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Abstract. Deuterium excess (d-excess) of air moisture is tra-relationships with RH. In addition, we found opposite diur-
ditionally considered a conservative tracer of oceanic evaphal variations fordieasr and dmoisture during the sunny days,
oration conditions. Recent studies challenge this view andand fordsej anddmoistureduring the first sunny day after the
emphasize the importance of vegetation activity in control-rain event. The steady-state Craig—Gordon model captured
ling the dynamics of air moisture d-excess. However, di-the diurnal variations i@ea, with small discrepancies in the
rect field observations supporting the role of vegetation inmagnitude. Overall, this study provides a comprehensive and
d-excess variations are not well documented. In this studyhigh-resolution data set of d-excess of air moisture, leaf, root,
we quantified the d-excess of air moisture, shallow soil wa-xylem and soil water. Our results provide direct evidence that
ter (5 and 10cm) and plant water (leaf, root and xylem) of dmoisture Of the surface air at continental locations can be sig-
multiple dominant species at hourly intervals during threenificantly altered by local processes, especially plant transpi-
extensive field campaigns at two climatically different loca- ration during sunny days. The influence of shallow soil wa-
tions within the Heihe River basin, northwestern China. Theter ondmoistureiS generally much smaller compared with that
ecosystems at the two locations range from forest to deserbf plant transpiration, but the influence could be large on a
The results showed that with the increase in temperafire ( sunny day right after rainfall events.

and the decrease in relative humidity (RH), 8i2-5180 re-

gression lines of leaf water, xylem water and shallow soil wa-

ter deviated gradually from their corresponding local mete-

oric water line. There were significant differences in d-excessl  Introduction

values between different water pools at all the study sites.

The most positive d-excess values were found in air moisturd/€asurements of water isotopic compositions (e,
(9.3%v) and the most negative d-excess values were found *O) provide insights into the study of hydrologic cy-
in leaf water (-85.6%o). The d-excess values of air mois- cles, ecological processes, and palaeoclimates across multi-
ture @moisturd and leaf waterdjeas) during the sunny days, ple temporal and spatial scales (e.qg., Brunel et al., 1992; Gat,
and shallow soil waterdoi)) during the first sunny day af- 1996; Dawson et al., 2002; Newman et al., 2010; Wang et
ter a rain event, showed strong diurnal patterns. There werdl-, 2010, 2013, 2014; Zhang et al., 2011; Good et al., 2012).
significantly positive relationships betwedg,s and RH and Plant uptake does not fractionate source water (White et al.,
negative relationships betwe@hisureand RH. The corre-  1985),6D or 8180, and therefore can be used to track a plant

