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Abstract: Vegetation water consumption in the Sanjiangyuan Region is of direct significance to the
utilization of local water resources. To measure the actual evapotranspiration of various typical
vegetation with different vegetation types in the Sanjiangyuan Region, a Lysimeter was used between
November 2019 and October 2020. Additionally, the Penman–Monteith equation was used to estimate
the condensation water of different vegetation types. Based on the measured data, this paper analyzes
the spatial distribution of annual water consumption and annual runoff of various vegetation types.
Furthermore, the spatial and temporal distribution of monthly water consumption of vegetation
types on different underlying surfaces are discussed. To establish the relationship between the
precipitation and runoff of various vegetation types, an artificial rainfall test was conducted. This
study’s results reveal several key findings: (1) Condensation water is widespread and can be observed
throughout the year. The annual condensation water volume ranges between 28.47 and 56.88 mm,
which is particularly significant for the growth of alpine desert steppe and alpine steppe vegetation.
(2) The annual water consumption in the Sanjiangyuan Region was higher in the south than in
the north. Shrub water consumption was found to be 58.1–73.3 mm higher than that of grasses.
Water consumption primarily occurred during the growing season, spanning from May to October.
(3) The total water consumption in the growing season of the alpine meadow was less affected by
precipitation compared to the non-growing season (from November to the next April). (4) The runoff
yield can be ignored in the non-growing season when calculating water balance. However, during the
growing season, the calculation of runoff cannot be ignored due to its significant impact on vegetation
water consumption.

Keywords: Sanjiangyuan; water consumption; lysimeter; runoff yield; condensation water

1. Introduction

Evapotranspiration, which is the sum of soil evaporation and vegetation transpiration,
is a crucial process in the dissipation of surface water resources. Between 70% and 90%
of surface precipitation returns to the atmosphere through evapotranspiration [1]. The
bulk of evapotranspiration is driven by vegetation water consumption, which exerts a
non-negligible influence on the water and heat balance process and water cycle of the
ecosystem [2]. As such, evapotranspiration represents an essential component in the
calculation of water balance in a basin, and it is also the primary hydrological charac-
teristic parameter, playing a crucial role in the rational development and utilization of
water resources.

Many equations and algorithms have been developed to estimate evapotranspiration,
such as the SEBAL (Surface Energy Balance Algorithm for Land) model, the Penman–
Monteith model, and the Hargreaves model among others. These methods have been
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widely used to estimate vegetation and crop evapotranspiration in different parts of the
world [3–6]. In recent decades, remote sensing technology has played a significant role in
revealing the spatial distribution of surface evapotranspiration over large areas, leveraging
its unique advantages in studying evapotranspiration [7]. However, remote sensing models
rely heavily on surface meteorological and hydrological data, requiring high-quality data
for accurate estimation. Additionally, most remote sensing models face challenges in
universal applicability in different study areas due to underlying surface conditions and
regional limitations. As a result, measured evapotranspiration data is necessary to improve
the accuracy of the evapotranspiration model and to verify the model’s output [8].

Various methods are used to measure actual evapotranspiration, including the eddy
covariance method [9,10], the Lysimeter method [11], the Sap-Flow method [12,13], the
water balance method [14,15], etc. The eddy covariance method requires a smooth and uni-
form underlying surface, and it assumes that the system does not gain or lose mass during
calculation. The Lysimeter method is regarded as the most accurate direct measurement
method for evapotranspiration measurement [16]. It works by computing the water budget
through measuring the weight change and runoff of the soil column in the lysimeter. How-
ever, due to its high cost and management complexity, the Lysimeter method is primarily
used in crop observation and is rarely employed in natural ecosystem research [17].

Currently, numerous studies focus on estimating the evapotranspiration of the San-
jiangyuan Region. Notably, large-scale models such as FAO56 P-M [18] and the surface
energy balance model [19] have been utilized for this purpose. However, when these
models need their accuracy verified with actual evapotranspiration, the potential evap-
otranspiration estimated based on meteorological data is usually used instead of actual
evapotranspiration data, which is often lacking in the study area. Due to varying vegetation
conditions and soil moisture limitations in the Sanjiangyuan Region, there is a significant
difference between actual evapotranspiration and potential evapotranspiration, resulting
in deviations between model estimates and actual evapotranspiration. Some studies have
used eddy data to verify model accuracy, but the evapotranspiration results were underesti-
mated due to the eddy correlation data’s failure to close [20]. Several studies have focused
solely on evapotranspiration during the growing season, disregarding the importance of
non-growing-season evapotranspiration [21]. However, the experimental sites in these
studies have been relatively homogeneous. Given the complex topography, extensive
regional coverage, and significant underlying surface heterogeneity in the Sanjiangyuan Re-
gion, a single experimental site may not fully capture the water consumption patterns of an
ecosystem with multiple underlying surfaces or accurately describe the evapotranspiration
of the entire region. Furthermore, the region’s harsh natural environment makes it more
challenging to observe the water consumption patterns of multiple vegetation types. Cur-
rently, there is a paucity of observational data on the actual evapotranspiration of different
natural vegetation types across multiple observation stations in the region. Additionally,
existing studies have largely disregarded condensation, despite its importance as a source
of evapotranspiration, particularly in arid areas [22]. Furthermore, most studies on actual
evapotranspiration in the Sanjiangyuan Region have failed to observe runoff: an essential
component of the water balance formula that significantly impacts the final calculation
of evapotranspiration. Thus, runoff observation is critical for accurately determining the
actual evapotranspiration in the region.

