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A B S T R A C T   

Quantifying the regional evapotranspiration is critical in terrestrial water balance and global water cycle, while 
partitioning of evapotranspiration is challenging but fundamental to predict the fate of terrestrial ecosystems 
under climate changes. Here, we performed in-situ measurements of water isotopes in atmospheric vapor, plant 
tissues and soil pools in a Pinus yunnanensis forest ecosystem in southwest China, aiming to partitioning ET by 
estimating the stable isotopic compositions of ET and that of its two components, i.e., plant transpiration and soil 
water evaporation. We used combined high-frequency laser spectroscopy and chamber methods, to constrain the 
estimates of T/ET. We first found that the estimated daily T/ET ratio ranges from 0.59 to 0.81, with an apparent 
increasing shift in the early growing season and maintaining a plateau level of over 0.75 during the peak growing 
season. This higher averaged T/ET of 0.73 ± 0.06 indicates that plant transpiration is the main component of 
evapotranspiration. The estimated δE and δT are in agreement with result from customized chamber method. We 
also found that in monsoon season (in June-September), soil water content is the main control of T/ET variations, 
with leaf area index playing only a partial role. Our study confirms the critical impact of soil water on the 
seasonal change of T/ET in Pinus yunnanensis ecosystem such as the SW China. However, we are also aware the 
sensitivity of controls on estimated T/ET at different time scale interested. Our results here provide insight into 
the regional hydrological cycle in alpine forest ecosystem and potentially benefits many applications from forest 
ecosystem protection to paleo isotope archives.   

1. Introduction 

Increasing stress from climate change exerted its impact on water 
cycle of the global terrestrial ecosystem, and hydrological cycle is ex
pected to be intensified and to alter evapotranspiration (ET), with im
plications for feedback to regional and global climate (Jung et al., 2010). 
Evapotranspiration is the most important process that influences 
ecosystem water loss and a major determinant of the water budget and 
energy balance in the ecosystem. However, in the terrestrial water cycle 
budget, evapotranspiration determined by the intensities and relative 
proportions of evaporation from the soil (E) and transpiration through 
the stomata of plants (T), is still a major uncertainty, especially in the 
stress of climate change. Since T fluxes link the water and carbon cycles 

(Scott et al., 2006), it transfers a significant portion of water from the 
soil to the atmosphere with consequences for regional humidity and 
precipitation patterns (Aguiar et al., 1996; Kool et al., 2014; Prince et al., 
1998). Therefore, quantitative estimation of T in the total ET (T/ET) has 
long been acknowledged to play a crucial role in water resource man
agement, yield estimation, the water cycle and climate change, from plot 
scale to global scale (e.g., Jasechko et al., 2013; Kool et al., 2014). In 
addition, as water limited environments currently comprise about half 
of the earth’s land surface and are expected to continue to expand 
(Newman et al., 2006), the issue of accurately assessing ET and its 
components has become more acute in recent studies in related to 
isotope hydrology, ecosystem processes and climate change (Dubbert 
et al., 2014; Jasechko et al., 2013; Jefferson et al., 2017; Zhang et al., 
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2018). On a global scale, concerns about climate change have raised 
interest in the connection between ET and carbon sequestration (Scott 
et al., 2006), and the influence of ET partitioning on land–atmosphere 
patterns which affect climate simulations (Lawrence et al., 2007). 
Consequently, the topic of evapotranspiration partitioning has gained 
much attention in the scientific community (e.g., Berkelhammer et al., 
2016; Lu et al., 2017). 

At present, various methods have been developed for ET partitioning 
at different spatial and temporal scales (Coenders-Gerrits et al., 2014; 
Fatichi and Pappas, 2017; Scott and Biederman, 2017; Wei et al., 2017), 
such as those from field observations (Zhou et al., 2016), remote sensing 
model estimation (Miralles et al., 2016), process-based model simula
tions (Wang-Erlandsson et al., 2014) and reanalysis data (Kochendorfer 
and Ramírez, 2010). Isotopic measurements (Good et al., 2015) have 
been increasingly used to partition ET at these scales owning to the 
sensitivity of isotope fractionation in evaporation. The stable isotope 
method for ET partitioning is usually based on the principle of isotope 
mass balance; thus, the analysis of the water stable isotopic composi
tions within soil, vegetation and the atmosphere are the core issue (Xiao 
et al., 2018). 

In spite of the ET partitioning efforts over the past decades, there is a 
significant discrepancy among global T/ET estimated by different 
methods and large uncertainty still exists at different spatial–temporal 
coverages. At the global scale, the magnitude of T/ET differs substan
tially (20%–90%) among different methods (Coenders-Gerrits et al., 
2014; Jasechko et al., 2013; Good et al., 2015; Maxwell and Condon, 
2016; Miralles et al., 2016; Wei et al., 2017). The distinct isotope effects 
of T and E showed that T represents 80–90% of terrestrial ET at basin 
and global scales by using a combination of isotope measurement 
techniques and satellite observations (Jasechko et al., 2013). Such high 
ratio was questioned and challenged by following correspondence 
(Schlesinger and Jasechko, 2014; Coenders-Gerrits et al., 2014). Lately, 
Good et al. (2015) adjusted the global T/ET ratio to 64 ± 13% by using 
the satellite isotope data and large-scale water balance method. Wei 
et al. (2017) modified the global T/ET to be about 57% with a leaf area 
index (LAI)-based ET partitioning algorithm. The uncertainty is likely 
persistent since plot scale ET partitioning observations at relevant 
spatiotemporal scales for large scale T/ET upscaling (Wei et al., 2017), 
constraint (Lian et al., 2018) and validation (Rigden et al., 2018) are still 
lack. 

At plot scale, isotopic methods have been widely used for ET parti
tioning at different ecosystem, including forests (Dubbert et al., 2013), 
savanna (Yepez et al., 2003), grassland (Good et al., 2014) and farmland 
(Wei et al., 2015) for the past two decades. The main effect involved is to 
determine the environment factors that controls T/ET changes, which is 
necessary for better upscaling hydrological cycling to large areas (Wei 
et al., 2017), as well as land-surface modeling (Ma et al., 2017). 

Forest ecosystems cover approximately 30% of the Earth’s land 
surface (Hansen et al, 2014) and play an essential ecological role in the 
earth-atmosphere interaction, the earth’s surface energy balance and 
hydrological cycle. The alpine forest exerts a strong regulating function 
on preventing soil erosion and regulating climate system (Altieri et al, 
2018). Many previous effects have addressed the water cycle in associ
ation with the forest ecosystem, with a specification on ET participation. 
By using the STEAM Model, Wang-Erlandsson et al. (2014) simulated 
the global ET and its components and found that deciduous broadleaved 
forest had the largest T/ET value (0.64), and evergreen coniferous for
ests had the smallest value (0.50). Liu et al. (2020) used eddy covariance 
technique and sap-flow probes and concluded that the overall T/ET 
varies in the range of 0.66–0.84 in a larch forest in most northern China. 
However, previous studies have focused mainly on lower elevations or 
only estimated the gross evapotranspiration, and a gap exists in the 
study of seasonal evapotranspiration processes and its controlling fac
tors in alpine forest ecosystems. 