lations of dieaf and dmoisture With T were opposite to their watgr source (Ehleringer and Dawson, 1992), to invgstiggte
relative rooting depth (Jackson et al., 1999), and to identify
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hydraulic redistribution (Dawson, 1993). Water isotopes canisotopic variation in water vapor in the early morning when
also be used to trace catchment water movements (Brooks ¢he convective boundary layer develops rapidly, while evapo-
al., 2010), the geographic origin of water vapor (Clark andtranspiration becomes more important in mid-afternoon as a
Fritz, 1997), basin-level water recycling (Salati et al., 1979), primary moisture source of water vapor in the studied forest.
and to reconstruct past environmental parameters such as armihese authors therefore also cast some doubts on whether
bient temperaturel() and relative humidity (RH) (e.g., Hel- continental water vapor d-excess can be used as a conserved
liker and Richter, 2008). The isotopic compositions of water tracer of environmental conditions during evaporation at the
from different areas are affected by specific meteorologicalmoisture source. Despite this new understanding of biologi-
processes, which provide a characteristic fingerprint of theircal and environmental controls on d-excess variations, field
origin (Clark and Fritz, 1997). Much work has focused on observations of the role of the direct vegetation effect on di-
isotopic compositions of surface water (Zhao et al., 2011b),urnal d-excess variations are not readily seen in the litera-
groundwater (Zhao et al., 2012) and precipitation (Dalai etture. In addition, Merlivat and Jouzel (1979), one of the few
al., 2002; Karim and Veizer, 2002; Zhao et al., 2011b; Soder-who theoretically calculated the quantitative relationship be-
berg et al., 2013). However, fewer investigations were con-tween the d-excess of evaporating vapor Witand RH, pre-
ducted to measure simultaneoudly ands80 of leaf water,  dicted that d-excess is affected by battand RH, and the d-
xylem water, shallow soil water and air moisture, especiallyexcess of evaporating vapor increases Wit{f.35 %.°C 1),
on the diurnal variations in these pools at ecosystem scale. but decreases with RH-0.43 %0 % 1) (Merlivat and Jouzel,
Deuterium excess (d-excess) is defined as d-exeéEs- 1979). Field testing of such a theoretical relationship is lack-
8.0x8180 (Dansgaard, 1964). Points that fall on the global ing. The quantitative relationship will enhance our prediction
meteoric water line (GMWL) have a constant d-excess ofof climatic and environmental change impact (e.g., changes
10.0 %o. This is because rainout isotopic fractionation is con-in 7, RH, rainfall and location) on water cycles. Further-
sidered an equilibrium process, which affects the positionmore, it is unclear whether a consistent d-excess—RH rela-
of the data points on the GMWL, but which does not af- tionship, similar to the d-excess—RH relationship of ocean
fect the intercept — d-excess. Since the effect of equilib-evaporation, exists in evapotranspiration. Evapotranspiration
rium Rayleigh condensation processes roughly follows thefrom the earth’s surface is a key process in the hydrologi-
GMWL slope of 8, variations in d-excess can provide infor- cal cycle connecting the earth’s surface and the atmosphere.
mation about the environmental conditions (e.g., RHAMN Therefore, it is essential to study the evapotranspiration pro-
during non-equilibrium processes in oceanic moisture sourceess and its link to the atmospheric circulation in order to
regions. In other words, d-excess is considered a conservainderstand the feedbacks between the earth’s surface and the
tive tracer of oceanic evaporation conditions, assuming theratmosphere better (Aemisegger et al., 2013).
are no contributions from surface evapotranspiration as the In this study, we quantified the d-excess dynamics of air
air mass travels over land (Welp et al., 2012). Therefore, d-moisture, shallow soil water (5 and 10cm), and leaf and
excess is used to identify the location of a moisture sourcexylem water of multiple dominant species at hourly inter-
when there are no contributions from surface evapotranspivals during three extensive field campaigns at two climati-
ration (Uemura et al., 2008). Transpiration does not changeally different locations in the Heihe River basin, China. We
source water d-excess, since transpiration does not fractioraim to provide a field-based fine-resolution d-excess record
ate source water. Evaporation, however, usually results in @nd to explore the underlying mechanisms. The questions
higher d-excess value (Gat et al., 1994). d-excess has beeme addressed in this study are the following: (1) what are
used to estimate evaporation in previous studies. For examthe diurnal patterns of d-excess in air moisture, leaves, roots,
ple, d-excess was used to quantify sub-cloud evaporation irxylem and shallow soil water under different climatic and
Alpine regions (Froehlich et al., 2008) and to estimate themeteorological conditions? (2) What are the mechanisms of
contribution of evaporation from the Great Lakes to the con-the observed patterns and their controlling factors? (3) How
tinental atmosphere (Gat et al., 1994). well do the widely used steady-state models capture the leaf
By using a meta-analysis approach to synthesize d-exces$-excess dynamics?
measurements from multiple sites, Welp et al. (2012) showed
that the d-excess value of surface atmospheric vapor can
be significantly altered by local processes and that it is not2  Materials and methods
a conserved tracer of humidity from the marine moisture
source region, as previously assumed. In addition, modelin@.1 Sampling sites
simulations also showed that plant transpiration plays an im-
portant role in diurnal d-excess variations (Welp et al., 2012),The field sampling took place at two locations (Dayekou
which contradicts the conventional understanding. Based omand Ejin) with distinct climatic conditions within the Heihe
isotopic observations from a US Pacific Northwest temper-River basin (HRB), northwestern China (Fig. 1). The tem-
ate forest and a modeling exercise, Lai and Ehleringer (2011perature is lowest in January, and is highest in July in both
concluded that atmospheric entrainment appears to drive thBayekou (Zhao et al., 2011a) and Ejin. Dayekou is located
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2.2 Plant and soil sample collections

