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ARTICLE INFO ABSTRACT
Keywords: Partitioning watershed evapotranspiration into evaporation and transpiration is essential for studying the
Watershed evaporation water—carbon cycle, and the key step in this partitioning is to calculate watershed evaporation based on isotopic

Hydrogen and oxygen isotopes
Dual isotopes

D-excess

Lc-excess

Land use

indexes. The 5'%0 and §°H single isotopes and d-excess or lc-excess dual isotopes derived from 5'%0 and 5%H are
widely used for this purpose. Although 6180, 62H, and d-excess have different characteristics, few studies have
assessed how these differences influence the usefulness of these isotopes as indicators of watershed evaporation.
Here, we simulated five watersheds with different land uses and degrees of evaporation in a region of Southwest
China with a subtropical monsoon climate. We then investigated differences in the ability of the isotopic indexes
to indicate watershed evaporation over two hydrological years. We found that d-excess and lc-excess dual iso-
topes were better indicators of watershed evaporation than 5'80 and §°H single isotopes. This is because the 5'%0
and &%H in precipitation are easily influenced by rainout during the rainy season, when groundwater is primarily
recharged. They are more variable than d-excess and lc-excess, which leads to §!%0 and §2H in groundwater
being more sensitive to changes in the isotopic signal input in precipitation. This probably interferes with, or
even masks watershed evaporation signals carried by §'®0 and 5?H. The annual mean isotopic compositions were
more depleted in groundwaters (5'0 = — 8.7 %o to — 8.5 %o, 82H = — 61.9 %o to — 58.7 %) than in precipitation
(8180 = — 8.3 %o, 5%H = — 54.3 %) from November 2015 to October 2016; these compositions fail to support the
isotopic enrichment of groundwater compared with that of precipitation. Evaporation rates over two years
derived from d-excess dual isotopes agreed well with those from the water balance in bare-rock and bare-soil
lands, which had no data from plants available for verification. Compared with hydrogen and oxygen single
isotopes, their dual isotopes reflected watershed evaporation more accurately, especially in Asian monsoon
regions.

1. Introduction during photosynthesis (Lee and Veizer, 2003; Beer et al., 2007). Water

and carbon flux influence the global climate (Ferguson and Veizer, 2007;

Terrestrial evapotranspiration (ET) is a combination of physical Berg and Sheffield, 2019), and watershed-based evaluation allows the

evaporation (E) from open water and soil and transpiration (T) from estimation of water and carbon flux at regional to continental scales.

plants. Because of plant water-use efficiency, water (transpiration) and Therefore, separating T from ET flux at the watershed scale is important
the carbon cycle are linked by CO, uptake and water vapor release when investigating the global water—carbon cycle.
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Partitioning ET is accurate at the point scale, but not so much at the
watershed scale, and attempts to do so have been scant (Sulman et al.,
2016). Strategies that have been applied to ET partitioning, include field
measurement, land surface models, and aqueous isotope analysis. Field
measurement is valid primarily for quantifying items such as sap flow,
lysimetry, and eddy covariance at the plot scale (Van der Tol et al., 2003;
Mitchell et al., 2009; Kool et al., 2014; Ren et al., 2022). Although field
measurements can be reasonably accurate, extrapolating them to E and
T at the watershed scale might hampered by the heterogeneity of wa-
tersheds. Land surface models can yield large-scale E and T estimates,
but downscaling or upscaling problems may arise when they are applied
to a watershed because some meteorological and vegetation parameters
of models, are typically based on remote sensing or plot measurement
(Sutanto et al., 2014). Isotope-based methods can be used to partition ET
at plot and watershed scales, because E and T fractionate aqueous iso-
topes differently (Wershaw et al., 1966; Ehleringer and Dawson, 1992).
However, ET partitioning at the plot scale is costly and labor-intensive,
and often requires measurements of diurnal leaf water (Wang and Yakir,
2000; Yepez et al., 2003; Williams et al., 2004; Han et al., 2022).
Watershed-based ET partitioning can be achieved based on differences
in isotopic composition between outflowing water at a watershed outlet
and its precipitation input (Ferguson et al., 2007; Jasechko et al., 2013;
Good et al., 2015; Gibson et al., 2021). This is because watershed E can
be estimated from these differences, then watershed T can be indirectly
estimated by subtracting E from ET obtained from the watershed water
balance. This method is usually applied on the timescale of hydrological
year, given the hydrologic residence times in most watersheds (Jasechko
et al.,, 2013) and changes in water storage are approximately zero on
that timescale, which simplifies the watershed water balance (Lee and
Veizer, 2003; Zhao et al., 2018).

The T/ET estimated using different methods is typically discrepant.
For example, T/ET estimates based on isotopic measurements are typi-
cally higher than estimates obtained by other methods but tend to be
closer overall to those obtained from field measurements than from land
surface models (Schlesinger and Jasechko, 2014; Sutanto et al., 2014;
Xiao et al., 2018). Therefore, isotope-based methods play an important
role in ET partitioning. The key step in watershed-based partitioning is
accurately estimating watershed E based on isotopic indexes.