Stress increased in recent years to protect the forest ecosystem in 
southwest China due to their ecological importance, characterized by 

ecological security barrier and vulnerable global climate change. 
Coniferous-leaved forests are one of the wide transcontinental distri
bution and keystone forest types in subalpine forest ecosystem. Here, we 
reported a new result on isotope-based land surface water cycle in a 
typical subalpine forest region in Lijiang, Yunnan-Guizhou Plateau in 
southwest China, by employing a high-frequency laser spectrometry and 
chamber method throughout an entire raining season. We made 
continuous measurement of isotopes in atmospheric vapor and evapo
transpiration in the raining season (June to September) of 2019. δE and 
δT were directly measured by newly customized chambers, or calculated 
from commonly used non-process-based empirical models (Keeling plot, 
Craig-Gordon model and isotopic steady-state assumption). The paper 
aims, first, to determine the seasonal shift of water isotope in different 
water bodies and water transfers among precipitation, soil water, xylem 
water, then to evaluate the variations of E, T and ET in Pinus yunnanensis 
forest ecosystem, and partition evapotranspiration into transpiration 
and evaporation for an improved understanding of the dynamics that 
drive the seasonal variations of T/ET. 

2. Materials and methods 

2.1. Site description 

We made observation of water isotopes in precipitation, plant, soil 
water and atmospheric vapor at Lijiang Forest Ecosystem Research 
Station (100◦10′E, 27◦00′N; 3250 m above sea level) at the southern 
edge of a Yulong Mountain, southwest China. Yulong Mountain is 
recognized as the southern boundary that alpine glaciers can survive in 
the Asia monsoon region and these glaciers are extremely sensitive to 
climate change (He et al., 2002). This region belongs to the Hengduan 
Mountains region and is located in the southeastern margin of the 
Qinghai-Tibet Plateau, known as the center of the Mountains of South
west China biodiversity hotspot. 

The region is featured with a high-altitude monsoon climate, with 
Indian monsoon intrusion in summer and persistent westerly jet in 
winter. The average annual precipitation is 935 mm, with distinctive 
seasonality of over 90% of the annual precipitation in summer from 
June to September, while little precipitation in dry winter season from 
October to next May (Niu et al., 2013). The monthly air temperature 
varies from 5.9 ◦C in January to 17.9 ◦C in July, with annual average of 
12.8 ◦C based on data from Lijiang Meteorological Station (Feng et al., 
2006). The overlying soil in a Yulong Snow Mountain is loam and clay 
according to the FAO soil classification. The vertical vegetation zonation 
is obvious with elevational gradient in Yulong Mountain. At the lowest 
elevation (2650 m), the forest vegetation is dominated by Pinus 
armandii. At 2950 m, the forest vegetation shifts to the dominated 
evergreen conifers P. armandii and Pinus yunnanensis, and the scle
rophyllous evergreen broad-leaved Quercus spinosa, forming a mixed 
coniferous/sclerophyllous broad-leaved forest. Above 3250 m, the forest 
vegetation is dominated by Quercus guyavifolia and P.yunnanensis. At the 
highest elevation (3850 m) the forest composition is dominated by 
Quercus aquifolioides, Abies georgei and Rhododendron rubiginosum (Luo 
et al., 2016). The annual average evapotranspiration of the subalpine 
coniferous forest is 438.83 mm, accounting for 42.17% of the annual 
precipitation in the ecosystem, and the maximum occurs in wet season 
(Lin et al., 2019). In this paper, we selected Pinus yunnanensis as the 
target tree for transpiration observation by water isotope approach. The 
height of the community varies from 5 m to 10 m in the sampling plot. In 
this study, the growing season is defined as the period from May to 
September. 

2.2. Sampling and measurement 

We performed continuous monitoring of water isotopes in atmo
spheric vapor, soil water, xylem water, leaf water simultaneously during 
May to September of 2019. We also collected precipitation for isotope 
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measurement as input water isotope signal during the same period. 
Following we made description on how we made the monitoring and 
sampling work at the experiment plot. 

2.2.1. Vapor isotope measurement 
We used a Picarro L2130-i high frequency wavelength scanning 

cavity decay spectrum analyzer for atmospheric vapor isotope mea
surement. The analyzer is placed in room on the site to ensure the sta
bility of the ambient air temperature. Two models (i.e., solid model and 
vapor model) were switched to measure water isotopes in plant and soil 
water samples (Cui et al., 2017), or the near surface water vapor (Steen- 
Larsen et al., 2013). In vapor mode, the measurement and calibration 
system are comprised of a standard delivery module A0101, a vaporizer 
module A0211 (Picarro Inc., Santa Clara, CA), and an analyzer. The 
schematic diagram, working principle and calibration process of the 
CRDS analyzer was described elsewhere (Wang and Dickinson, 2012). In 
practice, instrumental drifts and humidity dependence of water vapor 
isotopes were corrected before normalizing to V-SMOW scale, and 
calibration measurement was performed every 12 h following the pro
tocols of Steen-Larsen et al. (2013). We measured the atmospheric vapor 
isotopes at 8 layers along a vertical profile of 0.5, 1, 2, 3, 5, 10, 15 and 
20 m above the ground, utilizing eight-way solenoid valves and from 
13:00–15:00 and 23:00-next 8:00 h (local standard time, UTC + 8) every 
day. Each level was measured for 10 min during the noon hours from 
13:00–15:00 and the average of the last 5min was used to establish the 
Keeling plot to obtain δET. Since soil water and plant water isotopes were 
measured in daytime using the same isotope analyzer, the vapor isotope 
measurement was intermittent in daytime. The precision was 0.2‰ for 
vapor δ18O and 0.5 ‰ for vapor δ2H. 