*  Town names

@  Sampling sites|
River Three extensive field samplings were conducted in Au-
High: 5544 gust 2009 and in June and September 2011 in the upper and
| Hlon G lower reaches of the HRB (Table 1). In the upper reaches,
at S1-Jun, samples were taken from 06:00 LT (unless other-
wise stated, all times hereafter are in local time), 23 June
to 18:00, 25 June 2011 at 1-hour intervals for leaves and
stems of Q.S., 5 and 10 cm soil as well as atmospheric va-
por near the ground (about 20 cm above the ground) and at
the canopy. Leaves and stems of P.F. as well as leaves and
roots of P.V. were taken from the same period at 2-hour in-
tervals. All these samples were referred to as S1-Jun. At S1-
Sep, samples were taken from 08:00, 6 September to 17:00,
8 September 2011 at 1-hour intervals for leaves and stems of
Q.S.,5and 10 cm soil and atmospheric vapor near the ground
and at the canopy. Leaves and stems of P.F. as well as leaves
and roots of P.V. were taken from the same period at 2-hour
q intervals. At S2-Jun, leaves and stems of Q.S., 5 and 10cm
soil and atmospheric vapor near the ground and at the canopy
were sampled from 06:00, 27 June to 18:00, 28 June 2011 at
Figure 1. Locations of the sampling sites in the Heihe River basin. 1-hour intervals, while leaves and roots of S.C. were taken
Note: the information about sampling locations, altitude, period of from 06:00, 27 June to 18:00, 28 June 2011 at 2-hour inter-
sampling and climatic conditions is listed in Table 1. vals. At S3-Aug, it rained twice during the sampling period
(from 17:00, 31 July to 04:00, 1 August and from 10:40 to
20:00, 2 August 2009). Leaves and stems of Q.S. as well as
in the upper reaches (Fig. 1). The mean annual temperaturs and 10 cm soil samples were taken from 06:00, 1 August
of Dayekou is about 0.7C, with a mean January tempera- to 18:00, 2 August and from 06:00 to 18:00, 3 August 2009
ture of —12.9°C and a mean July temperature of 122 ¢ 2-hour intervals. The atmospheric vapor at the canopy was
The mean annual precipitation is 369.2 mm, with over 71 %collected from 06:00, 2 August to 18:00, 3 August 2009 at
of the rainfall occurring between June and September, ang-hour intervals (Table 1).
the rainfall in July is the highest. Ejin is located in the lower  |n the lower reaches of the HRB, at S4-Aug, a leaf and
reaches (Fig. 1). The mean annual temperature of Ejin istem of P.E. and a leaf of S.A., 10 cm soil and atmospheric
8.8°C, with a mean January temperature-f1.3°C and a  vapor at the canopy were taken from 06:00, 6 August to
mean July temperature of 26.:8. The mean annual precip- 22:00, 9 August 2009 at 2-hour intervals. At S5-Aug, a leaf
itation from 1960 to 2007 was 35.0mmyedy with 75%  and stem of R.S., 10cm soil and atmospheric vapor at the
of the rainfall occurring between June and September. Withcanopy were taken from 18:00, 10 August to 18:00, 12 Au-
a strong potential evapotranspiration of 3700 mm (Gong efgyst 2009 at 2-hour intervals. When samples were taken dur-
al., 2002), Ejin is considered one of the driest regions injng rainy days and mornings, napkins were used to wipe off
China. At Dayekou, three sites were selected, with two sitesyater from the leaf and stem surfaces (Table 1).
(S1-Sep/S1-Jun and S2-Jun) in the Pailugou valley and the For the soil, leaf and stem samples, samples from two
other (S3-Aug) in the Guantan valley. The site names wereg mL bottles were used to extract water and measDrand
assigned based on a combination of location and sampling180. All samples were frozen in the Linze and Ejin field sta-
time. S1 (10018 E, 3833 N, 2900 m) was dominated by tions right after sampling and then transferred back to the lab-
tree species: Qinghai spruce (Q.S.), shrub spe@en-  oratory for water extraction. Water samples were extracted
tilla fruticosa (P.F.), and grass speciBslygonum viviparum  from leaves, stems, roots and soil by a cryogenic vacuum
(P.V)). S2 (10017 E, 3833 N, 2700 m) was dominated by djstillation line (Zhao et al., 2011b). The extracted water was

tree species Q.S. and grass spe8iégsa capillata(S.C.). S3  frozen in a collection tube.
(100°15 E, 3832 N, 2800 m) was dominated by tree species

