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13 Abstract

14  The processes of water storage, migration, and mixing in agricultural fields are
15  influenced by a combination of factors, including climatic conditions, soil properties,
16  cropping structure, and field management practices. Sprinkler irrigation is a widely
17 adopted method in agricultural fields globally. Studying the post-irrigation processes
18  of sprinkler irrigation in specific regions can provide valuable insights for regional
19 agricultural development and the conservation and utilization of water resources. In
20  this study, we investigated the water storage, migration, and mixing processes in
21  vegetation within arid irrigated areas. This was achieved by analyzing stable isotope

22 data, using sprinkler-irrigated pastureland (alfalfa) as the research subject.The study
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23 results indicated that: (1) there was significant isotope depletion in soil moisture
24 following irrigation, with soil moisture and isotope characteristics returning to their
25  pre-irrigation state after an average of 9 days; (2) water transport in the soil was
26  predominantly vertical, with a minimal proportion of horizontal movement; and (3)
27  evaporation losses due to sprinkler irrigation accounted for 32%, while losses from
28  excess irrigation (infiltration into soil layers below 60 cm) comprised 5%. In arid
29  regions, sprinkler irrigation effectively controls infiltration losses; however,
30  evaporation losses remain considerably high. We recommend promoting low-level
31  multipoint sprinkler irrigation and nighttime irrigation practices to enhance water use
32 efficiency and ensure agricultural sustainability.

33 Key Words: Dry zone; stable isotopes; sprinkler-irrigated pasture; water transport

34 l.Introduction

35 Climate change and vegetation dynamics significantly impact the regional water
36  cycle in arid irrigated areas (Zaitchik et al., 2023; Wang et al., 2024). Soil water, a
37 vital component of the water cycle, can be replenished by precipitation or
38  groundwater. Its storage, transport, and mixing processes are crucial for understanding
39  the water cycle and water balance in arid regions (Chen et al., 2024). Stable isotope
40  techniques, a powerful tool for tracing eco-hydrological features, have been widely
41  utilized to study various processes, including evapotranspiration (Zhu et al., 2021),
42 groundwater recharge (Koeniger et al., 2016), infiltration pathways (Dubbert et al.,
43 2016; Zhu et al., 2021), evapotranspiration distribution (Gibson et al., 2021; Xiao et

44 al., 2018), and plant water uptake (Rothfuss and Javaux, 2017).



https://doi.org/10.5194/egusphere-2025-4004
Preprint. Discussion started: 29 September 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

45 In arid and semi-arid regions, irrigation, precipitation infiltration, and
46  evaporation at the soil-air interface represent the primary forms of soil water transport
47  (Lin et al., 2023). The dynamic water processes, evident through shifts in the isotope
48  signals of soil water, are referred to as the "memory effect" and are crucial for
49  tracking climate and soil hydrology dynamics (Kleine et al., 2020). Changes in stable
50 isotopes in near-surface soil water reflect variations in precipitation, but these changes
51  diminish with depth unless preferential flow exists (Allison and Barnes, 1983).
52 Evaporation mainly occurs at the soil surface (0-10 cm), leading to the enrichment of
53 heavy isotopes (*H and '®0) in the upper soil layer (Liu et al., 2018). To quantify the
54  intensity of evaporative fractionation, researchers have introduced the concepts of
55  deuterium excess (d-excess) and linear excess (Ic-excess) (Dansgaard, 1964; Zhu et
56 al., 2022b). Compared to d-excess, Ic-excess offers a better explanation of the
57 evaporative fractionation process, primarily because the climatic excesses of
58  precipitation and soil moisture vary smoothly with relatively minor seasonal
59  variations (Landwehr et al., 2014).

