and gullying can be seen on a slope in the western part of the foreland, immediately below the latero-frontal moraine ridge, deglaciated since 1979 (Figures 2, 3). However, this area was labeled by Da Rosa et al. (2020) as the low activity zone, deglaciated before 1970s.

Similar, the periglacial investigation of López-Martínez et al. (2012) for South Shetland Islands based on relatively small-scale aerial photographs and satellite imagery did not take into account small ice-free areas on KGI such as Demay Point (Figure 1B) or Red Hill. This shows that the high-resolution images, e.g., obtained with the use of a UAV platform, is much more suited for detailed geomorphological studies. In many cases, the UAV BVLOS operations constitute a very good solution to reach remote locations and to provide security for the researchers.

Vectorization in GIS software can be easily performed on high-resolution orthophoto showing landforms which have easily distinguishable boundaries (e.g., sorted stripes, fluted moraine, and recessional moraine ridges), but it can be problematic when sorted polygons or solifluction sheets are delimited due to the lack of clear-cut morphological boundaries (Supplementary Figure 2). This is a source of a potential error in our mapping, however, this problem occurs also when field-based methods of mapping are used. Probably it neither would be overcome by machine learning, because at the end, manual identification would be necessary to validate the automatic mapping.

Certain small landforms can be relatively well visible but difficult to interpret based solely on the orthophoto map, because of snow or ice cover masking the full picture. In the western part of the Windy Glacier, inside the white surface (interpreted as glacier ice) we noticed a small and fragmented ridge running perpendicular to the glacier flow (Figure 4A, Supplementary Figure 4). If the white surface SE of the ridge was glacier ice, then the ridge could be interpreted as some erosional bedrock feature (e.g., a volcanic dike). It could be also an ablation cone, but there are no debris bands visible on the glacier surface to support such interpretation. We are inclined to interpret the outer SE fragments of the white surface as snow patches directly adjacent to the glacier margin. Therefore, the ridge is possible a small and fragmented recessional moraine ridge. We did not show this ridge, neither possible snow patches adjacent to the glacier on the geomorphological map (Figure 3) due to uncertainties mentioned.



Glacial Processes and Landforms

The two-part structure of the Windy Glacier foreland, composed of end-moraines and a lagoon in the distal and ground moraine, partly fluted, in the proximal part is typical of many contemporary low-relief mountain environments (Benn and Evans, 1998). The Windy Glacier foreland is somewhat similar to that of near-by Sphinx Glacier as both lack LIA terminal moraine ridges, because both terminated in the sea in the LIA maximum. The recessional moraine ridges of Windy Glacier, found beyond 1979 glacial limit, were probably formed between 1950 and 1977, because this is the time when nearby Ecology Glacier and Baranowski Glacier transgressed and formed significant push moraines (Birkenmajer, 2002; Dąbski et al., 2020).

Between 1979 and 2016 Windy Glacier front has retreated by 409 m (mean of 10 transects parallel to the glacier flow), which gives an average retreat rate of 11 m year–1. This can be compared with 17 m year–1 for near-by Ecology Glacier, 5–10 m year–1 for Sphinx Glacier and 6.5–17 m year–1 for Baranowski Glacier (Dąbski et al., 2020). The surface area loss and changes in accumulation area ratios of the glaciers is presented by Da Rosa et al. (2020). They concluded that the outlet glaciers of Warszawa Icelfield slowed down their recession in the 21st century due to regional cooling, which has been shown by Oliva et al. (2016). The small fragmented ridge (partly covered with snow or ice) adjacent and parallel to the Windy Glacier margin can be interpreted as a recessional moraine ridge resulting from a still-stand, possibly linked to this cooling. Another cause of the decrease in recession rate is the transition from tidewater to land-terminating character of the glaciers snouts, which recently became a case of Windy Glacier.

Subglacially streamlined landforms mapped as small drumlins (Figure 4A) could be also recognized as tapering flutes after Benn and Evans (1996), because of their small length, usually less than 5 m. However, their elongation ratio is less than seven (in most cases less than four) which is typical for drumlins according to Rose (1987). Two semi-separate swarms visible on the length-to-elongation ratio diagram allowed us to draw a line boundary between the small drumlins and flutes (Figures 4B,C). Except for one case, all small drumlins start with a relatively large boulder. The flutings are parallel-sided with or without boulders visible on stoss sides of the flutings (Supplementary Figure 3). However, lack of a visible boulder can results from a till cap deposited on top of it which prevents a boulder from exposure (Benn and Evans, 1996).

The tapering shape of small drumlins together with parallel-sided character of flutes can result from differences in till rheology, where the latter forms are created in places of weaker, more dilatant deformation till (Benn and Evans, 1996). Both forms are developed side by side on the Windy Glacier ground moraine patch, therefore it can be inferred that the basal till shear strength is significantly diversified. Two eskers developed in the eastern part of the fluted moraine (Figure 3) can indicate that the deformation till is relatively thin and channelized conduit flow is developed at the ice-bed interface (Clark and Walder, 1994). The subglacial channels are probably R-channels (Röthlisberger, 1972) due to low ice pressure (thin glacier) and shallow bedrock. Therefore, glacially eroded bedrock fragments can undergo uneven comminution producing diversified shear strength of the basal till.



Periglacial and Paraglacial Processes and Landforms

López-Martínez et al. (2012) published an extensive spatial analysis of periglacial landforms in South Shetland Islands based on fieldwork, standard aerial photography and satellite imagery. However, they disregarded the eastern and southern margins of Warszawa Icefield on KGI (including Red Hill). López-Martínez et al. (2012) concluded that the wet periglacial environment of the archipelago allows for active freeze-thaw processes on slopes and elevated platforms, especially between 30 and 100 m a.s.l. which accords with our findings. Former studies of periglacial landforms in ASPA 128 indicated dominance of solifluction landforms, taluses and some presence of sorted patterned ground as well as frost wedges (Birkenmajer, 1980; Dutkiewicz, 1982; Kostrzewski et al., 2002; Dąbski et al., 2017). However, large-scale sorted circles are inactive or semi-active (Dutkiewicz, 1982; Dąbski et al., 2017), which testifies for the climatic amelioration since their development.

The study of Dąbski et al. (2017) performed on near-by Demay Point (Figure 1B) revealed sorted patterned ground already at 25.5 m GPS h., but mean elevation for this type of periglacial landforms was determined at 95.0 m GPS h. Solifluction landforms were detected on Demay Point already at 22.1 m GPS h. but mean elevation for solifluction was 85.9 m GPS h. The values of mean altitudes on the mentioned landforms are similar to those obtained in this study (95.25 m GPS h. for sorted patterned ground and 90.25 m GPS h. for solifluction landforms). The main difference between Damay Point and Red Hill is that the scarp on the latter one (Supplementary Figure 1) constitutes a threshold for the lowermost occurrence of the periglacial landforms, while the southern slope of Demay Point descends gently to about 20 m GPS h. allowing for significantly lower elevation of the freeze-thaw driven landforms. In both places solifluction sheets predominate among periglacial landforms (Dąbski et al., 2017). Some sorted patterned ground (e.g., large-scale sorted circles) are not developed on Red Hill at all, however, most of the sorted patterned ground looks active or semi-active as only some coarse dominates are covered by lichens or shallow tundra vegetation, while on Demay Point they look rather inactive or semi-active.

Recent liberation from glacier ice triggers quick readjustment of the landsystem to subaerial conditions which results in paraglacial processes (Ballantyne, 2002), responsible for delivery of sediments for glacial landforms to the lagoon or marine environments (Zwoliński, 2007). Da Rosa et al. (2020) emphasize the role of intense paraglacial processes acting close to the Warszawa Icelfield margin. Our results fully support this finding as evidence of intense gullying and rilling (area of paraglacial erosion) is visible on 9.5 ha in the forelands of Windy Glacier – almost half of the large glacial lagoon area.




CONCLUSION

The UAV BVLOS photogrammetric survey over Windy Glacier foreland and Red Hill allowed for elaboration of a high-resolution orthophoto and DEM on which we mapped 31 types of landforms, water bodies and other surfaces (e.g., glacier ice, snow patches, not recognized surface). The glacier margin was directly exposed to marine environment until 1979. Most area liberated from glacier ice afterward is occupied by a glacial lagoon with which the glacier lost contact and became completely land-terminated in 2006 which stopped glacial calving – the most efficient process of ablation, slowing the rate of deglaciation.

Largest terrestrial surface is occupied by fluvial (with a significant share of paraglacial rills and gullies), fluvioglacial and littoral landforms. Between 2006 and 2016 the glacier deposited a well-developed patch of fluted moraine with small drumlins. Distinction between flutes and small drumlins is based on length-to-elongation diagram, more elongated landforms being treated as flutes.

The upper part of Red Hill, above the scarp is subject of intensive periglaciation with well-developed solifluction landforms and sorted patterned ground. The frost-sorted structures look active (due to the lack of vegetation) but there are no large-scale sorted circles as on a near-by Demay Point. Between 41 m and 47 m GPS h. we set a zone of transition between the glacial and periglacial domains.

The PW-ZOOM fixed-wing UAV BVLOS operation, followed by image processing, including the use of SfM algorithm and photointerpretation, proved to be helpful in gathering valuable geomorphological information in a location distant from the polar station where field study is difficult.
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Inter-basin water transfer projects play an important role in allocating water resources that vary both in temporal and spatial scale while supporting regional development. In the practical operation of inter-basin water transfer projects, high water level and less inflow runoff would result in water supply destruction, while low water level and more inflow runoff would cause abandoned water. How to play the compensation roles of hydrological characteristics and storage capacities of multi-reservoirs to maximize the utilization efficiency of water resources, the key is to select the basis for the decision-making of starting water transfer process. In this paper, we selected the “Datong-Huangshui” water transfer project as the research subject, analyzed the composition of the inter-basin water transfer system, and constructed a dispatching rule extraction model including water transfer rules, water diversion rules, and water supply rules. Then the NSGA-II was used to solve the multi-objective optimization model to obtain the Pareto frontier solution set of the dispatching rules. Finally, the optimal operation scheme was determined and discussed according to the scheduling scheme decision model. The model itself was based on the gray target model and prospect theory. We found that: (1) The optimal target frontier obtained by the two-dimensional scheduling diagram and the hedging rules for water supply was closer to the theoretical optimal frontier of the multi-objective problem. This result indicated that the two-dimensional scheduling diagram and the hedging rules for water supply could better guide the water diversion operation of inter-basin water transfer projects. (2) Based on the multi-objective optimal operation schemes set, the OPT scheme obtained by the scheduling scheme decision model using gray target model and prospect theory could generate 359 million Kwh. At the same time, it could guarantee 90% of municipal and industrial water supply and 85% of agricultural water supply.

Keywords: inter-basin water transfer, two-dimensional scheduling diagram, hedging rules for water supply, NSGA- II, scheme optimization


INTRODUCTION

Inter-basin water transfer projects are critical to minimize the conflicts between competing water resource demands and supplies (Bonacci and Andric, 2010; Sadegh et al., 2010; Yu et al., 2020). The inter-basin water transfer rules, particularly the scheduling process, are subject to numerous studies because it is challenging to balance between local water demand, the environmental consequences and the economy and effectiveness of water diversion to avoid water loss (Li et al., 2015). The process requires a formulation of optimal scheduling decisions and reasonable arrangements for diversion time, as well as the amount of water diversion and supply (Jafarzadegan et al., 2014).

The joint dispatching rules for multi-reservoirs of the inter-basin water transfer project usually focus on two aspects: the determination of water transfer rules and the determination of water supply rules. Water transfer rules included consideration from upper-level decision makers regarding: (1) when and how much water should be transferred from the source reservoir (group) to the receiving reservoir (group), (2) water allocation in the receiving area. Water supply rules included consideration from the lower-level decision makers about how the reservoir (group) can provide water users with timely and appropriate amounts of water when the water transfer behavior is initiated. So far, the most commonly used dispatching rules for joint operation of multi-reservoirs are scheduling diagrams and functions. Chang et al. (Chang and Chang, 2009) added a joint water supply dispatching line to a reservoir scheduling diagram, and determined which reservoir should supply water to the public water supply area according to the positional relationship between the storage capacity of the reservoir and the joint dispatching line. Guo et al. (2011) used aggregate reservoir scheduling diagrams and two-dimensional reservoir scheduling diagrams to determine the total water supply volume of multi-reservoirs, and then calculated the adjustment of each reservoir according to the water allocation rules. Zhou (Zhou et al., 2012) used the implicit stochastic optimization method to determine the optimal operation process of the multi-reservoirs, and then determined the scheduling function for each scheduling period within a year through the regression analysis, and finally used the simulation method to verify and modify the determined scheduling function.

Simulation, optimization, simulation and optimization are the common methods for rule extractions. Simulation methods are divided into general simulation systems and specific basin simulation systems according to their versatility (Yeh, 1985; Wurbs, 1993; Rani and Moreira, 2010). Optimization methods are mainly divided into mathematical programming methods and artificial intelligence optimization methods (Hall et al., 1969; Heidari et al., 1971; Lund and Ferreira, 1996; Hsu and Cheng, 2002; Tung et al., 2003; Reis et al., 2006). Currently, the most widely used method is the simulation and optimization method, which uses the parameters of dispatching rules as the decision variables to directly optimize the dispatching rules. Neelakantan and Pundarikathan (Neelakantan and Pundarikanthan, 2000) embedded the feed-back neural network method into the nonlinear programming model, and established a relatively special simulation and optimization model. Chang et al. (2003, 2010), Tung et al. (2003); Suiadee and Tingsanchali (2007), Hormwichian et al. (2009) used different forms of genetic algorithms to determine the joint operation rules of reservoir groups based on the simulation and optimization method. Sulis (2009) established a simulation optimization model for multi-reservoirs based on GRID optimization method. Kangrang et al. (2009) used a combination method of heuristic algorithm and simulation model to determine the scheduling diagram of Ubolratana Reservoir in Thailand.

In the past, the starting standards for transferring water were based on the current storage volume of the reservoir. However, it did not consider the inflow runoff of the source and receiving reservoir during the water transfer period. As a result, “high water level and less inflow runoff” would result in water supply destruction while “low water level and more inflow runoff” would cause abandoned water. In this paper, we tried to solve the above problem using the dispatching rules extracted from the two-dimensional scheduling diagram. Accordingly, the objective of this paper is: (1) to analyze the composition of the inter-basin water transfer system, and to construct a dispatching rule extraction model including water transfer rules, water diversion rules, and water supply rules; (2) to use the Pareto frontier solution set of the dispatching rules obtained from the NSGA-II (Liu et al., 2020) to solve the multi-objective optimization model; and (3) to determine the optimal operation scheme according to the scheduling scheme decision model based on gray target model (Luo et al., 2001) and prospect theory (Tversky and Kahneman, 1992). The results should provide a basis for decision-making process in the “Datong-Huangshui” area.



STUDY AREA

The Huangshui Basin, that drains from the Huangshui River (latitude N 36°02′∼37°28′, longitude E 100°42′∼103°01′) and the Datong River (latitude N 36°30′∼38°25′, longitude E 98°30′∼103°15′), is a first-level tributary of the upper reaches of the Yellow River. As shown in Figure 1, the Huangshui River flows from northwest to southeast, originating in Haiyan County, Qinghai Province, flowing eastward to Minhe County, and entering the Yellow River in Yongjing County, Gansu Province. Of the 374 km long and the 17,733 km2 area of the Huangshui River, 336 km and 16,120 km2 are located in Qinghai Province. This paper examined the “Datong-Huangshui” water transfer project as an example to study the optimal joint operation of inter-basin multi-reservoirs. The hydraulic connection of the inter-basin water transfer project is shown in Figure 2. In this project, the Shitouxia Reservoir (STX for short), as a water source reservoir, has no hydraulic connection with the receiving reservoir (Heiquan Reservoir, HQ for short), but they are connected to each other through the main water transfer canal. The two reservoirs have different dispatching targets in the inter-basin water transfer system. The STX Reservoir transfers water and generates power, and the electric dispatching is subject to water dispatching. The HQ Reservoir supplies water by using natural reservoir inflow and transferring water through its own function of regulation and storage.


[image: image]

FIGURE 1. The location of research area.



[image: image]

FIGURE 2. The hydraulic connection of the “Datong-Huangshui” water transfer project.




METHODS

Compared with the normal water supply system of multi-reservoirs, the dispatching rules of the inter-basin water transfer system should consider reasonable water supply, water transfer and diversion. Therefore, the dispatching rules generally include: water transfer rule, water diversion rule and water supply rule, which jointly guide the operation of reservoirs and optimize the benefits of water transfer system. Water transfer rule and water diversion rule are used to guide the operation of the source and the receiving reservoir, respectively. The optimization of the two rules is to realize the optimal benefit of water transfer projects on the basis of weighing water using efficiency of the source reservoir and water diversion target of the receiving reservoir. Water supply rule is to maximize the water use benefit of the receiving reservoir under consideration of water diversion. Consequently, the joint dispatching rule model proposed in this paper mainly involved three modules: power generation module, water transfer and diversion module, water supply module. For each module, its dispatching rules were constructed based on power generation scheduling diagram, two-dimensional water diversion scheduling diagram and hedging rules for water supply, respectively.


Water Diversion Operation Model Based on the Two-Dimensional Water Diversion Scheduling Diagram


Water Diversion Dispatching Rule

The two-dimensional water diversion scheduling diagram selected the state variables at the beginning of the scheduling period and the state variables during the scheduling period as the coordinate axes, respectively. The water storage capacity of the receiving reservoir was used as the state variable at the beginning of the scheduling period, and the inflow index calculated based on the reservoir inflow and the water supply target were taken as the state variables during the scheduling period. Because monthly water demand varied greatly with the increase in the proportion of agricultural water in the study area, there were different satisfaction degrees of water demand under the same inflow runoff. Therefore, this paper chose to use the ratio of the reservoir inflow and the difference between water demand and the minimum diversion amount as the inflow index. From the perspective of mapping, the water diversion dispatching rule was a multivariate function of the scheduling period and the two state variables. The mapping relationship between the function and the independent variable was expressed as the water diversion dispatching rule based on two-dimensional reservoir scheduling diagram.

In order to explain the specific water diversion rules shown in the two-dimensional water diversion scheduling diagram, we projected the section perpendicular to the time axis of the scheduling diagram in a certain scheduling period to the coordinate plane determined by two state variables. This method resulted in a plane figure of the two-dimensional water diversion scheduling diagram during a scheduling period (Figure 3). Water diversion rules of the inter-basin water transfer project are determined by the two state variables: water storage and inflow index. The decisions of water diversion can be divided into three situations: minimum water diversion, restricted water diversion and full water diversion. The combination of the two state variables constituted three types of water diversion modes under nine situations in the two-dimensional scheduling diagram. The specific rules are shown in Table 1.


[image: image]

FIGURE 3. The two-dimensional water diversion scheduling diagram.



TABLE 1. Dispatching areas and rules of the water diversion scheduling diagram.

[image: Table 1]


Objective of Water Diversion

Water diversion aims to meet the water demand of the water receiving area. Therefore, the minimum difference between the annual actual diversion amount and the target diversion amount can be used as the objective of the water transfer and diversion module.

[image: image]

Where, D and Bi,j represent the target diversion amount and the actual water diversion amount, respectively. The target water diversion amount is determined according to the inflow runoff and water demand of the receiving reservoir. i and j represent the serial number of year and month, respectively. m and n represent the amount of years and months during the calculated period, respectively.



Water Supply Operation Model Based on Hedging Rules for Water Supply


Water Supply Dispatching Rule

There are three types of water use units for HQ Reservoir. However, when hedging rules (Ji et al., 2016) for water supply are applied, only the optimal total water supply amount during the dispatching period can be obtained. Therefore, the total water supply calculated by the hedging rules need to be allocated to each water use unit. For the three water use units of HQ Reservoir, the priority of water use from high to low is for municipal, industrial and agricultural use. Assuming that the water supply volume of the three water use units during the period t were R1(t), R2(t) and R3(t), respectively, we established water supply rules for orderly allocation based on the elastic coefficients of different water use units. The specific rules are as follows:

The amount of water supply for municipal water:

[image: image]

The amount of water supply for industrial water:

[image: image]

The amount of water supply for agricultural water:

[image: image]

Where, R∗(t) represents available water supply, which is calculated according to initial water storage and water diversion amount. D1(t),D2(t) and D3(t) represent municipal water demand, industrial water demand and agricultural water demand, respectively. α represents restricting coefficient for water supply.



Objective of Water Supply

The purpose of water supply scheduling is to minimize the loss of water during the reservoir operation. In addition to the linear function relationship within the elasticity of demand, the amount of water losses and water shortage generally show a convex function relationship. In other words, the minimum cumulative water shortage amount does not necessarily guarantee the minimum economic water loss. Therefore, this paper chose water shortage index as the objective of water supply. The calculation formula of the water shortage index is as follows:

[image: image]

Where, SIi,t represents the water shortage index of water use unit i during time period t. Di,trepresents water demand amount of water use unit i during time period t. Ri,t represents water supply amount of water use unit i during time period t. m is the benefit index, and the value is generally 2.