Q.S. Two sites were selected at Ejin: one is in the riparian2 3  Air moisture collection

forest (S4-Aug: 10114 E, 4201’ N, 930 m) with the dom-

inant tree specieBopulus euphraticgP.E.) and the shrub e used a method similar to Wang and Yakir (2000) for
speciesSophora alopecuroide¢S.A.); the other is in the  short-term sampling of ambient air moisture at different lo-
Gobi (S5-Aug: 10107 E, 4216'N, 906 m), with the main  cations, such as Qinghai spruce forest (S1-Sep, S1-Jun, S2-
shrub specieReaumuria soongoricgR.S.) (Table 1). Jun and S3-Aug) in the upper reaches, and riparian forest
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Gurinai
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Table 1. The vegetation types, sampling dates and time, and sampling types at the sampling sites in the Heihe River basin.

Study Ecosystem Altitude (m)  Location ID Sampling time and Meteorological conditions Sampling types
region type interval
The upper  Forest 2900 m S1-Sep: 6—8 September 2011 The cloudy day: 6 September 2011 Qinghai spruce — leaf and stem
reaches Pailugou 1hinterval The sunny day: 7 and 8 Septembe cm soil water
2011 10 cm soil water

Atmospheric vapor near the ground
Atmospheric vapor at the canopy

6-8 September 2011 Potentilla fruticosa- leaf and stem
2hinterval Polygonum viviparurs leaf and root
Forest 2900 m S1-Jun: 23-25 June 2011 The sunny day: 23 June 2011 Qinghai spruce — leaf and stem
Pailugou 1hinterval The drizzly day: from 09:00 to 5cm soil water
20:00 on 24 June 2011 10 cm soil water

The cloudy day: 25 June 2011 Atmospheric vapor near the ground
Atmospheric vapor at the canopy

23-25 June 2011 Potentilla fruticosa— leaf and stem

2hinterval Polygonum viviparum- leaf and root
Forest 2700 m S2-Jun: 27-28 June 011 The sunny day: 27 June 2011 Qinghai spruce — leaf and stem
Pailugou 1hinterval The cloudy day: 28 June 2011 5 cm soil water
27-28 June 2011 10 cm soil water
2hinterval Atmospheric vapor near the ground

Atmospheric vapor at the canopy
Stipa capillata— leaf and root

Forest 2800m S3-Aug: 31 July, 1-2 August Rain time: From 17:00, 31 July to Qinghai spruce — leaf and stem
Guantan 2009 04:00, 1 August 5 cm soil water
2 hinterval From 10:40 to 22:00, 2 August 2009 10 cm soil water
The sunny day: 1 August Atmospheric vapor at the canopy
The lower Riparian  930m S4-Aug: 6-9 August 2009 The sunny day Populus euphratica leaf and stem
reaches forest Qidaogiao 2hinterval Sophora alopecuroidesleaf

10 cm soil water
Atmospheric vapor at the canopy

Gobi 906 m S5-Aug: 10-12 August 2009 The sunny day Reaumuria soongorica leaf and stem
Gobi 2hinterval 10 cm soil water
Atmospheric vapor at the canopy

(S4-Aug) and the Gobi (S5-Aug) in the lower reaches. At sample were repeated five times, and the first values were
S1-Sep, S1-Jun and S2-Jun, the samples of air moisture weiscarded. The accuracy was better tHah0 %o for sD and
collected within a canopy and near the ground (about 20 cmt0.2 %o for §180. The §180 andsD were calibrated using
above the ground). At S3-Aug, S4-Aug and S5-Aug, the sam+wo international standard materialé-SEMOWandGISPor

ples of air moisture were collected within a canopy (Fig. 1 SLAP and one working standard. Té20 andsD values

and Table 1). Air was sucked by a small diaphragm pumpare expressed in %. on\&SMOW-SLARcale.

through low-adsorption plastic tubes and a small cryogenic

trap at—80°C at a rate of about 250 mL mif for about 2.5 Meteorological measurements