2.2.2. Plant and soil water sampling and isotope measurement 
Soil water, xylem water and leaf water were measured at 13:00 to 

15:00 every other day, and three duplicated samples were measured 
each time and the average value is used for representative. A total 
number of 362, 47 and 47 samples of soil water, xylem water and leaf 
water were collected for isotope analysis. Occasional samples were also 
collected after raining events, to reveal the direct raining impact on soil 
and xylem water isotopes. In each measurement, the collected xylem 
samples from the base of the plant (green tissue, e.g., outer leaf) were 
stripped and only the white (i.e., non-transpiring) tissue was used for 
measurement. We measured plant samples at different sides of the tree 
(east, west, south, north) and from three mature trees for the repre
sentative of the measurement. Soil samples were collected at depth of 5 
cm, 10 cm, 20 cm, 30 cm, 50 cm and 80 cm at each time, with a hand 
drill at sites near the three trees. Plant xylem (Pinus yunnanensis) and soil 
samples were measured by the isotope analyzer in solid mode combined 
with an induction module (IM). The solid mode allowed for the simul
taneous measurement of the isotopic compositions of small solid sam
ples and the removal of organic contamination from within the samples 
in the field (Quade et al., 2019). The measurement of the plant and soil 
water immediately after sampling will also reduce the influence of 
evaporation on water isotopes. Three laboratory standard waters were 
used for calibration: S1 (δ18O = -2.83‰, δ2H = -27.42‰), S2 (δ18O =
-29.84‰, δ2H = –222.84‰) and S3 (δ18O = -15.29‰, δ2H = -110.30‰), 
which roughly cover the ranges of the measured water isotope ratios. 
For the measurement procedure, 3 μL of laboratory standard water (S1 
and S3) was injected onto glass filter paper (Whatman plc, Maidstone, 
UK) for calibration prior to sample measurements. Xylem samples were 
wrapped in small tri-fold metal strips (Picarro Inc., Santa Clara, CA) and 
placed inside a 4 mL glass vial. The vial was inserted into the IM and 
heated through induction and the evaporated vapor was sent to analyzer 
for isotope measurement. For soil samples, each soil sample (~4μg) was 
put into a steel pipe (Picarro Inc., Santa Clara, CA) with 20 mm in length 
and 5 mm in diameter and also placed inside a vial. This process 
generally required 5 min to measure for one xylem sample, and 10 ~ 15 
min to measure for one soil water sample. The measured precision is ±

0.20 ‰ for δ18O and ± 0.69‰ for δ2H. The detailed measurement and 
calibration processes followed the protocol of Cui et al. (2017). 

2.2.3. Precipitation sampling and measurement 
We used two methods to collect precipitation samples. Daily pre

cipitation samples were collected at 20:00 in the raining day using a 
container, specifically designed to avoid re-evaporation of collected 
water samples. In addition, 170 precipitation event samples were 
collected in the period from May to September 2019. All samples were 
stored in plastic bottles and frozen in refrigerator before laboratory 
analysis. The collected precipitation samples were analyzed in labora
tory by using Picarro L2140-i liquid water isotope analyzer for both δ18O 
and δ2H. All measured results were normalized to VSMOW (Vienna 
Standard Mean Ocean Water), with precision within ± 0.05‰ for δ18O 
and ± 0.5‰ for δ2H. 

2.3. Micrometeorological and eddy covariance measurements 

We installed the eddy covariance (EC) instruments meteorology 
station at the sampling station, including an open path infrared CO2/ 
H2O gas analyzer (Li-7500 A, Li-Cor, USA) and a three-dimensional 
sonic anemometer thermometer (CSAT3, Campbell Scientific Inc., 
USA) mounted 3 m above the ground. The data were stored in a CR6 data 
logger and CF storage card at a sampling frequency of 10 Hz. The Raw 
data acquired at 10 Hz were processed using the postprocessing software 
EdiRe, and quality control of the half-hourly flux data were conducted as 
described in earlier literature (Xu et al., 2013) and will only be sum
marized here. Micrometeorological parameters (air temperature, rela
tive humidity, wind speed, precipitation amount, four-component 
radiation, three layers of soil temperature and soil moisture profiles, soil 
heat flux, etc.) were recorded under 1 Hz. Additional details concerning 
data acquisition were described (Liu and Zhang. 2012; Eichelmann 
et al., 2018). Based on measurements from the EC system, the energy 
balance closure ratio was evaluated at this site, and result shows a 
relatively high energy balance closure ratio of 0.88, indicating that the 
energy balance closure problem (Wilson et al., 2001) is not a major 
concern for the site and system. Leaf area index (LAI, 1-hour composited, 
0.25◦) data from the ERA-5 product were used in the discussion about 
the control of seasonal T/ET ratio. The values proved to be broadly 
consistent with observations. Data were downloaded from the European 
Centre for Medium-Range Weather Forecasts (https://www.ecmwf.int 
/). 

2.4. Methods 

2.4.1. Isotopic flux partitioning 
Water stable isotopes have been widely used to estimate plot-scale 

ET partitioning (Yepez et al., 2003; Good et al., 2014; Wei et al., 
2018) owing to the distinctive isotope signal of δET, δE and δT resulted 
from deviated fractionation between evaporation and transpiration. 
Utilizing a two end-member (E and T) mixing model, the partitioning 
can be expressed as the three isotope signals by the following equation 
(Yakir and Sternberg, 2000): 

T
ET

=
δET − δE

δT − δE
(1)  

where δET, δE and δT are isotopic compositions of evapotranspiration 
(ET), soil evaporation (E) and plant transpiration (T), respectively. This 
equation requires that the isotopic ratio of the ET, E and T fluxes to be 
known for model estimation. 

2.4.2. Isotopic composition of soil evaporation 
Considering both equilibrium and kinetic fractionation during the 

phased change of water from liquid to vapor, the Craig-Gordon Model 
(Craig and Gordon, 1965) is the most common method widely employed 
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for estimating δE, and has been successfully applied under different 
conditions (Yepez et al., 2003; Rothfuss et al., 2010; Good et al., 2014; 
Wei et al., 2015; Xiao et al., 2018). Using the isotopic composition of soil 
water at the evaporating surface (δS) and vapor measured at the refer
ence height (δV) as well as various meteorological variables, δE can be 
calculated as follows: 

δE =
α− 1

e δS − h∗δV − εeq − (1 − h∗)εk

(1 − h∗) + 10− 3(1 − h∗)εk
(2)  

where ɑe (>1) is the equilibrium fractionation factor calculated as a 
function of water surface temperature (Majoube, 1971), εeq= (1–1/ɑe) 
× 103(‰) represents the equilibrium fractionation effect, εk is the iso
topic kinetic fractionation effect. If the diffusion is molecular, then εk of 
δ18O is equal to 28 ‰ (Merlivat, 1978). h* is the relative humidity 
normalized to the surface soil temperature (Craig and Gordon, 1965). 