In recent decades, the Sanjiangyuan Region has experienced a significant shift in
its climate, characterized by rising temperatures [23], decreasing precipitation [24], and
intensifying evaporation [25]. This shift, coupled with the reduction of biodiversity and de-
struction of vegetation [26] in wetland ecosystems, poses a significant threat to the region’s
ecological security and water conservation capacity. Therefore, conducting an in-depth
analysis of the spatial water consumption of different vegetation in the Sanjiangyuan Re-
gion is of critical importance to accurately understand the current state of the region’s water
resources. This study utilized the Lysimeter method to conduct a long-term field test in the
cold alpine regions, observing the actual evapotranspiration and runoff yield of different
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vegetation and analyzing the temporal and spatial distribution of evapotranspiration. Ad-
ditionally, the relationship between precipitation and surface runoff of various vegetation
types was examined through an artificial precipitation test. The findings of this research
offer essential data for the study of vegetation evapotranspiration in the Sanjiangyuan
Region and can serve as a reference for calculating water consumption of vegetation on a
large spatial and temporal scale.

2. Materials and Methods
2.1. Overview of the Study Area

The Sanjiangyuan Region, situated in the heart of the Qinghai–Tibet Plateau, is the
source of three major rivers: the Yangtze, Yellow, and the Lancang. The region’s ecosystem
boasts significant water conservation capacity [27,28], and its distinct alpine vegetation
system plays a crucial role in global climate change and climate response research [29]. The
Sanjiangyuan Region is located between 31◦39′~37◦10′ N, and 89◦24′~102◦27′ E, covering
a total area of 395,000 km2 at an average altitude of 4200 m. The region has a typical
plateau continental climate, with little seasonal variation, regularly alternating between
low and high temperatures, distinct dry and wet seasons, the simultaneous presence of rain
and heat, and long hours of sunshine. The plant growth period is short due to the harsh
climate, with an average annual temperature of −5.6~7.8 ◦C, an annual precipitation of
262.2~772.8 mm, an annual sunshine duration of 2300~2900 h, and annual solar radiation of
5658~6469 MJ/m2. The oxygen content in the air is only around 60~70% of that at sea level.

The Sanjiangyuan Region comprises nine vegetation types, including coniferous for-
est, broad-leaved forest, coniferous and broad-leaved mixed forest, alpine shrub, alpine
meadow, alpine grassland, alpine swamp and alpine aquatic vegetation, alpine cushion
vegetation, and alpine sparse vegetation. The main species of shrub vegetation in this
region are Rhododendron, Salix, Hippophae, Potentilla fruticose, Caragana, Spiraea, Xunzi,
and so on. The main plant species of grassland and meadow are Artemisia, Stipa Stipa,
Carex, Saussurea, Roegneria, Poa pratensis, Elymus, Achnatherum, algae, moss, and so
on. Alpine meadow and alpine grassland are the main types of vegetation and natural
grasslands of the Sanjiangyuan Region. As shown in Figure 1, the region has diverse
vegetation, which is widely distributed.

2.2. Test Plan
2.2.1. Equipment and Principle of Lysimeter

A Lysimeter is an observation device used to measure vegetation water consumption.
It operates based on the principle of water balance by measuring changes in bucket weight,
underground leakage, and surface runoff. It is widely recognized as the most accurate
instrument for observing the water consumption of vegetation [30]. To suit the biological
characteristics of shrubs, forages, and typical communities, different types of Lysimeters
were designed and manufactured. These include a plant evapotranspiration observation
device (ZL201921146973.0) and a small soil evapotranspiration automatic monitoring device
(ZL201921146987.2). The Lysimeter was backfilled with soil, and a piece of turf was placed
on top. Catheters and water storage bottles were installed at the bottom to collect runoff
(see Figure 2). The small Lysimeter had a measuring bucket with a diameter of 200 mm and
a height of 500 mm and it was weighed by an LT30KA-1 electronic balance with an accuracy
of 0.1 g, converted to a water depth of 0.003 mm. The medium-sized Lysimeter had a
measuring bucket with a diameter of 500 mm and a height of 500 mm, and it was weighed
by an LT150K balance with an accuracy of 1 g (converted to a water depth of 0.005 mm).
Both types of electronic balances were produced by Changshu Tianliang Instrument Co.,
Ltd. (Changshu, China). The water balance equation is as follows:

ET = I + P + D + ∆W − (Q + R), (1)
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where ET is the evapotranspiration; I is the irrigation amount (no water supply in this test,
and so I = 0); P is the amount of rainfall; D is the amount of condensation water; ∆W is the
variation of soil water content in the Lysimeter; Q is the amount of soil water leakage; and
R is the surface runoff. In this test, the surface runoff and soil water leakage, that is, the sum
of Q and R (hereinafter referred to as runoff production), were collected using water storage
bottles. The Lysimeter bucket did not come into contact with the surrounding soil, and
there was no groundwater supply to the Lysimeter bucket. The influence of groundwater
on evapotranspiration was not considered in this test.
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Many studies have shown that water condensation occurs overnight [31], and vege-
tation transpiration and soil evaporation occur throughout the day [32]. During the day,
evaporation is dominant and condensation is negligible, while at night, evaporation is
weak and condensation is more prominent than evaporation. In order to facilitate the
observation and calculation of condensation water, evaporation is assumed to stop if ∆W
is positive during the intraday evapotranspiration observation. Let ET = 0, and then the
equation is as follows:

D = ∆W + (Q + R)− I − P . (2)

2.2.2. The Layout of the Evapotranspiration Field

To accurately represent the spatial distribution of vegetation water consumption in the
Sanjiangyuan Region, we selected 6 evapotranspiration fields near the weather stations that
represent typical alpine desert grasslands, alpine grasslands, alpine meadows, and alpine
shrubs, respectively. The evapotranspiration fields were established on a flat underlying
surface. To capture the diversity of vegetation in the region, we selected 22 vegetation
species from dominant species, constructive species, and typical communities surrounding
the evapotranspiration fields for observation (see Tables 1 and 2). The evapotranspiration
fields were located in Maixiu: a town in Zeku County, Dengta: a town in Banma County,
Dawu: a town in Maqin County, the Longbaotan Wetland Reserve of Yushu City, Ziketan: a
town in Xinghai County, and the Tiegai Township in Gonghe County (see Figure 3). Specifi-
cally, the evapotranspiration fields in Zeku County and Banma County were for observing
the water consumption of shrubs such as Potentilla fruticose, Berberis dubia, Caragana
jubata, and Salix cheilophila var. cheilophila; the evapotranspiration fields in Maqin County
and Yushu City were for forage and included Puccinellia tenuiflora, Stipa capillata, Poa
annua var. annua, Elymus nutans, Achnatherum splendens, Agropyron cristatum (Linn.)
Gaertn. var. cristatum, Carex caespititia, and Kobresia pygmaea; and typical communities
(bare ground, Achnatherum splendens community, Agropyron cristatum (Linn.) Gaertn.
var. cristatum community, Elymus nutans community, Kobresia pygmaea community,
Potentilla fruticosa community, and weed community) were observed in the evapotranspi-
ration fields in Xinghai, Gonghe, and Yushu. Small-sized Lysimeters were used on forage,
and medium-sized Lysimeters were used on shrubs and typical communities, respectively.

Table 1. The position of the evapotranspiration fields.

Evapotranspiration
Field Longitude (E) Latitude (N) Altitude (m) Vegetation Type Observed Vegetation

Zeku 101◦56′10.56′′ 35◦16′50′′ 2941 Alpine shrub Shrub
Banma, 100◦52′17.5′′ 32◦42′21.6′′ 3271 Alpine shrub Shrub
Maqin 100◦12′11.17′′ 34◦28′48.85′′ 3775 alpine meadow Forage, typical communities
Yushu 96◦30′29.5′′ 33◦12′42.4′′ 4161 alpine meadow Forage, typical communities

Xinghai 99◦58′48.06′′ 35◦35′20.03′′ 3265 Alpine grassland typical communities
Gonghe 100◦12′25.17′′ 35◦59′47.88′′ 3108 Alpine desert grassland typical communities

Table 2. Repeated number of Lysimeters for different vegetation types.

Evapotranspiration Field Observed Vegetation
Number of Duplicates of Lysimeters

Monthly Variation Test Condensate Test

Gonghe

Bare ground Three \
Achnatherum splendens community Three \

Agropyron cristatum (Linn.) Gaertn. var.
cristatum community Three \

Xinghai
Bare ground Three \

Achnatherum splendens community Three \
Elymus nutans community Three \
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Table 2. Cont.

Evapotranspiration Field Observed Vegetation
Number of Duplicates of Lysimeters

Monthly Variation Test Condensate Test

Maqin

Puccinellia tenuiflora Four Twelve
Poa annua var. annua Twelve Twelve

Elymus nutans Twelve Twelve
Stipa capillata Twelve Twelve
Bare ground \ Three

Kobresia community \ Three
Potentilla fruticose community \ Three

Yushu

Carex caespititia community Twelve Twelve
Kobresia pygmaea Twelve Twelve

Bare ground Two Two
Kobresia community Three Three

Weed community Four Four

Zeku
Potentilla fruticose Twelve Twelve

Berberis dubia Twelve Twelve

Banma
Caragana jubata Eight Eight

Salix cheilophila var. cheilophila Eight Eight
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The Lysimeters were installed between June and August of 2019, and the restoration
of soil and vegetation took place from September to October 2019 (see Figure 3).