50 min. Pump and traps were located on the ground down-_ ) )
wind of the sampling site, and all the tubing was flushed with PUring each study period, RH[" and photosynthetically

sample air before the actual trapping. After sampling, liquid available radiation (PAR) were measured due to their signifi-

water was transferred from traps to 2mL glass bottles andFant effects on soil evaporation and transpiration. At S3-Aug,
transported to the laboratory f6t80 andsD analysis. T, RH and PAR were measured every 30 min with a weather

station permanently installed at the station (HMP45C for
. measuringl and RH, LI190SB for measuring PAR) at 2,
2.4 Isotope analysis 10 and 24 m in height. At S1-Sep, S1-Jun, S2-Jun, S4-Aug
and S5-Aug, RHT and PAR were measured every 10 min
Thes80 andsD values of the water samples were measuredwith a portable weather station (Davis Vantage Pro2 portable
using a Euro EA3000 element analyzer coupled to an Isoweather station) at 2m. Only 2m height weather data such
prime isotope ratio mass spectrometer (Isoprime Ltd, UK) atas7, RH and PAR were used in this study.
the Heihe Key Laboratory of Ecohydrology and River Basin
Science, Cold and Arid Regions Environmental and Engi-
neering Research Institute. To avoid the memory effect asso-
ciated with continuous-flow methods, measurements of each
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2.6 Modeling leaf water$80, §D and d-excess the canopy ranged from188.9 to—25.7 %o and from-24.9
to —6.0 %o, respectively, at all the study sites. Tél@ and
Leaf water isotope enrichment is conventionally described bys180 of air moisture near the ground ranged frem33.0
the steady-state Craig—Gordon equation (Craig and Gordono —40.6 %, and from—19.7 to—7.9 %o, respectively, in the
1965), and non-steady-state forms have also been proposgghper reaches. Th&D and$80 in xylem water (including
to account for the less enriched leaf water condition pre-stem and root) varied from72.7 to—21.4 %, and from-9.0
dicted by the steady-state model (e.g., Cuntz et al., 20070 2.9 %o, respectively. ThéD ands80 in soil water varied

Farquhar et al., 2007). To test whether we could use thgrom —67.4 to—6.3 %o and from—9.9 to 5.1 %o, respectively
current understanding of leaf water enrichment to reproducgTable 3).

the observed d-excess variations in leaf water, we used the The air moisture had the lowest averatj2 and §180 at

steady-state Craig—Gordon model to estimate leaf wat&  a|l study sites that increased with rising altitude (Table 3).
andsD values, and then calculated d-excess values using dfhe sD-$180 regression lines were followed closely by the
excess= §D-8.0x §180 (Dansgaard, 1964). Only leaf water |ocal meteoric water lines (LMWL) (Fig. 3). The averagje
5180, 6D and d-excess values of P.E. at S5-Aug were mod-ands180 of air moisture were-101.7 and—14.1 %. near the
eled for this StUdy, because it was sunny and had the mOSéround, and were-99.1 and—13.3 %o at the canopy, respec-
complete data set through that entire study period. The leafively, in the upper reaches. In the lower reaches, the average
water enrichments(s) is calculated as 8D and 80 of air moisture were-116.7 and—16.2 %o at
N S4-Aug and-136.3 and-17.7 %o at S5-Aug, respectively.
O.s7% 8x Feeqrt ek + A — ek = b)), @) Leaf water had the highest averagfe and§180 values,
wheres, represents thé'®0 or 5D values of liquid water leafsD-8180 regression lines deviated highly from their cor-
at the evaporating front. We estimat&dusing the isotopic  responding LMWL, and leaf water showed the greatest vari-
composition of xylem wates, comprises theét'80 or sD ation in the observed®0 values. In addition, leaf watéD
values of the background atmospheric water va@d(,> 1) ands*80 values increased with the decrease in altitude and
is the temperature-dependent equilibrium fractionation fac-the increase i (Tables 2 and 3). In the upper reaches, the
tor between liquid and vaposeq equals 10001 — 1/a*), ak averagesD values in the leaf water of Q.S., P.F., P.V. and
is the kinetic fractionation associated with diffusion of water S.C. were 1.9:-5.6,—2.2 and 10.4 %o, respectively, and the
through the soil, anei equals 100Q¢—1), 1.0189 ¢ 19%,)  averages'8O values were 8.3, 3.0, 1.5 and 8.2 %o, respec-
for oxygen and 1.017~ 17 %o) for hydrogen in a turbulent tively. In the lower reaches, the averaii2 values in the leaf
boundary layer (Wang and Yakir, 200@)is relative humid- ~ water of P.E., S.A. and R.S. were 6.2, 10.4 and 7.5 %o, re-
ity normalized to the leaf temperature. spectively, and the averagé®O values were 14.6, 15.6 and
27.2 %o, respectively.
The averagéD ands80 values were-34.9 and—4.2 %o
3 Results in 5cm of soil water ang-43.2 and—5.2 %o in 10 cm of soil
in the upper reaches, are34.2 and 1.4 %o in 10 cm of water
in the lower reaches, respectively. With the increasg and
the decrease in altitude, td®—5180 regression lines gradu-
f_ally deviated from their corresponding LMWL, and the vari-
dations ins180 values in xylem and soil water also increased