2.4.3. Isotopic composition of plant transpiration 
Isotope mass conservation requires that the isotopic composition of 

leaf transpiration water should be equal to that of soil water absorbed by 
roots at midday and in the early afternoon when ET is most intensive, 
commonly known as the “isotope stable state” hypothesis (ISS) (Yakir 
and Sternberg, 2000). We assumed that δT is equal to the isotope values 
of plant water source under ISS (Xiao et al., 2012). Under the premise of 
ISS, the isotope values of unfractionated water in the xylem can be used 
as substitute of the isotopic signal of transpiration water vapor. Hence, 
we assume the water leaving the leaf has the same isotope composition 
as the xylem water (Dawson and Ehleringer, 1993), then we have: 

δT = δx (3)  

where δx is the isotopic ratio of xylem water, and δT is the isotopic ratio 
of transpiration. 

2.4.4. Estimation of the isotopic composition of evapotranspiration 
A direct measurement of δET in forest is difficult. Here we acquire δET 

from the intercept of the linear regression of atmospheric vapor δa with 
the inverse of the vapor mixing ratio measured across multiple heights 
over a specific time interval (Keeling, 1958): 

δa =
1

Ca

[
Cbg

(
δbg − δET

) ]
+ δET (4)  

where Cbg and δbg are the mixing ratio and isotopic composition of the 
background (i.e., local) atmospheric vapor. It is assumed that δET and δbg 
remain constant over the course of observations. The threshold value of 
R2 in the Keeling plot is 0.80 in this study (Fig. A1). 

2.4.5. Chamber-based measurements of δT and δE 
Recently, the chamber method was introduced to directly measure δT 

(Wang et al., 2010; Dubbert et al., 2014) and δE (Dubbert et al., 2013; Lu 
et al., 2017), with the development of high-frequency laser spectros
copy. The major advantage of the chamber method is that it offers an 
alternative solution to estimating δET, δE or δT without the use of com
plex isotopic models. Here two kinds of transparent cylindrical acrylic 
chambers were developed to measure δT and δE of the alpine forest 
ecosystem following the methods described by Wang et al. (2012). 

For δT, the chamber is made of two half cylinders (Teflon lined 
transparent plastic) that joined at a neoprene gasket, allowing for leaf 
samples to be placed inside the chamber while still connected to plant 
xylem. The base plate of the chamber was removed and a 1/4̋ brass 
bulkhead was installed to allow the isotope analyzer inlet to connect the 
chamber base. Two small air vents at the base are the only path that 
allow the ambient air to enter the chamber and mix with water vapor 
transpired by the leaves. The mixed vapor was finally pumped to the 
analyzer through a 3-m long and 1/8′′ inner diameter tube (consisting of 
a 0.5-m Teflon tube and a 2.5-m stainless steel tube) for isotopic 

analysis. The residence time of vapor in the tube (total volume: 150 cm3) 
is only 18 s at a flow rate of 500 cm3/min, which is negligible in terms of 
the chamber measurement. Furthermore, to exclude the influence of 
residual vapor from previous measurements in the tube, a break of ~ 
2–3 min was set between two subsequent measurements to guarantee 
that vapor concentration dropped back to background level before the 
next measurement. 

For δE measurement, a cap was directly placed on areas with bare 
soil. The cap was tightly covered on the ground to seal the chamber. This 
procedure ensures that only soil evaporation vapor (δE), as mixed with 
ambient air from air vents on the cap, is measured by the analyzer. The 
specifics of the chamber have been reported elsewhere (Cui et al., 2020). 
In practice, we first measured the ambient vapor isotopes for 2 min. 
Then we closed the chamber and made measurement of the mixed water 
vapor for another 2 min. Since the concentration and isotopic compo
sition of water vapor in the chamber reached a steady state (showed 
little change with time) after ~ 1–1.5 min, we ignored the measured 
result for the first 1.5 min, and only used the average results for the last 
0.5 min as the measured δE. This method provided, respectively, 
ambient and steady-state values to calculate the two end members. 
Based on isotope and water mass balance, the isotopic composition of 
source water vapor, δ (δT, or δE), was calculated as (Dubbert et al., 
2014): 

δ =
CMδM − CAδA

CM − CA
(5)  

where δ is the isotopic composition of source water vapor (e.g., plant 
transpired water or evaporation), CA and CM are the concentrations of 
ambient and mixed water vapor in the chamber [mol m− 3], and δA and 
δM are the isotopic compositions of ambient and mixed water vapor in 
the chamber at the steady state. 

3. Results 

3.1. Seasonal variations of meteorological and biotic variables 

Detailed information on the seasonality of the environmental vari
ables is essential to assess seasonal variations in ET (Zhu et al. 2013). 
Fig. 2 shows the seasonal variations of daily air temperature (Ta), 
relative humidity (RH), net radiation (Rn), wind speed (u), daily pre
cipitation amount (P) and half-hour average of volumetric soil water 
content (Swc) at different depth from the in-situ flux observation. Daily 
air temperature varies in the range of 6.8–18.6 ◦C (Fig. 2a). Daily wind 
speed is 0.5 m s− 1 in the monitoring period, varying from 0.2 to 1.3 m 
s− 1 (Fig. 2b). Mean net radiation varied between 15.9 and 199.9 W m− 2 

(Fig. 2b), and daily average precipitation was 10.6 mm d-1. The soil 
moisture content is quite constant in deep layers, and slight variations is 
in response to precipitation events but with lag of a couple of days. 

3.2. Relationship between δ18O and δ2H of different water 

To provide context for interpreting the nearly continuous measure
ments of δET, we first present the measurements of the liquid water pools 
(Fig. 3). We compared the δ2H-δ18O relations in different water samples 
(precipitation, soil water, xylem and leaf water) with the global meteoric 
water line (GMWL) (Craig, 1961) (Fig. 3). The local meteoric water line 
(LMWL), δ2H = 8.07 δ18O + 10.52 (R2 = 0.99, p < 0.001, n = 80) 
(Fig. 3), is very close to the global meteoric water line of δ2H = 8.17 
δ18O + 10.56 (Rozanski et al., 1993). The variation of δ18O and δ2H in 
the soil water ranged from − 5.3‰ to − 21.3‰ and from − 60.6‰ to 
− 165.8‰, with mean values of − 15.3‰ and − 119.6‰, respectively. 
Soil water isotope signatures are mainly scattered in the lower of the 
LMWL as soil water is more a signal of weighted average of precipita
tion. The soil water line (SWL) equation is δ2H = 7.12δ18O − 12.17 (R2 

= 0.88, p < 0.001, n = 362), with lower slope and intercept than the 
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Fig. 1. The geographic sitting of the Lijiang station (a), its location (marked by a green circle) in the Yunnan-Guizhou Plateau (b) and a photo of the landscape at the 
observation site (c). 