Constrained Conditions


(1) Constraint of water balance:



[image: image]

Where, Vt+1, Vt are the reservoir storage volume at time t and t+1, respectively; It is the inflow runoff at time t; St is the water amount for power generation at time t; qt is the abandoned water at time t; lt is the water loss at time t, including evaporation and leakage.


(2) Constraint of reservoir storage capacity:
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Where, Vd, Vc are the dead storage capacity and normal storage capacity of the reservoir, respectively.


(3) Constraint of output during the period:
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Where, Nmin, Nmax are the minimum output and the installed output of the reservoir, respectively.


(4) Constraint of discharged water:



[image: image]

Where, qmin is the minimum discharged water, in this paper it refers to the ecological water demand in the downstream. qmax is the maximum discharged water that will not cause damage to the downstream.


(5) Constraint of power generation guarantee rate:
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Where, ppg is the power generation guarantee rate, ppg,d is the designed value for the power generation guarantee rate.


(6) Constraint of water transfer guarantee rate:



[image: image]

Where, ptg is the water transfer guarantee rate; ptg,d is the designed value for the water transfer guarantee rate.



Implementation of the Joint Operation Models

A FORTRAN program was coded to implement the joint operation model and NSGA-II algorithm. The joint operation model includes water transfer rules, water diversion rules, and water supply rules. Among which, the water diversion rules and water supply rules were designed based on the two-dimensional scheduling diagram and the hedging rules for water supply, respectively. In addition, the population size, the maximum number of iterations, the crossover probability and the mutation probability of NSGA-II were set to 100, 1000, 0.75 and 0.01, respectively. Then 200 groups of Pareto optimal solutions were obtained after calculation. The implementation processes are shown in Figure 4.


[image: image]

FIGURE 4. The implementation processes.




RESULTS


Solution and Result Analysis of the Joint Operation Model

In order to analyze the rationale and effectiveness of the dispatching rules designed in this paper, a set of comparison schemes (CS1 and CS2) were set (Table 2). The NSGA-II algorithm was used for optimization, and the optimized operation results of the two sets of comparison schemes were compared. The Pareto frontier solution set obtained by CS 1 is shown in Figure 5.


TABLE 2. Dispatching rules set for comparison schemes.

[image: Table 2]
[image: image]

FIGURE 5. Three-dimensional distribution diagram of Pareto solution set.


The main purpose of the joint operation of inter-basin water transfer projects is to solve the contradiction between the operation targets of the source and the receiving reservoir. There are three targets for the joint operation model constructed in this paper: power generation, water diversion, and water supply. Power generation is only for the source reservoir that has power generation target. Water diversion and water supply are for the receiving reservoir. Therefore, the amount of power generation and water supply, and the amount of power generation and water diversion can be compared in pairs. This paper projected the three-dimensional distribution map of the Pareto solution set to obtain the spatial distribution maps of the two sets of non-inferior scheduling schemes for the average annual power generation and the average annual water shortage index, and the average annual power generation and the average annual water diversion difference, respectively (Figure 6).


[image: image]

FIGURE 6. The frontier projection of Pareto solution set. (A) Pareto frontier projection of power generation target and water supply target. (B) Pareto frontier projection of power generation target and water diversion target.


Our results showed that: (1) the numerical trends of the average annual water shortage index and the average annual water diversion difference were the same despite changes in the average annual power generation (Figure 6). As the average annual power generation increased, the average annual water shortage index and the average annual water diversion difference of the two schemes both increased, and vice versa. Since the average annual power generation is a profit-based indicator; it is better when the value is larger. In contrast, the average annual water shortage index and the water diversion difference are both cost-based indicators; they are better when the values are smaller. Based on these similar changing trends, there was a restriction and competition relationship between power generation target, water supply target, and water diversion target. In other words, there was a contradiction between the source and the receiving reservoir in the scheduling process. The water supply and diversion targets of the receiving reservoir need to be improved at the expense of the power generation benefit of the source reservoir. (2) The non-inferior frontiers of CS1 based on the two-dimensional water diversion scheduling diagram were below the non-inferior frontiers obtained from CS2. Under the same power generation conditions, water shortage index and water diversion difference of CS1 were smaller than the target values of CS2. This result indicated that the optimal target frontier obtained from CS1 was closer to the theoretical optimal frontier of the multi-objective problems. The inter-basin dispatching rules constructed based on the two-dimensional water diversion scheduling diagram can better guide the operation of inter-basin water diversion projects and provide more accurate scheduling information for decision-makers. (3) As the average annual power generation increased, the water shortage index and water diversion difference of CS1 rose rapidly (Figure 6A). When the power generation reached about 370 million Kwh, the water shortage index and water diversion difference of the two schemes were similar. With the increase of power generation, the method of water discharge from STX Reservoir became more unfavorable for the diversion of the main water transfer canal and the water supply of HQ Reservoir. When the power generation target reached the maximum value, the water shortage index and water diversion difference of CS1 and CS2 were the same.



Scheduling Scheme Decision Model Based on Gray Target Model and Prospect Theory

Based on the complexity and uncertainty of reservoir operation, four evaluation indicators for joint operation were selected to construct an evaluation index system for the inter-basin scheduling schemes, namely, power generation difference (f1), water shortage index (f2), water diversion target difference (f3), and abandoned water (f4). The joint operation optimization model was used to calculate the eigenvalues of the four evaluation indicators in the comparison schemes (Pareto non-inferior solution set). The gray target model was then used to calculate the positive and negative value functions in the scenario theory. By establishing an optimization model based on weights and using Lingo to solve the model, the optimal weight vector of f1∼f4 can be obtained as:

[image: image]

Based on the analysis of the optimal weight vector, we found that: 1) The evaluation index with the largest weight ratio was the power generation difference (f1), and the weight ratio of abandoned water (f4) was the smallest. However, the sum of the weights of the water shortage index (f2) and the water diversion target difference (f3) exceeded 50% of the total weight, which was greater than the weight ratio of f1. It can be concluded that the water transfer and water supply targets had the greatest impact on scheduling scheme decisions, which was consistent with the principle that the power regulation subject to water regulation of “Datong-Huangshui” water transfer project.

By substituting the optimal weight vector q∗ into the comprehensive prospect value function of the alternative schemes, the optimal comprehensive prospect value of the schemes was obtained. Then by comparing the comprehensive prospect value of each scheme, the alternative schemes were ranked. The results showed that the alternative scheme numbered 62 (namely, the OPT Scheme in Figure 7) ranked first and was called the optimal (OPT for short) scheduling scheme.
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FIGURE 7. Location of the optimal schemes in the Pareto scheme set. Triangle represents the comparison schemes (CS1 and CS2) and square represents the optimal scheme (OPT). (A) Pareto frontier projection of power generation target and water supply target. (B) Pareto frontier projection of power generation target and water diversion target.




DISCUSSION


Rationale Analysis of Power Generation

The power generation dispatching rule of the OPT scheme was compared with the two typical feasible solutions (CS1 and CS2) in the Pareto solution set. Figures 8,9 showed that the guaranteed output area of CS2 and its power generation were the largest. On the contrary, the guaranteed output area of CS1 and its power generation were the smallest. These results implied that the size of the guaranteed output area was directly related to power generation. Among the three comparison schemes, the OPT scheme had the most even distribution of guaranteed output areas.
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FIGURE 8. Comparison of power generation rules between OPT and CS1.



[image: image]

FIGURE 9. Comparison of power generation rules between OPT and CS2.


By comparing the CS1 scheme and the OPT scheme, we found that the dispatching rules of CS1were to increase the amount of discharged water to meet the water transfer requirements. The restricted output area from January to May was small. Especially between March and May, the increased output line was greatly reduced to meet the requirements of water transfer (Figure 8). We found that except for April, the amount of discharged water of CS1 was higher than that of the OPT scheme from January to May, resulting in the lowest value of the storage capacity in March (Figure 10). From June to September, due to the increase in reservoir runoff during the flood season and the decrease in water transfer pressure, the restricted output area of CS1 increased. Consequently, there was an increase in the storage capacity, but a decrease in water discharge volume. Due to the large amount of water discharged from January to March, the potential energy during this period was low, making the output of CS1 far less than the OPT scheme.


[image: image]

FIGURE 10. Comparison of power generation scheduling results between OPT and CS1.


Based on the comparison between CS2 scheme and OPT scheme, we found that from January to June, the guaranteed output line of CS2 was smaller than the OPT scheme in the increased output area, but greater than the OPT scheme in the restricted output area (Figure 9). As a result, the amount of discharged water of CS2 scheme during this period was continuously smaller than that of the OPT scheme (Figure 11), which was very unfavorable for the diversion of main canal in the downstream.


[image: image]

FIGURE 11. Comparison of power generation scheduling results between OPT and CS2.




Rationale Analysis of Water Diversion

Scheduling schemes could be generated through optimizing dispatching rules to simulate long-time series (1956–2010) of water transfers. Since the inflow runoff was small during the dry season, from November to March of the following year, it had little impact on the decision-making of water supply operation of HQ Reservoir after the increase in water supply targets. As a result, the use of the two-dimensional scheduling diagram to guide the water diversion operation of the reservoir was not required during these months. Instead, we adopted the normal water diversion scheduling diagram method. According to the OPT scheme to simulate water diversion, we counted the number of diversion modes used in different periods (Figure 12), and introduced the probability distribution of water diversion state to illustrate how improved rules could increase diversion efficiency (Table 3). The probability of water diversion state is defined as the ratio of the number of diversion modes to the total number of years.


[image: image]

FIGURE 12. Water diversion scheduling results between April and October. Each square point represents the scheduling status at the beginning of the scheduling period, so that the corresponding mode can be selected. (A–G) Water diversion scheduling results in April, May, June, July, August, September, and October, which have been displayed in the upper part of each sub-figure.



TABLE 3. Results of different water diversion modes.

[image: Table 3]By combining the results of different water diversion scheduling modes with the changes of the monthly average storage volume of HQ Reservoir (Figure 13), we found that:
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FIGURE 13. Monthly average storage volume of HQ Reservoir.



(1) From January to March, mode 1 showed that each month, the number of time periods for water diversion was less than 30%. Mode 2 showed an increasing trend while mode 3 had a decreasing trend. Because the storage capacity of the reservoir was large while the water demand was small at the beginning of January, the amount of water diversion was reduced to avoid abandoned water. Since the amount of water diversion was less than water supply, the storage capacity continued to decrease during this period. To avoid future reduction in water supply, the proportion of mode 2 gradually increased.

(2) During the flood season from April to September, the inflow runoff gradually increased, but the demand also increased. Because the inflow of the HQ Reservoir was much smaller than water demand, it could not meet the water supply target. Therefore, except for September at the end of the flood season, the proportion of water diversion in other months using mode 3 was within 30%. Especially in the middle of the flood season (June to August), due to the continuous increase in water supply, the storage capacity was continuously reduced. In order to meet the water supply target, the probability of water diversion of mode 1 should be maintained at more than 50% during this period.

(3) Due to the decrease of water demand from October to December, the probability of water diversion of mode 1 was lower than that of the flood season. However, the sum of the water diversion probability of mode 1 and model 2 was still relatively large to meet the demand at the end of the dry season (January to March). Especially in December, in order to supplement water loss caused by winter irrigation, the sum of the water diversion probability of mode 1 and mode 2 reached 91.01%.





Rationale Analysis of Water Supply

The water supply rules used the hedging rules for water supply constructed in Chapter “Water Supply Operation Model Based on Hedging Rules for Water Supply.”. The target storage level and water supply weight coefficient were used as decision-making variables to determine the hedging rules for water supply of HQ Reservoir. Figure 14 shows that the target storage level in the hedging rules for water supply had the following two characteristics:
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FIGURE 14. The target storage level and water demand of HQ Reservoir.



(1) The water demand of Heiquan Reservoir was relatively large, accounted for 45.6%∼80.0% of the active storage capacity in each month. The total annual water transfer was much larger than the reservoir storage capacity. Therefore, the water storage benefit of HQ Reservoir was small and it had a relatively low storage level target in the joint dispatching rules. This can trigger the stop condition of hedging rules for water supply as early as possible, and narrow the restricted water supply area, which is beneficial for water supply.

(2) The trend of the target water storage level was opposite to that of the water demand volume. During the months when water demand was large, the target storage level was low, and vice versa. The requirements for water supply and water storage in different months can be satisfied when the restricted water supply area was narrowed through reducing the target water storage level as much as possible during the water supply process.



According to the dispatching rules of the selected OPT scheme and the two comparison schemes (CS1 and CS2), the simulated water supply results showed that for both OPT and CS1 scheme, water supply guarantee rates were: 1) more than 90% for municipal and industrial water and 2) more than 85% for agriculture. In contrast, the agricultural water supply guarantee rate of CS2 was only 75% (Table 4). In the OPT scheme, the annual available water supplies for industry and agriculture accounted for 97.4% and 92.7% of the annual water demand, respectively, while in the CS1 scheme, they were 98.2% and 96.6%, respectively. The difference between the two schemes were only 0.8% and 3.9%.


TABLE 4. The process of water supply for different schemes units: 104 m3.

[image: Table 4]


CONCLUSION

In the previous study, only the current storage volume of the receiving reservoir was used as the basis for decision-making of starting water transfer process. Due to the lack of inflow runoff information, the receiving reservoir is prone to water supply destruction at high water levels and abandoned water at low water levels. Through extracting dispatching rules based on the two-dimensional scheduling diagram, this paper used the current storage state and inflow runoff of the receiving reservoir as the basis for decision-making during the scheduling period, which effectively solved the problems existing in the starting rules of regular water transfer. Aimed at the multi-objective joint optimization scheduling problem of “Datong-Huangshui” water transfer project, we concluded that:


(1) The non-inferior frontiers of the two scheduling targets obtained by the OPT scheme were below the non-inferior frontiers obtained from the CS1 and CS2 schemes. The optimal target frontier obtained by the optimized scheme was closer to the theoretical optimal frontier of the multi-objective problem. Therefore, the two-dimensional scheduling diagram can better guide the water diversion operation of inter-basin water transfer projects.

(2) Based on the multi-objective optimal operation schemes set, the OPT scheme obtained by the scheduling scheme decision model using gray target model and prospect theory could generate power by as much as 359 million Kwh. It was also able to guarantee 90% of municipal and industrial water supply, as well as 85% of agricultural water supply. This model could better meet the real scheduling requirements.
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Water resources are crucial for maintaining daily life and a healthy ecological environment. In order to gain a harmonious development among water resources and economic development in Lake Watershed, it is urgent to quantify the lake inflow. However, the calculation of inflow simulations is severely limited by the lack of information regarding river runoff. This paper attempts calculated inflow in an ungauged stream through use of the coupling water balance method and the Xin’anjiang model, applying it to calculate the inflow in the Chaohu Lake Basin, China. Results show that the coupled model has been proved to be robust in determining inflow in an ungauged stream. The error of daily inflow calculated by the water balance method is between 1.4 and −19.5%, which is within the standard error range (±20%). The calibration and verification results of the coupled model suggest that the simulation results are best in the high inflow year (2016), followed by the normal inflow year (2007) and the low inflow year (1978). The Nash-Sutcliffe efficiencies for high inflow year, normal inflow year, and low inflow year are 0.82, 0.72, and 0.63, respectively, all of which have reached a satisfactory level. Further, the annual lake inflow simulation in the normal inflow year is 19.4 × 108 m3, while the annual average land surface runoff of the study area is 18.9 × 108 m3, and the relative error is −2.6% by the two ways. These results of the coupled model offer a new way to calculate the inflow in lake/reservoir basins.

Keywords: ungauged stream, bivariate model, coupled water balance and Xin’anjiang model, lake inflows simulate, Chaohu Lake Basin


INTRODUCTION

Water resources are of significance to maintain daily life because they not only provide directly available water resources for households, industry, and agriculture but also play a key role in maintaining healthy ecosystems (Li et al., 2017; Yang et al., 2020; Yu et al., 2020). Therefore, the available quantity should be calculated accurately as possible. In general, however, inflow observation data cannot be obtained directly in many lake/reservoir basins (Mohebzadeh and Fallah, 2019), especially in the areas where hydrological measurement stations have been poorly developed.

In the inflow studies of lake/reservoir basins, abundant observation data of water level and the relationship of water level and capacity of lake/reservoir make it possible to use the water balance method to calculate the lake/reservoir inflow (Deng et al., 2015; Gal et al., 2016). In this method, however, the estimated reliable inflow is a great challenge because the detailed daily water consumption data, including agricultural water, industrial water, domestic water, infiltration, etc., is difficult to obtain accurately. The results of daily lake/reservoir inflows calculated by the water balance method may be unreasonable and even negative values. In this context, the coupling of the water balance method and the hydrological model is needed to study the lake/reservoir inflows, in which flood events observations (estimated by the water balance method and called true inflows) were used to calibrate the hydrological model.

The hydrologic model used in this study is the Xin’anjiang model, which has emerged as a particularly promising method of dealing with complex hydrological phenomena due to the simple model structure (Bai et al., 2017), the clear physical meaning of the parameters (Lü et al., 2013), the well-defined model calibration procedure (Bai et al., 2017), and model development ability (Lin et al., 2014) following its first reported application to hydrological modeling problems by Zhao (1984). Meanwhile, the Xin’anjiang model has been widely applied in humid and semi-humid regions in China (Lü et al., 2013; Lin et al., 2014). In the model, although some insensitive parameters can be preset or estimated based on implementation experience, the sensitive parameters must be calibrated based on continuous historical streamflow data. In this study, the single objective particle swarm optimization (SOPSO) method, which is a population-based optimization technique proposed by Eberhart and Kennedy (1995), was added to the Xin’anjiang model to find the optimal parameters of the coupled model.

However, the SOPSO method becomes invalid because the observed daily inflow data, calculated by the flood events using the water balance method, is discontinuous. Thus, an improved SOPSO (I-SOPSO) method was used to calibrate hydrological model parameters, in which the daily precipitation data input by the Xin’anjiang model is sequentially read, but the inflows of the selected flood events (calculated by water balance method) are only read as the observed inflow data. Meanwhile, the maximum weighted average Nash-Sutcliffe efficiency (WANSE) of selected flood events is used as the objective function to minimize the error in estimating the goodness-of-fit between observed and simulated values. The advantage of the method is that it not only considers the impact of the previous precipitation and reduces the influence of anthropogenic activities, especially irrigation activities, but also can simulate the long-series daily lake/reservoir inflow, which is an important factor to consider in water resources decision-making (Yun et al., 2018).

Existing reservoir inflow simulation models and water balance methods in the area lacking hydrological measurement stations become limited due to the lack of a series of daily time scale reservoir inflow data. Thus, this paper attempt to solve this problem by coupling the water balance method with the Xin’anjiang model and applying the result to the Chaohu Lake Basin where hydrological stations have been poorly developed. The objective entails the following tasks: (1) determining typical hydrological years; (2) calculating the lake inflows of selected flood events; (3) finding the optimal parameters of coupled model; and (4) simulating the lake inflows of long-series. The results of the hydrological characteristics of the typical years of Chaohu Lake Basin will be of great significance for further studying the migration and diffusion of suspended matter in lakes, improving the ecological environment of lakes, and water resource planning and management.



STUDY AREA AND DATA

Chaohu Lake, the fifth largest freshwater lake in China, is located in the central region of Anhui Province between the Yangtze and Huaihe. Also, Chaohu Lake Watershed is in the route of the Yangtze River Huaihe River water transfer project in China (Cao et al., 2018). Chaohu Lake Watershed can be divided into two large sub-basins, i.e., Upper Chaohu Lake Watershed and Lower Chaohu Lake Watershed. Upper Chaohu Lake Watershed is the study area of this paper, which is between latitudes 30°59′–32°9′ N and longitudes 116°23′–117°59′ E with a drainage area of 9153 km2 (Figure 1).


[image: image]

FIGURE 1. Location map for study and gauge stations.


The climate is northern subtropical and warm temperate humid monsoon climate, which is characterized by a mild climate, significant monsoon rainfall, a well-defined rainy season, good heat conditions, and a long frost-free season. The average annual precipitation (AP) is about 1095 mm. The spatial distribution of precipitation in the basin is uneven, decreasing from south to north. Meanwhile, precipitation is unevenly distributed during the year, and more than 60% of the annual total precipitation occurs in the period from June to September. The average annual temperature and evaporation are about 16.5°C and 880 mm, respectively.

Data from a total of 11 meteorological stations covering the approximate period of 1958∼2017 were collected, and these were retrieved from the Anhui Provincial Bureau of Hydrology. Meanwhile, basin areal precipitation and evaporation were calculated by the Thiessen polygons method. The annual highest water level (AHWL) data were collected from Zhongmiao hydrological gauging station, which is situated at the center of Chaohu Lake.