PAR varied significantly with the meteorological conditions gradually (Tables 2 and 3). There were significant differences

18
and locations (Fig. 2). Low RH, high and PAR were found in ,‘SD and'8 O between xylem V\{ater of S.C. and 5cm of :
during the sunny days, whereas high RH, Igwand PAR soil water in the upper reaches. Differences were also seen in

were found during the cloudy days at each site (Fig. 2). The"-E- and R.S. in the lower reaches (Fig. 3 and Table 3).

RH decreased antl increased from the upper reaches to the _ ) .
lower reaches, except at S2-Jun, with the lowest mean RF$-3  Variations in d-excess in each water pool
(42.2 %) (Table 2 and Fig. 2).

3.1 Meteorological conditions at each site during the
sampling periods

This study was conducted at the sites with dramatically di
ferent climatic conditions. The results showed that T, RH an

3.3.1 The diurnal variations in d-excess in leaf and
3.2 Variations in §180 and §D in different water pools xylem water during the sunny days

Figure 3 shows the measured isotopic compositions of allSeveral sunny days were selected based on the meteorolog-
the water samples in thtD—5180 plots. In general, théD ical record (Fig. 2). The selected periods included the fol-
and 8180 of xylem and soil water showed relatively small lowing: from 06:00 to 18:00, 7 and 8 September at S1-Sep,
ranges compared to those of leaf water and air moisture (Tafrom 06:00 to 16:00, 23 June at S1-Jun, from 06:00 to 16:00,
ble 3 and Fig. 3). ThéD and 5§80 in leaf water varied 27 June at S2-Jun, from 06:00, 1 August to 16:00, 2 Au-
from —37.6 to 44.0 %0 and from-6.2 to 32.4 %o, respec- gust and from 06:00 to 18:00, 3 August 2009 at S3-Aug.
tively, for all species. ThéD and §180 of air moisture at At S4-Aug and S5-Aug, all data were selected. The diurnal
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Figure 2. Comparison of hourly average relative humidity (RH), air temperatli)eaid photosynthetically active radiation (PAR) during
the experimental period. The dark cycles and the white cycles indicate the RHarehch site. The grey shadow and the blue shadow (the
one in panel d) indicate cloudy days and rainy days. Pdagl¢b), (c) and(d) refer to the Qinghai spruce forest of S1-Sep, S1-Jun, S2-Jun
and S3-Aug. Panelg) and(f) refer to S4-Aug and S5-Aug.

variations in leaf water d-excesgdar) and xylem water d- The peak-to-trough amplitudes efieas varied greatly.
excess dxylem) Values during the sunny day were shown in They were 147.2 %o in trees (Q.S.), 122.6 %o in shrubs (P.F.),
Fig. 4. During the sunny days, we found clear and robustand ranged from 143.1 %o to 52.6 %o in grasses (P.V. and S.C.)
diurnal variations indieas at all the study sites. The maxi- inthe upper reaches. In the lower reaches, the peak-to-trough
mum values oflje5f 0ccurred from 06:00 to 10:00, gradually amplitudes ofdjeas were 124.4%. in P.E. (tree), 96.9 %o in
decreasing to a minimum value in the mid-afternoon (from S.A. (shrub), and 80.6 %0 in R.S. (shrub) (Table 4).

14:00 to 20:00), and increasing again to a maximum value Compared t@ear, the diurnal variations in théyiem of all

from 04:00 to 08:00 on the next day (Fig. 4). In the upper species were more stable, and showed no clear diurnal vari-
reaches, the averagetkss values of Q.S. were-64.7 %o, ations (Fig. 4). In the upper reaches, the megpd values