Recent studies have shown that watershed E can be estimated using

5 2H(%o)
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two types of aqueous isotopic indexes. The first type is a hydrogen or
oxygen single-isotope index (52H or 8'80). The second type is a
hydrogen and oxygen dual-isotope index, such as deuterium excess (d-
excess) and line-conditioned excess (lc-excess) (Dansgaard, 1964;
Landwehr and Coplen, 2004). Both types of isotopic indexes can indicate
watershed E (Landwehr and Coplen, 2004; Evaristo et al., 2015; Gon-
fiantini et al., 2018; Hu et al., 2018; Lyu et al., 2021). When ground-
water or soil water is recharged by precipitation in a watershed with
evaporation that occurs during infiltration, the 8°H and 8'%0 of the
precipitation will plot along the evaporation line (Clark and Fritz, 1997),
e.g., from A to B or A’ to B’ (Fig. 1). This will be accompanied by
enriched 5°H and §'80, decreased d-excess and lc-excess, and increased
deviation from the meteoric water line, which is the distance from
groundwater to this line on the vertical axis (Fig. 1). Watershed E can
then be estimated as the differences in isotopic composition between
outflowing water and its precipitation input, with larger differences
indicating more E. However, §2H and 5'%0 are more widely used than d-
excess and Ic-excess (Gibson et al., 1993; Telmer and Veizer, 2000;
Horita et al., 2008; Gibson et al., 2021). The characteristics of 5°H, 5'%0,
and d-excess differ in precipitation (Huang and Pang, 2012; Hu et al.,
2018). For example, when §°H and 5'%0 vary in different precipitation
events, d-excess could remain unchanged (e.g., A and A’) (Fig. 1). The
isotopic indexes in precipitation, such as the main isotopic signal input
in many watersheds, are essential to estimating watershed E. However,
whether the characteristics of these isotopic indexes affect the accuracy
of watershed E estimation remains unclear.

Thus, given the scarcity of true E values in natural watersheds, we
simulated five watersheds with different land uses at the Shawan Test
Site in Guizhou, Southwest China. The study has the following specific
objectives: (1) define the integrated E of groundwater under different
land uses in §'%0-8°H plots; (2) determine variations of 6180, SZH, d-
excess, and lc-excess in precipitation input and groundwater output; (3)
based on these variations, evaluate the roles that 6180, 62H, d-excess,
and lc-excess play in determining watershed E; and (4) determine
whether E results derived from the isotope-based method and from
water balance differ between two simulated watersheds without plants.
The present findings will be essential for selecting appropriate isotopic
indexes to estimate watershed E.

d-excess=10%o
Ic-excess=0%o

d-excess=0%o
—~ lc-excess=-10%o
deviat/ion/from GMWL

d-excess=-10%o
~ . _ o/
—~ " lc-excess=-20%o

Evaporation
Meteoric water line
Isolines of d-excess
and Ic-excess

1

0

18O

0
(%o)

Fig. 1. Variations in 8'®0, §°H, d-excess, and lc-excess during evaporation of precipitation. Evaporation proceeding from A to B or A’ to B’ is accompanied by
enriched 5'%0 and 62H, decreased d-excess and lc-excess, and increased deviation from the meteoric water line. Slope (s) of global meteoric water line (GMWL) (s =
8) is taken as a reference in §2H-580 plots (s = (§°H—6%H,)/(6!%0-8'%0) = (¢®H—1)/(a®0—1) (Clark and Fritz, 1997)).
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2. Study site

The Shawan Test Site is located in the Puding Comprehensive Karst
Research and Experimental Station (26°14'-26°15'N,
105°42'-105°43'E, 1200 m), Guizhou Province, Southwest China
(Fig. 2a and b). The study area is characterized by a typical, humid,
subtropical, monsoonal climate, with an annual mean air temperature of
15.2 °C and annual mean precipitation of 1,341 mm, of which >80 %
occurs during the rainy season (May—October) (Zhao et al., 2010; Yang
et al., 2012). These values are based on 30 years of data (1981-2010)
from the China Meteorological Data Network. A meteorological station
in Puding Station (Fig. 2c), installed within 100 m of Shawan Test Site,
collected daily precipitation, air temperature, and relative humidity
data.

Five adjoining concrete tanks at the site were constructed to simulate
watersheds under land comprising bare-rock, bare-soil, cultivation,
grass, and shrub growth (Fig. 2b). Each tank was 20 m long, 5 m wide, 3
m deep, coated with epoxy resin, and covered with a high-density
polyethylene (HDPE) film to create an impervious boundary. These
tanks contained 2.5 m of dolomitic limestone gravel from the local
Guanling Formation (Middle Triassic) to serve as a granular aquifer with
a porosity of ~0.5 (Zhu et al., 2015). The surface of the bare-rock tank
comprised gravel without soil or vegetation. The other four tanks were
covered with 0.5 m of clay-rich residual soil on top of the gravel surface,
and the bare-soil tank contained only soil without vegetation. Corn,
alfalfa, and Roxburgh roses were planted in the remaining three tanks to
simulate land that was regularly cultivated, had perennial grass, and
shrub growth, respectively. Corn was present only during the growing

1
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season between April to August, whereas alfalfa and Roxburgh roses
were sown in January 2014 and left undisturbed. Degree of vegetation
development comprised grassland > shrub land > cultivated land. More
details can be found in the studies by Zeng et al. (2017), Bao et al.
(2020), and Hu et al. (2020). A lateral drainage hole in each tank
simulated a natural karst spring, and an adjoining piezometer measured
groundwater levels (Fig. 2d). These tanks functioned as natural water-
sheds that are recharged by natural rainfall that infiltrates them through
vegetation, soil, and aquifers (coarse dolomitic limestone gravel) and
discharges at simulated springs; therefore, we termed them simulated
watersheds. Thus, the land use of the five simulated watersheds differed
under identical climatic input and hydrogeological conditions.

