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Abstract

In order to explore the characteristics of hydrogen-oxygen isotopes and ecological hydrological 
processes in different water bodies in the subalpine zone of Qilian Mountains, China, precipitation, soil 
water, plant water, groundwater and river water samples were collected from the subalpine of the Eastern 
of Qilian Mountains section from July to August in 2015. Qualitative analysis was used in hydrogen and 
oxygen isotope characteristics of different water bodies. Then, the mixing model of MixSIAR based 
on Bayesian theory was used to quantify the water absorption depth of shrub plant and the proportion 
of water source replenishment between different water bodies. The purpose is to illustrate the water 
migration relationship between water bodies, thereby to clarify the ecological hydrological process in the 
subalpine shrub area of Eastern Qilian Mountains. Results indicate that: (1) The isotopic values of various 
water bodies in the study area are affected by changes in the amount of precipitation, but precipitation 
has a smaller impact on river water. (2) Soil water of 0~20 cm is affected easily by precipitation and 
evaporation, while soil water of 60~80 cm is affected strongly by groundwater. (3) The water content 
of shrub plant in study area is mainly derived from precipitation and soil water under 0~20 cm.  
(4) Although the direct influence on the values of δ18O in groundwater and river water by precipitation is 
not obvious and their variation ranges are small, there are different degrees of response to precipitation, 
and river water responds faster to precipitation than groundwater.
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Introduction

Mountain water resources and their changes are 
of great significance to the ecosystems in the arid 
regions of northwestern China. Accurate understanding 
on the water migration and circulation processes of 
various water bodies in mountainous areas is not 
only the fundamental issue of water research in cold 
and arid areas, but also the basis for carrying out fine 
management and regulation of water resources [1, 2]. 
Due to the response of hydrogen and oxygen isotopes to 
environmental changes and the mixing action between 
different water bodies, the composition of isotopes in 
different water bodies in nature is different and varies 
spatially [3]. Therefore, hydrogen and oxygen isotopes 
are useful tracers in water cycle research. It plays an 
important role in the study of the transformation process 
of water bodies, such as atmospheric precipitation, 
soil water, plant water, groundwater and river water 
[4-9]. The methods for estimating quantitatively the 
replenishment sources of different water bodies by 
using hydrogen-oxygen isotopes include mainly two or 
three-compartment linear mixing models [10], such as 
IsoSource mixing model [11], Bayesian-based MixSIR, 
SIAR and MixSIAR mixing models [12-14]. The 
mixing model of MixSIAR combines the advantages 
of the models of MixSIR and SIAR. Compared with 
the mixing model of IsoSource, it is more accurate in 
calculating the water source and contribution ratio of 
different water bodies [14]. At present, researches on 
isotope water sources based on MixSIAR model focus 
mainly on the analysis of water absorption source for 
crops [15-17] and the pollution sources of groundwater 
and surface water [18, 19]. It has not been reported that 
the MixSIAR model is used to identify quantitatively 
the contribution ratio of different water sources in 
subalpine region. 

Qilian Mountain is an important water supply area 
for the inland rivers of the Hexi Corridor. It is also a 
crucial ecological security barrier in the northwestern 
part of China. It not only inhibits the formation and 
expansion of sand sources in China, but also guarantees 
the stability and ecological security of corridor oases. 
Qilian Mountain utilizes effectively the water vapor 
conditions of westerly and monsoon and hosts diverse 
ecosystems such as forests, grasslands and alpine 
meadows [20]. Subalpine shrub is the main component 
of water conservation forest of Qilian Mountain, which 
is called “green reservoir”. Its distribution area is about 
4.13×103 km2, accounting for about 68% of the forestry 
land area in mountainous areas, and the effective 
storage capacity is above 3×108 m3 [21, 22]. To evaluate 
the sustainable use of water resources and ecological 
security, it is the key to clarify the mutual relationship 
and the conversion volume among various water bodies 
in the Qilian Mountains, especially the sources of 
plant moisture in subalpine shrub areas [23]. In recent 
years, scholars have focused on single types of water 
bodies such as precipitation and river water as well as 

the contribution and transformation between surface 
water and groundwater or soil water and groundwater 
[24-29]. Therefore, the study of the hydrological cycle 
in the subalpine region is still in its infancy. Using 
stable isotope techniques to explore the water sources 
of various water bodies, it is helpful to understand 
and grasp the mechanism of the hydrological cycle 
in this area, and is of great significance to protect the 
ecological environment of Qilian Mountain. 

In this study, the hydrogen-oxygen isotopes 
characteristics of different water bodies in the subalpine 
shrub area of Qilian Mountains were studied. The 
MixSIAR model was used to study the recharge sources 
of each water body, and then analyze quantitatively 
the mutual transformation relationship between 
various water bodies. This will help to understand the 
hydrological cycle mechanism in the subalpine shrub 
area of Qilian Mountains, and has important theoretical 
and practical significance for the uptake of plant water, 
the recharge of groundwater, the rational utilization 
of soil water and groundwater resources, and the 
optimization of plant cover. 