2.2.3. Items and Frequency of Observation

See Table 2 for the number of duplicates of Lysimeters for observing vegetation in
different evapotranspiration fields. A rainfall cylinder (David, USA) and a portable weather
station (David, USA) were arranged in each evapotranspiration field, and the precipitation,
temperature, dew point temperature, air humidity and wind speed were recorded once
per hour.

During the experimental period of November 2019 to October 2020, we measured
actual evapotranspiration and runoff yield using Lysimeters and water storage bottles. We
weighed these instruments every 5 days during the growing season (May–October), and
every 15 days during the non-growing season (November–April) of the following year).

Regarding condensation water observation, observation of condensation water was
carried out on typical sunny days with the Lysimeters in 2021 in Maqin (May 12~May 14),
Zeku (May 24~May 27), Banma (June 9~June 10), and Yushu (June 14~June 16). The weight
was measured every 2 h from 5:00 to 21:00.
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2.2.4. Artificial Precipitation Simulation Test

In order to study the runoff yield of various vegetation types in the Sanjiangyuan
Region, gradient precipitation was simulated with sprinklers on certain typical sunny days,
and the surface runoff and soil water leakage were collected separately. The test ended as
soon as the surface runoff was generated, and the surface runoff and soil water leakage
were weighed, respectively. The precipitation gradients of each evapotranspiration field
site were as follows:

1. There were six treatments and two replicates in each group of forage in Maqin.
One treatment was the control without an artificial precipitation test and the other five
treatments showed precipitation measurements with increasing gradients of 4 mm starting
at 4 mm. There were five gradients in total;

2. There were six treatments and two replicates in each group of forage in Yushu.
One treatment was the control without an artificial precipitation test and the other five
treatments showed precipitation measurements with increasing gradients of 4 mm starting
at 4 mm. There were five gradients in total;

3. The typical community of Yushu had 3 treatments and 1 replicate in each group.
One treatment was the control without artificial precipitation and the other two treatments,
starting at 15 mm, showed precipitation measurements with increasing gradients of 5 mm.
Two artificial precipitation tests were carried out, with the treatments of the first tests show-
ing 15 mm and 20 mm of precipitation, respectively. If no surface runoff was produced, the
second artificial precipitation test would be carried out immediately, with both treatments
showing 10 mm of precipitation.

4. Each group of shrubs in Zeku was tested with 6 treatments and 2 replicates.
One treatment was the control without an artificial precipitation test and the other five
treatments started at 10 mm of precipitation with increasing gradients of 4 mm. There were
five gradients in total.

5. Each group of shrubs in Banma had 4 treatments and 2 replicates. One treatment
was the control without an artificial precipitation test and the other three treatments, started
at 20 mm of precipitation with increasing gradients of 5 mm. There were 3 gradients in total.

2.2.5. Data Source and Processing

This study obtained the Lysimeter data and meteorological data of the evapotranspira-
tion fields and analyzed the hourly data of the weather stations near the evapotranspiration
fields provided by the Qinghai Meteorological Bureau, which included precipitation, maxi-
mum temperature, minimum temperature, average temperature, dew point temperature,
air humidity, atmospheric pressure, and wind speed at 2 m height. The meteorological data
of the evapotranspiration fields were used to examine and calibrate those of the Qinghai
Meteorological Bureau. For the data of the evapotranspiration fields far away from the
national standard meteorological stations and the data missing in the test, the remote
sensing interpolation method was applied. For abnormal data of Lysimeters, the following
processes were performed, respectively: (1) For weighing errors caused by the electronic
balance, all data from the test were eliminated, and the water balance was calculated with
the previous and the next set of observation data. (2) We discriminated the abnormal values
using the 3δ criterion for repeated test data in each group and eliminated the data that
failed the test. (3) We ran single-sample T-tests on the data that passed the 3δ criterion test
and eliminated the data that failed the test.