60 Previous studies have primarily focused on the effects of vegetation types on soil
61  moisture storage, transport, and mixing within the same or different climatic zones
62  (Mahindawansha et al., 2019; Turan, 2022). However, relatively few studies have
63  explored the water dynamics in arid irrigated areas, particularly in sprinkler-irrigated
64  rangelands, and their impacts on the regional water cycle. Sprinkler irrigation, as an
65  efficient method of water utilization, plays a crucial role in enhancing regional water

66  resources, promoting vegetation restoration, and supporting the development of
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67  animal husbandry. Therefore, gaining an in-depth understanding of the hydrological
68  processes of vegetation in arid irrigated areas and elucidating the regulatory role of
69  vegetation in the water cycle can aid in better adapting to the impacts of climate
70  change on the hydrological cycle of the source area.

71 In this study, we focused on sprinkler-irrigated pasture in a typical arid irrigated
72 area sprinkler irrigation significantly alters soil water dynamics, with vertical
73 transport dominating and evaporation being a major loss pathway.and applied stable
74  isotope techniques to investigate its water storage, migration, and mixing processes.
75  The specific objectives were: (1) to understand the dynamics of water storage and
76  isotopic changes in sprinkler-irrigated pastureland across different soil depths; (2) to
77  explore the mechanisms of water migration within the soil profile and identify key
78  influencing factors; and (3) to quantify evaporation losses and assess the efficiency of
79  sprinkler irrigation in arid regions. The results of this study will provide a scientific
80  basis for water resource management and ecosystem protection in arid zones, while
81  also offering new perspectives for studying the regional water cycle in the context of
82  climate change adaptation.

83 2. Materials and methods

84 2.1 Study area

85 The Jingtaichuan Power Lift Irrigation Project in Gansu Province, known as the
86  Jingdian Irrigation Area, is located at the junction of Gansu, Ningxia, and Inner
87  Mongolia provinces (regions) in China (37°26’-38°41'N, 103°33'-104°43'E), covering

88  a total area of 1,496 km?. The first phase of the irrigation district was completed in



https://doi.org/10.5194/egusphere-2025-4004
Preprint. Discussion started: 29 September 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

89 1971, with the second phase becoming operational in 1987; this study primarily
90  focuses on the area irrigated during the first phase (Fig. 1). The region's climate is
91  classified as temperate continental semi-arid, with an average annual precipitation of
92 200 mm, most of which falls between May and September, and a multi-year average
93  evapotranspiration of 2,365.9 mm (Wang et al., 2007). The area is characterized by
94 arid conditions and low rainfall, a significant temperature variation between day and
95  night, strong evapotranspiration, long periods of sunshine, windy springs, hot
96  summers, and an extended frost-free period.
97 The irrigation area extends from east to west, encompassing typical
98  hydrogeological units such as the closed Baidunzi-Manshuitan Basin, the semi-open
99  Zhitan, and the open Haizitan- Yanghuzitan. Within the Jingdian Irrigation District,
100 cultivated land is primarily located in the pre-mountain alluvial floodplain inclined
101 plains, with the overall topography sloping from southwest to northeast. The
102 cultivated soil in this area is predominantly desert gray calcareous, with a texture
103 mainly consisting of sandy loam and light loam. The soil surface has minimal crusting,
104  low organic matter content, and a loose structure. It features numerous capillary pores
105 with good continuity, facilitating the transport of salts and water. The primary crops
106  grown in the irrigation area include wheat, corn, wolfberry, and potato (Li et al.,

107 2020).
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109 Fig. 1. Study area at the Jingtai Experimental Station in Northwest China. (a) Jingtai

110  experimental field; (b) Representative soil profile.

111 2.2 Plotting and Sample Collection

112 In this study, samples of atmospheric precipitation, soil water, groundwater, and
113 sprinkler irrigation water were collected from the experimental field during the alfalfa
114 growth period, spanning from May to September in 2021 and 2023, respectively.