Fig. 2. Seasonal variations in (a) daily mean temperature (Ta) and relative humidity (RH); (b) net radiation (Rn) and wind speed (u); and (c) daily precipitation 
amount (P) and half-hour average of volumetric soil water content (Swc) at 5cm depth (blue line), 20 cm depth (red line) and 40 cm depth (black line) during the 
observations. 
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LMWL owning to the slight evaporation of soil water in storage after 
rainfall. The equation of the plant xylem water line (XWL) is δ2H =
6.90δ18O -26.69 (R2 = 0.89, p < 0.001, n = 47), roughly parallel with 
the soil water line but with a more negative intercept due to the selective 
absorption of soil water at different levels. 

We also identified a leaf water evaporation line (LWL) of δ2H =
4.98δ18O -52.49 (R2 = 0.93, p < 0.001, n = 47), specifically for the Pinus 
yunnanensis in this alpine forest ecosystem. The leaf water line is 
significantly lower in slope than in xylem water in association with the 
fractionation in leaf transpiration, with a slight seasonal shift between 
pre-monsoon season and monsoon season in association with the 

distinctive humidity change between the two seasons (Fig. A1). 

3.3. Seasonal and diurnal variations of atmospheric vapor isotopes 

The surface water vapor δ18O flux (δV) is a quantity frequently used 
to constrain the seasonal, diurnal and synoptic variability in the regional 
water cycle. We presented the in-situ measured daily δ18O and H2O 
concentration of atmospheric vapor at 0.3m, 1m, 2m, 3m, 5m, 10m, 
15m, 20m above ground (Fig. 4) (not continuously measured above 
3.0m). The strong seasonality of vapor isotope is in association with the 
Indian summer intrusion from early June, with incidental increase of 

Fig. 3. Relationship between δ18O and δ2H in 
precipitation (open black circles), soil water (red 
black circles), xylem water (open green circles) 
and leaf water (open blue circles). (a) and (b) are 
the δ18O and δ2H of different water bodies, 
respectively, and (c) is the linear regression line 
of δ18O and δ2H in different water pools. The box 
indicates the 25th and 75th percentiles with the 
median as thick black line and the average as 
square. The error bars indicate the minimum and 
maximum values. The circles indicate outliers (3/ 
2 times the central box).   

Fig. 4. Temporal variation of daily atmospheric water vapor H2O mixing ratio (a) and δ18O (b) at Lijiang. The data of 0.3 m-3 m is from January to December 2019, 
the data of 5 m is only from January to July 2019, and the data of 10 m-20 m is only from April to July 2019. 
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vapor mixing ratio. The fluctuation of vapor isotope is lower in the non- 
monsoon season, but with large fluctuations in summer monsoon season 
owning to the local precipitation events. Both vapor isotopes and vapor 
mixing ratio show consistent change in different levels above ground. 

Since the canopy height of the study area is 5-10m, while the 
continuously measured vapor isotopes are only available in 3.0 meter 
and below, therefore, we made a precise comparison of vapor isotopes 
and vapor mixing ratio in the spring season (April to July) when all level 
of measurement are available (Table A2). We see that the isotopes in 
different level are almost identical until to 20m (Fig. 4). Vapor mixing 
ratio show slight variation from ground to higher level, with general 
decrease trend above 2m level. 

In the calculation of isotopes in evapotranspiration, we used the 
midday vapor isotope data instead of daily average. Hence, we also 
evaluated the diurnal change of vapor isotope at the sampling site. The 
24 h ensemble average values of the vapor δ18O at 3 m height measured 
from 13 to 16 October 2019 in non-raining days (Fig. A3). The overall 
diurnal change of vapor δ18O is smaller, within 2‰ in all the four days. 

3.4. Seasonal precipitation isotopes in the forest ecosystem 

We presented the daily precipitation δ18O, d-excess and precipitation 
amount from Lijiang station (Fig. 5). Precipitation δ18O shows a seasonal 
shift from the higher value in the earlier summer of May-June to the 
lower δ18O period of the raining season until to September. This seasonal 
precipitation is consistent with the seasonal feature of monsoon type 
precipitation signal. Daily δ18O values ranged from -21.4 ‰ to 1.8 ‰, 
with a weighted mean value of -13.0‰. The d-excess values ranged from 
-1.3 ‰ to 17.6 ‰, with a weighted mean of 10.9‰. Slight lower pre
cipitation d-excess in less rainfall days are probably related to the 
reevaporation of falling raindrops, which lowered d-excess in the left 
rainfall. 

3.5. Seasonal variation of the three flux endmembers (δE, δT and δET) 

Based on the observed vapor δ18O together with the concurrent 
meteorological observation, we calculated the isotopic compositions of 
evaporation (δE), transpiration (δT) and evapotranspiration (δET) every 
other day using the methods descripted in the earlier section. Fig. 6 
shows the seasonal δ18O variations of δE, δT, and δET during early af
ternoon hours (13:00-15:00) in the observation days. We also presented 
the daily precipitation δ18O variations to discuss their linkage (Fig. 6). 

On average, δT is 2.8‰ higher than δET, and 10.4‰ higher than δE. 
Three of them show parallel temporal variations, with the largest 
magnitude in δE variation, indicating the conherent influence on the 
seasonal variations of the three. A comparison with daily precipitation 
isotope demonstrates that precipitation strongly impact the temporal 

variation of δE, δT and δET. Correlation analysis also shows the signifi
cant relationship between the three end members and precipitation δ18O 
(R2 = 0.85, 0.55, 0.83, p < 0.001, respectively) suggest that the former 
was strongly affected by precipitation isotopes. 

3.6. Seasonal propagation of T/ET estimation in forest ecosystem 

We calculated the relative contribution of T to ET (T/ET) based on 
the Keeling-CG method, by using both δ18O and δ2H measured in midday 
periods. The temporal variations of estimated T/ET from the dual iso
topes are presented in Fig. 8. We also made the averaged T/ET from the 
two isotopes for a robust estimation of the seasonal characters and 
plotted in Fig. 7 as well. Results show a strong seasonal T/ET cycle, 
varying between 0.59-0.81. In the pre-monsoon season of June, the T/ 
ET ratio shows a strong increasing trend, rising from 0.5 to 0.7. In the 
monsoon season, the T/ET ratio is higher with slight fluctuation of 
around 0.7-0.8. In average, the calculated ratio from δ18O-based method 
is identical with the δ2H-based results, yet there is a slight bias between 
the two with time. The average T/ET is 0.73 from isotopic labeling, 
indicating that the evapotranspiration is mainly composed of plant 
transpiration in the Pinus yunnanensis ecosystem. We also presented the 
temporal variation of LAI in the observing days, showing general similar 
trend with the average T/ET. However, the ratio becomes relatively 
constant after the Pinus yunnanensis established dense foliage (LAI >
5.24), confirming that T/ET ratio become less sensitive to LAI variation 
in the late growing season (Zhou et al., 2016). 

