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Abstract: Landform changes caused by human activities can directly affect the recharge of
groundwater, and are reflected in the temporal and spatial changes in groundwater stable isotope
composition. These changes are particularly evident in high-intensity farming areas. In this study,
we tested and analyzed groundwater stable isotope samples at different elevations of rice terraces
in a typical agricultural watershed of the Hani Terraces, a World Heritage Cultural Landscape
in southwest China. Thus, we determined the characteristic variations and factors that influence
the temporal and spatial effects on groundwater stable isotopes in the Hani Terraces, which are
under the influence of high-intensity farming activities. The elevation gradients of $'80 and §?H in
groundwater are significantly increased due to farming activities. The values were 0.88%o (100 m)~!
and —4.5%o (100 m)~!, respectively, and they changed with time. The groundwater circulation cycle is
approximately three months. We also used the special temporal and spatial variation characteristics
of the groundwater isotopes as a way to evaluate the source and periodic changes of groundwater
recharge. In addition, high-intensity rice farming activities, such as ploughing every year from
October to January can increase the supply of terraced water to groundwater, thus ensuring the
sustainability of rice cultivation in the terraces during the dry season. This demonstrates the role of
human wisdom in the sustainable and benign transformation of surface cover and the regulation of
groundwater circulation.

Keywords: Hani Rice Terraces; hydrogen and oxygen isotopes; groundwater recharge; elevation
effect; deuterium excess

1. Introduction

Groundwater, as the world’s largest freshwater resource, is critically important for irrigated
agriculture, and hence for global food security [1]. The increasing use of groundwater resources for
human consumption, agriculture, and industrial uses requires the protection of recharge areas from
contamination or land use and land cover changes that may affect the quality and quantity of water in
the aquifers [2—4]. Furthermore, climate change has the potential to exacerbate the problem in some
regions. For example, it is predicted that anthropogenic climate change will affect rainfall amount
and distribution in many parts of the world [5-8]. Under the influence of both climate change and
human activities, depletion of water is widespread in large groundwater systems in both semi-arid
and humid regions of the world [1]. Consequently, documenting the spatial patterns and determining
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the magnitude of groundwater recharge is important for understanding and managing groundwater
systems using the appropriate tools [4].

One of the major changes that has occurred in earth and environmental sciences is the addition of
rigorous analytical tools such as isotopes, to complement classical descriptive methods [9]. For example,
the isotopic ratios of chemical elements such as oxygen and hydrogen of the water molecule (**0/1O
and 2H/'H, respectively) are used as powerful tools to trace isotopes in hydrological processes [10-13].
Without any evaporation and exchange with dissolved gases or rocks, the stable isotopes (30 and 2H)
can be considered as conservative, and thus reflect the mixture of the different recharge at the origin of
the groundwater. Meanwhile, the abundance of 180 and ?H is driven by environmental conditions
such as recharge altitude, recharge water source, and ambient temperature, which leads to a specific
signature in the groundwater [14-16].

Since the 1970s, hydrogeologists have used stable water isotopes (*H and '80) as tracers to explain
the isotopic characteristics of groundwater across the seasons, and calculate groundwater recharge
sources and the groundwater recharge altitude [17-19]. As research continued, groundwater recharge,
the relationship between groundwater and surface water, the origin and evolution of groundwater,
and groundwater quality gained increasing attention [20-23]. These studies have made a positive
contribution towards understanding groundwater processes, protecting regional water resources,
achieving regional water cycle stability, and maintaining the sustainability of social production and life.

Groundwater recharge in both moist and arid areas is susceptible to changes in land use/land
cover, especially when this is due to human activities [24-26]. Previous studies have suggested that
the global impact of land use and cover change (LUCC) on the hydrologic cycle may surpass that of
recent climate change [27,28]. In Australia, removal of indigenous vegetation over the past 100 years
has significantly increased groundwater recharge and caused a rise in the water-table [29]. Research
on the Loess Plateau showed that groundwater recharge beneath natural sparse small-grass was
100 mm/year, but the conversion to winter wheat about 100 years ago reduced the groundwater
recharge to 55 mm/year [26]. Therefore, the traditional recharge estimation method and isotope effect
of groundwater has large errors in some areas.