115 2.2.1 Collection of soil samples

116 Soil samples were collected from the experimental field at depths of 0-10,
117 10-20, 20-30, 30-40, 40-50, 50-60, 60-70, 70-80, 80-90, and 90-100 cm. Sampling
118 occurred once before sprinkler irrigation and for five consecutive days afterwards. For
119 each soil layer, four parallel samples were taken. Three samples were placed in 50 ml
120  glass bottles, sealed with laminating film on the caps, labeled with the date and
121 sampling depth, and then frozen for transportation to the Oasis Resource and
122 Sustainability Laboratory at Northwest Normal University for cold storage. The
123 fourth parallel sample was placed in a 100g aluminum box, weighed, recorded, and

124  stored for laboratory analysis of soil moisture content and bulk density.

6
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Table 1. Texture and moisture content of the experimental field soil profile (0-100cm)

Soil depth (cm) Clay (%) Silt (%) Sand (%) Soil moisture(%)
0-10 9.24 37.26 48.32 90.42
10-20 10.65 36.49 47.01 90.91
20-30 9.37 43.21 43.28 91.32
30-40 11.25 37.19 45.72 86.79
40-50 10.72 34.27 50.31 85.42
50-60 10.67 41.09 43.08 84.61
60-70 9.43 41.31 44.19 91.39
70-80 10.08 37.29 46.92 91.46
80-90 10.64 36.30 49.01 90.69

90-100 6.31 34.29 54.25 91.57

2.2.2 Sampling collection of irrigation water

Sprinkler water was collected during each irrigation event using 80 ml
high-density polyethylene sample bottles. After collection, the bottles were sealed
with laminating film and kept frozen until they were needed for analysis.

2.2.3 Precipitation sample collection

In the designated collection area, a Chinese Standard Precipitation Gauge (CSPQG)
was installed, measuring 70 cm in height and 20 cm in width, with an accuracy of 0.1
mm. A 20 cm diameter funnel was mounted on top for rainwater collection. To
prevent isotope fractionation, a polyethylene anti-evaporation device was placed at
the funnel's outlet. Professionally trained local farmers were responsible for collecting
precipitation samples. To minimize analytical errors from sample evaporation,
samples were collected immediately after precipitation events and transferred to 100
ml high-density polyethylene (HDPE) bottles (Zhu et al., 2022a). Each collection
included three parallel samples, which were sealed with a fiber membrane and

refrigerated at 4°C for subsequent analysis. A total of 110 precipitation samples were
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141 collected in 2021 and 2023 during the May to September observation periods.

142 2.2.4 Groundwater sample collection

143 Groundwater samples were collected from farmers' wells near the experimental
144  field using 100 ml high-density polyethylene sample bottles. The bottles were sealed
145  with a sealing film and immediately capped to prevent evaporation. The samples were
146 then placed in a portable ice box maintained at 4°C and transported back to the
147  laboratory, where they were kept refrigerated until needed for experimental
148  measurements.

149 2.2.5 Meteorological data

150 During the sampling period, local meteorological data, including temperature
151  and relative humidity, were obtained and recorded using an automatic weather station
152 (WatchDog 2000 series) installed near the sampling site.

153 2.3 Sample analysis

154 Sample analysis and determination were conducted at the Isotope Laboratory,
155 School of Geography and Environmental Science, Northwest Normal University. Soil
156  water was extracted using a fully automated low-temperature vacuum condensation
157  extraction system (LI-2100, LICA United Technology Limited, China). During
158  extraction, the temperature was set at 180°C, the vacuum at 1200 Pa, and the duration
159  was 150 minutes. All water samples were analyzed using a liquid water isotope
160  analyzer (DLT-100, Los Gatos Research, USA). Each sample and isotope standard
161  was injected sequentially six times using a microliter syringe. To minimize

162  experimental errors, the first two injection values were discarded, and the average of



https://doi.org/10.5194/egusphere-2025-4004
Preprint. Discussion started: 29 September 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

163 the last four injections was taken as the final value. Three parallel soil water samples
164  were also measured and averaged separately. The derived &*H and 8'%0 values were
165  expressed as parts per thousand (%o) differences from the mean value, conforming to

166  the Vienna Standard Mean Ocean Water (VSMOW) standard.