We used the T/ET acquired from the two isotopes measurement, and 
eddy covariance measured ET, ranging from 0.8 to 2.2 mm d-1 and with 
an average of 1.8 mm d-1, to partition the seasonal variations of soil 
evaporation (E) and plant transpiration (T) only on clear days (Fig. 8). 
We identified a clear seasonal pattern of transpiration, increasing from 
about 0.47 mm d-1 in the beginning of June, to over 1.0 mm d-1 abruptly 
from the middle of June, and keeping higher value until to the end of 
observation. Soil evaporation, however, shows little variations 
throughout the observation period, varying in the range of 0.32 to 0.64 
mm d-1. Therefore, the seasonal variations of evapotranspiration are 
mainly due to the change in transpiration, less from soil evaporation. 

4. Discussion 

4.1. Comparison of T/ET ratio in a global scale 

Partitioning ET is expected to become increasingly important as 
available water resources continue to diminish. An improved under
standing of where losses occur and how much water is used through 
plant transpiration can benefit the understanding of the hydrologic 
systems which affect stream flow, ground water recharge and weather 
conditions, as well as plant biomass production and associated carbon 
sequestration (Kool et al., 2014). In this section we further compared our 
results of the estimated midday T/ET with previous studies (Fig. 9) in a 
broad space scale. This summary of the available estimated midday T/ 
ET ratios on regional and global includes a diverse range of ecosystems, 
such as cropland, grassland, woodland, shrubland and paddy fields in 
Africa, Europe, America, Asia and Oceania. We see a large range of 
midday T/ET estimation of 0.15-0.98 owing to different approaches 
used in the estimation and different research scales and ecosystems. As a 
comparison, we also added our result in this graph. The range of midday 
T/ET (0.59-0.81) in our study, is within the broad range of previous 
studies (Schlesinger and Jasechko, 2014; Wang-Erlandsson et al., 2014; 
Zhou et al., 2016; Fatichi and Pappas, 2017). Our midday average T/ET 
(0.73 ± 0.06) value were slightly higher than results from global long- 
term average. One likely reason is that the estimated midday T/ET 
ratio is observed in the hours of maximum transpiration, but not a daily 
average. Another possible influence is the lack of observation for 
intercepted precipitation by vegetation canopy in our study, as isotope 
observations were only conducted during the clear periods. Evaporation 

Fig. 5. Daily precipitation δ18O and d-excess as comparison with precipita
tion amount. 
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over vegetation canopy interception was not included in evapotranspi
ration for Keeling-CG methods. However, interception (dew or preced
ing rain) may even present in no-rain period and bias the values of δT 
and δET. Measurements conducted in this condition should be excluded 
and not involved in T/ET calculation. On raining days, interception 
evaporation may constitute a significant part of evapotranspiration 

(Miralles et al., 2010; Wei et al., 2017). Additionally, the evergreen 
coniferous forests are distributed in humid climates zone with higher 
wet canopy evaporation rates than other biomes, and therefore 
enhancing this effect (Wei et al., 2017). Hence, our estimated midday T/ 
ET of 0.73 may be, to some extent, overestimated (when compared to 
long-term means) due to the lack of interception evaporation after 
precipitation. Different techniques and study scales may also lead to the 
variability, for instance hydrometric and isotope-based methods pro
duce higher transpiration fraction values than the models driven by 
meteorological measurements and sap flow meters (Sutanto et al., 
2014). Seasonal T/ET can be extremely variable within a given year at 
the same site in association with climate change and differential plant 
responses (Scott et al., 2006). In this study, the T/ET variation shows a 
strong seasonality, with the lowest value of 0.5-0.7 in pre-monsoon 
season of June, and higher ratio of approximately of 0.7-0.8 
throughout the monsoon season. T/ET increased almost continuously 
with the vegetation growth in the early growing season, and became 
relatively constant after the Pinus yunnanensis established dense foliage 
(LAI > 5.24). T/ET ratios estimated from both δ18O and δ2H are quite 
consistent, but the estimate from δ2H is slightly higher than from δ18O in 
average, in particular, in the heavy raining days during August- 

Fig. 6. Seasonal variations of daily precipitation δ18O and δE (black circles), δT (blue circles) and δET (orange circles) for δ18O at early afternoon (13:00-15:00), and 
daily precipitation amount as a comparison. 

Fig. 7. Seasonal variations of δ18O-based (black circles) and δ2H-based T/ET (blue circles) and their average (orange circles) for midday periods (13:00-15:00). Leaf 
area index (LAI) (red circles) was also shown for reference. 

Fig. 8. Seasonal variations of T and E calculated from isotope-based T/ET and 
eddy covariance measured ET based on May to September of 2019 (only on 
clear days). 
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September. Overall, transpiration is the most robust engine for water 
transportation in southwest forest, consistent with other ecosystems 
worldwide (Schlesinger and Jasechko, 2014). 

4.2. Factors influencing T/ET estimation in the forest ecosystem 

To evaluate how environmental (Swc, VPD and Ta) and biological 
factors (here we considered only LAI) influencing the seasonal T/ET 

variations, correlation analysis and partial correlation analysis were 
performed between these daily values with T/ET ratios (Fig. 10). The 
correlation analysis results show that Swc and LAI have a significant 
influence on T/ET and are the primary controlling factor, followed by Ta 
and VPD. 

Previous studies have consistently demonstrated that there is an 
observable relationship between T/ET and LAI at the seasonal scale 
(Wang et al., 2014; Wei et al., 2015; Berkelhammer et al., 2016). Our 

Fig. 9. Comparison of T/ET estimated by different methods from global and spot scale. Pink area is for spot measurements and models and blue area is for global 
scale results. The plot by vegetation or ecosystem type are indicated in brackets. The vertical line represents the reported average values and the rectangle represents 
the ranges of T/ET in the published literatures. 
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isotope-based results reconfirmed this relationship, verifying that LAI 
plays an important role in the hydrological cycle of alpine coniferous 
ecosystems at entire raining season. Critically, we found the influence of 
Swc is of sufficient magnitude comparable to the impact of LAI on the 
seasonal T/ET variation (Fig. 10a-b). Partial correlation analysis further 
suggests that the individual contribution from Swc is more substantial 
than that of LAI (Fig. 10c). This may be because that the T/ET for 
evergreen vegetation is mainly controlled by soil water content, since 
the inter-annual change in vegetation cover is quite small for evergreens 
(Zhou et al., 2016). In addition, LAI varies little in alpine forest regions 
at entire raining season. The larger LAI (representing tree size and 
density) will enhance transpiration while curb evaporation, both 
because of the larger tree canopy and because of the larger shaded 
under-canopy fraction (Raz-Yaseef et al., 2012). 