Data and Methods  

Study Region

Fig. 1 shows that the study region is located in the 
subalpine shrub area of the upper reaches of Jinqiang 
River in the Eastern of Qilian Mountains (37°10′19″N, 
102°47′25″E, altitude 3009.3 m). The terrain is 
dominated by mountains and river valleys, which  
the western area is higher than the eastern area and  
the central part is flat. Formed by geological influences, 
the valley extends from west to east, and the gradient  
of river is large. The climate is a typical plateau 
continental climate with only cold season and warm 
season. The annual average temperature varies from 
-0.1ºC to 1.2ºC, and the extreme minimum temperature 
is -34.9ºC (in January), and the extreme maximum 
temperature is 28ºC (in July) [30]. Caused by terrain, the 
annual rainfall is 418.8 mm, and concentrates mainly on 
July to September. The annual evaporation is 1592 mm, 
which is 3.8 times the precipitation amount [31]. The 
soil thickness of the sample area is about 40~80 cm, 
and the content of organic matter is about 10%~16%, 
and the total porosity of the soil is 65.22%~76.79% 
[32]. Plant cover types are dominated by alpine shrub 
meadows and alpine meadow grasslands [33]. 

Sample Collection

From July to August 2015, the samples of 
precipitation, soil water, plant water, groundwater 
and river water were systematically collected (Fig. 1). 
Precipitation samples were collected by a standard 
amount of rain gauge, which was placed at 1.5 m 
away from the ground and no obstacles around it.  
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In addition, the mouth of the rain gauge was horizontal. 
After each precipitation event, the precipitation amount 
was recorded and the collected precipitation was poured 
into the sample bottle. The soil samples were collected 
by a soil drill with 1 m long. The sampling plots were 
selected at three locations with relatively uniform 
topography. The sampling depth was 80 cm, and was 
separated by 10 cm. Part of the soil samples were used 
to extract water, and the other samples were placed in 
aluminum boxes to determine the soil moisture content 
by drying method. Plant samples were selected from 
6 typical dominant species such as Salix oritrepha 
Schneid, Salix cupularis, Rhododendron capitatum 
Maxim, Rhododendron thymifolium Maxim, Spiraea 
Salicifolia L. and Potentilla fruticosa Linn. 5~7 non-
green corked branches with a diameter of about 0.3 cm 
and a length of about 5 cm were cut on each plant with 
the same growth condition, and the rind and phloem 
were removed quickly, then load immediately into the 
sample bottles. Well water (8 m deep) about 60 m away 
from the soil and plant sampling points was collected 
as groundwater samples. The river water from the 
tributary of Jinqiang River about 150 m away from the 
soil and plant sampling points was collected as river 
water samples. In order to make the data accurate, 
the river water about 10 cm below the central water 
surface of the river was collected after washing 3 times, 
and put into sampling bottle. The water samples of 
groundwater and river were collected every two days 
from July 13th to August 12th. All samples were filled 
into polyethylene bottles of 10 mL, and sealed with 
sealing film called parafilm, and stored in cold storage 
(about -15ºC). During the period of sample collection, 
a total of 104 samples were collected, including  

11 precipitation samples, 40 soil samples, 21 plant 
samples, 16 groundwater samples and 16 river water 
samples (samples collected exactly at the same location).

Sample Laboratory Determination

Vacuum distillation is more suitable for soil and 
plant water extraction than azeotropic distillation, 
and the water extracted by vacuum distillation can 
reflect more accurately the composition of hydrogen 
and oxygen isotopes in the sample [34]. Therefore, 
the soil water and plant water were extracted by low-
temperature vacuum distillation (LI-2100 Automatic 
Water Extraction System). The δ2H and δ18O of each 
water body were measured by DLT-100 liquid water 
isotope analyzer (Los Gatos Research, Mountain View, 
USA). The measured data were given by the V-SMOW 
standard (Vienna Standard Mean Ocean Water): 

( ) ‰10001-sample218 ×





=

−SMOWVR
R

HO δδ
   (1)

In Eq.(1), Rsample and RV-SMOW are the ratios of 
hydrogen or oxygen isotopes in water samples and 
the Vienna standard mean ocean water, respectively. 
The analytical precision of δ2H value is less than 
±0.6‰, and the analytical precision of δ18O value is 
less than ±0.2‰. Spectral contamination correction 
was performed on the measured data by using  
LWIA-Spectral Contamination Identifier v1.0 software. 
All experiments were performed at the Hydrogen-
oxygen Isotope Laboratory of Northwest Normal 
University.

Fig. 1. Location of the study area and sampling points. 
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Research Methods

The contribution from different water sources can 
be calculated by using the MixSIAR model based on 
Bayesian theory. It can estimate the contribution of each 
water source in the water body by defining the hydrogen 
and oxygen isotopes of multiple sources of water. The 
model runs in the open source software R and takes the 
effect of isotope fractionation into account. The input 
data of the MixSIAR model includes source data and 
mixture data. The isotope values of plant xylem water 
are input directly into the model, which need not to 
be processed. The discrimination values are set to 0 
for plant water isotope, because the hydrogen-oxygen 
isotopes value of most plants generally does not change 
during plant water transportation in the xylem of plant 
stems, except for some coastal halophytes [35]. The 
Markov Chain Monte Carlo (MCMC) parameter is set 
to "very long" of run length. Since the water source of 
a single water body is greater than one, the model error 
is selected as "process+residual". The corresponding 
median (50% quantiles) contribution ratio estimated for 
each water source is regarded as the contribution of the 
water source to the mixed water. 

The soil layer needs to be divided before using 
Bayesian model analysis. According to the standard 
deviation and variation coefficient of δ18O values of 
soil water, the soil water is divided into 3 sections: 
surface layer (0~20 cm), middle layer (20~60 cm) and 
deep layer (60~80 cm). The isotope values of soil water 
corresponding to the layers are taken as the average 
of all sampling depths within the layer. The sampling 
plot position of river water is lower than that of the 
groundwater, so the river water can’t be considered in 
the recharge of groundwater sources.