Rsample
167 6 =] ————1|x1000%o

standard

(M

168 where Rample is the ratio of '%0/'%0 or 2H/'H in the samples and Randard is the

169  ratio of '80/'°0 or 2H/'H in V-SMOW. The precision was =+ 0.6%o for 5°H and + 0.2%o

170 for §'%0.

171 2.4 Analytical methods

172 2.4.1 potential vaporization

173 Potential evapotranspiration (PET) was calculated according to the

174  Penman-Monteith equation (Allen, 1998):

0.408A(R, —G)+y 900 u’(e. —e,)

175 PET = L+273
A+y(1+0.34u") (2)
176 where PET is the potential daily evapotranspiration (mmd™), R, is the net

177  radiation (MJ m? d™'), G is the soil heat flux density (MJ m? d™!), y is the humidity
178 constant (kPa""), u is the wind speed at a height of 2 m (ms™), T is the average daily
179 air temperature at 2 m height (°), 1 is the slope of the vapor pressure curve (kPa™!), e,
180  1is the actual vapor pressure (kPa), and es is the saturated vapor pressure (kPa). These
181  data were obtained from nearby weather stations.

182 2.4.2 Lc-excess

183 Defining the linear relationship between 8*H and 8'%0 in precipitation and soil

9
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184  water as the local meteorological water line (LMWL) and soil water line (SWL),
185  respectively, is important for studying the evaporative fractionation of stable isotopes
186 in the water cycle. We further calculated the excess for each soil water and
187  precipitation sample. The LMWL excesses for different water bodies can characterize
188  the evapotranspiration index of different water bodies relative to local precipitation
189  (Landwehr and Coplen, 2004):

190  lc—excess=6"H—-ax58"0-b (3)
191 a and b are the slope and intercept of the meteorological water line (LMWL),
192 respectively, and 6?H and 8'%0 are the isotope values of hydrogen and oxygen in the
193 collected soil samples. The physical significance of the excess surplus is expressed as
194 the degree of deviation of the isotope values in the samples from the LMWL,
195 indicating a non-equilibrium dynamic fractionation process caused by evaporation. In
196 general, the variation of local precipitation excess is mainly influenced by different
197 water vapor sources, with an annual mean value of 0. Since stable isotopes in soil
198 water are enriched by evaporation, the mean LMWL excess is usually negative.
199 (Landwehr et al., 2014; Sprenger et al., 2016)

200 2.4.3 Soil water storage

201 Soil water storage is the thickness of the water layer formed by all the water in a

202 gjven soil layer (Milly, 1994) and is expressed by the following equation:
203 S=RxWxHxI10 (4)

204 Where S is the amount of soil water in a thickness layer (mm), R is the soil bulk

205 density (g cm?) and H is the soil thickness (cm). The weight water content W is

10
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206 expressed by the following equation:
207 W= M -M, x100%

M 5)
208 Where M is the weight value of wet soil (g) and M, is the weight value of dry
209 soil (g).
210 2.4.5 Infiltration of irrigation water
211 Infiltration of soil water can be estimated based on the soil water balance
212 combined with the conservation of isotopic mass (Yang et al., 2015). If it is assumed
213 that the water storage capacity (Wa) of the soil layer after sprinkler irrigation consists
214 of the water demand (Wp) and infiltration water (W;) of the same layer before
215

sprinkler irrigation, the equation is as follows:

206 W, =W, +W, ©)

217 Based on the isotopic mass balance, we obtain the following:

218 3,W, =5, W, +3,W, o

213 where 8,, Ob, and &; denote 8'%0 as described above. rearranging the above
220 equations:
. -0
221 W‘:(? 51’}100%
Wa i Y (8)
222 Therefore, the amount of water infiltrated by sprinkler irrigation water into each
223

soil layer can be quantified by 8'30 of different compositions and W..