This situation is particularly prominent in agricultural areas where humans have exerted large-scale
changes on the terrestrial biosphere, primarily through agriculture. For example, Liu et al. (2016)
studied the groundwater in the Malizhai River basin of the Hani Terraces and found that groundwater
in the terrace area had different elevation gradients at different elevations [30]. Further analysis by
Jiao et al. (2017) showed that the dominant landscape types at different elevations have a significant
impact on the isotope composition of underground spring water [31]. This impact is mainly manifest
in differences in the elevation gradients of stable isotopes present in spring water within the same
landscape type and between different landscape types. All of the unique variations in the elevation
effect on groundwater isotopes in this area point to the influence of changes in regional land use.
At present, it is known that land use change can affect the infiltration of surface water. However, it is
necessary to further analyze how land use change influences groundwater isotopes and their temporal
and spatial distribution, especially the impact of the land use change caused by agricultural activities
on regional groundwater circulation.

In this paper, we (1) analyzed the features of the elevation effect on the oxygen and hydrogen
isotopic composition of groundwater across month and year; (2) analyzed and identified the influencing
mechanisms of land use change caused by farming activities on the elevation gradient of groundwater
isotopes from a spatial perspective; (3) estimated the recharge cycle and period of regional groundwater
from a temporal perspective using the deuterium excess; and (4) deepened our understanding of how
farming activities can improve groundwater recharge efficiency and maintain agricultural sustainability.

2. Study Area

The study area is located in the Bada area, the core area of the Hani Terraces, a World Heritage
Cultural Landscape in Yuanyang County, Yunnan Province. It belongs to the Quanfuzhuang catchment
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of the upstream tributary of the Malizhai River basin, located on the northern slope of the Southern
Ailao Mountains, with the longitude ranging from 102°43’16’” to 102°50”39"" E, and the latitude ranging
from 23°5'20"’ to 23°13’18’" N (Figure 1). The terrain in the whole catchment is high in the north and
low in the south. The catchment is fan-shaped from north to south, covering an area of 13.92 km?.
It accounts for 16.73% of the total area of the Malizhai River basin (83.2 km?). The elevation of the
catchment ranges from 1475 m to 2261 m. The elevation of the terrace area within the catchment ranges
from 1475 m to 1737 m. The terrace area is located in the middle and lower reaches of the catchment
and accounts for approximately 40% of the total area of the catchment. The terrain is characterized
by a change from gentle slopes to steep slopes, with steepness mainly >25°. In terms of the climate,
the annual precipitation is 1532.19 mm, and the annual evaporation is 1500.60 mm. The distribution of
precipitation in the dry and rainy seasons is uneven. The rainy season is generally considered to be
from May to October, and the dry season is from November to April. The precipitation in the rainy
season accounts for 72% and the dry season precipitation accounts for 28%. The entire catchment
belongs to the headwater area of the Malizhai River, a first-order tributary on the right bank of the
Yuanjiang River in the upper reaches of the Honghe River. Abundant rainfall in the catchment provides
sufficient water for the river. The drainage system of the catchment develops in the form of tree
branches. There are two primary tributaries in the east and the west, which merge into the Malizhai
River at the lowest part of the catchment. In addition, due to the impact of the fault structures and
deep cutting terrain, the bedrock fissure water in the area mostly migrates from high to low water
levels. It is discharged in the form of springs or diffused flow in gullies and foothills, according to
the characteristics of recharge and discharge in the vicinity. In the study area, a large amount of
groundwater is discharged into springs.
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Figure 1. Study area and distribution of sampling points.