3. Methods
3.1. Sampling and analysis

A total of 190 rainfall events (~92 % of the precipitation events
between November 2015 to October 2017) were sampled using standard
gauges based on IAEA/GNIP guidelines for precipitation sampling. After
each rainfall event, rainfall samples were immediately passed through
0.45-pm Millipore filters into 20-mL HDPE bottles to prevent evapora-
tion. Samples were collected from simulated springs at 10-day intervals
to obtain high-resolution groundwater isotopic data. Groundwater dis-
charges and water levels were also measured. Groundwater samples
were passed through Millipore filters and stored at ~4 °C in HDPE
bottles sealed with Parafilm. The meteorological data were obtained
from the meteorological station at the Puding Station. The §'0 and 5°H

N T
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Culivated Baresoil Barerock

Grasslandjapg land——Jand

Shrubland

Fig. 2. (a) Location of Puding Comprehensive Karst Research and Experimental Station in Guizhou Province, Southwest China. (b) Five concrete tanks simulate
watersheds with bare-rock (coarse gravel), bare-soil, cultivated (corn), grassland (alfalfa), and shrub (Roxburgh roses) at Shawan Test Site. (c) Meteorological station
at Puding Station, within 100 m of Shawan Test Site. (d) Simulated spring and piezometer for measuring levels of groundwater in tanks.
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values of the precipitation and groundwater samples were assessed at
the State Key Laboratory of Environmental Geochemistry, Institute of
Geochemistry, Chinese Academy of Sciences, using a Los Gatos Research
DLT-100 liquid isotope water analyzer (Lis et al., 2008). All samples
were equilibrated for at least 2 h at room temperature (25 °C) before
assay. The isotopic compositions (62H, 6180) of the standards (Los Gatos
Research Inc) was (—123.6 %o, —16.1 %o) for LGR2A, (—96.4 %o, —13.1
%o) for LGR3A, (—51.0 %o, —7.7 %0) for LGR4A, and (—9.5 %o, —2.8 %o)
for LGR5A. These standards encompassed the isotopic range of the
measured samples. The standard deviation (1c) of the 5'%0 and 5°H
measurements was +0.1 %o and +0.5 %o, respectively. All values are
shown versus Vienna Standard Mean Ocean Water.

3.2. Theoretical background

3.2.1. ET estimation using water balance
The ET of a watershed can be estimated using the water balance
(Wisler and Brater, 1959) as follows:

ET = P — discharge — AS (@)

where ET is evapotranspiration, P is precipitation, and /\S is the change
in water storage. Due to a lack of surface runoff in the five simple wa-
tersheds, discharge was taken as groundwater discharge. Given that
changes in soil water storage are near zero on the timescale of a hy-
drological year, /\S represents changes in groundwater storage. Thus,
discharge + A\S is the amount of groundwater recharge from precipi-
tation and the annual ratio of ET to precipitation can be determined
using Eq. (2). Because vegetation did not develop in bare-rock and bare-
soil lands, their ET values were only from E.

ET% = (P — discharge — AS)/P (2)

3.2.2. Dual isotopes of d-excess and lc-excess

Based on the global meteoric water line (GMWL: 5%H = 85'%0 + 10)
(Craig, 1961), Dansgaard (1964) defined the parameter of d-excess [Eq.
(3)]. It can be deduced that the mean d-excess value of global precipi-
tation was ~10 %o. In comparison, Landwehr and Coplen (2004) pro-
posed a new parameter, lc-excess [Eq. (4)], with respect to the local
meteoric water line (LMWL: 5°H = a5'80 + b, where a and b are the
slope and intercept of the LMWL, respectively). The lc-excess of pre-
cipitation plotted on the LMWL was ~0 %o.

d — excess = 5*H — 850 3)

lc — excess = 8*H — as'* 0 — b @

The d-excess and lc-excess that characterize co-variations in
hydrogen and oxygen isotopes facilitated screening water samples with
respect to meteoric conditions. For example, when E occurs in water
samples and plots on the right side of GMWL and LMWL, they will be
accompanied by d-excess < 10 %o and lc-excess < 0 %o.

3.2.3. Estimation of E using d-excess dual isotopes

An evaporating water body evolves as described by the Rayleigh
process (Clark and Fritz, 1997). E in a watershed water cycle is assumed
to follow Rayleigh fractionation, as given in Eq. (5), where R represents
either the '80/%°0 or the 2H/'H ratio. We use & instead of R for con-
venience, which expresses the Rayleigh fractionation [Eq. (6)]. There-
after, the d-excess dual isotopes can be transformed into Eq. (7) based on
Eq. (6). Accordingly, d-excess and the residual fraction of groundwater
(f) were built through Eq. (7), where 1 — f means the ratio of E to pre-
cipitation in a watershed (i.e., E=1 — f).