224 3. Results

225 3.1 Isotopic characterization of soil moisture

226 The values of &°H and 8'%0 of soil water varied considerably during the

11
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observation period and their mean values were -71.93+6.61%0 and -9.50+1.18%,
respectively. The mean values of 6°H and 8'80 of atmospheric precipitation were
-54.304£9.61%0; -10.90£1.18%0 (Table 2), respectively (Fig. 2). The slope of the
irrigation water line (IML) may be higher than the global meteorological line (GMWL)
due to high temperatures during the growing season, indicating the effectiveness of
anthropogenic interventions in water supply to the farmland.The slope and intercept
of the SWL are smaller than those of the LMWL, suggesting that soil moisture is
affected by evaporation, which enriches soil water isotopes, but some of the isotope
values exceeded those of the LMWL, further suggesting that rain water is not the only

addition to the soil water source (Fig. 3).

12
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Fig. 2. Vertical distribution heat map of soil water 62 H (a), 6180 (b), Ic-excess (c) at a depth

239 of 0—100 cm during the growth period of plantation.

240 We did not observe significant precipitation input signals in the soil water
241 isotopes. This can be attributed to a couple of reasons. Firstly, the Jingtai irrigation
242 area is an arid region with low precipitation and strong surface evaporation.
243 Consequently, most rainwater falls on the surface of the mulch and evaporates rapidly,
244 Wit only a small amount infiltrating the soil and mixing with the existing pore water.
245

Secondly, during sprinkler irrigation, a substantial amount of water infiltrates the soil

13
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246 through pore spaces, and its impact on soil water isotopes masks the precipitation
247 input.The temporal dynamics of the sprinkler irrigation water input signal are
248 generally reflected in the soil water isotope data. Before sprinkler irrigation, the dry
249 conditions led to the enrichment of soil moisture 8°H and §'*0 through fractionation.
250 Since the sprinkler irrigation water originates from the Yellow Diversion Irrigation
251 Canal, its stable hydrogen and oxygen isotopic compositions are significantly lower
252 relative to the shallow soil water. During irrigation, the infiltrated water mixed with
233 the existing soil pore water, imparting its isotopic signature to the soil and gradually
254 reducing it. This effect was particularly evident in the topsoil. About a week after
255 sprinkler irrigation, evaporation caused dynamic fractionation of isotopes in the soil,
256 and the isotopic composition of the soil water gradually returned to its pre-sprinkler
257 state after some time.

258 Enrichment of soil moisture isotopes during alfalfa's growth period was
259 accompanied by a decrease in SW (soil moisture) lc-excess (r = -0.55, p < 0.01, 62H;
260 ;= -0.83, p < 0.01, 5180). low values of SWilc-excess corresponded to isotope
261 enrichment. Sprinkler irrigation depleted the isotopes initially enriched in the surface
262 5oil and lost the fractionation signal. The range of SWlc-excess controlled by
263 evaporation was relatively large (-19.2%o to 5.12%o0) before sprinkler irrigation, and
264 the range of SWlc-excess during sprinkler irrigation decreased significantly (-6.7%o to
265 7.0%0). With the continued effect of fractionation after the completion of sprinkler
266 irrigation the range of SWic-excess gradually returned to the pre-sprinkler irrigation
267

level. The soil moisture isotope evaporation signal was not attenuated during

14
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268 precipitation because the rainwater infiltration was small or the new water was not

269 mixed with the existing soil water. (Fig.2.)
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274 Fig. 4. Study the meteorological and hydrological conditions (a, b. Temperature and relative
275 humidity data for the years 2021 and 2023)