According to field investigation and the 1:200,000 regional geological report of the Yuanyang
area [32], there are two types of aquifer: pore aquifer and fissured aquifer, in which the pore aquifer
includes Qualified Design Listing (Qdl) and Qualified Eluvium Listing (Qel). The thickness of two
strata with weak water abundance is between 0.1 m and 10 m. The fissured aquifer is gneiss and
granulite in the lower part of the formation, with developed cracks and joint. There is a network of
cracks in the weathering zone of these rocks. The difference in water abundance is controlled by the
degree of development of cracks and joints. As a whole, the water abundance is better. Moreover,
the water permeability of the rock with undeveloped joints and cracks is poor, forming an aquiclude.
Precipitation is the most important source of groundwater recharge. The runoff discharge and buried
depth of groundwater are obviously controlled by the terrain. Generally, groundwater has a short
recharge path, with on-site recharge and on-site discharge. However, the groundwater is also recharged
with the surface water in the terrace area and the lateral infiltration water of the upper terrace and
the lower terrace, but the overall recharge is weak. In terms of the hydrochemical characteristics of
the water in the River basin, the groundwater in the rainy season is classified as HCO3-Ca with a pH
value of 7.76 and total hardness of 81.54. The groundwater in the dry season is HCO3-Ca-Na with
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a pH value of 6.89 and total hardness of 7.46. The ion content of the groundwater varies greatly in
the dry and rainy seasons, which indicates that the recharge sources of groundwater are different in
different seasons.

3. Data Sources and Research Methods

3.1. Sample Collection and Testing

Remote sensing image interpretation and digital elevation model analysis were conducted in
the study area. Based on the results of our field investigation and taking into account water isotope
sampling standards and precautions, sampling points were arranged along different elevation gradients
in the Quanfuzhuang catchment of the Hani Terraces. The elevation of the sampling points ranged
from 1500 m to 2260 m, and the difference in elevation was 760 m (Figure 1). Samples were collected
for one year from May 2015 to April 2016, and the time of alternation between dry and rainy seasons
was kept consistent in order to comprehensively observe the change in isotope composition of samples
in a dry-rainy season cycle. Ten groundwater sampling points were established and 120 groundwater
samples were obtained. All the groundwater samples are spring water with a slow flow rate (0~0.2 m/s).

The hydrogen and oxygen isotope tests were conducted in the Key Laboratory of Plateau Lake
Ecology and Global Change, Yunnan Normal University. Using a Picarro L2130-i ultra-high precision
liquid water and moisture isotope analyzer, the measurement accuracy of §'80 and §*H was +0.1%o
and +0.5%o, respectively. The final analysis results were expressed by the thousandth difference
relative to the Vienna standard mean ocean water (V-SMOW) as follows:

Rp.

8H = (M - 1) % 1000%o (1)
Ry-smow
Ro.

5180 = (M - 1) % 1000%o @)
Ry-smow

where Rggple and Ry.syiow represent the oxygen and hydrogen stable isotope ratios of R (180/1°0) and
R (D/H) in the water samples and V-SMOW, respectively.

3.2. Analysis Methods and Data Sources

The analysis methods included SPSS statistical analysis, correlation testing, ArcGIS geostatistical
analysis, and cartographic generalization. The meteorological data was obtained from the small
meteorological observation station located in Quanfuzhuang in the middle of the basin, which
automatically recorded the hourly data for temperature, humidity, precipitation, and other relevant
meteorological elements. The remote sensing images of the study area, showing the terrain and
location information of sampling points were downloaded from the Local Space Viewer software at
a resolution of 0.6 m. The digital elevation model was provided by the National Geospatial Data Cloud.
The hydrogeological data of the basin was derived from the field investigation of the study area and
the 1:200,000 regional geological report of the Yuanyang area.