2.3. Estimating Condensation Water Using the Penman–Monteith Formula

As the duration for actual condensation water observation in the test was finite, in
order to obtain the condensation water data of the whole test period, the empirical formula
parameters were calibrated with existing observation data. The hourly condensation water
was estimated according to the Penman–Monteith formula [33], and the daily and monthly
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condensation water was obtained by summing the hourly condensate. The formula is
as follows:

ET0 =
0.408∆(Rn − G) + γ Cn

T+273 µ2(es − ea)

∆ + γ(1 + Cdµ2)
, (3)

where, if ET0 > 0, ET0 is the reference evaporation of vegetation (mm/hour); if ET0 < 0, the
absolute value of ET0 is the condensation water amount [34]; Rn is the net solar radiation
(MJ/m2·hour) (calculated according to Angstrom’s solar empirical formula, which will not
be described in detail in this paper); G is the soil heat flux (MJ/m2·hour), and G = 0 at night;
∆ is the slope of saturated water pressure (kPa/◦C); T is the average temperature (◦C); µ2 is
the wind speed (m/s) at the height of 2 m; Cn is the molecular constant regarding reference
vegetation type and time step; Cd is the denominator constant regarding vegetation type
and time step; γ is the hygrometer constant (kPa/◦C); es is the saturated vapor pressure;
and ea is the actual water pressure (kPa).

3. Results and Analysis

The monthly water consumption results of the Lysimeters in different evapotranspi-
ration fields were inspected with a single-sample T-test, and the data that failed the test
(p > 0.01) or had no statistical significance were eliminated. A total of 95% of the data
passed the single-sample T-test.

3.1. Analysis of Condensation Water of Different Vegetation

During the typical sunny days in May and June, the condensation water was observed
as early as 18:00 on the previous day to as late as 10:00 on the following day. The amount
of condensation water reached its maximum between 7:00 and 8:00 on the following day,
and then gradually decreased to zero. The daily condensation water observed in this test
was 0.01–0.67 mm.

The Cn and Cd of different vegetation were set according to the vegetation type and
time step, and the Penman–Monteith formula was used to estimate the daily condensation
water of different vegetation types in different evapotranspiration fields. There was a
strong correlation between daily observed condensation water and estimated condensation
water. The Pearson correlation coefficient was 0.80 (p < 0.01), RMSE was 0.10, and MAE
was 0.08 mm; all were within the acceptable range. The estimated condensation water
range was 0–0.59 mm. Table 3 shows that the annual condensation water ranged from
28.47 to 56.88 mm, accounting for 5.98~10.84% of the annual precipitation. The percentage
of annual condensation water to annual precipitation was in the order of Gonghe > Xinghai
> Yushu > Maqin > Zeku > Banma. The variation trend of condensation water, the range of
daily condensation water, and the annual amount of condensation water were consistent
with the research results of the Fenghuoshan Basin [35], Heihe Basin [36], and Shazhuyu
alpine sandy areas [37].

Table 3. Condensation water of different vegetation types.

Evapotranspiration
Field Vegetation Annual Condensation

Water (mm)

Annual Condensation
Water /Annual

Precipitation (%)

Gonghe
Bare ground 30.06 8.19
Low grass 34.32 9.35

Achnatherum splendens 39.78 10.84

Xinghai
Bare ground 28.47 7.54
Low grass 33.96 8.99

Achnatherum splendens 37.15 9.84

Maqin
Bare ground 45.42 7.10
Low grass 54.32 8.49

Shrub 48.58 7.59

Yushu
Bare ground 51.55 8.59
Low grass 56.88 9.48
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Table 3. Cont.

Evapotranspiration
Field Vegetation Annual Condensation

Water (mm)

Annual Condensation
Water /Annual

Precipitation (%)

Zeku Shrub 30.88 6.27

Banma Shrub 35.88 5.98

The amount of condensation water during the year showed a bimodal trend (see
Figure 4), with the lowest amounts in winter and spring, the largest in late summer and
early autumn (August), and the second-largest in late autumn and early winter (October
and November).
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3.2. Analysis of Water Consumption of Forage

The annual precipitation in Maqin was 639.9 mm, and the annual water consumption
was 478. 7~519.6 mm with an average of 499.9 mm for Puccinellia tenuiflora, 515.6~564.6 mm
with an average of 553.6 mm for Poa annua var. annua, 451.3~558.8 mm with an average of
533.6 mm for Elymus nutans, and 494.0~563.8 mm with an average of 542.4 mm for Stipa
capillata (see Tables 4 and 5). The annual precipitation in Yushu was 596.3 mm, and the
annual water consumption was 542.9~657.5 mm with an average of 593.0 mm for Carex
caespititia and 544.8~609.3 mm with an average of 581.5 mm for Kobresia pygmaea. The
annual water consumption of the forage in Yushu was higher than that in Maqin, and the
order of water consumption was: Carex caespititia > Kobresia pygmaea > Poa annua var.
annua > Stipa capillata > Elymus nutans > Puccinellia tenuiflora (see Figure 5).

Table 4. Water consumption distribution of typical vegetation in different seasons.