To be consistent to the sampling period of soil water 
and plant water, the precipitation of 12 day before that 
was taken as a possible water source, and the weighted 
average method was used to obtain the average values 

of the hydrogen and oxygen isotope in precipitation.

∑ ∑= iii PXPX δδ
                (2)

In Eq.(2), δX and Pi are the 2H(18O) values and the 
corresponding precipitations, respectively.

To analyze the characteristics of each water bodies, 
statistical analysis and linear regression analysis of 
δ2H and δ18O were performed by using Origin 2018. In 
addition, the trace of water vapor source in precipitation 
was analyzed by the data of NOAA atmospheric 
reanalysis and the HYSPLIT model.

Results

Relationship between δ2H and δ18O 
of Various Water Bodies

The sample measurement results are shown in  
Table 1. From the statistical results, the δ2H and 
δ18O values of different water bodies have obvious 
differences. The isotope value of precipitation is the 
highest and its fluctuation range is the largest. The 
isotope values and variation ranges of plant water 
and soil water are less than that of precipitation. The 
isotope values and variation ranges of river water and 
groundwater are relatively smaller among 5 water 
bodies, indicating that groundwater and river water are 
relatively stable.

Established by the isotope values of precipitation 
from July to August, the local meteoric water line 
(LMWL) in the study area is δ2H = 7.7758δ18O + 12.3417 
(R2 = 0.8719, n = 11) (Fig. 2). Comparing the LMWL
in the Wushaoling calculated by Li et al. [24]  
(δ2H = 7.22δ18O + 9.13) and Xu et al. [36] 
(δ2H = 7.77δ18O + 16.73) for a longer period, it can be 
seen that the LMWL in summer is relatively consistent 

Table 1. Hydrogen and oxygen isotope ratio in different water bodies.

Different water bodies Number Range (‰) Average value (‰) Standard deviation

δ2H

Precipitation 11 -49.06~9.63 -17.34 19.37

Soil water 24 -57.67~-35.49 -47.10 5.55

Plant water 18 -51.75~-32.63 -43.89 4.52

Groundwater 16 -56.33~-53.27 -54.63 0.84

River water 16 -54.99~-49.76 -52.50 1.39

δ18O

Precipitation 11 -8.26~-0.76 -3.97 2.33

Soil water 24 -9.06~-4.98 -7.55 0.91

Plant water 18 -6.33~-4.04 -5.44 0.68

Groundwater 16 -9.32~-8.53 -8.91 0.21

River water 16 -8.96~-8.46 -8.79 0.15

Note: The average value of precipitation is the amount weighted average, and the “Number” is the number of valid samples.
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with that of the longer-period except for the intercepts. 
This indicates the imbalance of evaporation in different 
periods in study area. Comparing the hydrogen and 
oxygen isotopes of groundwater, river water, soil water, 
and plant water with LMWL, it can be seen that points 
of river water and groundwater are located at the upper 
left of the LMWL, and are close to the atmospheric 
precipitation line. This indicates that precipitation has 
a replenishing effect on river water and groundwater 
[37]. Most points of plant water are located at the 
lower right of LMWL, which indicates that the isotope 
enrichment is obvious during the transpiration process 
of plant water. Except that a few points of soil water 
are far away from LMWL, the rest are distributed near 
the atmospheric precipitation line, which indicates that 
precipitation has a more obvious replenishment effect 
on soil water.

The hydrogen-Oxygen Isotopes Characteristics 
of Precipitation

By comparing the isotopic values of different water 
bodies in study area from July to August, the δ2H 
and δ18O values in precipitation fluctuate widely. The 
variation range of δ2H is -49.06‰~9.63‰, the weighted 
average is -17.34‰ and the standard deviation is 19.37. 
The range of δ18O varies from -8.26‰ to -0.76‰, the 
weighted average is -3.97‰ and the standard deviation 
is 2.33. The δ18O values of precipitation during the 
sampling period in the study area are all within the range 
of China (-24‰~2‰) [38] and global (-50‰~10‰) [39]. 
Compared with the national average of -8‰, the mean 
is higher, but the degree of depletion is not obvious. 
In addition, there is a significant negative correlation 
between the precipitation and the isotope value, that 

Fig. 2.  Relationship between δ2H and δ18O in different water bodies. 

Fig. 3.  Relationship between precipitation amount and δ2H (δ18O) during sampling period. 
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the low value appear in the wet period but the high 
value appear in the drying period (Fig. 3). According 
to the Rayleigh model, the precipitation amount is 
proportional to the degree of cooling, but the isotope 
value is inversely proportional to it, which in some 
cases causes the precipitation is inversely proportional 
to the isotope value [40]. The linear correlation between 
δ18O in precipitation and precipitation amount (P) is as 
follow:

δ18O = -0.0985P-1.8021  (R2=-0.2568, n = 11)  (3)

It demonstrates that the δ18O change of the 
precipitation in study area has the effect of precipitation 
amount. This is consistent with the research result in 
the rainy season precipitation of alpine region in the 
upper reaches of the Heihe River, and also consistent 
with that in the short-term precipitation of the western 
mountainous areas in the Qinghai-Tibet Plateau [41, 42]. 
At the same time, it is worth noting that the change 
of precipitation amount is not the decisive factor for 
affecting the δ18O change of precipitation. It is mainly 
due to isotope fractionation caused by evaporation and 
condensation during water circulation [3]. For example, 
during the continuous precipitation period from July 
12th to 17th, the isotope values of precipitation continued 
to decline as a whole, which was related to the isotope 
depletion caused by the continuous condensation of 
water vapor. However, opposite to this downward 
trend, the isotope value shows an abnormal increase 
on July 14th and July 17th, which may be related to the 
temperature. According to the data of Wushaoling 
meteorological station, the average temperatures on July 
14th and July 17th were 13ºC and 13.5ºC respectively, 
which were 2~3ºC higher than two days ago. This 
indicates that the abnormal increase of isotope values on 
these two days is due to the heavy isotope enrichment 
caused by higher temperature.