276 3.2 Soil moisture storage dynamics

277 In this study, water storage in the 0-40 cm soil layer of the study area was
278 calculated throughout the observation period using soil water measurements. It was
279 found that water storage in the alfalfa soil gradually decreased from May to July,
280 ranging from 133.4 mm to 112.1 mm, and then increased from July onwards, reaching
281 1428 mm. The average monthly water storage was lowest in the 0-10 cm layer (24.6
282 mm) and highest in the 30-40 cm layer (37.4 mm). The surface soil, being directly
283 affected by evapotranspiration, loses water more quickly and has a looser structure,
284 leading to a weaker water storage capacity. In general, the water storage capacity of
285

the 0-10 cm soil layer is smaller than that of the deeper layers. (Fig. 5)
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287  Fig. 5 Monthly variation of soil water storage in 0-40cm soil layer.

288 3.3 Vertical and horizontal water transport patterns
289 When sprinkler irrigation begins, water droplets fall on the soil surface, filling
290

micropores and cracks. At this point, water movement is primarily driven by gravity

16
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291 and capillary forces, causing it to move downward. The water content in the 0-10 cm

292 il layer increases significantly compared to pre-irrigation levels. As sprinkler
293 irrigation continues, water gradually infiltrates deeper, forming a wetting front, with
294 dry soil below and wet soil above. During this stage, the infiltration rate is typically
295 high due to the soil's strong water absorption capacity.
296 Over time, the wetting front reaches a depth of 50-60 cm, and the infiltration rate
297 begins to stabilize. At this stage, the infiltration rate is influenced by factors such as
298 il type, structure, porosity, and the rate of sprinkler irrigation. If the sprinkler
299 irrigation continues for too long, causing soil pores to become completely saturated,
300 the infiltration rate will decrease, potentially leading to surface runoff. Excess water
301 that cannot infiltrate promptly may form puddles on the soil surface. (Fig. 6)
Irtigation losses M =/ w
5% oo Imigation water - 32% evaporative loss o, Precipitation

Ocm

60cm
300 100cm

303  Fig. 6 Conceptual map of water transport in irrigation pastures

304 As moisture infiltrates vertically, it also moves horizontally along the soil profile.
305 This horizontal migration is driven by spatial variability in soil porosity and
306

permeability. During sprinkler irrigation, moisture forms a wetting front at the soil

17
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307 surface, and within this front, moisture infiltrates laterally into drier soil areas on
308 either side. Below the wetting front, the lateral movement of moisture is slower,
309 resulting in a wider zone of wetness. This lateral expansion enhances the uniformity
310 4f moisture distribution within the soil.
31 Table 2. General characteristics of precipitation 62H and 6180 in different areas from May
312 4o Septmber 2021 and 2023.
Different Soil 8?H/%o 3'30/%o
waters depth(cm) Max Min Mean SD Max Min Mean SD
Rain water 12,61 -79.58  -54.30  27.20  -1.70  -19.30 -10.90  2.80
Irrigation water -53.47 -72.80 -66.87 16.80 -6.10 -10.20 -9.08 2.40
Soil water 0-10 -34.91 -77.15 -59.75 9.75 -1.46  -9.51 -6.74 1.27
10-20 -62.69  -80.84  -71.74  8.25 -6.80  -11.50  -8.92 1.38
20-30 -46.45  -80.45 72,59  6.35  -5.73  -10.58  -9.42  1.02
30-40 -42.30 -85.17 -72.34 4.69 -4.26 -11.82 -9.49 0.98
40-50 -45.91  -83.94 -73.08  3.54  -472  -13.98 -10.00  0.86
50-60 -64.80 -79.44 -73.31 7.32 -7.57 -11.29 -9.84 0.02
60-70 -68.67  -83.24  -74.66  5.62  -8.92 -11.68 -10.09  1.04
70-80 -69.52 -81.99 -74.34 5.49 -7.81 -11.76 -10.04 1.24
80-90 -69.72  -82.39  -75.54  5.27 -0.28  -11.88  -10.61  1.07
90-100 -49.16 -80.59 -71.93 6.38 -7.43 -11.53 -9.81 1.15
()-]O()(cm) -34.91 -85.17 -71.93 6.59 -0.28 -13.98 -9.50 1.09
313 3.4 Mixing process of moisture from different sources
314 Changes in soil water isotopes and soil moisture can be used to trace the input
315 and mixing processes of water from various sources in vegetation. In the study area,
316 precipitation is low, and irrigation mainly relies on water from the Yellow Irrigation
317 Canal for sprinkler irrigation of pastureland. Following irrigation to enhance water
318 availability, the soil becomes moist, allowing water to move rapidly from exposed soil
319 fissures and root systems through the soil matrix into deeper layers. This rapid
320