Vegetational
Type

Evapotranspiration
Field

Observed Vegetation

Vegetation Water Consumption (mm) Percentage of Annual Water
Consumption (%)

Non-Growing
Season

Growing
Season

All
Year

Non-Growing
Season

Growing
Season

Forage
Maqin

Puccinellia tenuiflora 65.9 434.0 499.9 13.18 86.82
Poa annua var. annua 56.9 496.7 553.6 10.28 89.72

Elymus nutans 59.9 473.7 533.6 11.23 88.77
Stipa capillata 57.7 484.7 542.4 10.64 89.36

Yushu
Carex caespititia 127.7 465.2 593.0 21.54 78.46

Kobresia pygmaea 132.5 449.0 581.5 22.79 77. 21

Shrub

Zeku
Potentilla fruticose 96.6 470.7 567.3 17.04 82.96

Berberis dubia 92.6 465.5 558.0 16.59 83.41

Banma
Caragana jubata 99.1 564.8 663.9 14.92 85.08
Salix cheilophila
var. cheilophila 102.4 563.9 666.3 15.37 84.63

Typical
community

Gonghe

Bare ground 48.4 395.2 443.6 10.92 89.08
Achnatherum

splendens community 30.0 393.1 423.0 7.09 92.91

Agropyron cristatum
(Linn.) Gaertn. var.

cristatum community
56.1 396.2 452.3 12.40 87.60

Xinghai

Bare ground 69.6 326.6 396.2 17.57 82.43
Achnatherum

splendens community 53.2 359.5 412.6 12.88 87.12

Elymus
nutans community 73.1 346.4 419.5 17.42 82.58

Yushu
Bare ground 120.3 539.0 659.3 18.25 81.75

Kobresia community 116.8 570.5 687.3 17.00 83.00
weed community 129.4 578.3 707.7 18.29 81.71

Table 5. Vegetation height and coverage in different evapotranspiration fields.

Evapotranspiration
Field

Observation
Month Vegetation Vegetation

Coverage (%)
Vegetation Height

(cm)

Maqin May

Bare ground 1.00 0.07
Forage 72.81 6.13

Low grass community 98.13 2.50
Potentilla

fruticose community 98.00 30.00

Zeku May Shrub 86.25 32.09

Banma June Shrub 85.75 63.91

Yushu June
Bare ground 1.75 0.08

Forage 97.71 11.88
Low grass community 94.17 5.50
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The water consumption values of the four forages in Maqin were basically the same.
As temperature increased in April, the vegetation resuscitated and the water consump-
tion began to rise, reaching its maximum in July. Then, the plant physiological activities
gradually slowed down, and the water consumption gradually decreased until the vege-
tation died away in November and entered the dormant period. The water consumption
values of the two kinds of forage in Yushu corresponded to that in Maqin, where the
water consumption began to rise in March, reached the maximum in September, and then
gradually decreased. The water consumption of the growing season (May-October) of
forage in Maqin accounted for 86.82~89.72% of the annual water consumption, and the
water consumption in Yushu accounted for 77.21~78.46%.

3.3. Analysis of Water Consumption of Shrubs

The annual precipitation in Zeku was 492.3 mm, and the annual water consump-
tion was 541.4~593.0 mm with an average of 567.30 mm for Potentilla fruticose and
541.0~579.5 mm with an average of 558.0 mm for Berberis dubia. The annual precipi-
tation in Banma was 599.3 mm, and the annual water consumption was 575.0~712. 9 mm
with an average of 663.9 mm for Caragana jubata and 545.7~762.7 mm with an average of
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666.3 mm for Salix cheilophila var. cheilophila. The annual water consumption of shrubs in
Banma was greater than that in Zeku, and the order of water consumption was: Potentilla
fruticose > Salix cheilophila var. cheilophila > Caragana jubata.

The changing processes of monthly water consumption of the four shrubs in Zeku
and Banma, shown in Figure 6, resembled each other. The water consumption began to
increase in April, reached its maximum in July, and gradually decreased until the vegetation
died away in November and entered the dormant period, when the water consumption
became smaller. The water consumption of shrubs in the growing season accounted for
82.96~83.41% of the annual water consumption in Zeku and 84.63~85.08% in Banma.
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3.4. Analysis of Water Consumption of Typical Communities

In Maqin’s typical community observation, because the equipment was damaged
during the observation, only three sets of valid data were obtained in November and
December 2019, and October 2020. According to the abnormal data processing method of
Lysimeter (1), the sum of the monthly water consumption of typical communities from
November 2019 to October 2020 was calculated.

The underlying surfaces of Gonghe and Xinghai were alpine desert grassland and
alpine grassland with sparse vegetation and much bare ground. The annual precipitation
in Gonghe was 367.08 mm, and the annual water consumption was 437.4~450.3 mm with
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an average of 443.6 mm for bare ground, 402.2~431.3 mm with an average of 423.0 mm
for the Achnatherum splendens community, and 438.8~456.4 mm with an average of
452.3 mm for the Agropyron cristatum (Linn.) Gaertn. var. cristatum community. The
annual precipitation in Xinghai was 377.6 mm, and the annual water consumption was
370.13~401.26 mm with an average of 396.20 mm for bare ground, 396.7~414.5 mm with
an average of 412.6 mm for the Achnatherum splendens community, and 411.8~424.5 mm
with an average of 419.5 mm for the Elymus nutans community. The annual water con-
sumption of the Achnatherum splendens community was less than that of the Elymus
nutans community. The vegetation water consumption began to increase in April and
May, and the vegetation water consumption in June decreased or remained the same as
that in May. The bare ground and Elymus nutans communities in Xinghai reached the
maximum in July and then decreased. While the Achnatherum splendens communities
in Xinghai and the bare ground, as well as the Achnatherum splendens communities and
the Agropyron cristatum (Linn.) Gaertn. Var. cristatum communities in Gonghe, reached
the maximum in August and then decreased (see Figure 7). The water consumption of
the growing season of typical communities in Gonghe accounted for 87.60~92.91% of the
annual water consumption, and in Xinghai, it accounted for 82.43~87.12%.