METHODOLOGY

To understand the characteristic of daily lake inflows in typical hydrological years, this research is divided into four subsections that describe the main components, including the following: (1) determination of typical hydrological years based on the bivariate frequency analysis of AP and AHWL; (2) calculation of the Chaohu Lake inflows of selected flood events depends on water balance method; (3) determination of the optimal parameters of the coupled model predictions by I-SOPSO method; and (4) generation of long-series inflow simulate results on the basis of model optimal parameters. The details of the evaluation procedures of the above methods are discussed in the following subsections.


Hydrologic Frequency Analysis

In the actual hydrological design, several typical years are selected from the hydrological data for analysis and calculation, and the results can generally meet the requirements of planning and design. Hydrological frequency analysis is usually a more powerful tool for selecting typical years. Generally, application of the bivariate probability analysis allows researchers to investigate hydrological events with a more comprehensive view by considering the simultaneous effect of the influencing factors on the phenomenon of interest (Yue et al., 1999; Vandenberghe et al., 2011; Sraj et al., 2015). Therefore, a two-dimensional joint theoretical cumulative distribution function of AP and AHWL was constructed, and the specific process can refer to the following steps.


Step 1 Marginal Cumulative Distribution Function of AP and AHWL

Pearson-III distribution function (P-III), which can be described with three parameters, mean value ([image: image]), variation coefficient (cv), and skew coefficient (cs) of the observation data, was considered as marginal distribution functions (MDF) of AP and AHWL. The calculation formula of the cumulative probability includes α, β, and a0, which are the parameters of shape, scale, and location (Lei et al., 2018). The probability density function and the cumulative frequency equation (cumulative frequency greater than or equal to xp) are shown in formulas 2 and 3:
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Step 2 Investigation of Correlation Between Variables

In the copula approach, the dependence between the pairs of considered variables should be analyzed. Kendall’s correction coefficient, which is widely used because Kendall’s tau (τ) is more insensitive to ties in data, was selected and calculated by the Eq. 1:

[image: image]

where n is the number of variable data pairs (xi, yi). In addition, sign(.) is a symbolic function, which is defined as follows:

[image: image]

where xi and yi are observed data corresponding to random variables X and Y in the ith year.



Step 3 Construction of Copula Function

Generally, the copula function can be classified into three types, i.e., copulas with a quadratic form, copulas with a cubic form, and Archimedean copulas. Among them, the Archimedean copulas, the one-parameter bivariate copulas, are found to be more desirable for hydrologic analysis (Genestm and Mackaym, 1986). Meanwhile, Clayton, Frank, and Gumbel–Hougaard’s copula functions were adopted because the proper copulas directly depend on the value of Kendall’s tau (τ) (Ahmadi et al., 2018):

(A) Clayton Copula

[image: image]

(B) Gumbel–Hougaard Copula

[image: image]

(C) Frank Copula

[image: image]

where parameter θ describes the relationship between the two random variables X and Y.



Step 4 Selection of the Best-Fit of Copula

The limitation of the copula approach is that there are no specific ways to check whether the dependency structure of a data set is appropriately modeled by the chosen copula (Dodangeh et al., 2019). In this part, three commonly used methods, including the graphic analysis, Kolmogorov–Smirnov, and Akaike Information Criterion (AIC), were applied to select the best suitable copula function for Chaohu Lake Watershed.

(A) Graphic analysis

The graphic analysis method is a method that uses a graph to intuitively represent the effect of a theoretical probability distribution on the measured value. In this graphic, bivariate joint empirical cumulative frequency (BJECF) is often calculated to compare with the copula theoretical curves (Sraj et al., 2015). The BJECF can be estimated using the approach of Yue et al. (1999):
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(B) Kolmogorov–Smirnov
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(C) Akaike Information Criterion (AIC)

[image: image]

where, n is the number of variable data pairs (xi, yi); nml is the number of joint observation sample satisfying two conditions at the same time: xm ≤ xi and yl ≤ yj, which have the same meanings as m(i) in this paper. Fc(xi,yi) and Fo(xi, yi) are the cumulative joint theoretical probability and experience frequency distribution function, respectively; Po(i) is the ith year observed value obtained from cumulative joint empirical frequency function; Pc(i) is the calculated value of the ith year of by the bivariate copula function; and m is the number of model parameters. Moreover, the smaller the values of Dn and AIC are, the better the simulation results are.




Water Balance Method

For a given lake basin, the water balance equation is as follows:

[image: image]

where P is the precipitation on the lake during the period; Ra, R’a are the surface runoff into and out of the lake during the period; Rg, R’g are the underground runoff into and out of the lake during the period; E is the effective evaporation during the period; μ represents the consumption of industrial and agricultural; and ΔS indicates the change of water storage within a period of time. The above units are all in m3.



Hydrologic Model

The input data of the Xin’anjiang model includes precipitation (P) and pan evaporation (EM), while the output of the module the is discharge of the outlet (Qm). There are 15 parameters (outside the box in Figure 2) involved in the model for flow routing, which could be grouped as Supplementary Table 1. In principle, these parameters are spatially uniform, meaning that they represent integrated effects of catchment properties. More details about the calculation of the Xin’anjiang model can be found in Zhao (1992).


[image: image]

FIGURE 2. Technique path map of the research. Fr: contribution area; RB: runoff of impervious area; S: free water; QS: total surface runoff; QI: total interflow; QG: total groundwater runoff; Other parameter meanings can be seen in Supplementary Table 1.



Model Calibration

In a hydrologic model, some model parameters cannot be directly obtained from the basin characteristics using existing measured streamflow data in the field. It is common that a set of accurate model parameters are determined by fitting the observation data and simulation values that are calculated by adjusting the model parameters, which is called the calibration of the model. In order to find the optimal parameters of the model, the SOPSO method, which is a population-based optimization technique proposed in 1995 (Eberhart and Kennedy, 1995), was added to the Xin’anjiang model to simulate the Lake inflows. However, the SOPSO method may not be able to directly calibrate the model given the limitations of the actual inflow data (intermittent flood events) calculated by water balance. Therefore, the I-SOPSO method is applied to the Xin’anjiang model, and three things need to be done during the running of the model: (1) reading the input daily precipitation and evaporation data in sequence; (2) the daily inflow data of selected flood events are used to calibrate the parameters of the model; and (3) using the optimized parameters to calculate the long series of daily lake inflows.

More details on the calculation process of the SOPSO can be found in the literature (Kamali et al., 2013). The maximum WANSE of selected flood events is used as the objective function to minimize the error in estimating the goodness-of-fit between observed and simulated values shown in Eq. (13) below:

[image: image]

where N is the total number of calibration flood events; ωi shows the degree of important given to ith flood event; [image: image] is the mean of observed inflows of ith flood event; [image: image] and [image: image] are the modeled and observed inflows of ith flood at time t; and T is the final time step. The WANSE value is selected because it is more sensitive to peak flows, and approximate values close to 1 indicate better performances.



Model Performance Assessment

The flood peak, volume, and hydrograph shape are three basic elements describing a flood event (Yue et al., 1999). In this study, the following commonly used five statistical indicators, including the water balance index (WBI) (Deng et al., 2015), Nash-Sutcliffe efficiency (NSE), percent error in peak flow (Fpeak), flood volume estimation error (Fvol), and determination coefficient (R2), were adopted to further evaluate the performance of the coupled model, which can provide a quantitative and aggregate estimate of model reliability as follows:
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WI and WO are the total volumes of lake inflow and release calculated by water balance method (108 m3) in which the time step to be considered is 1 day; ΔV is lake storage change, which represents the difference between the initial and final lake storages during a flood event; [image: image] and [image: image] designate as peak flows of observed and simulated hydrographs (m3/s); [image: image], [image: image], [image: image], and [image: image] are the observed and simulated lake inflow at time t, mean of observed and simulated lake inflows (m3/s), respectively; and Volo and Volm are the observed and the simulated total volume during a flood event (108 m3). The standard error range of the WBI index refers to the allowable error of flood volume (runoff depth) of reservoir hydrological simulate.





RESULTS AND DISCUSSION


Selection of Typical Hydrological Year


Marginal Cumulative Probability Distribution Analysis

Before performing frequency analysis, the data homogeneity of AP and the annual maximum water level series have been tested.


Probability analysis of annual precipitation

As we all know, natural runoff is the basis of hydrological analysis. However, natural streamflow observations are not always available in many parts of the world, especially in Lake Basins that have multiple tributaries, see the impact of anthropogenic activities, and do not have observation data. Therefore, in actual research, many scholars use precipitation data that is less affected by anthropogenic activities to carry out the hydrological frequency analysis and obtain very good results (Vandenberghe et al., 2011; Dodangeh et al., 2019).

In this paper, the results of AP frequency analysis indicate that the fitted distribution curve performs well (fitting degree = 0.983) due to good agreement between observed AP data and theoretical probability (Figure 3A). The 60-year AP series has an average ([image: image]) of 1094.67 mm, a deviation coefficient (cv) of 0.19, and a skewness (cs) of 0.34. Meanwhile, box-whisker plots of absolute error of AP frequency show that the maximum and minimum relative errors are 4.18 and −5.3% (Figure 3C), which occurred in 1961 and 1974, respectively.


[image: image]

FIGURE 3. Probability of univariate empirical scatter plots and fitted theoretical probability curve (A: Annual precipitation; B: Annual maximum water level) and the relative error between empirical frequency and theoretical frequency (C: Annual precipitation; D: Annual maximum water level).




Probability analysis of annual highest water level

The amount of lake inflow will directly reflect the water level change of the lake. At the same time, considering the availability of data and the hydrological situation of the whole study area, the AHWL of the lake is also a useful index for frequency analysis. In this study, the AHWL data of the Zhongmiao station is used for frequency analysis (Figure 3B). Figure 3B shows the fitting curve followed the observed dataset reasonably well. The probability distributions of calibrated parameter values can be estimated roughly by Figure 3B, which are 10.06 m ([image: image]), 0.11 (cv), and 0.8 (cs), respectively. The distribution of relative error ranges from −5.53 to 4.97% (Figure 3D), with an average value of 0.04%. Consequently, the P-III fitting curve is reasonable as the marginal cumulative probability distribution function.

In Supplemental Information (Part A), details can be found on the comparison probability analysis of AP and AHWL.




Bivariate AP-AHWL Probability Analysis

There is a causal relationship between the change of lake level and precipitation. Meanwhile, from a statistical perspective, the correlation coefficient between the AP and the AHWL is 0.82 (Figure 4A), which belongs to highly correlated. The correlation coefficient between the AP (11 rainfall stations) and AHWL is between 0.66 and 0.82, Figure 4B respectively. Therefore, the two variables (AP and AHWL) are considered at the same time to selected the typical years in the study.


[image: image]

FIGURE 4. Variable relationship analysis (A) AP versus AHWL and (B) the correlation coefficient between AHWL and AP of 11 rainfall stations versus vertical distance from Zhongmiao hydrological station.


The theoretical joint probability distribution of the 60-year historical hydrological series results of the three copula functions are presented in Figure 5. Based on the graphic analysis method (Figures 5A,B), the Gumbel–Hougaard function best represents the bivariate distribution of the AP and AHWL during almost the entire year, followed by the Clayton function, with the Frank function being the worst. Meanwhile, the order of AIC values from small (good) to large (bad) is −433.8 (Gumbel–Hougaard method), −405.2 (Clayton method), and −299 (Frank method), which is in agreement with the finding of the graphic analysis method, as, the smaller the value is, the better the fitting degree is. What is more, in the Kolmogorov–Smirnov test, the p-values of the three copula functions are greater than 0.05, indicating that there is no significant difference from the empirical frequency, while the Dn values of Clayton method (0.08), Gumbel–Hougaard method (0.1), and Frank method (0.15) indicate that Clayton Copula function has the best fit. Thus, considering the fit of the whole series, the Gumbel–Hougaard copula function was chosen to select the typical hydrological years, which are 1978, 2007, and 2016 (Table 1).


[image: image]

FIGURE 5. Comparison of joint cumulative probability distributions obtained using three copula methods with empirical probability.



TABLE 1. Characteristic statistics of typical years.

[image: Table 1]



Results of Water Balance Method

The lake/reservoir inflow observation records are important for hydrological research and practice projects, such as flood simulations, hydraulic engineering design, water resource planning and management, etc. (Zhou et al., 2019). Because detailed and accurate daily data are difficult to obtain (Deng et al., 2015), a water balance analysis was only applied to calculate the daily inflow of flood events.

Before taking the inflow calculated by water balance as the measured runoff, it is necessary to verify whether the measured daily inflow (land runoff) calculated by the water balance method is reasonable. In this part, the change in the lake storage of a flood can be obtained in two ways: (1) changes in storage capacity corresponding to the beginning and final time of each flood event named ΔV; and (2) changes in the total runoff obtained by daily observed inflow which calculated by water balance method, namely, WI-WO. The WBI index is used to evaluate the water balance method performance for the study area during flood events. It can be seen from Table 2 that the order of the overall calculation errors (from small to large) for the three typical years is as follows: 2007, 2016, and 1978. The WBI values of 12 flood events are between 1.4 and −19.5%, which is within the standard error range (±20%). The values of WBI of the selected flood events are positive/negative, indicating that using the water balance method would overestimate/underestimate the lake flows, which may be caused by missing data for actual scheduling rules of Chaohu sluice and Zhaohe sluice, the imprecise relationship between water level and lake storage that is obtained by linear fitting of measured discrete points. Although there are many factors that affect the accuracy of the calculation, the calculated results show that the method can be applied to calculate the daily lake inflows during the flood period.


TABLE 2. Performance of water balance during flood events.

[image: Table 2]


Calibration and Validation of the Coupled Model


High Flow Year

The I-SOPSO algorithm is linked to the coupled model in a Fortran environment, and the I-SOPSO maximizes the calibration objective function, which is the sum of weighted NSE calculated by comparing observed (calculated by water balance method) and simulated hydrograph. Four flood events were selected at daily time steps in 2016–the April 6, July 1, and October 27 flood events are the calibration period and the June 2 flood event the validation period–considering the short time interval between the June 2 and July 1 flood events. The NSE, Fpeak, Fvol, and R2 were calculated to evaluate the performance of the coupled model, as shown in Table 3 and Figure 6.


TABLE 3. Simulation performances of hydrograph of selected flood events in high inflow year by the coupled water balance method and Xin’anjiang model.

[image: Table 3]
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FIGURE 6. Results for the four flood events of Lake inflows.


For the graphic evaluation of the model, the daily inflow of the four flood events observed were well followed by the simulated runoff from the coupled model. In Table 3, the values of NSE are 0.74, 0.89, and 0.9 during the calibration periods, and, for the validation period, the value of NSE is 0.76, indicating that the coupled water balance and the Xin’anjiang model can reasonably predict the general shapes of the hydrographs (Figure 6). In terms of R2, which is the linear correlation between and simulated results and observed data, the R2 values of four flood events are more than 0.73, with a mean of 0.85, which is an acceptable statistic that confirms the capability of the model simulate the catchment response (Mahmood and Jia, 2019). The total runoff volume errors (Fvol) and the peak inflow estimation errors (Fpeak) are within 20% of the four flood events on a daily scale, which meet the level standard required for flood simulation (MWR, 2008). Considering the results of four evaluating indicators, the coupled model can obtain desirable results in a study area, which provides technical support, especially in the practical application process to solve the lack of data or incomplete data lake or reservoir basin.

The values of Fpeak are −6.8, 13.6, 3.2, and 15.6%, with relatively large errors, which may be induced by the error from water level observation. For example, when the water level in Chaohu Lake is 8.0 m (normal storage level) and its observation error is 0.1 m, the induced error of reservoir storage volume and estimated daily inflow are about 0.77 × 108 m3 and 885.4 m3/s, respectively. The calculation of the objective function of the model may be another uncertainty source (Tian et al., 2014). In the calculation of the model, the July 1, 2016, flood event was considered with a larger weight (three times that of other flood events), taking into account the greater hazards based on the flood peak and flood volume. The advantage of using different weights can avoid fall into a situation of overfitting in a certain flood but neglecting the important flood events.

For Fvol, the value of the July 1, 2016, flood event (17.3%) is slightly larger than the other flood events, which is seriously under-estimated the total volume of lake inflow. There are many reasons for the deviation of model calculation results.

Precipitation is a key component to drive the hydrologic model. The heterogeneous spatial and temporal distributions in basins, inadequate precipitation stations, and location of the rainfall center may normally influence the quality of simulate accuracy (Xu et al., 2013; Zeng et al., 2018; Zhong et al., 2018). During the study period, the July 1, 2016, flood event is characterized by a long-term rainstorm and the uneven spatial distribution of precipitation. In order to understand the spatial distribution of precipitation in the third (July 1, 2016) flood event in detail, 33 rainfall stations in the Yearbook were collected to make the spatial distribution map. It can be seen that the highest values of P are related to the south part of the Chaohu Lake (278.3, 410.8, 516.2, and 646.9 mm), while the northern part shows the lowest level of P for the total maximum precipitation in 1-day, 3-day, 5-day or total precipitation volume (51.8, 76.3, 91, and 187.1 mm, respectively) during the July 1, 2016, flood event (Figure 7). The total area precipitation based on the Thiessen polygons method in the model is 424 mm during the July 1, 2016 flood event, which lacks the flexibility to investigate possible spatial evolution of model parameters. Heterogeneous spatial precipitation, as a fundamental process of hydrological cycle, is the first major source of uncertainty in the results of the present study.
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FIGURE 7. Spatial distributions of total maximum precipitation in 1-day (A), 3-day (B), 5-day (C), or total precipitation volumes (D) in the July 1, 2016 flood event (Units: mm).


Meanwhile, the storage of small reservoirs and the regulation of sluices and dams are not considered in the model structure, which will cause deviations in the calculation results of the inflow process and flood inflow, e.g., Longhekou reservoir, located in Hangbu River, which is the biggest reservoir with a drainage area of 1120 km2, and the inflow to the reservoir is mainly the result of localized rainfall. According to the yearbook, the maximum daily flow of Longhekou Reservoir Station was 805 m3/s, according to the data, there is no discharge, and there should be no discharge based on the control operation rules. However, the actual release of reservoirs release is unclear in this study. In addition, the model’s structure is probably another reason because the Xin’anjiang model was built for the regions either low or high surface runoff with the assumption that surface runoff is not generated until the soil moisture content reaches field capacity, but in some cases, like in the mountainous areas and cities, the flood could happen when the intensity of rainfall is large without filling up the soil storage. Therefore, limited and understanding of nature and simplifications in representing the hydrological processes, Xin’anjiang model structures must be in error to some extent, although the structure and parameters of the model can reflect the main laws and characteristics of rainfall and runoff process in humid areas and can obtain better precision.

Besides, most parameters of the model cannot be measured via direct observations in the field but through practice to estimate parameter values with historical observation data using an improved automated search algorithm (I-SOPSO). In this process, the system identification method is used to optimize the debugging, so the variables and parameters in existing hydrology models determined may not be the optimal results (Wu et al., 2017; Mahmood and Jia, 2019). These different sources of uncertainty act to compound the rainfall-runoff simulating and can have a significant impact on the accuracy of simulation results. However, if we assumed that the abovementioned uncertainties can affect the result of the present study by 15∼20% (Coe and Foley, 2001), the results of the present study are still quite satisfactory and can be a good source for understanding the lake inflow process.



Low Flow Year and Normal Flow Year

The performance of selected flood events in the normal flow year and the low flow year is summarized in Table 4. It can be seen from this table that there are three and five calculated index values exceeding the critical values for the normal flow year and the low flow year. Considering the comprehensive level of the four indicators, the simulation results of in the normal flow year (2007) are better than in the low flow year (1978) and worse than in the high flow year (2016), indicating that there is a more complex relationship between rainfall and runoff due to the intervention of more anthropogenic activities and climate change. As one of the primary farming areas of China, the landscape of the Chaohu Lake Basin consists mainly of farmland, woodland area, and water body accounting for 61.8, 16, and 10.3%, respectively. Meanwhile, surface water bodies (rivers and lake) in the study area are important water resources for local agriculture activities.


TABLE 4. Summary of performance of selected flood events in 2007 and 1978 year.

[image: Table 4]
For better understanding and water resources planning and management, it is suggested to take into account and reduce sources of uncertainty when making hydrological simulate. In the present study, quantifying and reducing uncertainty in hydrological modeling from multiple sources, i.e., parameter uncertainty, input uncertainty, and model structural uncertainty, are not included in this study considering that the current calculation results meet the requirements. Further research can be carried out to improve the accuracy of the model through more accurate input data sets and uncertainty analysis.