movement results in a sudden depletion of soil isotopes at depths of 60-100 cm due to
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321

322

323

324

325

326

327

328

329

330

331

332

the preferential infiltration of recently depleted irrigation water reaching these depths
quickly.After a brief period of reduced evaporation, the soil rewets due to sprinkler
irrigation infiltration. Soil moisture content in the 0-100 cm soil layer remains above
10 mm per month (Fig.3). From mid-May to late August, precipitation in the study
area increases compared to earlier in the year (Fig.4)

Soil moisture evaporated rapidly with rising temperatures. Following sprinkler
irrigation, the soil was re-wetted, and soil water isotopes were replaced and mixed
with irrigation water and groundwater. The isotope values of soil water were
consistently located in the lower right of the Irrigation Water Line (IWL), indicating
that soil water was primarily recharged by irrigation water. The results demonstrated
that water in the 0-60 cm soil layer of the pasture was mainly derived from irrigation,

while in the 60-100 cm soil layer, irrigation water mixed with groundwater. (Fig.5)
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334 Fig. 7.Variation of soil water 8’H (a), 5'%0 (b), Ic-excess (c) and soil water storage (d) during
335 the plantation growth period (The horizontal line in the box diagram represents the median,
336

and the square box represents the average).

337 4. Discussions

338 4.1 Factors affecting water storage, migration and mixing processes

339 Soil water storage is a crucial indicator for assessing the capacity of ecosystems
340 for water resource conservation and soil conservation. It reflects the potential of soils
ML regulate and buffer water (Milly et al., 1993). Greater water storage indicates a
342 higher potential of the soil to regulate rainfall redistribution (Xia et al., 2017). Grazing
343 pastures exhibit the highest water storage capacity in the topsoil, primarily due to the
344 dense root network formed by high-density grass vegetation, shallow root distribution,
345

and root development within the topsoil (Ferrante et al., 2014).
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346 Climatic conditions, such as temperature, precipitation, and wind speed, directly
347 influence soil moisture evaporation and plant transpiration. Soil properties, including
348 texture, structure, and porosity, play a decisive role in water infiltration, storage, and
349 movement. Vegetation type and root distribution significantly impact water uptake and
350 ytilization. Irrigation practices directly affect the distribution and transport of soil
31 moisture. Additionally, groundwater dynamics, including the water table and flow, are
352 key factors in the water cycling process.The interaction of these factors reveals the
333 complexity of the water cycle and provides a theoretical foundation for developing
354 scientific water resource management and ecological protection strategies.

355 4.2 Influence of water mixing process on water utilization of pasture grasses

356 The mixing process plays a crucial role in pasture water utilization, influencing
357 poth the efficiency of water acquisition by plants and the overall water balance of the
358 ecosystem. This study found that the integration of different water sources—sprinkler
359 water, groundwater, and soil water—significantly affects the water utilization of
360 forage. By effectively mixing these sources, the pasture can optimize water
361 availability for plant growth and maintain a balanced ecosystem.