The Hydrogen-Oxygen Isotopes Characteristics 
of Soil Water

Soil water is an important part of the natural water 
cycle, which is the mixed water of precipitation and 
original soil water. The variation of hydrogen and 
oxygen isotope is affected by various factors, such as 
precipitation intensity, precipitation duration and soil 
characteristics [6]. The δ2H value of soil water varies 
from -57.67‰ to -35.49‰ (arithmetic mean -47.10‰), 
the variation range is 22.18‰ and the standard deviation 
is 5.55. The δ18O value of soil water varies from -9.06‰ 
to -4.98‰ (arithmetic mean -7.55‰), the variation range 
is 4.07‰ and the standard deviation is 0.91. The δ18O 
value of soil water is relatively stable than δ2H value. 
Compared with the isotope values of precipitation, 
the isotope values of soil water are smaller and the 
magnitudes of change are as well. 

Fig. 4 shows the variation characteristics of δ2H and 
δ18O of soil water from 0~80 cm during sampling period. 
It shows that the ratios of hydrogen and oxygen isotope 
of soil water in different soil layers have significant 
difference at different time periods. The change trend 
of δ2H and δ18O of soil water is relatively consistent, 
which follows the trend of “decreases-increases-
decreases”. The values of δ2H and δ18O are very high 
in the range of 0~10 cm, and the average values are 
-38.35‰ and -5.82‰, respectively. This is caused by 
the higher values of hydrogen and oxygen isotope of 
precipitation and the heavy isotopic enrichment of 
surface soil water for evaporation fractionation, which 
makes the values of hydrogen and oxygen isotope of 
surface soil water appear significantly positive [43]. The 
values of δ2H and δ18O at 10~20 cm decrease rapidly 
to -47.12‰ and -7.79‰, but they increase gradually 
and stabilized at 20~60 cm, and the average values are 
-46.49‰ and -7.51‰, respectively. This indicates that 
precipitation replenishes to the soil layer at this depth 

Fig. 4. Characteristics of δ2H and δ18O values of soil water at different depths in different periods. (a) δ2H value of soil water, (b) δ18O 
value of soil water. 
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less than the surface layer. In addition, surface soil 
water and deep soil water have a better mixing effect at 
this depth, so the values of δ2H and δ18O are relatively 
stable. The values of δ2H and δ18O are the lowest at 
60~80 cm, and the average values are -52.69‰ and 
-8.43‰, respectively. This indicates that the soil 
layer below 60 cm is affected weakly by evaporation.  
On July 23rd, the overall fluctuations of δ2H and δ18O 
values of soil water were not large, indicating that 
the recharge ratio of precipitation and groundwater to 
soil water was relatively close. This indicates that the  
water source of soil water was stable. On August 
14th, δ2H and δ18O of soil water did not increase but 
decrease in 20~30 cm, which was caused by the 
decrease of precipitation amount in August and the 
isotope fractionation during the slow infiltration of 
early precipitation. On August 2nd and August 14th, the 
values of δ2H and δ18O in deep soil water decreased 
rapidly and approached to the average values of them in 
groundwater, which shows that the groundwater plays a 
vital role in replenishing deep soil water during periods 
of low precipitation amount.

By comparing the standard deviation with variation 
coefficient of δ18O value of soil water at different depths 
(Fig. 5), it can be clearly seen that there is a significant 
difference in different soil depths during the sampling 
period. The standard deviation and variation coefficient 
of δ18O values of soil water in 0~20 cm and 60~80 cm 
are higher, indicating that soil water is active in these 
soil layers. This is because shallow soil water is affected 
easily by precipitation and evaporation, but deep soil 
water is affected easily by groundwater. The standard 
deviation and the variation coefficient of δ18O value of 
soil water in 20~60 cm are lower, which illustrates that 
soil water is relatively stable. The middle layer is not 

only less affected by precipitation and evaporation, but 
also less affected by groundwater, therefore, the isotopic 
value of soil water changes little.

The Hydrogen-Oxygen Isotopes Characteristics 
of Plant Water

Among 6 dominant shrub plants, the range of δ2H of 
plant water is -51.75‰~-32.63‰, and the average value 
is -43.89‰, and the standard deviation is 4.52. The 
range of δ18O is -6.33‰~-4.04‰, and the average value 
is -5.44‰, and the standard deviation is 0.68. Compared 
with precipitation and soil water, isotope values of 
plant water vary less, but the average value is between 
them. This indicates that the plant water in study area 
is derived mainly from atmospheric precipitation and 
soil water. Because the isotope occur enrichment in 
the process of plant transpiration, the isotope values of 
plant water are higher than those of soil water.