Long-Series of Lake Inflow Simulation

According to the optimal parameters of the calibrated coupled model, the daily runoff hydrograph is simulated (Figure 8). According to the previous investigation project, the entire Chaohu Lake Basin with an area of 13486 km2 (including the surface area of Chaohu Lake) has an average runoff of 34.9 × 108 m3. Meanwhile, the surface runoff of Chaohu Lake is 6.3 × 108 m3, which is calculated by multiplying the lake area with the annual mean net precipitation. Therefore, the average land surface runoff of the study area, which is calculated by weighting the land surface catchment area (weight = 0.66), is 18.9 × 108 m3. The result of the annual inflow (land runoff) of the study area was calculated by the coupled model to be 19.4 × 108 m3 in the normal flow year, and the corresponding bivariate probability is 49.5%. The relative error is −2.6%, indicating that the coupled water balance and Xin’anjiang model are available in the study area, which can better simulate the daily inflow process of the lake without the measured runoff data. The calculated land inflows of the high flow and the low flow years are 44.4 × 108 m3/a and 13.7 × 108 m3/a, respectively.
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FIGURE 8. Daily lake inflow hydrograph of the typical years.





CONCLUSION

In this paper, the copula functions are adopted to establish the bivariate probabilistic model for simulating the AP and AHWL between 1956 and 2017. The coupled water balance method and Xin’anjiang model is then used to explore lake inflows of Upper Chaohu Lake Watershed to gather more information.