R =Ry 5)

&= (8, 4 1000)F@D — 1000 (6)
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d — excess = 8"H — 850
= (8*Hp + 1000)f=1 — 1000 — 8( (6" 0y + 1000)"%*=) — 1000)
= (6*Hy + 1000)f>"=) — 8(5'8 0y + 1000) 5~ + 7000

)

In the above equation, a is the fractionation factor that includes the
equilibrium and kinetic fractionation factors [a = 1/(a* + Aeg)]. a* is
the equilibrium fractionation factor that is dependent on temperature in
Kelvins (t) [Egs. (8) and (9)] and /\¢ is a dynamic enrichment factor that
is associated with humidity (h) [Egs. (10) and (11)] (Gonfiantini, 1986;
Clark and Fritz, 1997; Majoube, 1971). 8'80¢ and §2Hj are the initial
isotopic compositions of groundwater, and d-excess is the isotopic
compositions of groundwater in the watershed outlet.

1000lna 2H = 24.844(10°/*) — 76.248(10° /1) +52.612 (8)
1000lna™"*0 = 1.137(10°/¢*) — 0.4156(10° /1) —2.0667 9
A&*H = 12.5(1 — h)/1000 10)
A0 = 14.2(1 — h)/1000 an

The E is estimated on an annual timescale. Therefore, based on
annual mean temperature, relative humidity, the initial isotopic com-
positions of groundwater inferred from the annual amount-weighted
mean of the precipitation and annual mean isotopic composition of
groundwater, the watershed E (E = 1 — f) can be calculated using Eq.
@.

Thereafter, the ratio of transpiration to precipitation (T) can be
estimated by ET using the water balance and by E using the d-excess as:

T=ET—-E 12)
4. Results
4.1. Hydrological data

The groundwater discharges and water levels of the five land uses are
shown in Fig. 3. In response to the input of precipitation in a subtropical
monsoon climate, all variables were maxima during the rainy season and
minima during the dry season. Furthermore, groundwater discharges
and water levels differed according to land use.

Based on precipitation, groundwater levels, and discharge data, the
proportion of groundwater recharged by precipitation during different
seasons was estimated through the water balance (Table 1). The
recharge results were 84.0 % for bare-rock land, 80.4 % for bare-soil
land, 79.3 % for cultivated land, 70.9 % for grassland, and 86.5 % for
shrub land during the rainy season from November 2015 to October
2016 and 88.9 % for bare-rock land, 94.8 % for bare-soil land, 94.3 % for
cultivated land, 110.0 % for grassland, and 96 % for shrub land for the
rainy season from November 2016 to October 2017. These results sug-
gested that groundwater was primarily recharged by precipitation dur-
ing the rainy season. Furthermore, the infiltration rate and ET in a
hydrological year were calculated, as shown in Table 1.

4.2. Precipitation and groundwater in 5'%0 — 52H plots

We established the LMWL of the study area using rainfall samples
collected from November 2015 to October 2017. The LMWL was 5%H =
8.655'%0 + 18.00 (R? = 0.98, p < 0.0001; Fig. 4a). The 5'80 and &°H of
groundwater in the five watersheds lags behind precipitation. Based on
lag times between groundwater and precipitation calculated by Hu et al.
(2020), we shifted the 5'%0 and 8°H of groundwater back in time with
respect to the precipitation input to obtain the groundwater isotopic
data analyzed herein.

Fig. 4bl and b2 shows that almost all groundwaters plotted to the
right of the LMWL and displayed similar trends with it over the two-year
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Fig. 3. Seasonal variations in precipitation (P), groundwater levels (H), and discharges (Q) at Shawan Test Site.

Table 1
Precipitation (P), water level change (/\H), groundwater discharge, recharge, infiltration and evapotranspiration for the five simulated watersheds from November
2015 to October 2017.

Period Water type P(m) AH (m) Discharge (m) Recharge” (%) Infiltration rate® (%) ET (%)
DS* RS’ DS RS DS RS DS RS

2015/11-2016/10 Bare rock 0.181 0.804 —0.890 0.470 0.593 0.544 16.0 84.0 94.1 59+33
Bare soil —0.620 0.200 0.433 0.405 19.6 80.4 63.8 36.2 + 2.4
Cultivated —0.615 0.185 0.429 0.371 20.7 79.3 59.4 40.6 = 2.6
Grassland —0.462 0.102 0.334 0.200 29.1 70.9 35.9 64.1+1.0
Shrubland —0.550 0.130 0.332 0.300 13.5 86.5 42.8 57.2+15

2016/11-2017/10 Bare rock 0.157 1.019 —0.448 0.621 0.344 0.650 111 88.9 98.1 1.9+1.6
Bare soil —0.142 0.488 0.110 0.478 5.2 94.8 70.2 298 +1.1
Cultivated -0.121 0.395 0.099 0.442 5.7 94.3 60.6 39.4+£1.0
Grassland —0.112 0.331 0.017 0.267 —-10.0 110.0 35.2 64.8 £ 0.6
Shrubland —0.165 0.594 0.110 0.346 4.0 96.0 58.9 41.1 £ 0.9

2 DS: dry season (November-April); RS: rainy season (May—October).

b Recharge is the amount of groundwater supplied by precipitation. Recharge=/\S + Discharge, where /AS=/\H*Porosity. The porosity value (0.5) is from Zhu
et al. (2015). Recharge (%) in a given season is the recharge in that season divided by the recharge in the hydrological year.