From the comparison of the δ18O values in different 
dominant plants (Table 2), it can be known that the δ18O 
value of R. capitatum Maxim is the lowest (-6.06‰), and 
those of S. oritrepha Schneid, R. thymifolium Maxim 
and P. fruticosa Linn are relatively higher (-4.98‰, 
-5.05‰, -5.01‰, respectively), and those of S. Salicifolia 
L. and S. cupularis are slightly lower (-5.63‰ and 
-5.34‰, respectively). From the perspective of standard 
deviation, the range of δ18O variation of S. oritrepha 
Schneid, R. capitatum Maxim and P. fruticosa Linn 
are relatively stable (standard deviations are 0.24, 0.23 
and 0.24, respectively), and those of S. cupularis and  
R. thymifolium Maxim are very wider (standard 
deviations is 0.94 and 1.07, respectively), that of S. 
Salicifolia L. is slightly larger (standard deviation is 
0.63). The isotope values of 6 dominant shrub plants are 

Fig. 5.  Variation characteristics of standard deviation and variation coefficient of δ18O value of soil water with depth. 
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different, which is not only related to their properties 
of transpiration, but also related to the absorption of 
precipitation and soil water in different depths. 

The Hydrogen-Oxygen Isotopes Characteristics 
of Groundwater

The δ2H value of groundwater varies between 
-56.33‰ and -53.27‰ (arithmetic mean -54.63‰), 
having the standard deviation of 0.84. The δ18O value 
varies between -9.32 ‰ and -8.53‰ (arithmetic 
mean -8.91‰), having the standard deviation of 0.21. 
Compared with the isotope values of precipitation, 
soil water and plant water, the values of δ2H and 
δ18O of groundwater are smaller. It indicates that the 
groundwater is fractionated during its formation. The 
values of the isotope are low, and the variation range 
of them is small, which indicates that the source of 
groundwater is relatively stable. Although isotope 
values of groundwater fluctuate more slowly than those 
of precipitation, soil water and plant water, groundwater 
has a certain degree of response to intense precipitation 
events. Fig. 6 shows that the δ18O value of groundwater 

has three high values on July 15th, July 25th and August 
4th, respectively. Compared with the precipitation 
amount at the same time, three consecutive precipitation 
events occurred on July 12th~18th, July 20th~22nd, July 
31st~August 3rd, and the precipitation amount was 
intense and frequent. Moreover, the soil texture of study 
area is loose, so the precipitation infiltrates quickly into 
the ground through the soil, which results in an increase 
of isotope values of groundwater (although this response 
is weak). In addition, the δ18O value of groundwater 
is close to that of deep soil water (60~80 cm), and 
the changes of them with the time variation are more 
consistent. The linear correlation coefficient between 
them is 0.63. It shows that they have commonality in 
the supply water source and formation process, and 
have the possibility of mutual transformation.

The Hydrogen-Oxygen Isotopes Characteristics 
of River Water

The variation of δ2H value of river water is 
-54.99‰~-49.76‰, and the average value is -52.50‰, 
and the standard deviation is 1.39. The variation of 

Fig. 6.  Relationship between precipitation amount and δ18O value of river water and groundwater during sampling period. 

Table 2. Characteristics of δ18O values of different plant water.

Species Average value (‰) Standard deviation (‰) Maximum (‰) Minimum (‰)

S. oritrepha Schneid -4.98 0.24 -5.25 -4.81

R. capitatum Maxim -6.06 0.23 -6.31 -5.85

S. Salicifolia L. -5.63 0.63 -6.33 -5.10

S. cupularis -5.34 0.94 -6.17 -4.32

R. thymifolium Maxim -5.05 1.07 -6.16 -4.04

P. fruticosa Linn. -5.01 0.24 -5.20 -4.75
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δ18O value of river water is -8.96‰~-8.46‰, and the 
average value is -8.79‰, and the standard deviation is 
0.15. The average value of δ18O of river water in study 
area is negative, which is consistent with the general 
rule of heavy isotope depletion in rivers with high-
altitude precipitation or glacial meltwater [44]. Among 
the five types of water bodies, the δ18O variation of 
river water is the smallest, indicating that the supply 
source of river water is relatively stable and less 
affected by precipitation. In addition, the δ18O values 
of river water, deep soil water and groundwater are 
close. This indicates that the supply of deep soil water 
and groundwater to river water accounts for a large 
proportion except for precipitation recharge [45].

Fig. 6 shows that the δ18O value of river water in 
the study area has a certain degree of response to 
precipitation events too. Rapid recharge in the process 
of precipitation leads to high values of water isotope. 
While the source of river water in the non-rainfall 
periods are mainly soil water or groundwater, so the 
isotope values of it are low. The precipitation was 
mainly concentrated on two periods from July 12th to 
22nd and July 31st to August 3rd. At the same time, the 
δ18O values of river water had two peaks on July 21st 

and August 4th, respectively. However, the recharge of 
precipitation to river water was very limited during the 
dry period, because the δ18O value of the river water 
has shown a continuous downward trend from July 23rd 
to July 30th, and reached the lowest value on August 
2nd. In addition, the change of δ18O values of river 
water was inconsistent to those of groundwater before 
July 25th, but it was more consistent afterwards. This 
indicates that the river water responds to precipitation 
quickly, but the groundwater respond to precipitation 
slowly. This is because the recharge of precipitation to 
groundwater depends on the soil infiltration process, 
but the continuous precipitation leads to soil saturation 
and the weakening of infiltration capacity, which leads 
river water to response obviously to precipitation and 

leads the slope runoff to increase. In the non-rainfall 
season, the source of river water is mainly soil water 
and groundwater, so the variation range of δ18O values 
of river water is small.