4. Results and Analysis

4.1. Compositional Characteristics of Stable Isotopes Present in Groundwater

According to the analysis of the test results for stable isotopes present in 120 groundwater samples
during the one-year study period, in the middle-altitude terraces of the Quanfuzhuang catchment of
the Hani Terraces, the §'80 values of groundwater ranged from —9.65%o to —3.01%o, with an average
value of —7.29%o, and the 5?H values ranged from —65.86%o to —37.60%o, with an average value of
—51.32%o. The 5'80 and §H values of groundwater isotopes during the rainy season ranged from
—9.65%0 to —3.01%o and from —65.86%o to —37.60%., with average values of —7.10%o0 and —50.52%o,
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respectively. During the dry season, the value ranges were from —9.55%o to —6.01%o and from —62.38%o
to —43.37%o, with average values of —7.47%o and 52.11%o, respectively. Overall, there were minor
differences between the dry and rainy season. The average §'80 and §?H values during the rainy
season were slightly higher than those during the dry season by 0.37%o0 and 1.59%o, respectively. Both
the maximum and minimum values of 50 and 52H occurred during the rainy season. Spatially,
the groundwater stable isotope values (5'80 and §?H) along the elevation gradient of 300 m in the
terrace area gradually decreased with increasing elevation. The differences between the stable isotope
values at the highest and the lowest sampling points were —3.04%0 and —15.28%o, respectively, and the
stable isotope values of spring water changed significantly with elevation.

Based on the measured values of hydrogen and oxygen isotopes present in groundwater from
May 2015 to April 2016, the simple linear regression analysis of 5°H and 5'80 in groundwater showed
that annually, the relationship between §*H and 30 in the groundwater in the study area is 8*H =
4985180 — 15.01 (R? = 0.92, n = 144). In the rainy season, §*H = 4.895'0 — 15.79 (R? = 0.90, n = 72);
in the dry season, §’H = 5.195'80 — 13.31 (R? = 0.95, n = 72) (Figure 2). The slopes of the §?H-5'80
correlation lines of groundwater (LGWL) in the study area were similar for the whole year, the rainy
season, and the dry season. The slope of the rainy season was equal to that of the whole year, while the
slope of the dry season was slightly larger than that of the rainy season. In addition, the slopes for
the whole year, the rainy season, and the dry season in the study area were less than the measured
slope (8.31) of the annual local meteoric water line (LMWL) [33] and the slope (8.14 + 0.02) of the
global meteoric water line (GMWL) [34], which indicates that the main groundwater recharge source is
terraced water with strong evaporation.
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Figure 2. Local groundwater line (LGWL) for the study area across season, based on the data of
individual sampling from May 2015 to April 2016.

4.2. Variation in the Elevation Effect on the Stable Isotope Values of Groundwater

The groundwater isotope values (6180 and §%°H) of 10 sampling points (Dy;—Dqg) in the study
area were averaged for each month in one year. It was found that the spatial distribution of the annual
spring water isotope values demonstrated an overall decrease with increasing elevation (Figure 3).
Through the correlation analysis of the elevation effect on the annual average stable isotope values
(6180 and 5%H) of groundwater samples, it was found that the correlation coefficients (r«) for the
annual groundwater isotope values (580 and §?H) and elevation were —0.80 and —0.78, respectively,
at a significance level of 0.05. The annual stable isotope values (5'®0 and §?H) of groundwater have
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significant correlations with the elevation (n = 10, r; = 0.63). In other words, there are significant
elevation effects. The regression equation can be obtained by regression analysis of the annual average
values of 5'80 and §H in groundwater and the elevations:

580 = —0.0088 h + 6.91 (R?> = 0.64, n = 10) (3)

§2H = —0.0450 h + 21.27 (R? = 0.60, n = 10) (4)

where h is the elevation, and the unit is m. It was found that the elevation gradients of the annual
stable isotope values (5'80 and §2H) of groundwater in the study area were —0.88%o (100 m)~! and
—4.5%o (100 m)~!, respectively.
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Figure 3. Variation in groundwater isotope values (6180 and §2H) with elevation.

In order to further explore the temporal change in elevation effect in the study area, we conducted
correlation analysis and regression analysis of the groundwater stable isotope values (5'0 and §°H)
of 10 sampling points (Dy;—Dyg) with elevation. It was found that the groundwater stable isotope
values in both the dry and rainy season in the study area had significant correlation with elevation
(Table 1). Therefore, the effects of isotopic elevation on the groundwater in the study area were clearly
demonstrated. The elevation gradients of the groundwater stable isotope values (5'0 and §?H) in the
dry season were —0.74%o (100 m)~! and —3.76%o (100 m)~*, respectively, which were lower than those
of the spring water stable isotope values (=1.02%o (100 m)~! and —5.25%o (100 m)~?, respectively) in
the rainy season, indicating that there was a higher isotopic elevation gradient in the rainy season.
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Table 1. The relationship between the stable isotope value of groundwater and the elevation in different
months in the study area.