The underlying surfaces of Maqin and Yushu were alpine meadow. The annual wa-
ter consumption in Maqin was 657.9~697.8 mm with an average of 683.4 mm for bare
ground, 685.6~699.0 mm with an average of 694.2 mm for the Kobresia community, and
685.2~705.2 mm with an average of 692.6 mm for Potentilla fruticose. The annual wa-
ter consumption in Yushu was 648.1~670.5 mm with an average of 659.3 mm for bare
ground, 669.9~706. 6mm with an average of 687.3 mm for the Kobresia community, and
701.7~746.6 mm with an average of 707.7 mm for the weed community.

The monthly water consumption of typical communities in Yushu began to rise in
April, reached the first peak in June, decreased in July, and reached the maximum value of
the year in August, and then decreased sharply and tended to stabilize in November. The
water consumption of typical communities during the growing season in Yushu accounted
for 81.71~83.00% of the annual water consumption.

3.5. Analysis of Annual Runoff Yield

The annual runoff yields of forage in Maqin of Puccinellia tenuiflora, Poa annua var.
annua, Elymus nutans, and Stipa capillata were 114.75 mm, 94.2 mm, 107.37 mm, and
104.85 mm, respectively, accounting for 18%, 15%, 17%, and 16% of the annual precipitation,
respectively. In Yushu, the annual runoff yield of forage of Carex caespititia and Kobresia
pygmaea were 99.73 mm and 115.83 mm, respectively, accounting for 17% and 19% of the
annual precipitation, respectively.

The annual runoff yields of shrubs in Zeku of Potentilla fruticose and Berberis dubia
were 0.81 mm and 0.36 mm, respectively, which was too small and thus ignored during
data analysis. In Banma, the annual runoff yields of shrubs of Caragana jubata and Salix
cheilophila var. cheilophila were 26.17 mm and 23.34 mm, respectively, accounting for 4%
and 4% of the annual precipitation, respectively.

The annual runoff yield in Gonghe of the Agropyron cristatum (Linn.) Gaertn. var.
cristatum community was only 0.3 mm and thus ignored during data analysis. In Xinghai,
the annual runoff yields of the typical community of bare ground, the Achnatherum
splendens community, and the weed community were 45.26 mm, 70.39 mm, and 51.13 mm,
respectively, accounting for 12%, 16%, and 14%, of the annual precipitation, respectively.
In Yushu, the annual runoff yield of the typical community of bare ground, the Kobresia
community, and the weed community was 31.54 mm, 10.35 mm, and 9.25 mm, respectively,
accounting for 5%, 2%, and 2% of the annual precipitation, respectively.
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3.6. Relationship between Surface Runoff and Artificial Precipitation

When precipitation occurred, the generation of surface runoff was related to vegetation
height and vegetation coverage. It can be seen in Table 5 that at the initial stage of vegetation
growth, except for bare ground, the vegetation coverage of the turf inside the Lysimeter
was up to 72.81~98.13%, the height of forage was 2.5~11.88 cm, and the height of shrubs
was 30.00~63.91 cm.

In Maqin, with precipitation gradients of 10 mm, Elymus nutans collected a total
of 4.9 mm of surface runoff, without soil water leakage. When the precipitation reached
11.57 mm, Stipa capillata began to produce surface runoff of 1.81 mm with 1.81 mm of soil
water leakage. When the precipitation reached 8.19 mm, Poa annua var. annua began to
produce surface runoff with a total of 2.8 mm and 0.04 mm of soil water leakage. When the
precipitation reached 16 mm, Puccinellia tenuiflora did not produce surface runoff. When
the precipitation reached 10 mm, there was no surface runoff of bare ground, the Kobresia
community, or the Potentilla fruticose community.

In Yushu, when the artificial precipitation reached 23.26 mm, the bare ground began
to produce surface runoff totaling 0.47 mm and 1.73 mm of soil water leakage. When the
precipitation reached 30 mm, neither the Kobresia community nor the weed community
produced surface runoff. When the precipitation reached 35 mm, there was no surface
runoff of the two forages Carex caespititia or Kobresia pygmaea. In Zeku and Banma,
when the artificial precipitation reached 35 mm and 30 mm, respectively, the shrubs did
not produce surface runoff.