 Discussion

Source of Precipitation Supply

The isotope characteristics of precipitation can 
reflect the regional climate background, so the stable 
isotope of hydrogen and oxygen in precipitation can 
be used to reflect the information of the atmospheric 
water cycle and track the source of precipitation [3]. Li 
et al. [24] found that the precipitation moisture in the 
Wushaoling area of the eastern Qilian Mountains from 
July to August 2013 was sourced from the monsoon 
circulation. The precipitation in the eastern Qilian 
Mountains is dominated by westerly winds, and the 
source of water vapor is mainly continental local 
water vapor masses in the westerly zone [36, 44]. The 
calculation of the HYSPLIT model in the study area 
also shows the same phenomenon (Fig. 7). According 
to the variation characteristics of precipitation amount 
from July to August, the sources of water vapor were 
divided into 3 time points: July 22nd, August 3rd, and 
August 14th (Fig. 7). It can be clearly seen from Fig. 7 
that the sources of water vapor in 3 time periods were 
all mainly affected by the westerly wind. 

Generally, the long-distance transportation of water 
vapor will cause the stable isotopes of precipitation to be 
negative. It can be seen from Fig. 7a) that the source of 
precipitation on July 22nd came from the long-distance 
transportation of water vapor. At the same time, the 
isotope values of precipitation in the period before July 
22nd showed a continuous downward trend, and they 
reached lower values on July 16th and July 21st. This 
is related to the long-distance transportation of water 

Fig. 7.  Path of water vapor source of precipitation by HYSPLIT model. a) Path on July 22; b) Path on August 3; c) Path on August 14. 
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vapor. In addition, the precipitation amount during  
this period is larger and precipitation events are 
frequent. In contrast, for a long period of time after 
July 22nd, as the frequency of precipitation decreases, 
the isotope values of precipitation increase. This is due 
to the enhanced evapotranspiration of water bodies and 
vegetation in the study area in summer, and the local 
recycled water vapor also has a certain contribution.  
In addition, the locally sub-cloud evaporation in 
summer and autumn cause relatively higher δ18O values 
[46].

Source of Soil Water Supply

Based on the data of hydrogen-oxygen isotope, the 
MixSIAR model was used to analyze the sources of soil 
water in the surface layer (0~20 cm), the middle layer 
(20~60 cm), and the deep layer (60~80 cm). The results 
are as follows (Table 3).

From the temporal change, the contributions of 
precipitation to the surface, middle and deep soil water 
on July 23rd were 58.9%, 37.2% and 32.9% respectively, 
and those to soil water in different soil layers were the 
highest in three periods. In August, the contributions 
of precipitation to the surface, middle and deep soil 
water are quite different. On August 2nd, they were 
18.5%, 17.8% and 4.5% respectively. On August 14th, 
they were 46.5%, 31.3%, and 15.3%, respectively. Both 
the contributions of precipitation to soil water in these 
two periods were less than that on July 23rd. In contrast, 
the contributions of groundwater to the surface, middle 
and deep soil water in August were higher than that on 
July 23rd. On August 2nd, they were 81.5%, 82.2%, and 
95.5% respectively. On August 14th, they were 53.5%, 
68.7%, and 84.7% respectively. This is related to the 
decrease of frequency and amount of precipitation in 
August. When the precipitation amount decreases, the 
contribution of precipitation to soil water also decreases, 
but that of groundwater to soil water increases. It was 
most obvious on August 2nd when the precipitation 
amount is the least.

From the soil profile, the contribution of precipitation 
to soil water during three periods all decreased with the 
increase of soil depth, but it is opposite to groundwater. 
The difference of contributions both precipitation 
and groundwater to soil water also increase with the 
increase of depth. This indicates that the surface soil is 
more susceptible to the direct impact of precipitation, 
but the recharge of precipitation to deep soil water 
is very limited. This is consistent with the result 
of isotopic characteristics of soil water in Qilian 
Mountain of the northwestern Qinghai-Tibet Plateau 
[28]. Comparing the contributions of precipitation 
and groundwater in three periods, it is found that the 
contribution of groundwater is generally higher than 
that of precipitation, and its change rate is relatively 
low. This indicates that the soil water in study area is 
recharged mainly by groundwater. On one hand, this is 
because the Wushaoling area has loose soil, high soil 
porosity and strong water permeability, which makes 
the groundwater to replenish soil moisture. On the 
other hand, the groundwater in study area is sufficient, 
and the groundwater level is relatively high, which 
can replenish the moisture of the deep soil. When the 
precipitation amount is insufficient to infiltrate into the 
deeper soil, the groundwater becomes the main source 
of soil water.

Source of Plant Water Supply

To calculating the water absorption sources 
of different plants, precipitation, soil water and 
groundwater are regarded as relatively independent 
water sources. The results are as follows (Fig. 8).

It can be seen that water sources of six typical shrub 
plants in the Qilian Mountains are mainly composed of 
precipitation and surface soil water. From the time point 
of sample, the contributions of precipitation and surface 
soil water to plant water in three periods reached 
36.38%, 38.42%, 55.35% and 37.63%, 18.2%, 16.07% 
respectively. The contribution of precipitation to plant 
water was the largest on August 14th, but it was opposite 

Table 3. Contribution to soil water in different periods.