¢ Infiltration rate is the ratio of recharge to precipitation, calculated as (/\S + Discharge)/P.

d Ratio of evapotranspiration to precipitation, calculated using Eq. (2): ET%=(P- Discharge -/\S)/P. Infiltration rate + ET = 1.
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-40 . o
(by) (b) » '// /// Precipitation
.50 /"/,// 20 10 o ® Bare rock land
S @ Bare soil land

§ (@ Cultivated land
$ 60 0 > Grassland
N : ) Shrub land
= \ LMWL:

-70 y -100 2 18

P ,# 5 “H=8.655  O+18.00
? Wz h . (R%=0.98, p<0.0001)
-80 -80

1 <10 -9 -8 -7 6 11 -10 -9 -8 7 6
5 180(%o)

Fig. 4. Plots of 5'%0-5%H in precipitation (a) and groundwater from November 2015 to October 2016 (b;) and from November 2016 to October 2017 (bs). Colored
dashed lines represent best fit of groundwater under different land uses. Fitting details can be found in the text.
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study period. From November 2015 to October 2016, the best fit for the
groundwater data was 52H = 8.185'%0 + 12.31 (R? = 0.97, p < 0.0001)
for bare-rock land, §?H = 5.375'%0-16.37 (R? = 0.77, p < 0.0001) for
bare-soil land, 8°H = 6.376'%0-7.15 (R = 0.92, p < 0.0001) for
cultivated land, §°H = 7.105'%0 + 2.19 (R? = 0.88, p < 0.0001) for
grassland, and 8%H = 6.295'%0-7.00 (R? = 0.91, p < 0.0001) for shrub
land. From November 2016 to October 2017, these were &§°H =
8.275180 + 13.36 (R% = 0.99, p < 0.0001) for bare-rock land, 5°H =
8.105'%0 + 6.05 (R?> = 0.99, p < 0.0001) for bare-soil land, 5°H =
8.005'%0 + 5.95 (R% = 0.99, p < 0.0001) for cultivated land, 5?H =
7.795'%0 + 7.17 (R? = 0.97, p < 0.0001) for grassland, and &°H =
8.9551%0 + 14.65 (R? = 0.99, p < 0.0001) for shrub land.

4.3. Seasonal variations of 5180, 5°H, d-excess, and lc-excess in
precipitation and groundwater

The §'%0, &%H, d-excess, and lc-excess values in precipitation
exhibited notable seasonal variations, with 510 and 52H being depleted
and enriched, respectively, and d-excess and lc-excess being low and
high, respectively, during rainy season and dry season (Fig. 5). These
variations were primarily attributable to different water vapor sources
during the two seasons in a monsoon climate. Water vapor during the
rainy season primarily originates from low-latitude, humid, and hot
marine air masses, resulting in depleted §'®0 and §2H, and low d-excess
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values, whereas water vapor during the dry season primarily comes from
cold and dry continental air masses, resulting in enriched 5'%0 and §H,
and high d-excess values (Zhao et al., 2018; Zhou et al., 2019). Varia-
tions of lc-excess and d-excess were similar in precipitation. We calcu-
lated the annual amount-weighted averages of 5180, 5°H, d-excess, and
lc-excess in precipitation based on rainfall data (Fig. 5, Table 2).
Furthermore, rainfall during the rainy season accounted for 82 % and
87 % of the annual amount, respectively, between the first (November
2015-October 2016), and the second year (November 2016-October
2017) (Table 1). Therefore, given the dominance of precipitation during
the rainy season, the mean value and standard deviation (STDEV) of
5180, 8%H, d-excess, and lc-excess of precipitation during the rainy
season were also calculated (Table 2).

Fig. 6 shows seasonal variations of 6180, SZH, d-excess, and lc-excess
in groundwater of the five watersheds. The variations in §'%0 and §%H
are clearly seasonal, being respectively depleted and enriched during the
rainy and dry seasons. In comparison, d-excess and lc-excess did not vary
seasonally and were relatively stable over the two years. The annual
mean groundwater for the five land uses was calculated (Table 2;
colored dashed line in Fig. 6). The analysis of variance (ANOVA) (Fig. 7)
showed that the annual mean values of d-excess and Ilc-excess in
groundwater significant differed (p < 0.05) among the five land uses
during the study period, whereas those of 5'%0 and §2H did not (p >
0.05). Overall, the d-excess and lc-excess of groundwater follow the
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Table 2
The annual mean values of 5'0, 52H, d-excess and lc-excess for precipitation and groundwater in the simulated watersheds from November 2015 to October 2017.
Period Water type 5120 (%0) 5°H (%0) d-excess (%o) lc-excess (%)
Mean” STDEV” Mean” STDEV” Mean” STDEV” Mean® STDEV”
2015/11-2016/10 Precipitation -8.3 4.3 —54.3 37.5 12.2 6.0 -0.4 5.5
Rainy season precipitation® -8.2 4.3 —54.8 35.0 11.0 3.0 -1.7 3.7
Bare rock —-8.7 0.8 —58.7 6.9 10.7 1.2 -1.7 1.2
Bare soil —-8.5 0.3 —-61.9 2.1 5.9 1.3 —6.6 1.5
Cultivated -8.6 0.5 -61.7 3.2 6.8 1.2 -5.7 1.5
Grassland —-8.7 0.4 —-59.5 3.1 10.0 1.1 —-2.4 1.2
Shrubland —-8.5 0.4 —60.6 2.6 7.5 1.0 -4.9 1.2
2016/11-2017/10 Precipitation -10.4 4.4 -72.0 38.9 11.4 5.0 0.2 3.9
Rainy season precipitation® -9.7 3.9 —66.6 32.8 10.6 2.8 -1.1 3.0
Bare rock —-9.3 1.3 —63.7 10.7 10.8 0.9 -1.1 1.0
Bare soil —-9.0 0.7 —67.1 5.9 5.2 0.7 -7.0 0.8
Cultivated -9.3 0.7 —68.2 5.8 6.0 0.6 —6.0 0.8
Grassland —9.5 0.5 —66.7 4.1 9.1 0.7 2.7 0.8
Shrubland -9.0 0.7 —65.6 5.8 6.2 0.8 —6.0 0.6