The goodness-of-fit test indicates that the Gumbel–Hougaard function is the best-fit for AP-AHWL with Pearson-III margin distributions, which is thereby applied to select the typical hydrological year, including high flow (2016), low flow (1978), and normal flow years (2007). Furthermore, the WBI values of the flood events are within 20%. Overall, the order of the WBI values (from small to large) for the three typical years is 2007, 2016, and 1978. The calibration and verification results of the coupled water balance method and the Xin’anjiang model show that the simulated results are better in the high flow year than in the normal flow and low inflow year. Some calculated index values exceed the critical values for normal inflow year and low inflow year, which is most probably caused by the parameter uncertainty, input uncertainty, and model structural uncertainty. Finally, the result of comparison the annual lake inflow simulation in normal inflow year (19.4 × 108 m3) and the results of the average land surface runoff of the study area (18.9 × 108 m3) indicates that the coupled Xin’anjiang model and water balance method are effective ways to calculate the daily lake inflow. The land inflows in high flow year and low flow year are 44.4 × 108 m3 and 13.7 × 108 m3, respectively. In conclusion, the results of this paper are helpful to understand the daily lake inflows process in Upper Chaohu Lake Basin. They can be used as a basis for determining the appropriate operation and management of water resource systems.
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In the arid and semi-arid regions of the Loess Plateau, seasonal freezing and thawing influence soil water movement, and water movement directly influences vegetation growth. However, currently, research with regard to freezing and thawing processes under various vegetation types and the mechanism of soil water movement is lacking. Therefore, the present study explored soil water migration characteristics of two typical vegetation types [arbor land (AL) and shrub land (SL)] on the Loess Plateau during seasonal freezing and thawing processes using bare land (BL) as a control. We used field measured data for hourly soil temperature (ST) and soil water content (SWC) at a depth of 100 cm below the soil surface from November 2017 to March 2018. Freezing and thawing process was divided into three stages based on ST change (initial freezing period, stable freezing period, and thawing period). Compared with previous studies in this area, ST is lower than expected, and SWC migration characteristics are also different. The results revealed that: 1) the maximum freezing depth of AL and SL was 60 cm, which was 30 cm less than that of BL. The freezing date of each soil layer in BL was the earliest and average ST value was the lowest. BL had the highest degree of freezing. The freezing of all soil layers in AL occurred at a later date than that of SL. ST and the minimum soil freezing temperatures were higher than those of SL, and the capacity of AL to resist freezing was higher; 2) the SWCs in AL and BL at depths of 0–10 cm and 10–30 cm decreased, whereas SWCs of AL and BL at a depth of 60 cm increased by 152 and 146%, respectively. The SWCs of SL at soil depths of 0–10 cm, 10–30 cm, and 30–60 cm increased by 46.3, 78.4 and 205%, respectively. The amount and distribution of soil moisture in SL were optimum when compared to those of AL and BL. The results of the present study could provide a scientific basis for vegetation restoration in arid and semi-arid areas of the Loess Plateau.
Keywords: soil temperature, soil water content, soil hydrothermal transport, natural freeze-thaw cycle, soil heat transfer
INTRODUCTION
Soil moisture is a key variable in the hydrological cycle that links precipitation, runoff, and groundwater (Sun et al., 2015; Wang et al., 2018b), and a key ecological factor that determines ecosystem functions and vegetation restoration (Pan et al., 2015; Wang et al., 2019c). Seasonal freezing and thawing influence the movement and distribution of soil moisture (Hu et al., 2013; Fu et al., 2018). Numerous studies have revealed that soil temperature (ST) is a primary driving force, which influences soil water movement during soil freeze-thaw cycles (Li et al., 2012; Wang et al., 2018a; Wang et al., 2019b). Variations in soil water potential caused by freezing of soil drive soil moisture from unfrozen areas to the freezing front (Li et al., 2013; Zhang et al., 2014; Yang and Wang., 2019), resulting in variations in soil moisture distribution (Wu et al., 2017; Lai et al., 2018; Lu et al., 2019). However, soil moisture distribution has had a direct impact on vegetation growth activities in recent years (Xiao et al., 2019; Frost et al., 2020), especially in the arid and semi-arid areas of the Loess Plateau, where long-term rainfall is insufficient and irrigation cannot be practiced (Yang et al., 2012; Cheng and Liu, 2014; Xiao et al., 2020). Therefore, studying soil freezing and thawing processes will enhance our understanding of soil moisture migration dynamics, and could have a guiding significance for the hydrological management of the study area.
Over the last few years, several local and international researchers have investigated the transport mechanisms of soil moisture in different regions and environments during freezing and thawing periods (Mohammed et al., 2013; Chen et al., 2016; Sun et al., 2011). The study areas were mainly distributed in Russia, Canada, the United States, and China, accounting for 50% of the global land area (Kruk et al., 2012; Wang et al., 2019a). A study by Nagare et al. (2011) revealed that freezing time and ground temperature conditions were influenced by soil water content (SWC) and soil texture. Soils with high SWCs are more likely to freeze under similar temperature conditions. During the freezing and thawing process of slope land, heat transfer efficiency between soil and air is higher than that of dam land; however, the amount of soil moisture migration and increase in dam land are greater than those of slope land (Wang et al., 2019a). Forests exhibit higher STs under freezing and thawing conditions, and their buffering capacity to variations in ST is greater than that of grasslands (Hu et al., 2013). In China, most of the current research regarding the effects of freezing and thawing is concentrated in the northeast mountainous areas, Inner Mongolia, and Qinghai-Tibetan Plateau where the freezing degree is severe (Liu et al., 2017; Guo et al., 2018; Zhang et al., 2019a). The freezing and thawing characteristics of the areas in terms of soil freezing days, number of freezing and thawing cycles, freezing temperature, and freezing depth are quite distinct from the seasonal freezing and thawing characteristics in areas of the Loess Plateau. Similarly, several researchers currently use the 24-h average ST (daily average ST) as a statistical unit, and a daily average ST below 0°C as a basis for determining the occurrence of soil freezing (Guo et al., 2011; Guo et al., 2020). However, the statistical method is not suitable for determining seasonal freezing and thawing in areas of the Loess Plateau. The statistical method does not take into account the freezing and thawing events with daily average temperatures greater than 0°C because the day and night temperature variations in the Loess Plateau area are extremely high in autumn and spring. In addition, soil freezing and thawing processes determined by the method, including freezing dates, freezing days, thawing dates, and thawing days, may be delayed or shortened.
Soil erosion is a major environmental challenge threatening the sustainable development of seasonal freeze-thaw areas on the Loess Plateau (Zhang et al., 2019b). Over the last few years, numerous soil and water conservation measures have been implemented in the Loess Plateau area, including terracing, construction of silt dams, farming management, and vegetation restoration (Li et al., 2013; Yu et al., 2020). Among the measures, vegetation restoration has been considered one of the most effective soil and water conservation measures (Guo et al., 2018). However, soil moisture is a key ecological factor that restricts vegetation restoration and sustainable development of agriculture and forestry in the area (Huang et al., 2012; Liu et al., 2012). Presently, numerous studies have been carried out with regard to the influence of vegetation restoration and returning farmland to forests on soil moisture characteristics in the Loess Plateau area. The studies have focused on the impact and response of rainy seasons, various vegetation growth periods or varying growth cycles on SWC (Zhou et al., 2015). Research regarding ST, moisture, and vegetation in winter has received relatively little attention due to the lack of rainfall in winter, low soil moisture transpiration, and limited vegetation growth in the Loess Plateau area. Soil water and heat transfer characteristics of different vegetation types under seasonal freezing and thawing conditions remain indeterminate. According to previous studies, we guess that different vegetation types have a certain buffering effect on freezing and thawing, and at the same time, they will also have different effects on the movement of soil moisture. Therefore, the present study investigated ST, SWC, and air temperature (AT) in two vegetation types and bare land (BL) to comprehensively elucidate the impacts of soil water and heat conditions under various vegetation types on the hydrological processes in frozen soil. The objectives of the present study were: 1) to investigate the freezing and thawing characteristics of BL and two vegetation types, 2) to monitor and assess the water redistribution process caused by freezing and thawing in BL and frozen soil in two vegetation types, and 3) to compare variations in soil moisture migration between two vegetation types during freezing and thawing periods.
MATERIALS AND METHODS
Overview of the Study Area
The study area is located in the Xindiangou Science and Technology Demonstration Park (E110°16′–E110°20′, N37°28′–N37°31′), a soil and water conservation scientific experimental research demonstration base in Suide County, Yulin City, Shaanxi Province, China. The research base is located in the Xindiangou Basin on the left bank of the middle reaches of the Wuding River, a tributary of the Yellow River, with an area of 1.44 km2 and an altitude of 840–1,040 m (Figure 1). The climate of the area is continental temperate and semi-arid monsoon climate. The annual average temperature of the area is 9.7°C, with minimum and maximum temperatures of −27 and 39°C, respectively, and no well-defined freeze-thaw cycles. The average annual precipitation in the basin is 475.1 mm, and summer precipitation accounts for 64.4% of the total annual precipitation. The predominant soil type in the area is silty sandy loam and the vegetation type is temperate forest grassland. Artificial vegetation primarily includes poplar, white elm, dry willow, Chinese arborvitae, and Chinese pine. The shrub vegetation is dominated by yellow rose, korshinsk peashrub, sea buckthorn, and wild jujube.
[image: Figure 1]FIGURE 1 | Location map of the study area.
Monitoring Experiment Layout
Artificial vegetation was selected as the research object. The selected tree species was Platycladus orientalis (family Cupressaceae) and the shrub species was Caragana korshinskii (family Fabaceae), which are the most commonly used species for vegetation restoration and construction in the Loess Plateau area, and P. orientalis is the dominant tree species in the watershed. To reduce the influence of external conditions such as topography and climate on the results of the present study, three runoff communities with similar slope length and slope direction (namely C.korshinskii shrub community, P. orientalis community, and BL community) were selected for positioning monitoring (Figure 1). We monitored and assessed the effects of seasonal freeze-thaw processes under various vegetation types.
ST and soil moisture (0–100 cm depth) were selected for monitoring due to the following reasons: 1) the root systems of most plants are distributed within the top 90 cm of the soil profile (Wang et al., 2018b); 2) the maximum freezing depth of soil within the monitoring area is 90 cm.
The AT monitoring data were obtained from the weather station (RX3000, United States), and ST and SWC were monitored using ET-100 intelligent soil moisture and temperature monitor (Symorui Environmental Technology Co., Ltd., XiAn, China). Thirty probes were placed in the middle of the three runoff plots (shrubs, trees, and BL). The probes were placed at soil depths of 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 cm. The soil begins to freeze when ST is below 0°C (273.15 K) and begins to melt when ST is above 0°C. The monitoring period was from November 11, 2017 to March 25, 2018 because seasonal freezing and thawing occur between the end of November and the end of March, and there was no rainfall during the monitoring period. ST and SWC at various soil depths were recorded every 60 min.
Statistical Analyses
The classification of soil freezing and thawing processes was based on hourly STs. Soil was considered frozen when the minimum ST was lower than 0°C. Similarly, soil was considered melted when the maximum ST was higher than 0°C. Freeze-thaw cycle refers to a phenomenon in which ST is above and below 0°C simultaneously in a day. Soil was considered to have entered a stable freezing period (a characteristic of the period is that the soil no longer undergoes freezing and thawing cycles) when ST was constantly lower than 0°C. The improved statistical method could effectively reduce errors and enhance statistical accuracy.
Based on the measured ST data, soil freezing and thawing processes during the entire monitoring period was divided into three periods: initial freezing, complete freezing, and thawing periods. Initial freezing period refers to the unstable freezing period in which the soil melts during the day and freezes at night. Complete freezing period refers to the period when ST is constantly lower than 0°C in a stable freezing state for 24 h a day. Thawing period refers to the period when ST begins to be greater than 0°C to a state when ST is completely greater than 0°C.
The freezing rate is defined as the total number of days from the start of soil freezing to the time soil completely freezes at a certain depth; that is, the actual number of days in the initial period of freezing (Wang et al., 2019b).
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where Vifreeze is the freezing rate of soil at a depth of i (day), diinitial is the total number of days in the initial freezing period at a depth of i.
Melting rate is defined as the number of days from the time soil at a certain depth begins to melt to the time frozen soil completely melts; that is, the actual number of days during the melting period.
[image: image]
where vithaw is the melting rate of soil at depth i (day), dimelting is the total number of days during the melting period at a depth of i.
SPSS Statistics 16.0 (SPSS Inc, Chicago, IL, United States) was used to analyze the relationships among AT, ST, SWC, and soil depths in two vegetation types and BL. Levene’s test was used to evaluate dynamic variations between ST and SWC during the monitoring period by measuring the coefficient of variation (CV) of soil profile. Regression analyses and plotting of graphs were performed using Origin 8.5 (OriginLab Corporation, Northampton, MA, United States).
RESULTS
Freezing Process of Soil Profile
The freezing date of arbor land [AL] soil from the surface layer to the deep layer occurred later than that of the corresponding soil layers in shrub land [SL] and [BL] (Figures 2,3; Table 1). The surface soil layers (0–10 cm) of BL, SL, and AL began to freeze on November 14, November 15, and December 4, 2017, respectively. The freezing dates of SL and AL delayed by one and 21 days, respectively when compared with that of BL (Figure 2; Table 1). The freezing rates of the three types of land were not significantly different at soil depths below 30 cm and the soil was completely frozen in only 1–2 days. The overall freezing rate of soil in SL was the lowest, followed by BL, while the freezing rate of soil in AL was the highest within the 10–30 cm soil layer. The maximum number of days of soil freezing was observed in the 20–30 cm soil layer, and followed the order of 85 days for BL > 77 days for SL > 63 days for AL. The minimum freezing STs were observed in the 0–10 cm soil layer and were as follows: −13.5°C in SL, −13.45°C in BL, and −8.3°C in AL. During the entire freeze-thaw process, ST in AL at a similar soil depth was the highest, and the soil freezing date was delayed (Table 2). The freezing depth of soil in BL was 90 cm and that in AL and SL was 60 cm. The freezing depth of soil in BL was 30 cm greater than that of AL and SL (Figure 2).
[image: Figure 2]FIGURE 2 | Dynamic diagram of freezing and thawing depth.
[image: Figure 3]FIGURE 3 | ST dynamics of different land types (A,B,C).
TABLE 1 | Freeze-thaw characteristics of different land types.
[image: Table 1]TABLE 2 | Changes in ST and SWC at each stage of the monitoring period.
[image: Table 2]CV was used to describe the degree of ST change. The CV value of ST in AL at the same soil depth was the lowest. Temperature variations in AL soil layers were similar. CV value decreased with increase in depth of the soil layers, and the fluctuating trend gradually plateaued (Table 2; Figure 3). The enclosed area formed by the intersection of the ST curve and the 0°C line was used as an evaluation criterion for the degree of soil freezing. The degree of soil freezing in BL was the highest, followed by SL, and the lowest degree of freezing was observed in AL (Figure 3).
Melting Process of Soil Profile
The soil freezing front moved downwards from the surface layer, in turn, resulting in a unidirectional soil freezing phenomenon. However, thawing of soil was two-way; that is, the top and deepest soil layers began to thaw first and they thawed in turn to the middle soil layers (Figure 2; Table 1). The thawing rate was similar to the freezing rate, and the thawing time of soil layers below 30 cm was 1–2 days. SL exhibited the lowest melting rate in soil layers with a surface depth of 10–20 cm, followed by BL, and AL, which exhibited the highest melting rate.
The maximum number of freeze-thaw days and the maximum number of freeze-thaw cycles were observed at a depth of 10 cm below the soil surface. The total number of freeze-thaw days observed in SL, BL, and AL were 105, 105, and 84 days, respectively, while the total number of freeze–thaw cycles observed in SL, BL, and AL were 51, 32, and 24 cycles, respectively.
Soil Water Redistribution During Freezing and Thawing
Statistical analyses were performed using SWC data for two vegetation types and BL throughout the monitoring period. The analyses results revealed that the average SWCs of the initial freeze-thaw period, the complete freezing period, and the thawing period in AL were significantly higher than those observed in SL and BL. The CV values of ST in AL were the lowest at various freeze-thaw stages and soil depths (Table 2; Figure 4). To comprehensively understand the variations in soil moisture migration at different stages during the monitoring period, SWCs at depths of 0–10 cm, 10–30 cm, and 30–60 cm were divided into initial water content (pre-freezing period), freezing period water content (freezing period), melting period water content (melting period), and final water content (average SWC seven days after the melting period). We observed that soil moisture content varied considerably at various soil depths and stages of the freezing period (Figure 5).
[image: Figure 4]FIGURE 4 | SWC dynamics of different land types (A,B,C).
[image: Figure 5]FIGURE 5 | Average soil water content of different vegetation types and depths during the monitoring period.
SWC in SL at soil depths of 0–10 cm, 10–30 cm, and 30–60 cm decreased by 46.5, 43.4, and 25.6%, respectively. SWC in AL at soil depths of 0–10 cm, 10–30 cm, and 30–60 cm decreased by 39, 49, and 5.3% respectively, and SWC in BL decreased by 56.7, 48.6, and 28.8%, respectively. Overall, BL exhibited the highest decrease rates in SWC in each soil layer, followed by SL and AL, which exhibited the lowest decrease (Figure 6; Table 2). In addition, SWC from complete freezing to the end of thawing periods in SL exhibited the highest increase, followed by BL, and AL, which had the lowest SWC (Figure 6; Table 2).
[image: Figure 6]FIGURE 6 | SWC changes in different freezing stage.
The difference between the initial water content and the final water content was regarded as the amount of soil water migration at each soil depth during the freezing period. The SWCs in SL at a depth of 0–10 cm increased from 0.082 to 0.12 cm3 cm−3 (an increase of 46.3%), increased from 0.125 to 0.223 cm3 cm−3 (an increase of 78.4%) at a depth of 10–30 cm, and increased from 0.092 to 0.348 cm3 cm−3 (an increase of 205%) at a depth of 30–60 cm. The SWCs in AL in the 0–10 cm soil layer increased from 0.123 to 0.126 cm3 cm−3 (an increase of 2.4%), decreased from 0.136 to 0.119 cm3 cm−3 (a decrease of 12.5%) at a depth of 10–30 cm, and increased from 0.142 to 0.358 cm3 cm−3 (an increase of 152%) at a depth of 30–60 cm. The SWCs in BL in the 0–10 cm soil layer decreased from 0.118 to 0.074 cm3 cm−3 (a decrease of 37%), decreased from 0.117 to 0.095 cm3 cm−3 (a decrease of 19%) at a depth of 10–30 cm, and increased from 0.132 to 0.325 cm3 cm−3 (an increase of 146%) at a depth of 30–60 cm. The maximum SWCs in AL and BL were observed at a depth of 30–60 cm, while SWC in SL increased at depths of 0–10 cm, 10–30 cm, and 30–60 cm (Figure 6).
Regression analyses results of ST and soil moisture in SL, AL, and BL revealed that the relationship between ST and soil moisture was linear. Based on soil depths of 0–10 cm, 10–30 cm, and 30–60 cm, SL R2 values were 0.65, 0.68, and 0.60, respectively; AL R2 values were 0.40, 0.44, and 0.45, respectively, and BL R2 values were 0.66, 0.70, and 0.69, respectively (Table 3). BL exhibited the highest R2 values at each soil depth, followed by SL and AL, which exhibited the lowest R2 values.
TABLE 3 | Linear regression of soil moisture and temperature.
[image: Table 3]The parameter “a” in the linear relationship equation, Y = aX + b was defined as the transfer efficiency between ST and SWC. Based on the equation, parameter “a” of BL was the highest and the value of “a” in AL was the lowest (Table 3).
DISCUSSION
The Influence of Vegetation on Soil Freezing and Thawing Processes
Seasonal soil freezing and thawing is not only influenced by climate, topography, soil texture and hydrology but also ground vegetation. Significant differences were observed in soil freezing and thawing processes and hydrothermal characteristics with regard to initial freezing time, freezing depth, ST and soil moisture content, and soil moisture migration due to the influence of vegetation types.
The freezing depth of BL soil was 30% greater those of SL and AL, while BL had the lowest ST. The degree of soil freezing in BL was significantly higher than those of AL and SL, which suggested that vegetation exerted a positive effect on soil resistance to freezing and thawing in winter. The ST of AL was greater than that of BL, and the freezing and thawing days were 22 days less than that of SL; the freezing time was delayed by 20 days when compared to BL and the maximum number of freeze-thaw cycles was 27-fold less than that of BL. In addition, the CV value of ST in AL was lower than that of SL during the entire monitoring period. Therefore, the degree of soil freezing in AL was significantly lower than that of SL, which suggested that AL exhibited superior freezing resistance capacity to SL, and the observation is consistent with the findings of Dulamsuren and Hauck. (2010). During seasonal freezing and thawing processes, AL soil maintains a higher temperature under similar conditions. The observation could be explained by the low shrub canopy, which considerably intercepts radiation from the Sun on the ground, in turn, decreasing ST. In addition, arbor forests can promote the growth of bryophytes, reduce wind speeds, and accumulate thick humus layers (Giraldo et al., 2009), which can enhance the maintenance of high STs in AL during winter. Numerous studies have revealed that the influence of vegetation on the thermal state of frozen soils is manifested in several ways. First, through shading in which the vegetation canopy reflects and absorbs most of the downward solar radiation, in turn, reducing its impact on the soil surface (Shur and Jorgenson, 2007; Chasmer et al., 2011). Second, the canopy structure and its physiological functions alter the meteorological conditions of the vegetation, which, in turn, influences heat and moisture exchange between the atmosphere and the soil. Finally, the vegetation canopy can also influence ST by intercepting snow and reducing wind speeds (Chang et al., 2014). Therefore, freezing and thawing processes can vary due to different vegetation types when other factors remain constant. Similarly, SWC was also a factor that should be taken into consideration. Studies have revealed that SWC has a significant impact on freezing and thawing processes (Cheng et al., 2018). The SWC in AL was significantly higher than that in SL and BL. The higher the SWC, the greater the specific heat capacity of the soil. When temperature increases or decreases, the amount of heat that is required to be absorbed and released is greater than that of soil with low water content (Wang et al., 2012), which also explains why the CV value of ST in AL during the entire monitoring period was relatively low.
Although the degree of soil freezing in BL was greater than that in SL, the numbers of freeze-thaw cycles in SL and BL soils were 51 and 32 cycles, respectively. The number of freeze-thaw cycles observed in SL was significantly greater than that in BL, which could be attributed to the variations in snow cover thickness. Several researchers have investigated the influence of snow cover on ST variations and established that snow as an insulator exerts a certain thermal insulation effect on the surface soils (Fu et al., 2018; Wang et al., 2020). The increase in snow cover thickness can reduce the freezing degree of the top soil (Hu et al., 2013). The shrub canopy partially intercepted snow; therefore, the thick bottom layer of snow on the SL surface was less than that on BL surface. The minimum frozen ST in the 0–10 cm soil layer of SL was lower than that in the 0–10 cm soil layer of BL (Table 1). The results indirectly demonstrate that increasing the depth of snow cover can reduce the freezing degree of surface soil.
Influence of Freezing and Thawing Processes on Water Movement
Variations in soil water potential caused by soil freezing drive soil moisture from unfrozen areas to the freezing front (Li et al., 2012). ST is a key driving factor in the movement of soil water, causing water to move upwards from deep soil layers (Chen et al., 2013). We conducted regression analyses to determine the relationship between ST and soil moisture in SL, AL, and BL, and established that the relationship between ST and soil moisture was linear. R2 values at various soil depths varied in different soil types, and the values were influenced by the degree of soil freezing at corresponding depths. The degree of soil freezing at each depth in BL was the highest, with the highest R2 value, followed by SL. The degree of soil freezing in each soil layer in AL was the lowest and the R2 value was the lowest. Conversely, poor frost resistance or lack of vegetation cover results in an increase in the CV value of ST, which, in turn, increases the driving force of soil water transport and explains why the variations in ST and soil moisture in AL during the entire freezing period were the lowest.
We defined the equation parameter “a” in the linear relationship equation of ST and SWC (Y = aX + b) as the transfer efficiency between moisture and temperature. The value of the equation parameter “a” within the same soil layer in AL was the lowest, while “a” value within the same soil layer in BL was the highest (Table 3), which could be attributed to the variations in thermal conductivity of water at different phases. As a solid, thermal conductivity of ice is greater than that of liquid water. Therefore, the more the water freezes in frozen soil, the greater the thermal conductivity “a”. The finding confirmed that the degree of soil freezing in AL was the lowest during the entire monitoring period, and the amount of soil water transport was the least. The difference between the final and the initial soil moisture contents can be used to estimate the amount of soil water transport. Figure 5 illustrates the SWC variations in different soil layers in the two vegetation types and BL at various stages of the monitoring period. The amount of soil water transport in the 0–10 cm, 10–30 cm, and 30–60 cm soil layers in AL increased by 2.4%, decreased by 12.5%, and increased by 152%, respectively. The amount of soil water transport in the 0–10 cm, 10–30 cm, and 30–60 cm soil layers in BL decreased by 37%, decreased by 19%, and increased by 146%, respectively, while in SL, the amount of soil water transport increased by 46.3, 78.4, and 205%, respectively. Generally, the maximum SWCs in AL and BL were observed at a depth of 60 cm, while SWC in SL increased in the 0–10 cm, 10–30 cm, and 30–60 cm soil layers. The observations could be explained by the following factors. First, the moisture in the soil profile to migrate to the 50–70 cm, since the soil layer of AL and BL thawed at a relatively later date. Second, the capacity of SL to resist freezing was relatively poor and the degree of freezing was more severe than that of AL. The CV value of SL ST was relatively higher, which makes SL to exhibit a greater driving force. Although the degree of soil freezing in BL was more severe, SL had a high number of root channels within the 30–60 cm soil layer when compared with BL, which had no vegetation. Studies have revealed that root systems can form water transport channels between various soil layers, and the rate of water movement through such channels is much faster than the flow velocity of liquid or gaseous phases of soil water (Wang et al., 2020). Therefore, SL exhibits optimum conditions for soil moisture migration.
CONCLUSION
During freezing and thawing, BL soil froze to a depth of 90 cm, which was 30% greater than those of AL and SL. The maximum number of freeze-thaw cycles was observed at a depth of 10 cm in AL, SL, and BL, and the order of the number of freeze-thaw cycles was as follows: SL 51 cycles > BL 32 cycles > AL 24 cycles. The number of freeze-thaw days observed in AL was 84, which was 26% less than those of SL and BL. Average ST was greater in AL than in SL and BL. Overall, AL exhibited superior “insulation” and “buffering” effects. SWC in AL and BL was mainly concentrated near the 60 cm depth, and increased by 152 and 146%, respectively. SWC in SL increased by 46.3, 78.4, and 205% at depths of 0–10 cm, 10–30 cm, and 30–60 cm, respectively. Therefore, SL exhibited superior water transport characteristics. The results of the present study could provide a scientific basis for vegetation restoration in arid and semi-arid areas of the Loess Plateau.
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Water and soil losses from sloping farmlands potentially contribute to water eutrophication and land degradation. However, few studies explored the combined effects of ridge direction and ridge width on surface runoff and soil losses of sloping farmlands. Twenty-seven experimental plots (8 m long and 4 m wide) with nine treatments (three ridge direction: cross ridge, longitudinal ridge, and oblique ridge; and three ridge width: 40, 60, and 80 cm) were adopted under natural rainfall conditions for two years in the Luanhe River Basin of China. Results indicated that ridge direction had significant effects on runoff and sediment yield (p < 0.05). The ridge width had no significant effect on runoff and sediment yield. No significant interaction effect was found between ridge direction and width on runoff and sediment yield of the sloping farmland based on statistical analyses. Compared with cross-ridge (CR) tillage and oblique-ridge (OR) tillage, longitudinal-ridge (LR) tillage significantly decreased runoff by 78.9% and 64.9% and soil losses by 88.2 and 83.5%, respectively (p < 0.05). The effects of ridge directions on runoff and sediment yield were related to rainfall grade. When the rainfall grade reached rainstorm, the runoff yield under CR, LR, and SR had significant differences (p < 0.05). The runoff under LR and OR treatment was 5.16 and 3.3 times, respectively, of that under CR. When the rainfall level was heavy rain or rainstorm, the sediment yield under LR was significantly greater than that under CR. The sediment yield was 13.45 times of that under CR. Cross-ridge tillage with a ridge width of 40 cm is an optimally effective measure of soil and water conservation on sloping farmland in arid and semiarid regions of China.
Keywords: runoff, sediment, sloping farmland, ridge direction, ridge width
INTRODUCTION
As a valuable land resource, sloping farmland occupies an important position in hilly agricultural areas. Nonetheless, soil erosion on sloping farmland caused by unreasonable farming methods is frequently reported as a threat to water quality and land degradation (Pimentel, 2006; Zuazo and Pleguezuelo, 2008; Zhao et al., 2015; Fang et al., 2017; Yu et al., 2020). Ridge tillage can affect roughness of soil surface: change flow velocity, water infiltration time, the infiltration process, and the runoff process. Thereby, the surface runoff and sediment yield are influenced by ridge tillage. The key parameters of ridge tillage are ridge direction and ridge geometry indices (ridge height and ride width). The influence of ridge direction on surface runoff and sediment yield has been studied a lot. However, the combined influence of ridge direction and ridge width on surface runoff and sediment yield has not been deeply studied.