Date Layer (cm) Precipitation contribution (%) Groundwater contribution (%)

July 23

Surface layer (0~20cm) 58.9 41.1

Middle layer (20~60cm) 37.2 62.8

Deep layer (60~80cm) 32.9 67.1

August 2

Surface layer (0~20cm) 18.5 81.5

Middle layer (20~60cm) 17.8 82.2

Deep layer (60~80cm) 4.5 95.5

August 14

Surface layer (0~20cm) 46.5 53.5

Middle layer (20~60cm) 31.3 68.7

Deep layer (60~80cm) 15.3 84.7
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to the surface soil water. The contributions of middle 
and deep soil water and groundwater were the highest 
on August 2nd. This shows that the middle and deep 
soil water and groundwater have become a stable water 
source of plant during the period of rare precipitation. 
From the perspective of vertical section, the 
contribution of soil water to plants is gradually reduced 
with the increase of soil depth, and the contribution 
of groundwater is the lowest. Soil water of 0~20 cm 
provides a higher contribution to plants. This is because 
the temperature, water content and permeability are 
lower in the soil layer below 20 cm, which results that 
the roots of shrub plant are shallow and underground 
biomass reduce. This also demonstrates the adaptability 
of the root water absorption depth of alpine shrub to the 
environment of alpine regions [47].

Among the underground root system of plant, 
although the proportion of fine roots (diameter≤1mm) 
is not high, they play an important role in the cycle of 
absorbing water and minerals, synthesizing and storing 
nutrients, and interacting with soil microorganisms 
[48]. The proportion of fine roots affects directly the 
physiological functions of roots and the ability to 

utilize soil resources [49]. Compared to soil water and 
groundwater, precipitation has the highest contribution 
to P. fruticosa Linn, reaching 53.33%. Zhou et al. [50] 
found that the roots of P. fruticosa Linn shrubs are 
long-distance horizontal distribution and large 
distribution scope, and that the underground biomass of 
soil layer of 0~10 cm accounts for 74.53% of the total 
biomass while that of the soil layer below 20 cm only 
accounts for 10.13%. Therefore, P. fruticosa Linn has 
the stronger ability of water absorption for precipitation. 
Zhang et al. [51] found that the main root of R. capitatum 
Maxim is not obvious, and that the fine roots have many 
branches, and that the roots are small and dense. Qiu 
et al. [52] found that central root (5~10 mm), small root 
(2~5 mm) and fine root (<2 mm) of S. Salicifolia L. play 
an important role in water and nutrient absorption, and 
that they have strong adaptability in stressful habitats. 
In this study, the proportion of middle and deep soil 
water and groundwater to R. capitatum Maxim and S. 
Salicifolia L. was higher. The overall contribution of 
middle and deep soil water reached 27.47% and 25.30% 
respectively, and the contribution of groundwater 
reached 10.70% and 9.63%, respectively. It shows that 

Fig. 8. Contribution to plant water in different periods. a) Contribution on July 23; b) Contribution on August 2; c) Contribution on 
August 14. 
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R. capitatum Maxim and S. Salicifolia L. have the 
most adequate absorption and utilization to medium 
and deep soil water and groundwater. This is also 
consistent with the conclusion provided by Ding et al. 
[53]. Cao et al. [54] found that R. thymifolium Maxim 
has a shallow root system, and that 90% of biomass of 
the underground fine root is distributed in shallow soil 
of 0~20 cm, and that the biomass of living root shows 
a decreasing law with the increase of soil depth. This is 
consistent with the results of this study. For example, the 
contribution of soil water of 0~20 cm to R. thymifolium 
Maxim reaches to 26.97%, and those of 20~60 cm and  
60~80 cm decrease to 11.63% and 9.60% respectively. 
The main roots of S. oritrepha Schneid and S. cupularis 
are relatively thin and the lateral roots are more 
developed. Xu et al. [55] pointed out that S. cupularis 
has a deep root distribution but has a small range of 
root width distribution. In this study, it is found that S. 
cupularis has a higher utilization rate for soil water of 
0~80 cm than S. oritrepha Schneid.

Source of Groundwater Supply

The groundwater level in the study area is 
relatively high, and the hydrogen-oxygen isotope ratio 
of groundwater is relatively stable after comparison 
with other water bodies. The results of calculating the 
contributions of water source of groundwater by the 
MixSIAR model are as follows (Table 4).

With the change of time, the recharge of 
precipitation to groundwater decreases firstly and then 
increases, while this is opposite for the recharge of 
soil water to groundwater. This is closely related to the 
trend of precipitation amount. On July 23rd, the recharge 
of precipitation to groundwater was 92.4%, but that was 
only 12.2% on August 2nd. This is because the reduction 
of precipitation during the period affects the recharge 
of groundwater. Subsequently, due to the continuous 
precipitation events from August 8th to 10th, the 
contribution of precipitation to groundwater increased 
to 36.9% on August 14th. The recharge of precipitation 
to groundwater passes mainly through the method of 
infiltration. Since the precipitation cannot infiltrate into 
the deep soil during the period of less precipitation 
amount, the soil water of early stage plays an important 
role in the recharge of groundwater. The contributions 

of precipitation and soil water to groundwater are 
related to changes of precipitation amount. Due to 
strong rainfall in July, the precipitation replenishes 
effectively groundwater. In addition, groundwater 
replenishes middle and deep soil water with a large 
proportion during periods of less precipitation amount. 
In contrast, soil water replenishes groundwater 
significantly during periods of abundant rainfall. This 
is due to the combination of higher groundwater level 
and higher soil permeability in the study area. Affected 
by changes of precipitation amount, there is no single 
directional replenishment method between middle and 
deep soil water and groundwater.

Source of River Water Supply

The oxygen isotope ratio of river water in study 
area is the lowest, which is the most stable among the 
5 types of water bodies. The calculation results of the 
water source of river water are as follows (Table 5).