2 The mean 5'®0 and §°H of precipitation are expressed by annual amount-weighted values of 5'%0 and §?H, and other means are based on arithmetic averages.
 STDEV = standard deviation.
¢ Precipitation from May to October.
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order: bare-rock land > grassland > shrub land > cultivated land > bare-
soil land.

5. Discussion
5.1. Recharge and E of groundwater in simulated watersheds

Fig. 4bl and b2 shows that the groundwater in the simulated wa-
tersheds plotted below the LMWL and had a similar trend with it in
5'80-52H plots. We conclude that the groundwater in the simulated
watersheds was recharged by precipitation and suffered from E. The
groundwater associated with different land uses deviated from the
LMWL to different degrees, with increased deviation indicating more E
(Fig. 1). According to Fig. 4bl and b2 it can be inferred that the inte-
grated degrees of deviation for bare-rock land and grassland were the
lowest, followed by those for shrub and cultivated, and bare-soil lands.
Thus, the degree of E was the highest for bare-soil land, followed by
those for cultivated and shrub lands, and then grassland and bare-rock
land.

We found that the degree of E could not be simply expressed by the

slope of groundwater in 5'80-82H plots, since a lower slope than the
LMWL is generally used to identify whether a water body undergoes E
(Wan and Liu 2016, Wang et al. 2019). The slopes of groundwater in the
five simulated watersheds were lower than that of LMWL between
November 2015 and October 2016 (Fig. 4b1). In contrast, there existed
groundwaters between November 2016 and October 2017 almost equal
to or exceeded that of LMWL, e.g., shrub land (Fig. 4b2). Others have
found similar phenomena (Yang et al. 2015; Dai et al., 2020). In fact, the
slope of groundwater is determined by the degrees of E that affected
replenishing precipitation events. For example, when precipitation
events A and A’ undergo various degrees of E to become groundwater B
and B’ (Fig. 8a), C and C’ (Fig. 8b), or C and B’ (Fig. 8c), groundwater
slopes could become smaller, higher, or equal to that of the GMWL or the
LMWL (Fig. 8). Although the slopes of groundwater were different in
Fig. 8a and b, the integrated degrees of groundwater E were the same,
given their identical integrated degrees of deviation with respect to
GMWL. Thus, as groundwater is recharged by several precipitation
events during a hydrological year, the slope of groundwater will be
determined by E affecting these events. In comparison, Dai et al., (2020)
found that soil water with higher slopes than the LMWL resulted from
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various degrees of E of precipitation in warm and cold seasons. Besides,
mixing processes that occur throughout the year also influence the slope.
As a result, the slope of groundwater could not be used as a robust in-
dicator of the degree of integrated E.

5.2. Differences in variations between 5180, §%H, d-excess, and lc-excess
in rainy season precipitation

In monsoon regions, precipitation is primarily concentrated in the
rainy season, resulting in groundwater being primarily recharged during
this time (Table 1). Therefore, the isotopic characteristics of rainy sea-
son precipitation are essential to those of groundwater in watersheds.
Fig. 5 shows that the d-excess and lc-excess of precipitation during the
rainy season exhibited greater stability than 5'%0 and &°H, which
notably decreased from May, reached a nadir around mid-August and
then increased until October. This was confirmed by the lower STDEVs
for d-excess and lc-excess than 5'%0 and 8%H during the rainy seasons of
2016 and 2017 (Table 2).