362 The isotopic compositions of different water sources change during the mixing
363 process, potentially influencing the uptake preference of water by plant roots and
364 subsequently affecting the plant's water utilization strategy (Jiao et al., 2023).
365 Additionally, the mixing process enhances water availability within the soil profile,
366 helping to alleviate drought stress and improve the drought tolerance of forages.
367

However, inappropriate mixing can lead to deep water leakage or evaporative loss,
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368 thereby reducing water utilization efficiency. Consequently, understanding the effects
369 of mixing processes on pasture water use is vital for developing effective irrigation
370 strategies, optimizing vegetation layout, and enhancing water management efficiency.

371 4.3 Implications of stable isotope-based understanding for water management in
372 sprinkler-irrigated pastures

373 Under sprinkler irrigation, we observed that the uniformity of soil water content
374 was significantly better compared to surface irrigation. As the uniformity of sprinkler
375 irrigation improved, so did the uniformity of soil water content. However, different
376 irrigation patterns did not significantly affect soil water content. In terms of soil water
377 distribution, the most significant increase in water content occurred in the 0-10 cm
378 soil layer during sprinkler irrigation. Within 24 hours following the cessation of
379 sprinkler irrigation, water movement in the 0-30 cm soil layer was more active, with
380 an increase in water content that then stabilized.

381 By 72 hours post-irrigation, the size of the wetted soil area and the water
382 movement process had largely stabilized. Nine days after the conclusion of sprinkler
383 irrigation, both soil moisture and isotopic characteristics returned to their
384 pre-irrigation states. At high sprinkler intensities, using intermittent sprinkler
385 irrigation and increasing the number and duration of intervals can help reduce the risk
386 of surface runoff and deep seepage to some extent (Fig. 7).

387 This study reveals the complexity of water storage, migration and mixing
388 processes in sprinkler-irrigated pastures and proposes a series of management
389

strategies based on this understanding. In order to improve water use efficiency and
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390 safeguard the sustainability of the ecosystem, the following measures are
31 recommended: implementing precision sprinkler irrigation and adjusting the sprinkler
392 program according to soil moisture monitoring data and plant water demand patterns;
393 improving soil properties to enhance its water retention capacity; rationally selecting
394 vegetation to improve water use efficiency; utilizing topographic features to reduce
395 il erosion; and establishing and maintaining a comprehensive moisture monitoring
396 system to provide management decisions with provide real-time data support. These
397 comprehensive measures will help to ensure that the water management of
398 pastureland is scientific and rational, while maintaining the stability of
399

ecohydrological processes.

400 5. Conclusions

401 In this study, we used the stable isotope technique to investigate in depth the
402 water storage, transport and mixing processes in sprinkler-irrigated pastureland. The
403 results showed that the isotopic characteristics of soil moisture changed significantly
404 after irrigation, and both soil moisture and isotopic characteristics returned to the
405 pre-irrigation state after an average of 9 days. Moisture was mainly transported
406 vertically in the soil, with a low percentage of horizontal transport. Evapotranspiration
407 Josses due to sprinkler irrigation accounted for 32%, while losses due to
408 over-irrigation (infiltration into the soil layer below 60 cm) accounted for 5%.

409 Our study reveals the complexity of water dynamics in sprinkler-irrigated
410 pastures in the arid zone, emphasizing the effectiveness of sprinkler irrigation in
411

controlling infiltration losses, but also pointing out the significance of evaporation
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412 Josses. We recommend the promotion of low-level multipoint sprinkler irrigation and
413 nighttime sprinkler irrigation patterns to improve water use efficiency and ensure
414 agricultural sustainability. This study provides a comprehensive understanding of
A5 water dynamics in sprinkler-irrigated pastureland, emphasizing the role of evaporation
416 and vertical water transport. The findings support the adoption of low-level multipoint
417 sprinkler irrigation and nighttime irrigation to enhance water use efficiency in arid
418 regions. This research contributes to the broader understanding of eco-hydrological
419 processes and offers practical insights for sustainable water management in the
420

context of climate change.
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