The calculation results show that groundwater 
is the main recharge source of river water, followed 
by soil water, and the contribution of precipitation 
is the lowest. This result not only verifies that the 
fluctuations of isotope value of river water are small, 
but also shows that there is a close relationship between 
groundwater and river water. During the sampling 
period, the contribution of precipitation to river water 
decreases firstly and then increases, while this is 
opposite to soil water. On July 23rd, the contributions 
of groundwater, soil water and precipitation to river 
water reached 87.2%, 8.9% and 3.9% respectively. 
Although the rainfall is frequent and intense before the 
day, the recharge source of river water is mainly from 
groundwater. The contribution of groundwater to river 
water in August also reached more than 70%. Compared 
with July, the frequency and amount of precipitation 
decreases significantly in August. The contribution of 
precipitation to river water varies with precipitation 
amount, but its direct contribution is only 3.5%~6.1%. 
This is because the loose soil, high porosity and strong 
water permeability of the study area causes the surface 
runoff ability of rainfall to decrease. Therefore, the 
unstable water source of precipitation to the supply of 
river water is not obvious. The main supply source of 
river water is relatively stable groundwater. The higher 
contribution of groundwater to river water is related to 
the groundwater level which is higher than the river 

Date
Precipitation 
contribution 

(%)

Soil water 
contribution 

(%)

Groundwater 
contribution 

(%)

July 23 3.9 8.9 87.2

August 2 3.5 21.3 75.2

August 14 6.1 20.2 73.7

Table 4. Contribution to groundwater in different periods.

Date
Precipitation 
contribution 

(%)

Soil water 
contribution 

(%)

Precipitation 
amount 
(mm)

July 23 92.4 7.6 148.6

August 2 12.2 87.8 29.4

August 14 36.9 63.1 45.4

Note: “Precipitation amount (mm)” is the weighted cumula-
tive value of daily precipitation amount.

Table 5. Contribution to river water in different periods.
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level, and may be related to the high plant coverage in 
study area. It is a period of strong growth of subalpine 
shrubs from July to August. The plant can retain a 
large amount of precipitation and infiltrate to form 
groundwater. Therefore, the contribution of groundwater 
to river water is relatively high. This is consistent with 
the result of the recharge source of river water at the 
alpine shrub zone of the Hulugou small watershed in 
the upper reaches of the Heihe River [42].

Transformation Relationship between 
Different Water Bodies

The transformation between different water bodies 
in the subalpine zone of Qilian Mountains is intricate 
and there is no single directional supply method [56]. 
Through above qualitative and quantitative analysis 
of the recharge relationship and the contribution 
ratio between various water bodies, the ecological 
hydrological process of the study area can be roughly 
restored. The precipitation is mainly affected by the 
westerly circulation in summer, and affected by the 
local sub-cloud evaporation at the same time. During 
periods of abundant precipitation, precipitation can 
replenish groundwater through the soil infiltration, 
although the replenishing proportion of precipitation 
to groundwater is relatively small. There is two-
way water transport between middle and deep soil 
water and groundwater. During periods of scarce 
precipitation, groundwater can replenish middle and 
deep soil water in a certain amount. While during 
periods of abundant precipitation, middle and deep soil 
water can replenish a large amount of groundwater. 
Since the root systems of subalpine shrubs are mainly 
concentrated on soil layer of 0-20 cm, the plants mainly 
absorb surface soil water and precipitation. The river 
water in study area is mainly supplied by groundwater 
and soil water. However, this study mainly discusses 
hydrogen and oxygen isotope characteristics of various 
water bodies and the recharge sources of them in  
summer in subalpine shrub area of Qilian Mountains. 
The study of long-term series and larger-scale water 
replenishment of various water bodies is future research 
focus. Next, more work about ecological hydrological 
process in subalpine shrub area of Qilian Mountains 
will be done.

 Conclusions

The isotope values of precipitation from July to 
August in the sub-alpine region of the Qilian Mountains 
are relatively high, and its fluctuation ranges are 
relatively large. The linear correlation between δ18O and 
precipitation amount (P) is: δ18O = -0.0985P - 1.8021 
(R2 = -0.2568, n = 11), and there is a significant 
precipitation amount effect. The water vapor source 
of precipitation is affected by the double influence  
of westerly circulation and the local sub-cloud 

evaporation.
 With the increase of soil depth, the contribution of 

precipitation to soil water decrease, but this is opposite 
to groundwater. Soil water of 0~20 cm is affected most 
easily by precipitation and evaporation, and the isotope 
values are relatively high and its variation ranges are 
relatively large. Soil water of 60~80 cm is affected 
strongly by groundwater, and the isotope values are 
relatively low and its variation ranges are relatively 
stable.

The root of shrub plant in the subalpine area of 
Qilian Mountains is mainly concentrated on the soil 
layer of 0~20 cm, and the water content of it is mainly 
derived from precipitation and surface soil water. 
P. fruticosa Linn has a shallower root distribution, 
and the replenishment of precipitation to plant water 
has a higher proportion. R. capitatum Maxim and S. 
Salicifolia L. have higher water absorption efficiency in 
deep soil.

The variation range of δ2H and δ18O of groundwater 
and river water are relatively small, and the isotopes 
values of them are also lower than other types of water 
bodies. Both groundwater and river water have different 
degrees of response to precipitation amount. The river 
water responds to precipitation amount faster than 
groundwater.

There are close hydraulic connections between 
precipitation with surface water, as well as between 
groundwater and middle and deep soil water. There 
are good conditions of soil permeability and runoff 
connectivity in subalpine shrub area of Qilian 
Mountains, the eco-hydrological process of various 
water bodies is complicated. The study of long-term 
series and larger-scale water replenishment of various 
water bodies is future research focus.
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