Fig. 9 shows a schematic map based on the isotopic theory that il-
lustrates variations in §'%0, §%H, d-excess, and lc-excess during the
formation of rainy season precipitation. This map was drawn to deter-
mine why d-excess and lc-excess are more stable than %0 and 52H.
During the rainy season, water vapor primarily comes from seawater
evaporation. According to the evaporation model proposed by Craig and
Gordon (1965), seawater evaporation will first form equilibrium vapor
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(e.g., Vo and V) and then atmospheric vapor (e.g., V1 and V1) (Fig. 9)
during the processes by which temperature and humidity affect the
values of 8'80, §%H, d-excess, and lc-excess of the vapor formed as a
result of isotopic equilibrium and dynamic fractionation. Furthermore,
atmospheric water vapor (e.g., V1) will condense into precipitation
along the meteoric water line (MWL) to various degrees, accompanied
by different values of 3'30 and 2H but the same d-excess and lc-excess
(e.g., A’ and A) (Fig. 9). Given that the water vapor during the rainy
season originates primarily from low-latitude oceans, the influence of
seawater on rainfall isotopic composition can be negligible (Tracy et al.,
1999; Tan, 2014). However, in the process of water vapor transport, the
5'%0 and 8%H values of condensed precipitation will change along the
MWL because of rainout to different degrees, whereas d-excess and lc-
excess remain relatively unchanged. As a result, d-excess and lc-excess
exhibit greater stability than 6'%0 and &°H during rainy season
precipitation.

5.3. Differences in E indicated by §'%0, 5°H, d-excess, and lc-excess

We investigated differences in E among the five watersheds based on
the annual mean values of 6180, 62H, d-excess, and lc-excess in their
groundwaters from November 2015 to October 2017. Figs. 6 and 7 show
seasonal variations in §'%0 and &2H values of groundwater in the five
watersheds. Their annual mean values did not significantly differ ac-
cording to land use (p < 0.05), and isotopic enrichment of relationships
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Fig. 9. Schematic illustration of variations in 880, §2H, d-excess, and lc-excess when precipitation formation in rainy season. Values for GMWL and s are identical to

those used to develop Fig. 1.
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corresponding to degrees of E in 8'80-82H plots were not found (Section
5.1). In other words, 5'80 and 5%H should be the most enriched in bare-
soil land, followed by cultivated and shrub lands, and the most depleted
in grassland and bare-rock land. However, this was not observed (Figs. 6
and 7). Furthermore, from November 2015 to October 2016, the annual
means of 180 and 52H in groundwater (6180 = — 8.7 %o to — 8.5 %e, 5%H
61.9 %o to — 58.7 %o) were not more enriched than that in precip-
itation (8'80 = — 8.3 %o, 8°H = — 54.3 %o). Therefore, 5'%0 and &°H
could not reflect E of the five watersheds based on isotopic enrichment
between outflowing water (groundwater), and its precipitation input
(Ferguson et al., 2007; Jasechko et al., 2013; Good et al., 2015; Gibson
et al., 2021). Similar situations were either found by others (Soulsby
et al., 2000). In this case, it will cause an underestimation of E and an
overestimation of T/ET. However, the seasonal variations of d-excess
and lc-excess in groundwater were relatively stable, and their annual
means for the land uses during the two years significantly differed (p <
0.05; bare-rock land > grassland > shrub land > cultivated land > bare-
soil land) and were lower than the annual amount-weighted average of
precipitation (Figs. 6 and 7). E intensities was ranked in the following
order: bare-soil land > cultivated land > shrub land > grassland > bare-
rock land, which was the same in 5'80-5%H plots.

This begs the question of why the degree of E indicated by 5'0 and
52H differed from those indicated by d-excess and lc-excess. Given that
groundwater is primarily recharged by rainy season precipitation, its
isotopic characteristics greatly influence those of groundwater. The 580
and 5°H values considerably varied in rainy season precipitation due to
the impact of rainout, and groundwater inherited these variations (i.e.,
evident seasonal variations existed in 580 and 5°H values of ground-
water). Consequently, 580 and §°H signals of groundwater at the outlet
of the watershed not only reflected watershed E but were also affected
by the changing input of '80 and §°H via precipitation. This interfered
with, or even masked the signal of watershed E, and might explain the
higher T/ET estimates determined using isotope-based methods
(Schlesinger and Jasechko, 2014; Sutanto et al., 2014). However, d-
excess and lc-excess values in rainy season precipitation were more
stable than 5'®0 and &%H. For example, A and A’ (Fig. 1) with different
5'80 and §H values but the same d-excess and lc-excess values, when
they underwent same degree of E to become B and B/, their d-excess and
lc-excess values were the same, despite their §'%0 and §2H values being
different. As a result, the d-excess and lc-excess groundwater signals
were less affected by precipitation input variability and might be more
effective as watershed E signals.

We found significant and positive correlations between d-excess and
lc-excess in groundwaters of the five watersheds (Fig. 10), which is
reasonable because they originated from the §'0 and 8%H dual-isotope
values and were essentially determined by the linear MWL relationship.
Trends in d-excess and lc-excess values increased from bare-soil to
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cultivated and shrub lands, and to grassland and bare-rock land.
Therefore, both values could be considered good isotopic indexes for
estimating watershed E.