5180 52H
Month Correlation R ion E . Correlation R ion E .

Coefficient(r ) egression Equation Coefficient(r,) egression Equation
May —0.70* 5180 = —0.0073 h + 4.64 -0.76 * 52H = -0.0452h + 21.73
Jun —0.77 * 5180 = —0.0084 h + 6.59 -0.80 * 5?H = —0.0491 h + 29.92
Jul —-0.75* 5180 = —0.0109 h + 10.60 -0.81* 52H = —0.0583 h + 44.24
Aug -0.85* 8180 = -0.0170 h + 20.46 -0.89 * 82H = -0.0741 h + 69.91
Sep -0.67 * 8180 = -0.0077 h + 5.06 -0.64 * 82H= -0.0461 h +22.29
Oct -0.76 * 5180 = —0.0099 h + 8.51 -0.55 52H = —0.0420 h + 16.05
Nov -0.56 5180 = —0.0066 h + 3.14 -0.56 52H = —0.0336 h + 1.48
Dec -0.66 * 5180 = —0.0074 h + 4.36 -0.63 * 52H = —0.0379 h + 8.39
Jan -0.58 5180 = —0.0069 h + 3.64 -0.53 82H = —0.0360 h +6.66
Fed -0.70* 5180 = —-0.0081 h + 5.56 -0.71* 82H = —0.0448 h + 20.97
Mar -0.76 * 5180 = -0.0083 h + 6.10 -0.66 * 52H = —0.0355 h + 5.02
Apr -0.83* §180 = —0.0072 h + 4.27 -0.83* §*H = —0.0380 h + 8.60
Rainy season -0.87 * §180 = —0.0102 h +9.31 -0.84 % 82H = —0.0525 h + 34.02
Dry season -0.70* 8180 = —0.0074 h + 4.51 —0.67* §*H = —0.0376 h + 8.52
Annual —-0.80 * 5180 = —0.0088 h + 6.91 -0.78* 52H = —0.0450 h + 21.27

Note: the sample number is 10. When [r«| > 0.63, the correlation coefficient passes the correlation test, and this is
denoted as “*”.

During the dry-rainy season cycle (12 months) in the study area, most months demonstrated
significant elevation effects, except for November and January which showed no elevation effect was
shown (Table 2). The months with elevation effects accounted for 83.3% of the dry-rainy season cycle
(12 months). Further analysis showed that November and January, when there was no elevation effect,
and December, when the elevation effect was not significant, were in the transition period from the
rainy season (May to October) to the dry season (November to April of the following year). The change
in precipitation during this period may be one of the factors that affects groundwater elevation effects
in the study area. The impact of farming activities in this area is also an important factor. Therefore,
the change in elevation effect on groundwater during the transition period between rainy and dry
seasons is discussed further.
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Table 2. 5'80 and §?H of groundwater at sampling points along the elevation transect.

8 of 14

# 1 2 3 4 5 6 7 8 9 10

Month Elevation/m 1737 1678 1610 1670 1695 1542 1525 1475 1574 1608
on

Longitude/E  102°45.534’ 102°45.627' 102°45.685’ 102°45.315 102°45.291’ 102°45.602' 102°45.498' 102°45.469' 102°45.269’ 102°45.759'