Based on the observations on the forest ecosystem in SW China, we 
have developed an explanation of the underlying mechanisms control
ling the changes of T/ET at seasonal scales. The lower T/ET in spring 
was related to the lower LAI in the early stage of the growing season, 
combined with lower Swc corresponding to less precipitation. LAI 
reached a peak in summer, and intense precipitation elevated Swc, and 
thus brought sufficient water for high levels of plant transpiration. 
Under the same LAI condition, increasing soil moisture may reduce T/ET 
via increasing soil E (Wei et al., 2018). Other authors have also 
emphasized the role of soil water content in controlling T/ET (Hu et al. 
2009; Liu et al., 2002). Although T/ET was well correlated with Swc at 
the forest ecosystem in SW China (Fig. 10a), the relationship may have 
regional variation and not be ubiquitous, instead being vegetation type- 
related or spatiotemporal scales-related. According to a global T/ET 
dataset, as synthesized by Wang et al. (2014) showed generally low 
correlations with soil water potential. However, Swc was a constraining 
factor in arid or semi-arid climates, but not in humid or semi-humid 
climates. Limited studies that have reported the Swc dependence to 
date were located in croplands (e.g., Liu et al., 2002; Wei et al., 2018). 
Taking the example of wheat, the main depths of root water uptake are 
from 0 to 40 cm depths, while soil evaporation is controlled by soil 
moisture at the depth<20 cm (Zhang et al., 2011), again causing weak 
correlations between T/ET and Swc. Hence, we are cautious to believe 
that both environmental (partial correlation coefficient: 0.44) and bio
logical factors (0.09) dominated the variations of T/ET in our alpine 
coniferous ecosystem region in southwest China, but only in June- 
September, against with the previous studies that arguing T/ET is 
mainly controlled by LAI (Hu et al., 2009; Wei et al., 2015). The same 
results also found in other ecosystems of earlier studies (Cui et al., 2020; 
Liu et al., 2002). Actually, the correlation relationship analyzed in this 
study mainly reflects the influence of seasonal changes (Fig. 10). How
ever, when focusing on a certain season (after June 28th), the rela
tionship both LAI and Swc are not significant with T/ET ratios (Fig. A4). 
The specific influencing factors in a certain season need to be further 

studied. We are aware that this conclusion is very limited, as our field 
experiments are from June to September, not cover a full year. A longer 
timeframe might demonstrate T/ET to have slightly different LAI and 
Swc dependencies at alpine forest regions. Future measurement cam
paigns that cover a full year, will enable testing of our discovered re
lationships between T/ET, LAI and Swc during other seasons. 

4.3. Performance of chamber method in the forest ecosystem 

To evaluate the performance of each method in estimating δE and δT, 
estimated isotopic composition from different methods (new customized 
chamber and Craig-Gordon model) are presented for comparison 
(Fig. 11). The time series diagrams of δE and δT estimated by the two 
methods are also presented to discern the detail differences between the 
two methods (Fig. A5). The new customized chamber method presented 
in this study shows good agreements with Craig-Gordon model. the re
sults from the chamber-based mass balance approach and the Craig- 
Gordon model matches well in δE, with R2 of 0.82, 0.88 (P < 0.01), 
respectively for δ18O and δ2H (Fig. 11). For δT, the relation coefficients 
are R2 of 0.63, 0.65 (P < 0.01), respectively for δ18O and δ2H. These 
statistics are encouraging and highlights the robustness of the chamber 
method in evaluation for evaporation E and transpiration T. The δE 
values of C-G model calculation is slightly lower than the chamber-based 
method (− 21.0 ± 4.5‰ vs. − 18.6 ± 3.8‰ for C-G model calculations 
and chamber-based for δ18O, respectively). The enrichment result 
(~2‰) is most likely caused by air condensation inside the chamber or 
sampling tube. This is generally consistent with the suggestion of that 
the δE values for δ2H of chamber method were consistently more 
enriched than the C-G model calculations (Wang et al, 2013). This may 
be because of an inherent limitation of the chamber method in associ
ation with its impact on environmental conditions inside the chamber, 
potentially affecting the measured isotope values (Dubbert et al., 2014). 
Air temperature in the chamber increased ~ 2 ◦C above ambient levels 
after 5 min in an open cork-oak woodland (Dubbert et al., 2014). This 
warming inadvertently enhanced the estimated soil evaporation in the 
chamber, enriched δE relative to the C-G model (Wang et al., 2013). 
Another possible reason for the enrichment result (~2‰) between C-G 
model calculations and chamber method is that the uncertainties of ki
netic enrichment factor (εk) in C-G model, which εk associated with 
diffusion of water through the soil (Zhang et al., 2010). Additionally, 
this may also lead to systematic bias because of the identification of the 
evaporating front in C-G model (Dubbert et al., 2013). The location of 
evaporation fronts is influenced by meteorological conditions, soil water 
content and soil texture (Zimmermann et al., 1967). Using the C-G 
model in conjunction with a climate chamber-controlled experiment, 
Rothfuss et al. (2010) showed that the failure to determine the evapo
rating front may produce a large bias within. These consistence in the C- 
G model calculations and chamber-based observation confirmed the 

Fig. 10. Relationships between daily isotope-based T/ET and daily average of volumetric soil water content (Swc) at 5, 20, 40 cm depth (a) and LAI (b) and partial 
correlation coefficients between T/ET and Swc, LAI, vapor pressure deficit (VPD) and Ta (c) at Lijiang station. 
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representative of vegetation in the chamber, although we also suggest 
the necessity of comparison in more extensive area. 

The uncertainty in the measured isotope data from the chamber 
method is rather small. The average standard deviation of measured 
δ18O and δ2H of δT are 0.6 ‰ and 1.4 ‰ during the observations period, 
very close to the precision of laboratory-based values and lower than 
reported by Wang et al. (2012) (1.0 ‰ for δ18O and 1.6 ‰ for δ2H). 
There was no significant difference of standard deviation between δE 
and δT. 

New customized chamber method will provide a new opportunity to 
investigate large-scale T or E behaviors, but require further validation 
for the independent measurements. The potential advantage of using the 
new customized chamber method is the relatively consistent error 
sources in the isotope compositions of three fluxes (e.g., from the same 
laser instrument), which might be diminished or even canceled out 
when calculating the ET partitioning (Wang et al., 2013). 