5.4. Partitioning of watershed evapotranspiration in the five watersheds
by d-excess dual isotopes

Given the close link between d-excess and lc-excess, the E rates of the
five simulated watersheds were calculated from d-excess dual isotopes
using Eq. (7) (Table 3). Because no plants grew in bare-rock and bare-
soil lands, their ET values based on water balance (Table 1) were only
from E, which allowed us to verify the E results based on the d-excess
dual isotopes. Tables 1 and 3 show that the E values obtained from d-
excess agree better with those from the water balance in bare-rock land
(7.5+3.8%vs 5.9+ 3.3%,2.7+25%vs 1.9 £ 1.6 %) than bare-soil
land (28.1 + 3.3 % vs 36.2 + 2.4 %, 25.3 + 2.6 % vs 29.8 + 1.1 %)
during the two hydrological years. The results estimated from d-excess
are generally lower than those from water balance in bare-soil land. This
is because soil cover weakens precipitation infiltration, and some pre-
cipitation events retained in soil are almost totally evaporated before
they could recharge to groundwater. This leads to the E signal being
underestimated by the isotope-based method when those kinds of pre-
cipitation fail to circulate to groundwater (Schlaepfer et al., 2014).
However, considering the estimated uncertainties existed in the water
balance, the watershed E results estimated using the d-excess dual iso-
topes were dependable.

Based on ET values from the water balance (Table 1) and E values
obtained using d-excess (Table 3), values for T in watersheds with
developed vegetation were determined (Fig. 11). Fig. 11 shows that
infiltration rates decreased in the order of bare-rock without soil or
vegetation cover, bare-soil with soil but without vegetation, cultivated,
shrub, and grassland with soil cover and increased degrees of vegetation.
The infiltration rate decreased from 94.1 % (bare-rock land) to 63.8 %
(bare-soil land) to 35.9 % (grassland) and from 98.1 % (bare-rock land)
to 70.2 % (bare-soil land) to 35.2 % (grassland) in the two studied years.
These findings indicated the important role of soil (30.3 % and 27.9 %
reductions) and vegetation (27.9 % and 35.0 % reductions) cover in
weakening rainfall infiltration. That is, increased soil and vegetation
cover will result in a low infiltration rate, namely a high ET (=1 —
infiltration rate). Furthermore, E decreased in the four land uses with
soil cover, during the first and second years from 36.2 % to 10.7 % and
29.8 % to 9.9 %, respectively, and T increased from 16.0 % to 52.5 %
and 17.0 % to 54.8 %, respectively, with increasing vegetation (Fig. 11).
This showed the importance of vegetation cover in controlling E and T.
This is because more vegetation cover results in less soil being exposed
to the air, resulting in less E and more T. Furthermore, if the vegetation
cover is well developed (e.g., grassland), T dominates ET (Fig. 11).
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Table 3
Estimated evaporation rate (E) determined using d-excess dual isotopes from November 2015 to October 2017.
Period Water type t(°C)? h(%)* §'%0," §°Ho" do-excess” (%o) 5180° §2H¢ d-excess® (%o) E!
(%0) (%0) (%0) (%0) (%)
2015/11-2016/10 Bare rock 16.3 81.6 —-8.3 —54.3 12.2 -8.7 —-58.7 10.7 7.5+ 3.8
Bare soil -85 -61.9 5.9 28.1 +£3.3
Cultivated —8.6 —61.7 6.8 24.4 £33
Grassland -8.7 —-59.5 10.0 10.7 + 4.3
Shrubland -85 —60.6 7.5 21.6 +3.3
2016/11-2017/10 Bare rock 16.8 81.1 —-10.4 -72.0 11.4 -9.3 —63.7 10.8 2.7 +25
Bare soil -9.0 —67.1 5.2 253+ 2.6
Cultivated -9.3 —68.2 6.0 22.4 £23
Grassland -9.5 —66.7 9.1 9.9 +26
Shrubland -9.0 —65.6 6.2 21.7 £ 2.2

? t and h are the annual mean temperature and relative humidity respectively;

b 5180, 52H, and do-excess are initial isotopic compositions of groundwater inferred from annual amount-weighted mean of precipitation.
© 5'%0, 5°H and d-excess are annual mean isotopic compositions of groundwater at watershed outlet.
4 E represents evaporation rate, estimated by E = 1-f, where f is residual fraction of initial water and calculated from Eq. (7).
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Fig. 11. Partitioning of watershed water components under different land uses into infiltration rate, evaporation (E), and transpiration (T) from November 2015 to

October 2017.

6. Conclusions

We aimed to determine differences in the ability of hydrogen and
oxygen single isotopes and their dual isotopes to indicate watershed
evaporation. We therefore simulated five watersheds with different land
uses at the Shawan Test Site, Southwest China, which has a subtropical
monsoon climate. We found that d-excess and lc-excess dual isotopes
were better indicators of watershed evaporation than 5%0 and §2H
single isotopes. This is because 5'%0 and 52H of precipitation are easily
impacted by rainout during the rainy season, when groundwater is
primarily recharged, and are more variable than d-excess and lc-excess.
This leads to §'%0 and §H in groundwater being more vulnerable to
changing isotopic signal input in precipitation. In turn, this can interfere
with, or mask the watershed evaporation signal carried by 5§'0 and &%H.
Evaporation estimated using d-excess dual isotopes closely agreed with
estimates obtained based on water balance in bare-rock and bare-soil
lands without plants. Whereas the low consistency in bare-soil
compared with bar-rock reminds us that more attentions need to pay
to the effective recharge of precipitation events to groundwater when
estimate watershed evaporation based on isotopes in future work. The
present findings can help to select suitable isotopic indexes for esti-
mating watershed evaporation, especially in Asian monsoon regions.
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