Latitude/N  23°06.367"  23°06.563’  23°06.647'  23°06.618'  23°06.543'  23°06.873’  23°06.944'  23°07.110'  23°06.837"  23°06.759’
Ma 8180/%o -9.12 —6.77 -6.19 —7.43 -7.58 -6.57 —6.14 —6.76 -7.06 ~7.39
y 82H/%o —61.58 -53.49 —44.73 -52.79 -53.08 —47.70 —45.07 —48.86 -50.55 5271
June 8180/%o -9.07 —6.68 —6.74 —-6.92 —7.45 —6.14 -5.70 —6.45 —6.79 -7.14
82H/%o —61.14 -50.47 —48.08 —48.33 -52.21 —44.26 —42.35 —46.85 —47.83 -50.43
Jul 8180/%o -9.21 -6.71 —6.92 —7.65 -7.52 —4.54 -5.92 —6.48 —6.79 ~7.09
y 82H/%0 -61.80 -50.20 —49.24 -53.92 ~52.58 ~39.50 -43.28 —47.44 —48.19 ~50.46
August 5180/%0 -9.19 —-6.55 -7.82 -7.77 —-8.04 —6.49 -5.82 -3.01 —-6.72 -7.33
8 82H/%o —60.94 —47.34 -54.48 -53.43 -55.35 —45.52 —41.69 -37.60 —47.12 -51.23
Seotember 50 0/%o -9.65 —6.74 -7.70 -7.49 -7.89 -7.75 -6.20 -6.70 -6.71 -7.13
P 82H/%o —65.86 —47.23 -54.42 -53.55 -54.33 —54.70 —44.64 —47.64 -48.01 -50.21
Octob 8180/%o -9.46 -7.16 -7.56 —7.94 -8.17 -7.80 -5.33 —6.46 -7.30 -7.22
ctober 82H/%o —62.63 —42.83 -53.31 —55.29 -56.36 ~55.35 —42.34 —46.76 -50.81 -51.19
N b 5180/%0 -9.40 —-6.29 -7.83 -7.72 -8.06 -8.16 —-6.17 —6.54 -7.52 —7.66
ovember §2H%o0 —61.80 —46.53 -53.91 ~53.95 ~55.03 ~56.85 —45.85 ~46.96 -51.67 —54.51
Decerb 8180/%o -9.47 —6.74 -7.10 -7.94 -8.21 -8.05 -6.29 —6.58 -7.68 -7.89
ecember 82H/%o —62.06 —48.15 —48.98 —54.77 ~56.59 —55.89 —45.98 —47.34 -53.31 —54.23
January 8180/%o —9.50 —6.49 —6.60 -7.93 -8.17 -7.88 —-6.38 —6.70 —-7.66 -8.15
82H/%0 —62.04 —45.55 —44.30 -53.08 -55.10 ~53.97 —45.14 -47.10 -52.35 ~55.05
Februa 5180/%0 —9.46 —6.69 -7.18 -7.76 -8.12 —7.58 —-6.03 —-6.57 -7.37 -8.13
y 82H/%o -62.11 -47.16 -49.72 ~52.56 —54.41 ~51.34 —43.37 ~46.39 -49.71 ~54.86
March 8180/%o -9.55 -7.15 -7.37 -7.27 -7.57 -6.98 -6.01 -6.61 -7.19 -7.68
arc 82H/%o -62.38 -49.19 -50.35 -52.79 -5331 -50.59 —45.45 —49.66 —52.42 -55.25
April 8§180/%o -9.01 -7.38 -7.10 -7.52 —7.64 —6.99 —6.24 -6.73 -7.23 —-7.65
P 82H/%o -60.92 -53.06 -51.07 -53.53 ~54.05 ~50.17 —46.50 —49.41 -5227 ~54.62
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5. Discussion

5.1. Spatial Effect: The Influence of Terraced Farming on the Elevation Effect on Hydrogen and Oxygen Isotopes
Present in Grounduwater

It is generally believed that the aquifer in the study area was dug through due to large-scale
terrace excavation in the area. Consequently, a large amount of groundwater was discharged to the
surface in the terrace area, resulting in the mixing of groundwater and surface water and reducing
the elevation effect on groundwater in the study area. However, the current research indicates that
groundwater in the terrace area still has a significant elevation effect, which is clearly related to the fact
that the terraces in the study area are rice terraces.