Ground surface characteristics are a key factor influencing the magnitude of runoff and soil erosion on sloping farmland (Wei et al., 2014; Zhou et al., 2016). Ridge tillage is an agricultural practice which is widely used globally due to low cost and input. Ridge direction and ridge geometry indices (ridge height and ridge width) are important parameters which influence the reduction effect of water and sediment (Wischmeier and Smith, 1978; Renard et al., 1997; USDA-ARS, 2008). The studies of the influence of the ridge direction on runoff and sediment were almost focused on the comparison among cross-ridge tillage, longitudinal-ridge tillage, and conservation tillage. Cross-ridge tillage that plants crops on the contour has many advantages in reducing runoff and sediment yield (Hu et al., 2013). 49 % of runoff and 97% of sediment were lessened by cross-ridge tillage under heavy rainfall compared with the control group based on field experiment in southern China (Dai et al., 2018). Grum et al. (2017) showed that runoff in tied cross-ridge tillage was significantly reduced by 65% compared with normal agricultural practices in northern Ethiopia. Xia et al. (2015) also pointed out that cross-ridge tillage could reduce runoff and sediment yield by 30.1 and 27.6%, respectively, in the Three Gorges area of China. In eastern Scotland, modified sediment fence pinned to a contour fence near the base of a potato field was found to be effective to retain sediment (Vinten et al., 2013). Contour ridge decreased erosion by slowing down runoff flow velocity (Guo et al., 2019). Crop leaves can intercept rainfall, roots can consolidate the cross-ridge, and cross-ridge can retain rainfall by establishing contour lines on sloping cropland (Yang et al., 2013; Liu et al., 2018). In addition, cross-ridge tillage in South Korea, England, and Italy was superior to traditional farming and longitudinal-ridge tillage in reducing runoff and sediment (Chisci and Boschi, 1988; Stevens et al., 2009; Arnhold et al., 2013). At present, few studies investigated the effect of ridge width on runoff and sediment yield in sloping farmland. The indoor control experiments showed that the ridge width had a significant effect on runoff and sediment yield in cross-ridge tillage (Liu et al., 2014a). There is a lack of research on the combined effects of ridge direction and ridge width on runoff and sediment yield in field experiments.
According to the second national land survey, there are approximately 30% of the agricultural croplands with a slope above 6°, which need soil management measures to prevent soil erosion. Previous studies evaluating tillage impact on runoff and sediment yield were mostly focused on south China (Guo et al., 2019). Few studies have paid attention on the semiarid and semi-humid areas of North China. In this study, the Luanhe River Basin was selected as the research area. Three ridge directions and ridge widths were set up for field experiments to analyze the effects of ridge direction and width on runoff and sediment yield. The purposes of this study are as follows: 1) analyzing the influence of ridge direction and ridge width on runoff and sediment yield and 2) analyzing the relationship among precipitation, runoff, and sediment yield under different ridge layouts and rain grades, so as to provide technical support for water and soil conservation of sloping farmland in arid and semiarid areas of China.
MATERIALS AND METHODS
Study Area
The Luanhe River Basin is a first-degree tributary of the Haihe River Basin. The basin is located within 115°34′E–119°50′E and 39°02′N–42°43′N, which also lies in the northeastern part of North China (Figure 1). This area typically has a temperate semi-humid and semiarid continental monsoon climate, which is rainy and hot in summer and cold and dry in winter (Wang et al., 2015). The mean annual air temperature is 7.8 °C. The annual average precipitation is 538.5 mm. As the main land use form in the Luanhe River Basin, the area of dry land is 26.27% of the total area of the basin. Sloping farmland with a slope between 3 and 15° accounted for 89% of dry land. Spring maize and potato are important crops in slope farmland of the Luanhe River Basin (Hebei Province. 2018). Water and soil erosion of sloping farmland that happens during June–September is an urgent problem, which causes nonpoint source pollution and soil quality decline.
[image: Figure 1]FIGURE 1 | Study area and the location of the experiment site.
Experimental Design
Based on spatial processing of DEM data and field investigation, the slope of the sloping farmland in the Luanhe River Basin is between 5° and 15°. The types of ridge tillage are mainly longitudinal-ridge tillage (LR) and cross-ridge tillage (CR). The ridge height is between 8 and 15 cm, and the ridge width is usually 60 cm. Based on the above, our study selected a typical sloping farmland with a slope of 10° to carry out in situ observation experiments. Three ridge directions (CR, LR, and oblique-ridge (OR) tillage) and three ridge widths (40, 60, and 80 cm) were analyzed in this study. Three × three treatments were set up with three replications. Twenty-seven field plots separated by aluminum composite plates were set up. We found that the soil depth of sloping farmland in the Luanhe River Basin is about 100 cm (Liu et al., 2021). The aluminum plastic plate was buried vertically 100 cm beneath the ground and 20 cm above the soil surface of each side of the plots to avoid water exchange. The size of each experimental plot was 32 m2 (8 m × 4 m) according to the local field size. To collect the surface runoff and sediments under rainfall events, a tray was constructed at the bottom of each plot. Two tanks were set up in the trend for each plot. A water level gauge was installed in two 80-L tanks used to measure the volume of runoff for each rainfall event of each plot.
Before ridge pillaging, the plots were prepared to ensure that the slope of each plot is consistent. After that, ridges were arranged from bottom of the plots according to the designed ridge layout. Spring maize (Zea mays L) was evenly planted on the ridge at 25 cm intervals. According to the ridge width, the maize planting density was 10 plants/m2 (40 cm ridge width), 6.7 plants/m2 (60 cm ridge width), and 5 plants/m2 (80 cm ridge width). The design details for different experimental plots are presented in Figure 2. All the tests were conducted in the growing season of spring maize. The experiment was conducted from April to October in 2019 and 2020.
[image: Figure 2]FIGURE 2 | The experimental plots and corresponding devices. (A) Experimental plots for measurement of runoff and sediment yield in different ridge tillage systems, (B) runoff and sediment collecting tray, (C) runoff and sediment collect tank, (D) ridge direction and ridge width, and (E) growth process of spring maize.
Rainfall, Runoff, and Sediment Yield Measurement
An SM-1 rain gauge with a diameter of 20 cm was used to observe precipitation, which was installed at the four corners and the center of the experimental site. Precipitation was continuously recorded every hour, and the average value of five gauges was taken as the precipitation of this period until the end of rainfall. The water level of the tank was multiplied by the bottom area to obtain the runoff volume of the rainfall events. The supernatant was removed, and the residual water and sediments were dried in the oven at 105 °C for 48 h to obtain the sediment amount in each experimental plot (Guo et al., 2019).
Runoff depth, runoff sediment concentration, and sediment yield were used to reflect the influence of ridge tillage practice on runoff and sediment yield. The calculation methods of runoff depth, runoff sediment concentration, and sediment yield were as follows. Runoff depth = runoff volume/plot area, with a unit of mm. Runoff sediment concentration = sediment yield/runoff volume with a unit of g/L. Sediment yield = sediment amount/plot area with a unit of kg/hm2.
Data Analysis
Data were analyzed in IBM SPSS Statistics 18.0 and OriginPro 2019. Analysis of variance (one-way ANOVA) was used to test the significance of difference between treatment means for ridge direction and ridge width by SPSS 18.0 software (SPSS Inc., Chicago, United States) (Li and Wang, 2016). When the F value in the ANOVA analysis was statistically significant, a least significant difference test (p = 0.05) was used for the separation of means. The effects of ridge direction and ridge width on the runoff sediment concentration, yield of runoff, sediment for all experimental treatments, and interactions between these variables were tested by a multivariate analysis. Tukey’s test was used to identify the significant differences among the treatments at a significance level of p < 0.05. Linear regression analyses were used to evaluate the relationships among rainfall depth, runoff depth, and sediment yield (Dai et al., 2018).
RESULTS
Rainfall Events
Ninety-six rainfalls were observed during 2019 and 2020. The total rainfall amount was 591 mm. There was no surface runoff in the rainfall of less than 10 mm. There were 16 recorded rainfall events that produced surface runoff. In accordance with the classification standard of precipitation (GBT 28592-2012, 2012), six heavy rainfall events, seven large rainfall events, and three moderate rainfall events were recorded (Table 1). The rainfall depth under heavy rainfalls was 347.8 mm, which was 59% of the total rainfalls. The rainfall depth of large and moderate rainfall events contributed to 41% of the total rainfalls.
TABLE 1 | Rainfall characteristic for erosive events during the experiment.
[image: Table 1]Runoff Depth, Sediment Concentration, and Sediment Yield Under Different Treatments
The runoff depth was significantly affected by ridge direction (p < 0.05) (Figure 3). The average runoff depth in the CR treatment was lower than that of LR and OR by 78.7 and 65.5%, respectively. The difference of the runoff depth between CR and LR treatment was significant according to the one-way ANOVA test (p < 0.05). Ridge width had no significant effect on the runoff depth (Figure 3). The average runoff depth in the 60 cm ridge width treatment was lower than that of 40 and 80 cm by 9.1 and 17.5%, respectively. When the ridge width was 40 cm, the runoff depth in the CR treatment was lower than that of LR and OR by 89 and 84%, respectively. When the ridge width was 60 cm, the runoff depth in the CR treatment was lower than that of LR and OR by 86 and 74.8%, respectively. The differences of runoff depth between CR and LR treatment were significant under 40 and 60 cm ridge width, respectively (Figure 4). Significant difference was not found among CR, LR, and OR under the 80 cm ridge width. The runoff depth of CR was lower than that of LR and OR by 61.2 and 36.4%, respectively. There was no between-subjects effect of ridge direction and ridge width on the runoff depth.
[image: Figure 3]FIGURE 3 | Runoff depth under different ridge directions (A) and ridge widths (B), and boxes labeled with different letters indicate significant differences at p < 0.05. CR, OR, and LR represent cross-ridge tillage, oblique-ridge tillage, and longitudinal-ridge tillage, respectively. 40, 60, and 80 cm represent 40 cm ridge width, 60 cm ridge width, and 80 cm ridge width, respectively.
[image: Figure 4]FIGURE 4 | Runoff depth under CR, LR, and OR and three ridge widths, and boxes labeled with different letters within groups indicate significant differences at p < 0.05. CR, OR, and LR represent cross-ridge tillage, oblique-ridge tillage, and longitudinal-ridge tillage. 40, 60, and 80 cm represent 40 cm ridge width, 60 cm ridge width, and 80 cm ridge width, respectively.
Ridge direction also had significant effects on sediment concentration in runoff (p < 0.05) (Figure 5). The average volume-weighted sediment concentration was the lowest under CR treatment, with a value of 8.2 g/L. The average volume-weighted sediment concentration under LR treatment was significantly higher than that of CR, with a value of 15.7 g/L. The average volume-weighted sediment concentration under OR treatment was 12.6 g/L. The average volume-weighted sediment concentration of LR under 60 cm ridge width increased significantly by 3.6 times than that of CR under 60 cm ridge width. The average volume-weighted sediment concentration of OR under 60 cm ridge width was higher than that of CR by 2.7 times under 60 cm ridge width. No significant differences were found in average volume-weighted sediment concentration among CR, LR, and OR under 40 cm or 80 cm ridge width. However, the average volume-weighted sediment concentration in runoff of LR and OR was still 1.05–1.75 times of the CR treatment (Figure 6). Ridge width had no significant effects on sediment concentration in runoff (Figure 4). 40 cm ridge width had the lowest sediment concentration, with a value of 10.8 g/L.
[image: Figure 5]FIGURE 5 | Runoff sediment concentration under different ridge directions (A) and ridge widths (B), and boxes labeled with different letters indicate significant differences at p < 0.05. CR, OR, and LR represent cross-ridge tillage, oblique-ridge tillage, and longitudinal-ridge tillage, respectively. 40, 60, and 80 cm represent 40 cm ridge width, 60 cm ridge width, and 80 cm ridge width, respectively.
[image: Figure 6]FIGURE 6 | Runoff sediment concentration under CR, LR, and OR and three ridge widths, boxes labeled with different letters within groups indicate significant differences at p < 0.05. CR, OR, and LR represent cross-ridge tillage, oblique-ridge tillage, and longitudinal-ridge tillage, respectively. 40, 60, and 80 cm represent 40 cm ridge width, 60 cm ridge width, and 80 cm ridge width, respectively.
Ridge direction had significant effects on sediment yield (p < 0.05) (Figure 7). Compared with CR treatment, sediment yield increased by 11.3 and 5.4 times than that under LR and OR treatment, respectively. The difference of sediment yield was significant between CR and LR treatments (p < 0.05). When the ridge width was 60 cm, sediment yield was greatly affected by ridge direction. The sediment yield under LR and OR treatments was higher than that of CR by 35 and 13.8 times, respectively. No significant difference was found in sediment yield among CR, LR, and OR under 40 and 60 cm ridge width (Figure 8). The sediment yield of LR and OR was 5.7–12 times that of CR treatment. The sediment yield under 40 cm ridge width was the smallest, followed by 80 cm, and that under 60 cm ridge width was the largest. There was no significant difference in sediment yield under different ridge widths (Figure 7).
[image: Figure 7]FIGURE 7 | Sediment yield under different ridge directions (A) and ridge widths (B), and boxes labeled with different letters indicate significant differences at p < 0.05. CR, OR, and LR represent cross-ridge tillage, oblique-ridge tillage, and longitudinal-ridge tillage, respectively. 40, 60, and 80 cm represent 40 cm ridge width, 60 cm ridge width, and 80 cm ridge width, respectively.
[image: Figure 8]FIGURE 8 | Sediment yield under CR, LR, and OR and three ridge widths, and boxes labeled with different letters within groups indicate significant differences at p < 0.05. CR, OR, and LR represent cross-ridge tillage, oblique-ridge tillage, and longitudinal-ridge tillage, respectively. 40, 60, and 80 cm represent 40 cm ridge width, 60 cm ridge width, and 80 cm ridge width, respectively.
Rainfall–Runoff–Sediment Relationship Under Different Ridge Directions
Significant correlation among rainfall, runoff depth, and sediment yield under the three ridge directions was found (Figure 9). The correlation coefficient between rainfall and runoff depth under cross-ridge tillage was the smallest and that between rainfall and runoff depth under longitudinal-ridge tillage was the largest. In the same rainfall event, the runoff depth and sediment yield under cross-ridge tillage was the smallest, that under longitudinal-ridge tillage was the largest, and that under oblique-ridge tillage was in the middle.
[image: Figure 9]FIGURE 9 | Linear regressions of rainfall, the runoff depth, and sediment yield under CR (cross-ridge tillage), OR (oblique-ridge tillage), and LR (longitudinal-ridge tillage). (A) Rainfall and the runoff depth, (B) rainfall and sediment yield, and (C) the runoff depth and sediment yield.
The Influence of Rainfall Pattern on Runoff Depth and Sediment Yield
Under different rainfall patterns, the influences of ridge direction on the runoff depth and sediment were different (Figures 10–12). When the rainfall pattern was moderate and large, the differences of the runoff depth and sediment yield among CR, LR, and OR were not significant. When the rainfall pattern was heavy, the runoff depth had significant differences among CR, LR, and OR. The runoff depth under LR and OR was 5.16 and 3.3 times of that under CR treatment, respectively, (Figure 10). The sediment yield of CR was significantly lower than that of LR when the rainfall pattern was heavy. The sediment yield under LR was 13.45 times of that under CR treatment (Figure 12).
[image: Figure 10]FIGURE 10 | Runoff depth of CR, OR, and LR under different rainfall patterns, and boxes labeled with different letters within groups indicate significant differences at p < 0.05. CR, OR, and LR represent cross-ridge tillage, oblique-ridge tillage, and longitudinal-ridge tillage, respectively. Moderate, large, and heavy represent moderate, large, and heavy rainfall patterns, respectively.
[image: Figure 11]FIGURE 11 | Sediment concentration of CR, OR, and LR under different rainfall patterns, and boxes labeled with different letters within groups indicate significant differences at p < 0.05. CR, OR, and LR represent cross-ridge tillage, oblique-ridge tillage, and longitudinal-ridge tillage, respectively. Moderate, large, and heavy represent moderate, large, and heavy rainfall patterns, respectively.
[image: Figure 12]FIGURE 12 | Sediment yield of CR, OR, and LR under different rainfall patterns, and boxes labeled with different letters within groups indicate significant differences at p < 0.05. CR, OR, and LR represent cross-ridge tillage, oblique-ridge tillage, and longitudinal-ridge tillage. Moderate, large, and heavy represent moderate, large, and heavy rainfall patterns, respectively.
Heavy rainfalls had the largest contribution to the runoff depth for all plots (Figure 13). In the CR tillage plots, the runoff depth under heavy rainfalls accounted for 58.72–70.72% of the total runoff depth during the experiment. In the OR tillage plots, heavy rainfalls contributed to 73.9–82.29% of the total runoff depth. The proportions of heavy rainfalls in the runoff depth were 73.42–74.83% under LR tillage. The sediment yields at OR and LR tillage plots were highest under heavy rainfalls, which accounted for 74.38–83.64% and 62.15–71.87% of the total sediment yield during the two years, respectively. Large rainfalls contributed to 48.46% of the sediment yield of the total sediment yield under CR tillage of 40 ridge width. The proportions of heavy rainfalls (46.64%) and large rainfalls (43.76%) in sediment yield were similar under CR tillage of 60 ridge width. The contributions of moderate rainfalls in the runoff depth and sediment yield were all below 10% for all plots.
[image: Figure 13]FIGURE 13 | Runoff depth (A) and sediment yield (B) of different treatments under different rainfall patterns, and CR-40, CR-60, and CR-80 represent cross-ridge tillage with 40, 60, and 80 cm ridge width, respectively. OR-40, OR-60, and OR-80 represent oblique-ridge tillage with 40, 60, and 80 cm ridge widths, respectively. LR-40, LR-60, and LR-80 represent longitudinal-ridge tillage with 40, 60, and 80 cm ridge widths, respectively. Moderate, large, and heavy represent moderate, large, and heavy rainfall patterns, respectively.
DISCUSSION
The Influence of Ridge Direction and Ridge Width on the Runoff Depth and Sediment Yield
Ridge direction affected the runoff depth significantly in sloping farmland. Compared with longitudinal-ridge tillage commonly used by the locals, cross-ridge tillage exhibited a runoff depth reduction of 78.9%. Compared with oblique-ridge tillage, cross-ridge tillage decreased the runoff depth by 64.9%. Field experiments showed that the runoff depth of cross-ridge tillage was significantly less than that of longitudinal-ridge tillage at four experiment sites in south hilly regions of China (Guo et al., 2019). The performances of cross-ridge tillage in reducing the runoff depth during heavy rainfalls in this study were similar with those of Guo’s result. Guo et al. (2019) pointed out that the ridges along contour lines form barriers to reduce the slope runoff depth from sloping farmland. Practices indicated that cross-ridge tillage could reduce the runoff depth and increase infiltration on sloping land compared with longitudinal-ridge tillage in north of China (Liu et al., 2010). By intercepting the runoff and decreasing the flow velocity, the water infiltration was increased, and then the surface runoff was reduced under cross-ridge tillage (Quinton and Catt, 2004; Yang et al., 2013). Crop roots also could consolidate the ridge to retain more water in the sloping farmland with the growth of crops (Liu et al., 2018).
Ridge direction also had a significant effect on sediment concentration and sediment yield (p < 0.05). The sediment yield of LR and OR was 12.3 and 6.4 times of that under CR tillage, respectively. Xu et al. (2018) reported that tillage systems with different direction ridges had different erosion processes. Under LR tillage, soil particles were gradually stripped from the top to the base of the ridge, and under the effect of runoff, small trench erosion was formed on the ridge (Liu et al., 2014a; Li et al., 2016; Liu et al., 2016; Shen et al., 2016). Under CR tillage, the “depression storage” in the furrows gradually increased (USDA-ARS, 2008; USDA-ARS, 2013; Liu et al., 2015). When the water volume crossed the ridge, runoff formed at the lowest point of the ridges, and destroyed the ridges and led to soil loss. If the ridge of CR tillage collapsed, a large amount of sediment was produced.
In this study, the observed rainfall and sediment yield data did not show the phenomenon of cross-ridge collapse. Therefore, the sediment yield of CR was much smaller than that of LR and OR. As the ridge of OR tillage was downward in the slope direction, the erosion effect of runoff flow on the ridges was similar to that of LR tillage. The sediment yield of OR tillage was in the range of CR—LR tillage. A heavy rainfall of 95 mm was observed on June 24, 2020. The rainfall flooded the road to the experiment site. No data about runoff and sediment were observed. During the process of clearing the sediment, it was found that the sediment of LR and OR is more than that of CR tillage although there was a certain damage for CR tillage plots. The results were consistent with the finding of Guo et al. (2019), Bu et al. (2008).
Few previous in situ experimental studies focused on the effects of ridge width on the runoff depth and sediment yield. As shown in this study, the ridge width has no significant effect on the runoff and sediment yield. Based on laboratory studies, Xu et al. (2018) found that when the rainfall depth was larger than 50 m/h, the microtopography and specification design of ridges are the key factors for cross-ridge tillage to reduce runoff and sediment loss. Under this circumstances, the geometric shape of the ridge plays a key role in rainfall and runoff generation. On June 24, 2020, the experiment site observed rainfall that could not measure the runoff and sediment, causing partial damage to the field ridges. The penetrating erosion ditches in the 40 cm width ridges were found, and no large erosion ditches were found in the 80 cm width ridges under CR tillage. Based on artificially simulated rainfall experiments, Liu et al. (2014b) demonstrated that there was a negative effect of ridge width on runoff and sediment yield under cross-ridge tillage. Different with Liu’s finding, 60 cm ridge width had the least sediment yield under CR tillage in our study. The difference of the results is due to less influence of indoor control experiment and more influence of in situ experiment. Considering that the in situ experiment is closer to the actual production active, the ridge width can be determined from the perspective of nutrient loss and crop yield (Wang et al., 2018; Liu et al., 2020). In this study, the runoff depth under CR tillage increased with the increase of ridge width. With the increase of the ridge width, the space between ridges, which is beneficial for storing water, decreased (Xu et al., 2018). The amount of stored water between ridges and the erosion prevention of the ridge reach a balance under 60 cm width ridge tillage.
Relationship Among Rainfall, Runoff Depth, and Sediment Yield
Many researchers have studied the relationships among rainfall, runoff depth, and sediment yield (Kothyari et al., 2004; Mathys et al., 2005; Wang et al., 2010; Liu et al., 2012; Dai et al., 2018). The relationships among them were mostly described by linear, exponential, and power functions. The results based on a field experiment by Liu et al. (2012) showed that there was a positive power function correlation between rainfall and the runoff depth. Field experiments conducted by Wang et al. (2010) found that the relationship between the runoff depth and sediment yield could be described by the exponential function. Linear correlation was found between the runoff depth and sediment loss by Kothyari’s study (Kothyari et al., 2004). In this study, correlation analysis showed a significant correlated relationship among rainfall, runoff depth, and sediment yield (p < 0.05). Figure 5 showed that rainfall was significantly positively correlated with the runoff depth and sediment yield. The runoff depth was significantly positively linearly correlated with sediment yield. The trend line showed that the runoff depth and sediment yield under the same rainfall increased when the ridge direction changed from CR to OR to LR.
The Influence of Rainfall Grade on the Runoff Depth and Sediment Yield
Rainfall is a main driving force for the runoff depth and sediment yield in rain-fed agriculture (de Lima and Singh, 2002; Wei et al., 2009; Sasal et al., 2010). Rainfall patterns had significant effects on the runoff depth and sediment yield (Zhang et al., 2016; Yang et al., 2018). The runoff depth and sediment yield of CR tillage were consistently less than those of OR and LR tillage under the same rainfall grade. The performance in reducing runoff and sediment yield of cross-ridge tillage was the best during heavy rainfall. As mentioned in 5.1, cross-ridge tillage formed barriers and decreased surface runoff from the plot. Moreover, Liu et al. (2010) also reported that cross-ridge tillage retain runoff compared with LR tillage. The cross-ridge could also effectively increase soil water infiltration and reduce runoff volume by intercepting the runoff and reducing the flow velocity (Quinton and Catt, 2004; Yang et al., 2013).
Comparing OR and LR tillage, the reduction effect of CR tillage on runoff and sediment yield was not significant under moderate and large rainfall. When the rainfall was heavy, the runoff depth and sediment yield under CR tillage were significantly less than those of OR and LR tillage. Most runoff depth and sediment yield for all plots except for CR at 40 cm ridge width occurred under heavy rainfall. The runoff proportion under heavy rainfalls varied from 58.73 to 82.29% for all plots. Except that large rainfall contributed 48.36% to sediment under CR at 40 ridge width, the contribution of heavy rainfall varied from 46.64 to 83.64% for other plots. The results were consistent with the previous study that heavy rainfall had the most effect on soil erosion (Sharma et al., 1993; van Dijk et al., 2002; Gao et al., 2005; Kinnell, 2005; Ran et al., 2012; Mohamadi and Kavian, 2015). The study of Wei et al. (2010) also pointed out that extreme rainfall causes severe soil erosion, for example, the rainfalls that happened on 15th July and 15th September caused 56% of the total soil loss. For the Luanhe River Basin, July and August are the months with the most frequent heavy rainfalls in the Luan River Basin. The government and farmers should pay more attention to this period when soil erosion is easy to occur.
The results of CR at 40 ridge width were different from those of other plots and previous studies, considering that the sediment yield of CR tillage was significantly lower than that of LR tillage under heavy rainfall. The reason may be that most of the heavy rain occurred during the jointing and heading stages of spring maize. At this time, spring maize roots were abundant, and there were a lot of aerial roots (Thidar et al., 2020), which could fix the soil of the ridge and reduce soil loss from the ridge.
At present, many studies are conducted on the runoff depth and sediment yield on sloping farmland in southern China (Dai et al., 2018; Guo et al., 2019). However, in the arid and semiarid areas of northern China, although the average annual rainfall is smaller than that in south China, the rainfall is concentrated from June to September, which can easily cause soil erosion on the sloping farmland. In this study, cross-ridge tillage was demonstrated to be an effective tillage method in reducing surface runoff and soil loss of sloping farmland in the northern regions of China.
CONCLUSION
Based on two-year in situ experiments, the effect of ridge direction and ridge width on the runoff depth and sediment yield was analyzed in sloping farmland of the Luan River Basin. The results showed the following:
1) Ridge direction had significant impacts on the runoff depth and sediment yield of sloping farmland (p < 0.05). The runoff depth and sediment under cross-ridge tillage (CR) were the least. Ridge width had no significant effect on the runoff depth and sediment yield. The runoff depth and sediment yield of 80 cm ridge width were the largest under CR and OR tillage. The runoff depth of 40 cm ridge width and the sediment yield of 60 cm ridge were the largest under LR tillage. There were no between-subjects effects of ridge direction and ridge width on the runoff depth and sediment yield.
2) When the rainfall pattern was heavy, ridge direction had a significant impact on the runoff depth and sediment yield (p < 0.05). The runoff depth of cross-ridge tillage was significantly less than that of longitudinal-ridge tillage and oblique-ridge tillage. When the rainfall pattern was moderate and large, ridge tillage had no significant effect on the runoff depth and sediment yield.
From the perspective of water conservation and soil conservation, cross-ridge tillage with 40 cm ridge width is the best tillage method for slope farming in the Luan River Basin. In order to study the effects of ridge direction and ridge width on the runoff depth and sediment yield at the watershed scale, a watershed-scale refined hydrological model should be built on the basis of this study.
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Different strategies of water uptake by roots in a semi-arid desert are one way that plants adapt to the water-limited environment. In this study, stable isotopes of δ18O were used to analyze the variability in water sources of the native species Artemisia ordosica during the growing season in an alpine semi-arid desert on the Qinghai–Tibet Plateau, China. A. ordosica depended primarily on water from upper soil layers in the early growing season, except for those windward, which obtained water from three soil layers and groundwater from 0.19 to 0.28. In the summer, A. ordosica switched sources, and those individuals at the top of the dune used 0.85 of water from middle soil layers, whereas those on windward (0.27–0.33) and leeward slopes (0.31–0.37) absorbed water from three soil layers. Shallow soil water was the main water source at all sites at the end of the growing season. The water uptake pattern of A. ordosica was consistent with the root distribution in positions with different dune geomorphology. The results suggest that the micro-landforms of sand dunes affect vegetation growth not only through aeolian activities and soil properties but also through plant water use.
Keywords: water uptake, root distribution, native species, different topography of dune, alpine semi-arid desert, stable oxygen isotopes
INTRODUCTION
The ability of plants to obtain water is a key factor that determines whether plants can adapt to the environment. Water availability varies according to geomorphic position, and therefore, the water utilization strategy of plants is adaptively adjusted, resulting in separate niches of plants based on geomorphology (Li et al., 2004). In arid and semi-arid areas, plants may change their source of water as the season changes, and some plants may use deep soil water or groundwater during drought. Plant roots are highly plastic and adaptable in order to maintain water absorption. To access the necessary soil water volume, plants can modify their root zones by lateral or vertical growth (Fan et al., 2017). In most ecosystems, water availability limits rooting depth rather than other resources (Yu et al., 2016). Plant roots were revealed as key drivers for water flow processes and different components of the water balance (Yu et al., 2016). In addition, root morphology and distribution also determine the areas from which plants absorb water (Xu and Li, 2009; Xu et al., 2011). When water is available in shallow soils, plants mainly rely on shallow roots to obtain near-surface water and rely less on deep soil water (Dai et al., 2014). However, soil moisture availability is very heterogeneous in arid and semi-arid areas. In these areas, plants no longer rely only on shallow soil water but use deep roots to respond to changes in soil moisture (Ehleringer et al., 1991). Topography is a good indicator of vegetation cover, rooting depth, root zone evaporation and transpiration deficits, soil properties, and even geology (Gao et al., 2018). Thus, the sources of water used by plants are clearly affected by topography (Song et al., 2014).