4. Discussion

The annual amount of condensation water on bare ground was found to be lower than
that on vegetated ground in Gonghe, Xinghai, Maqin, and Yushu. The annual amount of
condensation water on shrubs was found to be between that on bare ground and low grass
in Maqin. These findings are consistent with the conclusions of previous experimental
studies conducted by Wang Zhongjing [36] and Liu Xin [35]. Vegetation with a large leaf
area has more contact with the atmosphere, which makes it possible to generate more
condensation water. Higher vegetation is generally more conducive to the generation of
condensation water [38]. however, if the density of the vegetation is too high, the surface
temperature can decrease, which can result in a decrease in the amount of condensation
water [39]. These findings suggest that condensation water is an important supplementary
source to vegetation water consumption in the Sanjiangyuan Region, particularly for local
ecology with less precipitation. However, in the actual observation process, condensation
and vegetation transpiration, as well as soil evaporation, occurred alternately. This test as-
sumed that the evapotranspiration at night was zero and the transpiration and evaporation
were not distinguished during nightly observation, which may cause an underestimation
of condensation water.

During the observation period, although Maqin received more precipitation than
Yushu, the annual water consumption of forage in Yushu was higher than that in Maqin,
which is consistent with the findings of Xiuying Wang et al. [39]. In the growing season,
the water consumption of forage in Yushu and Maqin was relatively close. However, in the
non-growing season, the higher precipitation in Yushu resulted in nearly double the water
consumption of forage compared to Maqin, leading to a higher annual water consumption
in Yushu forage. Additionally, the non-growing season water consumption of shrubs in
Zeku and Banma was similar, resulting in a relatively similar annual water consumption
percentage for both locations. These findings suggest that the total water consumption of
alpine meadows in Yushu and Maqin is less affected by precipitation compared to the non-
growing season. During the observation process of typical communities in Maqin, most of
the annual runoff data were not observed and recorded in time, and the actual recorded
annual runoff was less. The water balance principle was used to include unrecorded
runoff as vegetation water consumption, leading to larger water consumption of typical
communities than for forage. The water consumption of Yushu forage is lower than that of
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typical communities due to the smaller barrel diameter of the evapotranspiration meter
used for forage compared to shrubs. The observations from smaller evapotranspiration
meters tend to be lower than those from larger ones [40], resulting in an overestimation of
the difference in annual water consumption between forage and shrubs.

During the observation of vegetation water consumption throughout the year, the
ratio of runoff to annual precipitation was found to be high, reaching up to 19%. The
order of vegetation runoff was: bare land > grass > shrub. In the artificial precipitation
tests, the precipitation thresholds of surface runoff generated by different vegetation types
were different due to their underlying surfaces. Overall, the performance order of bare
land > grass > shrub was observed. Vegetation surface runoff is an integral part of runoff
generation. In the source area of the Sanjiangyuan Region, there is very little surface runoff
when precipitation is low. However, when short-term heavy precipitation occurs, the lower
the surface vegetation coverage, the more prone it is to surface runoff [26]. Bare land, due
to the scarcity of surface vegetation, is not able to intercept and store water, and it is more
likely to produce surface runoff [41]. Therefore, while the principle of water balance allows
for the ignoring of runoff during the non-growing season due to low precipitation and no
short-term heavy precipitation, in the growing season, especially in July and August when
there are more short-term heavy rainfall events, the calculation of runoff generation cannot
be ignored.

5. Conclusions

The water consumption of various vegetation types in the Sanjiangyuan Region
was analyzed through Lysimeter tests from November 2019 to October 2020. The spatial
distribution of annual water consumption of vegetation in the study area was generally high
in the south and low in the north. The annual water consumption of shrubs was found to be
58.1~73.3 mm higher than that of grasses. However, due to the different sizes of Lysimeters
for grasses and shrubs, the difference between the two may have been overestimated. The
main water consumption occurred during the growing season (May–October), accounting
for 77.21–92.91% of the annual water consumption. Condensation water was found to be
an important water supplement for vegetation water consumption in the Sanjiangyuan
Region, but it was underestimated. It is particularly significant for the growth in alpine
desert steppe and alpine steppe regions, which have less annual precipitation. The total
water consumption of alpine meadows during the non-growing season was more affected
by precipitation than during the growing season. Runoff yield is an important element
in the water balance equation, and as ground vegetation coverage increases, the runoff
yield gradually decreases. While the non-growing season vegetation runoff yield can be
ignored in the water balance equation, the growing season runoff yield has a significant
impact on vegetation water consumption, and, therefore, the runoff yield calculation cannot
be ignored.

One year of data is not sufficient to represent the characteristics of spatial evapo-
transpiration over many years in the Sanjiangyuan Region. It is necessary to observe
the spatial evapotranspiration for a longer time series to gain a better understanding of
its characteristics.
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