Firstly, groundwater in the terrace area will be recharged by the terraced water and lateral
infiltration caused by the height differences between the terraces. However, the overall influence
is weak. This is the reason why the overall elevation effect on groundwater in the study area was
relatively significant (Figure 4). Research on the Hani Terraces by Jiao (2009) also showed that the
Hani Terraces are irrigated throughout the year with the exception of the harvest season (around
October). The water depth is generally between 20 cm and 25 cm and the terrace water storage is
0.25 m3/m? [35]. The bottom mud of the terraces is generally clay with low permeability, and farmers
conduct real-time maintenance. Man-made rice terraces have better water-holding capacity, therefore,
the loss of field water caused by leakage in terraces is almost negligible [35]. Rice cultivation over
a long time and regular repair to prevent terrace leakage make surface water (field water) infiltration in
the terraces quite difficult; this is the key reason that terrace groundwater maintains a better elevation
gradient effect.

=P Precipitation recharge
===p  Surface water recharge
===p Groundwater discharge
Fissured aquifer

Pore aquitard

Relative aquiclude
Basement

P Nonirrigated AL
. £90 = -0.008%% + 691 “"“CS Terraced water \
(Surface water)

T T T 1
1400 1500 1600 1700 1800

Elevation/m
40 =
45 T
L4 ~
\ .
g <0 o e
N
S
B o5
55 bt
Nonirrigated
=~ lorucé
8D = -0.04508 + 21.27
ad T T T 1
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Groundwater Impervious surface
Figure 4. Spatial effect on groundwater under the influence of farming activities (schematic diagram).

However, the elevation gradients of the annual stable isotope values (§'®0 and §?H) of groundwater
in the terrace area are —0.88%o (100 m)~' and —4.5%o (100 m)~!, respectively. These values are more
than twice the elevation effect gradients of the stable isotope values (5'80 and 8°H) of groundwater
in Slovenia: —0.33%o (100 m)~! (r = —0.89, p < 0.01) and —2.40%o (100 m)~! (r = -0.89, p < 0.01),
respectively [36]. Compared with the elevation gradient of '80 of the global precipitation, which is
between —0.5%o (100 m)~! and —0.15%o0 (100 m)~! with an average value of —0.28%o0 (100 m)~! [37],
the elevation gradients of groundwater isotopes in the study area completely exceed this range.
However, the elevation gradient of §'80 of groundwater in the mountainous Hasi area in northwest
China is —0.118%o (100 m)~1, which is less than this range [38]. This is due to the influence of farming
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activities on the surface water infiltration rate. As shown in Figure 4, the infiltration rate of rice terraces
is different to that of dry fields. The surface water in rice terraces is controlled by the impermeable
layer at the bottom of the terraces, which means water cannot infiltrate rapidly into the soil. Due
to evaporation on the surface over a long period of time, the water isotope value tends to be more
positive. In dry fields, precipitation and surface water can infiltrate rapidly into soil, so the isotope
value tends to be more negative. When water in two different regions is recharged to the groundwater,
if the elevation of the dry field is higher, the spatial difference in isotope values will be intensified
and the elevation gradient of the groundwater stable isotope values will be larger. If the elevation
of the dry field is lower, the spatial difference will be weakened, and the elevation gradient will be
smaller or even tend to be positive. Therefore, the groundwater elevation effect gradient can be used as
an indicator to determine the source of groundwater recharge, which is closely related to the landform
change caused by local farming activities, and there are large differences between different regions.

5.2. Temporal Effect: The Relationship between the Terrace Farming Cycle and the Grounduwater Recharge Cycle

The deuterium excess (also called d-excess, or d value) was first proposed and defined as d = §*H
— 85180 by Dansgaared [39]. It reflects the degree of deviation of the composition of the hydrogen and
oxygen isotope from the global meteoric water line, and to a certain extent, the differences between
different water vapor sources. In detailed studies of the d value, many researchers have also applied
the d value to other water bodies for analysis. In order to clarify the temporal variations in the elevation
effect on groundwater stable isotopes in the study area, the d value of the groundwater was analyzed.
As shown in Figure 5, the variation in the deuterium excess value of groundwater in the study area
in each month was between 5.72%o and 8.99%o0, with an average value of 6.98%o, and the d value
had significantly different characteristics in terms of time. In particular, the d value from May to
August was relatively low, ranging from 5.4%o to 6%o. From September to February, the d value
increased continuously and was between 7%o and 9%o; and from March to April it dropped below 7%eo.
From September to February in the study area, the change in d value of spring water was relatively
stable, and this coincided with a period of precipitation during the rainy season, which to some extent
indicates that the groundwater in this period was likely recharged by the infiltration of water bodies
by precipitation and surface water. This was three months after the rainy season in the study area.
Therefore, it takes approximately three months for precipitation to infiltrate into the groundwater layer
in the study area.