Stable isotopes are a powerful tool to identify water sources and determine water use patterns of woody species in arid and semi-arid regions (Zhang et al., 2017; Wu et al., 2019a), especially in soils with a high portion of sand (Beyer et al., 2020). Plant water sources can be determined by comparing the stable hydrogen and oxygen isotopes of all potential water sources with those extracted from xylem water (Ehleringer and Dawson, 1992; Song et al., 2014). Plants in semi-arid and arid ecosystems not only absorb most of their water from shallow soil layers under wet conditions but also obtain additional water from deep water pools (such as groundwater) under dry conditions (Dawson and Pate, 1996; McCole and Stern, 2007; Song et al., 2016; Wang-Erlandsson et al., 2016; Zhou et al., 2017). Shifts in the water sources used among different soil layers, depending on water availability, are an important strategy by which deciduous plants cope with drought in water-limited ecosystems (Hasselquist et al., 2010). The ability to extract water from different soil layers is closely related to root morphology and architecture (Xu and Li, 2006). Different species within the same habitat also exhibit considerable differentiation in the water sources used in order to minimize competition for water. Such differentiation is likely a potential mechanism that allows species to coexist, explaining the high diversity and high resilience of plant communities to drought in arid and semi-arid regions (Wu et al., 2014; Yang et al., 2015). In the Mu Us Desert, Artemisia ordosica (Ao) uses shallow groundwater with roots that reach a depth of 200 cm, but fine roots are mainly distributed in the upper 40 cm (Zhang et al., 2012). Deciduous species in seasonally arid ecosystems use different strategies to respond to drought stress. Species that can shift water sources can maximize their soil water use and avoid interspecific competition with other plants in the community, which may be an important survival mechanism in water-limited ecosystems (Ehleringer and Dawson, 1992).
Oxygen isotopes of water molecules are useful tools to reconstruct hydro-climatic variations, analyze hydrological processes and pathways, and better understand current metabolic pathways in plants (Szymczak et al., 2020). Stem water reflects the isotope value of the source water, because no oxygen isotopic fractionation of source water occurs during water uptake by roots (Dawson and Ehleringer, 1991), except in certain plants in extreme environments. Hence, the isotope value in stem water corresponds to that in the source water. However, the isotope signature of source water itself may change depending on soil properties, precipitation amount, season, and influence of groundwater or evaporative enrichment of soil water (Ehleringer and Dawson, 1992). Therefore, stem water δ18O can directly reflect source water δ18O in alpine semi-arid and arid zones (Jia et al., 2012; Wu et al., 2016a; Wu et al., 2016b; Wu et al., 2018).
Desertification is an extreme manifestation of degradation issue in the northern Tibet–Qinghai Plateau (Sun et al., 2019; Zong and Fu, 2021). Qinghai Lake is in the northeast of the Qinghai‒Tibet Plateau in a semi-arid ecologically fragile alpine district and a global climate change-sensitive area, which also be threatened by desertification around the lakeside. Previous studies in this area focused primarily on wind protection mechanisms and ecological functions of sand-fixing plants (Tian et al., 2019; Wu et al., 2019c; Tian et al., 2020). The water sources of revegetation species have received less attention (Wu et al., 2016b), especially those of native species under different conditions of water availability in different micro-landforms.
The aim of this study was to evaluate the water use of a native species on an alpine semi-arid dune, and three questions were addressed: 1) what are the seasonal water sources used by a native plant? 2) What are the key controls on differences in water use of plants at different topographical positions on a sand dune? 3) What are the effects of root distribution and environmental conditions on the water use patterns of a native species? The hypotheses were the following: 1) plants at different topographical positions on a dune would use different water use strategies at different times in the growing season, and 2) plants would tend to use deep soil water or groundwater in water-limited conditions. The results of this study will help guide plantings in alpine deserts to ensure ecological adaptation and structural optimization.
MATERIALS AND METHODS
Study Site
The study was conducted in the Ketu Wind Prevention and Sand Fixation Experimental Range (WPSER; 36°40′N, 100°45′E; 3,224 m a.s.l.) in the southeast corner of Haiyan Bay of Qinghai Lake, China (for details, see Tian et al., 2019). The Ketu Sandy Land covers approximately 753 km2 and is the largest area on the eastern shore of Qinghai Lake. The field is primarily composed of barchans and transversal sand ridges that average 6–10 m in height and stretch from north to south. The WPSER is in an alpine climatic zone with relatively wet summers and cold winters. Daily meteorological data were provided by a weather station approximately 20 km from the study site from 1981 to 2019. The mean annual temperature was 0.93°C, and the annual average precipitation was 438.6 mm, approximately 80% of which occurred between May and September. Precipitation and temperature in the WPSER have increased since 2004, especially in 2010 (Cui and Li, 2015).
Ao is a typical species in fixed sand dunes. It was introduced as an afforestation species in the 1980s, but the current plants are naturally regenerated. Three plots of 10 × 10 m were selected at three different topographical positions on a dune (windward, top, and leeward).
Root Distribution
An individual Ao of similar height and crown width was selected at each site, and the soil was dug away until roots throughout the soil profile were exposed. The aboveground and underground morphology were photographed. Then, the individual growth morphology and root distribution characteristics were plotted in Photoshop software. Simultaneously, the numbers of coarse roots (root diameter Φ ≥ 5 mm), medium roots (2 mm ≤ Φ < 5 mm), and fine roots (Φ < 2 mm) were counted at 10 cm intervals to the bottom of the soil profile. Then, the root density was calculated for each interval in soil the profile as below “samples collection” section.
Sample Collection
Soil, plant, and rainwater samples were collected once a month from May to September, which was the growing season in 2019. Soil samples were collected beneath marked Aos in fixed plots using a 10-cm-diameter auger at 10 cm intervals from 0 to 20 cm and at 20-cm intervals from 20 to 120 cm. One part of a soil sample was oven-dried to determine soil water content (SWC). Another portion was quickly placed in 20-ml screw-cap glass vials sealed with parafilm. Simultaneously, soil samples were collected in the same soil layers, placed in ziplock bags and returned to the laboratory to analyze soil particle size composition by using a Matersizer 3,000 (Malvern Ltd., WR14 1XZ, United Kingdom). Three replicates of all soil water and isotope samples were collected. Three individuals from the three plots were randomly chosen for plant sampling on each sampling date (12 May, 11 June, 12 July, 12 August, and 15 September). Three- to 5-cm-long branch sections were cut with clippers. The phloem tissue was removed to avoid isotopic fractionation of xylem water and contamination by isotopic enrichment (Dawson, 1996). Then, the sections were immediately placed in airtight vials and sealed with a screw-lid and parafilm to avoid evaporation. Soil and plant xylem isotopic samples were stored in a car refrigerator for transport to the laboratory where they were stored at −18°C until extraction. Water in xylem and soil samples was extracted using a fully automatic vacuum condensation extraction system (LI-2100 Pro, LICA United Technology Limited, Beijing, China). The extraction rate of water from samples was >98%.
The rainwater collector was constructed with a 10-cm-diameter funnel connected to a glass bottle. A plastic ball was placed on the funnel to prevent evaporation (Yang et al., 2015). All precipitation samples were transferred to clean polyethylene bottles (30 ml) and then sealed with parafilm.
The depth of the interdune water table in the study area ranged from 1.5 to 5.0 m. Therefore, a soil auger was used to collect groundwater in the shallow water table at 1.5 m on the sampling dates. Then, immediately, a self-made long spoon was used to collect the groundwater and place it in airtight vials, which were sealed with parafilm to avoid evaporation. Precipitation and groundwater samples were filtered using a 0.22-μm filter and then refrigerated at 4°C until stable isotope analysis.
Data Analyses
The δ18O and δ2H in xylem water, soil water, and precipitation (0.5–1.5 ml) were measured by an Isotopic Ratio Infrared Spectroscopy (IRIS) system (Model DLT-100; Los Gatos Research, Mountain View, CA, United States). Previous studies report that hydrogen offsets occur and persist in semi-arid (Dawson and Ehleringer, 1991), saline (Ellsworth and Williams, 2007), and mild oceanic climate (Barbeta et al., 2019) environments. However, the reasons for the hydrogen fractionation remain unclear, and two explanations have been proposed. It proposes that hydrogen fractionation is related to the mode of water absorption by roots (Ellsworth and Williams, 2007), whereas Barbeta et al. (2019) suggested that it is mainly related to the heterogeneity of soil water signals and plant tissues in temperate deciduous trees. Both agree that fractionation in 2H is much stronger than that in 18O and that 18O therefore provides more satisfactory results. Thus, in this study, only oxygen isotopes (δ18O) were used to determine the sources of plant water. The stable isotopic composition was expressed as follows:
[image: image]
where Rsample and Rstandard represent the molar abundance ratios (18O/16O, 2H/1H) of the sample and the standard (Vienna Standard Mean Ocean Water for O and H), respectively. The Iso-Source model (http://www.epa.gov/wed/pages/models/stable-Isotopes/isosource/isosource.htm) was used to quantify the proportion of water uptake from each water source based on the mass balance of the isotope that was introduced, as detailed by Phillips and Gregg (2003).
For Ao growing in sand, the soil profile was subdivided into three potential water sources, the source increment was set at 1%, and the mass balance tolerance was set at 0.1%. The calculated results are reported as the distribution (e.g., maximum and minimum) of feasible solutions and the mean on each sampling date. The isotopic composition of each soil water layer was determined by the SWC-weighted mean approach (Snyder and Williams, 2003; Liu et al., 2015). According toWu et al. (2016b), the shallow soil layer was from 0 to 20 cm, the middle soil layer from 20 to 60 cm, and the deep soil layer from 60 to 150 cm.
One-way ANOVA combined with Tukey’s least significant difference test was applied to detect differences in plant water source from shallow, middle, and deep soil layers in different seasons. The significance level of the statistical analyses was set at 0.05. The statistical analyses were performed using the SPSS 20.0 software (SPSS Inc., Chicago, IL, United States).
RESULTS
Environmental Factors
The study area had a semi-arid climate with low annual average temperature and low rainfall that was affected by the unique topography, altitude, and atmospheric circulation. Seasonally, precipitation in summer and autumn was relatively abundant, whereas it was relatively rare in winter and spring (Figure 1). In 2019, precipitation was 434.90 mm, with 77% occurring during the growing season from May to September, and the mean temperature was 1.65°C.
[image: Figure 1]FIGURE 1 | Seasonal variation in precipitation and temperature in 2019.
The deposits on the natural fixed dune were primarily composed of fine (45.08 ± 4.40%) and medium (34.56 ± 7.30%) sand. Clay and very coarse sand contents in the dune were negligible. In the windward position, fine sand includes very fine sand increased and coarse sand decreased as soil depth increased, whereas in the top and leeward dune positions, no changes occurred with the increase in depth (Table 1). Overall, windward deposits were finer than those at top and leeward positions, with significantly more very fine sand (p = 0.000). There was more medium sand at the leeward position than at the windward and top of dune positions (p = 0.000), whereas the contribution of coarse sand was greater in the shallow soil layer (20 cm depth) in the windward position than in the other two positions (p = 0.000).
TABLE 1 | Soil particle size (%) of different soil layers.
[image: Table 1]With changes in the season, the SWC of different geomorphological positions changed significantly (Figure 2). The highest average SWC (3.68 ± 0.67%) was at the top of the dune, but it was not significantly different from that on windward (3.36 ± 0.56%) and leeward (3.29 ± 0.76%) slopes during the growing season (p > 0.05). The highest SWC at all sites was in July, whereas the lowest was either in June or August, with similar values.
[image: Figure 2]FIGURE 2 | Seasonal variation in soil water content (SWC, %) beneath Artemisia ordosica (Ao) in positions with different dune geomorphology. The same letter means that there is no significant difference between different positions of dune (p > 0.05), whereas different letters refer to significant differences between micro-landforms in dune (p < 0.05).
Individual Features at Positions With Different Dune Geomorphology
Plant height, crown width, and coverage at the top of dune were greater than those on windward and leeward slopes (Figure 3). The height of Ao at the top of the dune (32.90 ± 12.94 cm) was significantly greater than that leeward (p = 0.048) but was not different from that windward (p = 0.482). The same trend was observed for N–S length of crown. The largest coverage of Ao was at the top of the dune (38.86 ± 1.03%), followed closely by that of plants windward (38.78 ± 0.68%) without significant difference, whereas the coverage of leeward plants was only 15.52 ± 0.46%. Nevertheless, the highest density was windward, followed by that at the top and leeward.
[image: Figure 3]FIGURE 3 | Artemisia ordosica (Ao) growth features in positions with different dune geomorphology. (A) Height, (B) crown width of different orientation, (C) coverage, and (D) density. The same letter means that there is no significant difference between different positions of dune (p > 0.05), whereas different letters refer to significant differences between micro-landforms in dune (p < 0.05).
The root system of windward Ao was distributed to the 220 cm soil depth, whereas that of Ao at the top of the dune was distributed to 20 cm and that of leeward Ao was distributed to 50 cm (Figure 4). The roots were concentrated in the upper 20 cm at all sites. Although the tap root of windward Ao extended to 220 cm, most roots were distributed in the top 90 cm. In the top 20 cm, windward Ao had 41.67% fine roots, 35.83% medium roots, and 22.50% coarse roots. Coarse roots decreased in middle soil layers (20–60 cm), whereas the highest density of fine roots was in deep soil layers (60–120 cm). The roots of Ao at the top of the dune were primarily in the shallow soil layer and were composed primarily of fine roots (82.88%). Fine roots of leeward Ao were distributed in the upper 40 cm.
[image: Figure 4]FIGURE 4 | Root distribution of Artemisia ordosica (Ao) in positions with different dune geomorphology. (A) Windward, (B) top of the dune, and (C) leeward.
Vertical Variation in Soil Water Content and Isotope Composition
As shown in Figure 5, SWC fluctuated as soil depth increased, with the surface 20 cm particularly affected by precipitation and evaporation. The highest SWC windward (3.59 ± 1.14%) and at the top of dune (3.97 ± 0.97%) was in the top 20 cm, whereas the highest SWC leeward (3.74 ± 1.66%) was in the middle soil layer (40–60 cm). The causes for this phenomenon were the large fluctuations in SWC because of the highest rainfall in July, which resulted in different levels of soil moisture at different topographic positions and under different cover conditions. However, there was no change in SWC in deep soil layers during the growing season. Compared with the upper 20 cm, the SWC was lower below 60 cm in all study sites.
[image: Figure 5]FIGURE 5 | Vertical variation in soil water content (SWC, %) in positions with different dune geomorphology. (A) Windward, (B) top of the dune, and (C) leeward.
Nevertheless, the vertical changes in oxygen isotope values in soil water were different from those of SWC (Figure 6). Except for increases in δ18O values with increasing soil depth at all sites in July, the variation in soil water oxygen isotope values was the same in the other seasons and decreased as soil depth increased. There were the strong fluctuations in values that were concentrated in shallow soil layers. Windward, the soil water δ18O value ranged from −8.56 ± 0.42‰ to 2.40 ± 1.42‰ in the upper 20 cm. In the same soil layer, values ranged from −7.01 ± 0.22‰ to 3.74 ± 0.40‰ at the top of dune, whereas the largest range was leeward, from −10.39 ± 0.34‰ to 3.58 ± 0.80‰. In the middle soil layers, soil water oxygen isotope values decreased in all sites.
[image: Figure 6]FIGURE 6 | Vertical variation in soil water δ18O values in positions with different dune geomorphology. (A) Windward, (B) top of the dune, and (C) leeward.
Seasonal Variation in Isotope Composition of Xylem Water
The global meteoric water line (GMWL, δD = 8δ18O+ 10) indicates the connection between different water pools in the water cycle (Craig, 1961). From Figure 7, both slope and intercept of the local meteoric water line (LMWL, δD = 8.79δ18O+ 23.86) are greater than that of GMWL. Simultaneously, the soil evaporation line (SWL, δD = 5.39δ18O− 20.19) was to the lower right of the LMWL (Figure 7). The lower slope indicated that evaporation fractionation effects in the soil surface affected δD and δ18O enrichment in soil water. In addition, the δD and δ18O values in xylem water of individuals were distributed around those of soil water and groundwater, which indicated that the plants primarily take up soil water from different depths and the groundwater.
[image: Figure 7]FIGURE 7 | Linear regression of δD and δ18O values in different water pools in the study site.
The δ18O of Ao twig water at positions with different dune geomorphology showed seasonal variation (p < 0.05), with the highest value (enriched) in June and the lowest (depleted) in July (Figure 8). At the beginning of the growing season (May), the δ18O values of Ao at the top of the dune and on the leeward slope were greater than those on the windward slope (p < 0.05). However, in the middle of growing season (July), there was greater enrichment on the windward slope (p < 0.05). At the end of the growing season (September), there was no significant difference among the different topographical positions (p > 0.05). Overall, the δ18O value of Ao twig water on the top of the dune (−4.05 ± 0.70‰) was higher than that on leeward (−4.42 ± 0.71‰) and windward (−4.56 ± 0.52‰) slopes.
[image: Figure 8]FIGURE 8 | Seasonal variation in δ18O xylem water of Artemisia ordosica (Ao) in positions with different dune geomorphology. The same letter means that there is no significant difference between different positions of dune (p > 0.05), whereas different letters refer to significant differences between micro-landforms in dune (p < 0.05).
Seasonal Variation in Contributions to Water Uptake
At the same topographical position, Ao obtained water from different sources in different seasons (Figure 9). At windward, Ao used four potential water pools in May, and the relative water uptake was in the range from 0.19 to 0.28, which represent the portion of water obtained from each of the four pools. However, plants were not likely to use groundwater in future growing seasons, because they shifted use to large amounts of the three soil water pools in the middle of the growing season and to shallow soil water (0.90) at the end of the growing season. Plants used only three layers of soil water at the top of the dune and leeward. At the top of the dune, Ao absorbed shallow soil water at the beginning and the end of the growing season but absorbed soil water from middle layers in July. Nevertheless, Ao leeward first used shallow soil water in the growing season and then used shallow soil water as well as middle soil water in the following months. Overall, Ao used shallow soil water the most, and its water uptake pattern was consistent with the root distribution at positions with different dune geomorphology.
[image: Figure 9]FIGURE 9 | Relative water uptake of Artemisia ordosica (Ao) at positions with different dune geomorphology. (A) Windward, (B) top of the dune, and (C) leeward.
In the same growing season, Ao exploited different water pools in different topographical positions. Early in the growing season, Ao at the top of the dune and leeward relied on shallow soil water as the main water source, whereas windward Ao used three layers of soil water as well as groundwater for uptake. In the summer, Ao on the top of the dune switched and used 0.85 of middle soil water, whereas those windward and leeward absorbed soil water from three layers of soil. However, shallow soil water was the main water source at all sites at the end of the growing season. Overall, Ao at the top of the dune and leeward tended to use the upper 60 cm of soil water during the entire growing season, whereas windward Ao used all potential water sources at the beginning of the growing season.
DISCUSSION
Potential Causes for Different Soil Water Contents in Positions With Different Dune Geomorphology
The SWC at the top and on windward and leeward slopes of the sand dune was not significantly different during the growing season in 2019 (p > 0.05). The SWC is easily affected by topography, soil texture, and vegetation (Hawley et al., 1983; Famiglietti et al., 1998), with slope often the most important factor affecting spatial changes in SWC. For example, the SWC in areas with steeper slopes is generally lower than that in areas with more gentle slopes (Famiglietti et al., 1998). Therefore, theoretically, the SWC on the top of the dune should be higher than that on windward and leeward slopes, which is consistent with the results in this study. On the natural fixed dune, soil particle sizes at different topographic positions were not significantly different (p > 0.05, Table 1). Nevertheless, the proportions of coarse sand and medium sand on the windward slope were greater than those on the leeward slope and at the top of the dune. In the relation between SWC and soil texture, SWC is positively correlated with the content of clay particles and negatively correlated with the content of coarse sand (Pan and Wang, 2009). In addition, vegetation height and coverage affect the distribution of soil moisture (Famiglietti et al., 2008). As shown in Figure 3, the height and crown width of individuals at the top of the dune were greater than those on windward and leeward slopes, which was consistent with the distribution of SWC. Pan et al. (2015) observed similar results in arid desert in northern China.
Soil moisture is one factor that limits growth of vegetation in the study area (Lu et al., 2012). The interdune groundwater level was 1.0–1.5 m on the windward side of the study dune; hence, the individuals on the windward slope could possibly absorb groundwater. However, the dune height was above 7 m, and as a result, plants at the top and on the leeward slope of dune likely had difficulty accessing groundwater. Precipitation is the first water source available for desert plants and determines the survival of plants in arid and water-limited environments (Schwinning et al., 2004). In deserts, fluctuations in precipitation during the growing season can be reflected in seasonal changes in soil moisture, as shown in Figure 2 for this study (Porporato et al., 2002). In addition, initial soil moisture content, vegetation transpiration, and soil evaporation also affect the seasonal distribution of SWC (Hawley et al., 1983; Berndtsson et al., 1996; Pan and Wang, 2009; Shen et al., 2015). In this study, the ground surface quickly thawed to replenish soil moisture as temperatures gradually increased in May. At that stage, plants began to germinate, and because seedling soil water consumption and transpiration were relatively weak and soil surface evaporation was low, the SWC remained relatively high. Then, as plants began to grow in June, consumption exceeded replenishment by rainfall, and the SWC decreased immediately. In July, which had the most precipitation of the year, SWC was also the highest of the entire growing season. Although precipitation remained relatively high in August, SWC reached the second lowest value because plant transpiration consumed much of the soil water and the highest evaporation occurred at the soil surface. In September, SWC increased as precipitation and evapotranspiration and soil water use decreased. Overall, the seasonal variation in SWC beneath Ao was similar at the positions with different dune geomorphology.
The vertical distribution of SWC is affected by soil type, precipitation, topographic factors, land cover, and root distribution (Hawley et al., 1983; Pan et al., 2015; Yu et al., 2016). The distribution of SWC in study site was influenced by the distribution of roots, soil particle size, and vegetation cover at the different topographic positions. In uplands in an arid climate in a previous study, shallow infiltration led to shallow rooting (Fan et al., 2017). The infiltration depth of precipitation in the study area is within the top 40 cm of soil (Lu et al., 2013), which is consistent with the results in Figures 5A–C. The SWC at the concentrated layer of a root system is relatively low (Yu et al., 2013; Yu and Jia, 2014). As shown in Figure 4, relatively few fine roots were distributed in the top 20 cm on the windward slope; whereas fine roots were primarily concentrated in the surface 20 cm at the top and on the leeward slope of the dune. In addition, the root–shoot ratio of Ao on the windward slope was much larger (1.00) than that of Ao at the top (0.40) and on the leeward slope (0.36). The aboveground portion of plants was also larger. Therefore, SWC on the windward slope was significantly lower than that in other positions in July. Moreover, the canopy, height, coverage, and density of Ao on the leeward slope were lower than those on the windward slope and at the top (Figure 3), which might cause evaporation to be greater than that at the other two sites. In addition, coarse soil particles on the leeward slope likely led to poor water holding capacity at the soil surface, resulting in greater infiltration to the middle and deep soil layers. Under the influence of multiple factors, the surface SWC was relatively low and the middle layer SWC was relatively high on the leeward slope.
Water Use Patterns at Positions with Different Dune Geomorphology
Seasonal variation occurred in the water sources of plants, which indicated that Ao absorbed water from different pools at different stages in the growing season (Figure 9). In general, the seasonal variation in water sources used by plants is determined by two factors: the distribution of plant root systems and seasonal variations in hydrological conditions (Zencich et al., 2002; Asbjornsen et al., 2008; Pan et al., 2020). In spring (May), Ao at the top and on the leeward slope absorbed more than 0.70 of shallow soil water, whereas Ao windward used water from three soil layers and groundwater because the contribution of shallow soil water was from 0.19 to 0.28. This result might be because the leeward slope soil contained more coarse sand, which led to a shallow distribution of roots that used a large amount of shallow soil water. As shown in Figures 2 and 5, the shallow soil water at the top of the dune and on the leeward slope was sufficient to support plant growth in the spring, whereas windward individuals had the largest amount and hence needed more water to germinate at the beginning of the growing season. In July, Ao on the top of the dune switched and used 0.85 of middle soil water, whereas water was absorbed from three soil layers soil on windward (0.26–0.33) and leeward (0.31–0.37) slopes. This water uptake pattern seemed inconsistent with the root distribution shown in Figure 4 of individuals dug outside of the sampled plot. However, where soil moisture is available, root activity rather than root presence can be a reliable indicator of actual water uptake dynamics in arid and semi-arid environments (Ehleringer and Dawson, 1992; Tiemuerbieke et al., 2018). It is most likely because of a trade-off between the activity of shallow and deep roots (Williams and Ehleringer, 2000; Martin-Gomez et al., 2015; Wang et al., 2019; Zhou et al., 2019). In addition, as shown in Figure 5, the highest SWC value was at 20–40 cm in July, which was consistent with the water uptake layer. The water uptake pattern of Ao in the summer was driven by SWC, consistent with other studies in the deserts of northern China (Pan et al., 2020). At the end of the growing season, all individuals used shallow soil water as the main water source, because SWC decreased as soil depth increased in September. Thus, the Ao at different topographic positions used different pools as the water source in different parts of the growing season, which was related to SWC, precipitation, and the activity of root systems under the influence of micro-topography. Overall, Ao likely used the upper 20 cm of soil water at all dune sites during the growing season.
The Impact of Climate and Topography on Root
The root zone water storage is the core of hydrological models as it controls the partitioning of available water for plant use (Gao et al., 2014). In this study, the root zone was different in three sites for same species (Figure 4). At the windward slope, the root zone was extending to more than 200 cm depth, whereas only 20 cm depth on the top of and 50 cm depth at the leeward slope. The ability of root zone water storage is controlled by root zone storage capacity SR (Gentine et al., 2012), which accounts for the volume of water accessible to roots (Gao et al., 2014), and determines the maximum amount of soil moisture potentially available for vegetation transpiration (Wang-Erlandsson et al., 2016). Gao et al. (2014) showed that vegetation in arid catchments requires a higher SR to store more water, which are mainly controlled by atmospheric moisture supply, canopy demand dynamics, and seasonality of precipitation. In semi-arid alpine desert, precipitation was concentrated in the summer so that vegetation could use sufficient water during the vigorous growth period to obtain the necessary soil water volume by lateral or vertical growth to adapt their root zones (Schenk, 2005). In addition, SR estimates implicitly capture the root density that is active in water uptake more than root zone depth. Thus, in next step, we should take more attention on the factors affected on root zone water storage capacity because it emphasizes the role of co-evolution of vegetation and hydrology and understands the hydrological response of revegetation individuals.
Besides, topography is often the dominant driver of water movement caused by prevailing hydraulic gradients (Gao et al., 2018) and rooting depth (Fan et al., 2017). Plant rooting depth affects ecosystem resilience to environmental stress such as drought (Fan et al., 2017). Roots are highly adaptive to local soil environments, which was approved by soil particle size distribution. In study sites, windward has the coarse sand in the surface 20 cm depth, whereas more very fine sand in the other two sites (Table 1), which was prone to precipitation infiltration and downward growth of roots approved by Fan et al. (2017). In water-limited environment, roots connect soil water or groundwater to the atmosphere, thus influencing the local hydrologic cycle and climate.
It was warmer and increased precipitation in northern Tibetan Plateau in recent years. However, different types of vegetation exhibited different sensitivities to climatic change, which were attributed to the different initial conditions and changes in climatic factors among the types of vegetation (Shen et al., 2014; Wang et al., 2015). Previous studies show that water availability had stronger effects on aboveground net primary productivity (Wang et al., 2022), whereas increased precipitation could increase soil moisture in alpine meadow ecosystem (Shen et al., 2015; Yu et al., 2019). In alpine deserts, shrubs on dunes mainly use soil water at different depths (Jia et al., 2012; Wu et al., 2016b). Warm temperatures are beneficial because they increase the water use efficiency of alpine plants, and humidity favors higher surface SWC and promotes the maximum use of shallow soil water by plants growing in sand. The effects of stress on sand-fixing shrubs promote the benign development of sandy ecosystems. Therefore, in future research, under the background of warming and humidification, the other focus will be on the water use patterns of different types of artificial sand-fixing plants under different planting modes.
CONCLUSION
In this study, the stable isotopes of δ18O and δD were used to analyze the variability in water sources of the native species Ao during the growing season in an alpine semi-arid desert. Although the species has high cold and drought tolerance in alpine environments and also an ability to adjust to water sources at different depths, soil water primarily recharged by precipitation is the critical factor controlling its survival and growth. Ao primarily depended on water from upper soil layers in the early growing season, except for those windward. Whereas in July, with the highest rainfall and SWC, plants likely used water in middle soil layers at all topographic positions on the dune. At the end of the growing season, the use shallow soil water became predominant again. Overall, Ao used shallow soil water the most, and its water uptake pattern was consistent with the root distribution at positions with different dune geomorphology. The results of this study indicate that the micro-landforms of sand dunes affect vegetation growth not only through aeolian activities and soil properties but also through plant water use.
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Position Soil
layers/cm