4.4. Uncertainty and possible error source in T/ET ratio estimation 

Here we made the sensitivity test results and discussed the un
certainties and possible error sources in the Keeling-CG method (δE, δT 
and δET). The estimated δET in this study was acquired by using the 
Keeling plot method. However, this method can produce uncertainty 
and errors which is inherent in the Keeling plots (Pataki et al., 2003; 
Nickerson and Risk, 2009; Wei et al., 2015). Earlier studies showed that 
the error in δET estimation could be quite large even for a high R2 value 
in the Keeling plots (e.g., atmospheric fluctuations and unsteady diffu
sion) (Lee et al., 2006; Nickerson and Risk, 2009). Therefore, to 
constrain the uncertainty in the estimated T/ET ratio, we made the 
sensitivity test by assuming a ±1σ variation in δET. The results showed a 
±1σ changes in δET, will result in a T/ET ratio change of 0.30% ~ 0.28% 
from δET

18O, and 0.50% ~ -0.50% from δET
2H (Table 1). The total un

certainties in average ±1σ is -13.8 ±2.1‰ for δET
18O and -117.0 ±

20.2‰ for δET
2H. However, we argue that the bias from δET could be 

small, since we did not find large variability of δET observed in the 
midday (13:00-15:00) (Fig. 6). 

Then we evaluated the uncertainty derived from δE variations. The 
water δ18O at the soil evaporating front δS mainly controls the estima
tion of δE in the model (Craig and Gordon, 1965). Therefore, precise 
determination of the evaporating front depth was critical because δS 
varied considerably near the evaporating front (Dubbert et al., 2013). In 
this study, the vertical variations of soil water δ18O indicate that the 
evaporating front is at 5 cm. The use of evaporating front water in other 
soil depth would induce a maximum T/ET bias of 0.16% and 0.34%, 
based on δ18O and δ2H, respectively. In the sensitivity test, we also 
showed that a ± 1σ changes in δE, will result in a T/ET ration change of 
− 0.30% to 0.12% from δE

18O, and − 0.89% to 0.16% from δE
2H 

(Table 1). The test result shows that the estimated T/ET ratio change 
could be large, in particular with δE

2H decrease. The total uncertainties 
in average ± 1σ is − 21.0 ± 4.6‰ for δE

18O and − 156.4 ± 39.0‰ for 
δE

2H. 
In terms of the variations of δT, the bias in the simulated T/ET ratio 

could be − 0.19% ~ 0.34% from δT
18O, and − 0.27% ~ 0.65% from δT

2H 
(Table 1), with a ± 1σ changes in δT. The total uncertainties in average 
± 1σ is − 11.2 ± 2.5‰ for δT

18O and − 103.7 ± 20.8‰ for δT
2H. This 

uncertainly is mainly resulted from the short observation hours while a 
full day observation is unavailable. Fortunately, although a full day 

Fig. 11. Scatter plot of the modeled δE and δT 
against the measured δE and δT of δ18O and δ2H 
during experimental period. Upper panel 
shows the squared correlation coefficients be
tween the modeled δE and the measured δE 
respectively for δ18O (black circles) (a) and δ2H 
(open black circles) (b) was 0.82, 0.88. (P <
0.01), respectively. Bottom panel shows the 
squared correlation coefficients between the 
modeled δT and the observed δT respectively 
for δ18O (red circles) (c) and δ2H (open red 
circles) (d) was 0.63, 0.65. (P < 0.01), respec
tively. Error bars depict the standard deviation 
for δT and δE in each measurement.   

Table 1 
Sensitivity test results of δE δT or δET variation on T/ET ratio (in %) with a ± 1σ 
variation in the Keeling-CG method.  

The bias in T/ET ratio δ18O δ2H 

+1σ − 1σ +1σ − 1σ 

Based on δE variation  − 0.30  0.12  − 0.89  0.16 
Based on δT variation  − 0.19  0.34  − 0.27  0.65 
Based on δET variation  0.30  − 0.28  0.50  − 0.50  
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observation is encouraged (Williams et al., 2004), short hours obser
vation in midday and early afternoon is more in practice (Sutanto et al., 
2014). This is because the isotopic steady state (ISS) is achieved by 
midday and/or early afternoon, and transpiration from plants is usually 
at its maximum with a short turnover time of leaf water, and thus con
strains δT close to the isotopic composition of plant source water (Wen 
et al., 2016). Additionally, although some studies mentioned NSS occurs 
even in midday for forests (e.g., Lai and Ehleringer, 2011), our results 
show that δET fall in the range bounded by δT and δE, such that δE < δET 
< δT, indicating that isotopic steady state (ISS) was reached during the 
midday (13:00–15:00). Therefore, we suggested that an ISS was a 
reasonable assumption in our observations. 

5. Conclusions 

We presented a detailed observation work on the seasonal variation 
of dual isotopes in various water reservoirs and the isotope signal 
transfers in between, including atmospheric vapor, precipitation, soil 
water and xylem water in an alpine forest ecosystem during the growing 
season in southwest China. The seasonal isotope signals in various water 
reservoirs tell a detailed transfer processes from precipitation to soil 
water, xylem water and leaf water with the involved fractionation, 
allowing for a diagnose of the evapotranspiration for the specific Pinus 
yunnanensis ecosystem. We made an estimation of the T/ET ratio by 
using the isotope approach. The estimated seasonal T/ET ranged from 
0.59 to 0.81, with a near continuous increase over time in the early 
growing season and a plateau level of over 0.75 during the peak growing 
season. The mean T/ET ratio of 0.73 ± 0.06, is within the broad range of 
previous literature but slightly higher than global long-term average, 
highlights the importance of transpiration in the total evapotranspira
tion in the Pinus yunnanensis ecosystem. We also identified a clear sea
sonal pattern of transpiration, increasing from about 0.47 mm d-1 in the 
beginning of June, to over 1.0 mm d-1 abruptly from the middle of June, 
and keeping higher value until to September. A simple driver analysis 
showed that T/ET was correlated with environmental conditions (here, 
soil water content, Swc) in alpine forest regions at entire raining season 
(in June-September), in addition to LAI, challenging the earlier recog
nition of LAI dominated control. This result is likely related to the slight 
changes of LAI in the growing season for Pinus yunnanensis ecosystem. 
Hence, longer time continuous monitoring is still necessary, and we are 
also aware the sensitivity of controls on estimated T/ET at different time 
scale interested. 

Comparison of the results of customized chamber and Craig-Gordon 
model demonstrated that the two methods are in robust consistence in 
estimating δE or δT, with high correlation coefficients. Our results here 
highlighted the reliability of chamber method in isotope water cycle in 
the ecosystem with reasonable uncertainty, and reconfirm the findings 
to observe δET by using the chamber method directly, and comparing it 
with other methods, such as Keeling plot approach, sap-flow meters, 
Bowen ratio systems, lysimeters and eddy covariance systems, as well as 
methods to isolate the individual T and E components. 

These results presented in this paper shed light on the mechanisms 
underlying temporal change of terrestrial transpiration, and will provide 
far reaching impact on alpine forest managers and ecosystem protection 
under ongoing climate change. 
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