é 7 -] - Mean:6.98%
~

9 10 11 12 1 2 3
Time/month

w
(=)
-~
oc

Figure 5. Variation in the deuterium excess of groundwater with time in the study area.
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In the winter after rice harvesting, the Hani people need to plough the terraces to repair them.
This is the reason why the elevation effect on groundwater in the study area was not significant in
some months. The results of field investigation and research by local cultural researchers shows that
local residents in the study area are engaged in large-scale agricultural activities related to terrace
farming between November and January. This mainly involves the deep ploughing of terraces and
re-irrigation (Figure 6). During this period, the impervious layer originally formed in the terraces is
destroyed by human activity. Consequently, a large amount of field water or other surface water, for
example, ditch water is recharged to the groundwater layer, which strengthens the supply of surface
water to groundwater and thus weakens the elevation effect on groundwater in this period. The rapid
increase in the d value of groundwater in the study area from December to January also indicates that
there is a significant change in the supply water source during this period.

sl Surface water recharge (plus)
wess Surface water recharge (weak) | | | ‘

|Plowing| Retain water |

August November January April
Figure 6. Spatial effect on groundwater under the influence of farming activities.

The ploughing activities are necessary for the maintenance of the terraces. Such activities also
accelerate the infiltration of terraced water, thus increasing the supply of terraced water to groundwater.
This provides sufficient water for groundwater recharge in the dry season and lays a solid foundation
for farming in the early dry season of the following year. This is one of the key factors for sustainable
cultivation in the Hani Terraces.

6. Conclusions

Through the testing and analysis of groundwater stable isotope samples at different elevations,
this study has revealed the characteristic variations and influencing factors of temporal and spatial
effects on the stable isotopes of groundwater in the Hani Terraces, which are under the influence
of high-intensity farming activities. It was found that moderate farming activities can increase
infiltration into groundwater. We also used the special temporal and spatial variation characteristics of
groundwater isotopes as a means to predict the source and periodic changes in groundwater recharge.

In terms of spatial effects, the degree of mixing between groundwater and surface water in
rice terraces maintained by farming activities is small, unlike dryland terraces. Stable isotopes of
groundwater in the terraces have significant elevation effects. The elevation gradients of !0 and §°H
were —0.88%o (100 m)~! and —4.5%o (100 m)~?, respectively. The values in the terrace area exceeded
the elevation gradients of atmospheric precipitation. This indicates that the multi-source groundwater
recharge and farming activities in the study area create uncertainty about the location of surface water
infiltration, which increases or decreases the elevation gradient of regional groundwater. The elevation
gradient of groundwater can be used as a key index for assessing groundwater recharge.

In terms of temporal effects, rice cultivation is the key factor influencing the change in elevation
effect on groundwater in the terrace area. The high-intensity rice cultivation that takes place from
October to January accelerates the infiltration of surface water and strengthens the interaction between
groundwater and surface water, resulting in no obvious elevation effect in this period. According to the
temporal variation in the deuterium excess value of groundwater in the study area, it was inferred that
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the groundwater circulation time in the terrace area is approximately three months, and the sudden
increase in the d value from October to January is also related to high-intensity rice cultivation.

In addition, high-intensity rice cultivation during the period from October to January increases
the supply of terraced water to groundwater. This provides sufficient water for groundwater recharge
before the dry season and thus ensures the sustainability of rice cultivation activities in the terraces
during the dry season. This is one of the key reasons why the Hani Terraces have lasted for more
than 1300 years, and also reflects how human wisdom can play a role in the sustainable and benign
transformation of surface cover and the regulation of groundwater circulation.
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