Windward 0-20
20-60
60-150

Top 0-20
20-60
60-150

Leeward 0-20
20-60
60-150

Clay

0.44 (0.19)
0.27 (0.02)
023 (0.02)

0.29 (0.24)
0.22 (0.00)
0.33(0.12)

036 (0.09)
032 (0.00)
034 (0.09)

silt

6.32 (1.60)
396 (091)
4.04 (0.26)

5.74 (3.97)
3.28 (0.02)
3.08 (0.15)

532 (0.98)
299 (0.27)
3.46 (0.66)

Very
fine
sand

14.87 (3.56)
15.11 (4.98)
2087 (137)

10.43 (1.95)
9.16 (1.31)
8.56 (1.45)

983 (2.49)
7.31 (1.68)
830 (1.44)

Fine
sand

37.17 (6.39)
44.87 (1.87)
52.24 (1.08)

46.43 (3.01)
44,67 (1.36)
44.46 (3.29)

43.66 (2.49)
44.81 (1.20)
44.48 (3:37)

Medium
sand

2963 (2.91)
30.29 (6.12)
21.14 (1.62)

34.94 (2.71)
38.09 (2.30)
39.03 (1.99)

37.64 (4.87)
4167 (259)
40.26 (4.13)

Coarse
sand

10.44 (6.35)

5.29 (1.36)

089 (0.55)

2.10 (0.33)
4.58 (0.36)
4.00 (3.09

319 (1.17)
2.90 (0.45)
291 (1.99)

Very
coarse
sand

112 (1.41)
0.10 (0.14)
0.39 (0.33)

0.05 (0.08)
0.00 (0.00)
0.30 (0.26)

0.00 (0.00)
0.00 (0.00)
0.16 (0.27)

Note: data means average (standard error). The surface sedliments of study sites contain al types of particle size, shown as clay (0l < 0.005 mm), silt (0.005-0.05 mm), very fine sand
(0.05-0.1 mm), fine sand (0.1-0.25 mm), medium sand (0.25-0.5 mm), coarse sand (0.5-1 mm), and very coarse sand (1-2 mm).
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IMF1 IMF2 IMF3 IMF4. IMF5. IMF6. IMF7

Var Mi Var Mi Var M Var M Var M Var M Var Mi
TG-1 0.30 TG-1 0.51 TG-1 0.64 TG-1 0.61 TG-1 0.67 TG-4 0.61 WX-2 1.08
CT-1 0.26 TG-2 0.47 1G-2 0.58 TG-2 0.57 TG-2 0.66 TG-5 0.60 WX-3 1.08
TG-2 0.26 TG-3 0.46 CT-1 0.56 TG-3 0.55 TG-3 0.64 TG-3 0.60 WX-1 1.07
IMF8 IMF9 IMF10 IMF11 IMF12 IMF13 Original series
Var M Var M Var Ml Var Mi Var Mi Var M Var Mi
TG-1 1.31 WX-7 051 T-7 0.89 T0 1.47 T0 1.47 ws-2 0.57 TG-1 3.04
TG-2 1.31 WX-5 051 T-6 0.88 T1 1.47 T1 1.47 ws-7 0.56 TG-2 2.36
TG-3 1.30 WX-6 051 T-5 0.88 T2 1.46 T-2 1.46 WS-5 0.56 CT-1 219

Note: Variables (Var) are the predictors in the input variable set. CT, WX, and TG are the abbreviations for Cuntan, Wanxian, and Three Gorges Reservoir. The number in Var indicates the
number of days the predictor is ahead of the forecast day.
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Jan
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Mar
Apr
May
Jun

Jul
Aug
Sep
Oct
Nov
Dec
Entirely

RBF EEMD-RBF LST™M EEMD-LSTM GM-EEMD-LSTM

NSE BIAS(%) MAPE NSE BIAS(%) MAPE NSE BIAS(%) MAPE NSE BIAS(%) MAPE NSE BIAS(%) MAPE

(%) (%) (%) (%) (%)
080 044 316 086 1.76 284  -0.11 -6.84 843 061 -4.05 4.95 220
087 0.07 313 0.91 121 274 0.69 -2.55 5.01 0.76 -4.68 4.93 b i
087 037 368 096 0.80 242 0.62 -3.11 595 089  -339 3.82 258
082 1.04 5.08 0.98 0.49 227 0.71 -2.88 6.12 0.96 -0.37 265 412
063 164 690 094 0.26 2983 066 216 840 094 1.76 3.57 391
063 -1.72 1146 092 0.27 544 062 0.20 1241 091 2.87 5.95 824
050 052 933 091 0.26 454 056 442 1223 084 436 6.74 7.83
079 117 704 096 0.79 291 0.74 268 883 094 261 4.90 465
077 0.76 8.78 0.97 0.05 329 0.76 -0.49 9.92 0.95 -0.37 4.38 594
0.76 216 841 096  -0.19 310 081 -0.68 658 095  -1.50 332 498
088 3.74 5.62 0.99 1.39 225 0.85 0.51 5.51 0.98 -0.49 249 422
072 1.36 311 086 1.05 262 0.58 -3.10 398 072  -217 3.59 189
091 0.88 6.32 0.98 0.48 an 0.91 0.28 7.80 0.98 0.63 4.27 4.40

Note: Bold values indicate the optimal statistics between LSTM and EEMD-LSTM or RBF and EEMD-REBF. Underfined values indlicate where the GM-EEMD-LSTM statistics are superior to
those of EEMD-1.STM.
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1 7 12.73% 15 27.27% 33 60.00%
2 8 14.55% 17 30.91% 30 54.55%
3 10 18.18% 20 36.36% 25 45.45%
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12 25 45.45% 20 36.36% 10 18.18%

Sum/Avg 208 31.52% 215 32.58% 237 35.91%
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NSE
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F, peak (%)
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F, vol (%)
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Bold values and * marks indicate that the value do not meet the standard of

simulation accuracy.
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Statistics Rainy season Dry season
Depth (cm) H1 H2 H3 H4 H5 H1 H2 H3 H4 H5

Mean (%) 9.69 1313 14.49 13.21 2N 6.60 10.2 11.63 10.9 10.53
Min (%) 030 046 1.10 581 6.60 027 034 033 6.45 627
Max (%) 26.1 28.78 28.26 28.93 28.97 2107 23.34 27.02 27.02 25.34
SE (%) 0.18 021 0.19 017 0.15 015 020 016 014 013
CV (%) 51 44 35 3 33 50 a2 30 28 %

SD (%) 492 576 502 453 404 327 425 3.43 3.06 270

SE standard error: CV. coefficient of variation: SD, standard deviation. H1,0-20 cm:H2.20-40 cm:H3,40-60 cm:H4, 60-80 cm:H5,80-100 cm.
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Validation period

20160406 20160701 20161027 20160602
NSE 0.74 0.89 0.9 0.76
Fpeak (%) —6.8 3.2 15.6 13.6
Fuol (%) —12 17.3 0.59 12.2
R? 0.8 0.93 0.91 0.73
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1.4
—18.4
1.2
0.5
—-19.5
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Typical year Variables Bivariate probability
AP (mm) AHWL (m) F (%)

1978 (Low flow year) 612 8.17 98.4

2007 (Normal flow year) 1081 9.85 49.5

2016 (High flow year) 1530 12.76 3.3
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Location
1

2

3

4

5

6

7a
g

Mean

"Refers fo the rapresentative locations; SOC. 2ol onganic carbon: STP, sod lotal phosphorus: STN, sof tolal nitrogen.

Elevation (m)

997
995
986
985
989
989
988
988
987
984
985
985
984
980
980
967
966
967
965
964
964
981

SOC (g/kg)

13.54
14.62
15.43
12.18
13.33
13.85
14.23
13.94
14.60
13.38
13.28
16.29
11.16
13.33
13.38
11.88
997
9.47

10.90
9.76
891

12.69

STN (g/kg)

4.58
47
7.53
1.64
6.10
5.07
1.64
4.87
6.56
544
6.71
4.66
5.30
3.61
5.72
4.26
4.36
4.30
4.50
3.57
4.40
4.74

STP (g/kg)

3.38
3.63
3.36
3.15
419
3.65
3.30
3.36
361
2.60
3.94
4.03
354
3.70
378
374
31
2.98
2,99
2.30
3.41
3.42

Clay (%)

0.24
0.21
017
0.22
0.17
0.12
0.21
0.23
0.23
021
0.17
017
0.22
0.30
0.18
0.25
0.18
0.20
0.21
0.23
0.33
0.21

silt (%)

68.62
70.76
67.47
69.23
68.49
67.58
69.00
69.14
64.12
64.99
66.06
63.17
67.54
76.38
65.63
61.10
60.16
62.47
61.36
55.91
67.91
66.05

Sand (%)

31.24
29.03
32.36
30.55
31.34
32.30
30.78
30.63
35.65
34.80
33.77
36.66
3224
23.32
34.19
38.65
39.66
37.33
38.43
43.85
31.76
33.74

Root density (cm/cm?)

0.10
0.13
0.10
021
0.22
0.29
0.42
0.23
0.28
0.29
0.23
0.28
0.17
0.13
0.21
0.14
0.50
0.27
0.26
0.24
0.26
0.24





OPS/images/feart-09-629826/feart-09-629826-t004.jpg
Period Elevation (m) SOC (g/kg) STN (g/kg) STP (g/kg) Clay (%) Silt (%) Sand (%) Root
density (cm/cm?)

MRD Rainy season 0217 0091 0.036 0010 0.121 0254° -0.258° -0.178
Dry season 0.226" 0.083 0.046 0.006 0.160 0.284° -0.284° -0.202°
SDRD  Rainy season 0229* 0239° 0035 0.108 0.142 0.164 -0.166 0.306°
Dry season 0.287° 0.290° 0.025 0.111 0.192 0.221* -0.223% 0392°

“Correlation is significant at the 0.05 probabily level.
beamrelation is signiicant af the 0.01 probabilily level SOC. soil arganic carbon: STP. sof toial phosoharus: STN, sod total nirogen.
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Rainfall Rainfall depth (mm) Duration(h) Mean intensity (mm/h) Rainfall pattern
date (vear/month/day)

2019/7/6 229 24 0.95 Moderate
2019/7/7 18 4 4.50 Large
2019/7/17 225 3 7.50 Large
2019/7/29 183 1 1.66 Large
2019/7/31 " 3 3.67 Moderate
2019/8/20 175 6 202 Large
2019/9/1 19 3 6.33 Large
2020/5/30 25 067 37.50 Large
2020/6/10 20 0.50 40.00 Heavy
2020/7/5 41 043 94.62 Heavy
2020/8/12 87 12.92 6.74 Heavy
2020/8/18 33 125 26.40 Heavy
2020/8/24 47 150 31.33 Heavy
2020/9/12 16 142 11.29 Moderate
2020/9/15 61 943 6.47 Heavy

2020/9/28 27 200 13.50 Large
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Vegetation
type

Black locust

plantation
Natural

recovery forest
Corn farmland

Slope
length
(m)
281
302

278

Slope
angle
©
19
20

18

Slope
aspect

South
Southeast

South

Altitude
(m)

1120

1040

1120

DBH (cm)

11.48 (0.26)

10.96 (0.35)

Tree
height
(m)

8.39 (0.40)

6.68 (0.22)

Tree
density
(hm™?)

1864 (12)

1942 (15)

Canopy
density/coverage
(%)

846 (2.3)
873 (5.1)

84.5 (1.6)
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Depth (cm)/Land
type

30
60

Shrub land (SL)

Arbor land (AL)

Bare land (BL)

Linear regression
equation of
SWC and ST

Y = 0.0069X + 0.0797
Y =0.0125X + 0.1011
0115X +0.1121

065
068
0.60

Linear regression
equation of
SWC and ST

Y =0.0072X + 0.108
Y =00104X + 0.113
Y = 0.0047X + 0.157

0.40
0.44
045

Linear regression R?
equation of
SWC and ST

Y = 0.0075X + 0,094 066

Y =0.0132X + 0.0999 0.70

Y = 0.0135X + 0.01164 069
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Site

T
T2
T3
T4
T5
T6
7
T8
To

Soil texture
configuration

HS
MC

M
cMmC

MM

Soil texture of layers

Thickness of layers

Ly

Sand
Sitt
Silt loam
Sand
Sand
Sand
Sand
Sand
Sand

Ly

\
Sand
Sand

Silt loam
Sit loam
Silt loam
Silt loam
Silt loam
Silt loam

\
Sand
Sand
Sand
Loam
Loam

Ly (cm) Lz (em)
60 \
10 50
55 5
13 47
30 30
175 215
6 14
10 20
26 20

Ls (cm)

21
40
30
14

"HS, MC, CM, CMC, and MM indicate homogeneous soil profie, soil profil in which medium-textured layers cover the coarser layer, soil profile in which medium-textured layers fie
beneath the coarser layer, soil profile with medium-textured soil interlaid within coarser profile, and soil profile with muliple medium-textured layers, respectively.
"L, Ly, and Ls represent the fist laer, the second layer, and the third layer, respectively. Soil layers were categorized accoraing o Soil texture.

ea* inclicates no comasponding sod layer.
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site

T
T2
T3
T4
TS5
6
7
8
T9

Soil texture configuration

HS
MC
vC
oM
oM

ove

oMe
MM
MM

Particle size distribution

Sand (%)

9391017 a
71.76 (16.00) ab
19.94(1088) b
28.63(14.35) b
64.63 (13.26) ab
49.08 (16.17) ab
50.04 (16.45) ab
5241 (11.44) ab
49.44 (11.26) ab

Silt (%)

4.49(0.12)b
25,19 (14.29)ab
69.14(9.58) a
61.16 (1225 a
30,16 (1158 @b
4477 (1437 ab
3519 (14.11) ab
3061 (971) ab
41.18 (959) ab

Clay (%)

160 (0.05)b
305 (1.72) ab
1093 (160
1021 (2.15)ab.
521(1.71)ab
615 (1.94) ab
577 (238 ab
804 (1.82)ab
987 (213 ab

SWC (g/em3)

003001 a
003003 a
012(003) b
016 0.04) ¢

0.08(0.07) abe.

0,09 (0.06) abe.
004 003 a

0.12 (0.05) abo.
0.09(0.03) ab

BD (g/em3)

148 (001 a
143(004)a
131002 a
132(003)a
143 (004)a
140008 a
141(005)a
125(005)a
132 (004

TP (%)

4428001 a
46.13(002)a
50.71 (001) a
5025 (001) a
46.17 (001 a
47.74 001 a
46.73(002)a
52.60 (002) a
5002 (0.02) a

554 (m/kg)

9653 863 a
12730 (21561) a
1,443.00 (174.04) b
152800 (244.56) b
18790 (245.98) a
662,65 (236.80) a
20085 (276.27) ab
94560 (219.85)a
1,257.00 (249.34) ab

D (um)

6220 (3.41) b

47.10 (2649) b

416619 a
393(801)a
31.90 841) b
1531(7.08 b
30.25 (B67) b
635 (7.01) ab
477 (7.41) ab

HS, MC, CM, CMC, and MM represent homogeneous soi profie, soil profiin which mecium-textured layers cover the coarserlayer, ol rofiinwhich mecfum-textured ayers i beneath the coarsrlayer, ol profil with medfum-textured
SF IR W & ARG ST ST Bl TR ek M Rl Fcabolink: BN e B kit B Ahas S o iR
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