and varied from 13.4 %o (S3-Aug) te-133.8 %0 (S2-Jun). of Q.S., P.F.,, P.V. and S.C. were 6.2, 0.8, 7.6 a1®.8 %o,
Thedjeas values of P.F.{£29.8 %o) and P.V.{14.3%0) were  respectively. The averaged differences betwédgim and
higher than that of S.C—55.4 %o). In the lower reaches, the djeas Were 70.9, 30.6, 21.9 and 36.6 %o in Q.S., P.F., P.V. and
meandjeas Value of P.E. £110.2 %0) and S.A.{114.4%) at  S.C. in the upper reaches. In the lower reaches, the mean
S5-Aug were higher than that of R.S:-210.4 %o) at S4-Aug  dyylem Values of P.E. and R.S. were8.2 %o (S4-Aug) and
(Table 4). —44.8 %o (S5-Aug), and the differences betwegflem and
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Table 2. Meteorological data at each site during the observation periods. Note: S1-Sep, S1-Jun, S2-Jun and S3-Aug indicate the 2900 m
Qinghai spruce forest site in September 2011, the 2900 m site in June 2011, the 2700 m site in June 2011 and the 2800 m site in August 200¢
in the upper reaches. S4-Aug and S5-Aug indicate the riparian forest at 930 m and the Gobi site at 906 m in August 2009 in the lower reaches.

S1-Sep S1-Jun S2-Jun
RH(®%) T (°C) PAR RH(®%) T (°C) PAR RH(®%) T (°C) PAR
(umolm2s71) (umolnr2s1) (umolm2s71)
Mean 74.3 6.3 491.7 58.9 115 576.0 42.2 15.2 687.1
Minimum  39.8 0.0 0.0 25.0 4.0 0.0 19.4 7.2 0.0
Maximum 91.1 12.4 1886.0 96.5 20.0 2097.0 67.9 225 2021.0
SD 15.5 3.9 637.6 21.9 5.0 625.9 14.3 4.5 713.1
S3-Aug S4-Aug S5-Aug
RH(®%) T (°C) PAR RH(®%) T (°C) RH(®%) T (°C)
(umol n2s1
Mean 74.8 12.0 541.1 46.5 23.1 19.0 28.7
Minimum  38.0 5.2 0.0 17.0 9.1 11.3 17.2
Maximum  95.1 18.8 2036.0 87.5 33.7 34.3 38.0
SD 19.4 4.0 676.5 21.6 6.5 7.0 7.1

Table 3. Spatial and temporal variations in thEPO andsD of different water pools in the Heihe River basin. The numbers in parentheses in-
dicate the number of samples. In the upper reaches, Q.S., P.F., P.V. and S.C. refer to Qingh&atentdks fruticosaPolygonum viviparum
andStipa capillatain the forest ecosystem. In the lower reaches, P.E. and S.A. refepidus euphraticandSophora alopecuroides the
riparian forest ecosystem. R.S. referfRk@aumuria soongoricat the Gobi site.

Study sites S1-Sep, S1-Jun, S2-Jun and S3-Aug S4-Aug S5-Aug
Plant species Q.Snt166) P.F. 4=51) P.V. ¢=51) S.C. (=23) P.E. ¢=36) S.A. (¢=36) R.S. (=23)
Leaf water Blaoleaf SDjeaf alsoleaf SDjeaf 5180Ieaf SDjeaf 5180Ieaf ODjeaf 5180Ieaf Djeaf 6180Ieaf SDjeat 5180Ieaf Djeaf
Mean 8.3 1.9 3.0 —5.6 15 —-2.2 8.2 10.4 14.6 6.2 15.6 10.4 27.2 7.5
Minimum —4.8 —29.4 -5.0 —37.6 —6.2 —35.0 1.7 —6.1 3.4 —-9.7 58 3.8 22.2 -5.0
Maximum 18.5 22.8 17.7 316 20.1 44.0 11.4 22.8 213 23.4 20.3 19.1 324 234
SD 6.8 13.3 6.4 17.1 7.0 20.1 25 7.9 5.0 8.2 3.9 5.8 25 6.6
Xylemwater 6'%0yyiem  8Dxyiem  5'%0yylem Dxylem '%0xyjlem Dyylem 6'®Oxyiem Dxylem '%Oujlem Dxyiem 5'®Oieat SDjear  5'%Oyjlem  SDyylem
Mean —6.7 —47.2 -5.0 —39.1 —6.5 —44.6 -1.7 —32.7 —-5.2 —48.9 - —2.4 —64.2
Minimum -9.0 —65.7 —-75 —60.1 —8.5 —61.5 —-5.4 —46.6 —-5.6 —51.7 - —-4.9 —72.7
Maximum -21 —-21.6 -29 —23.6 —-4.8 —32.7 1.0 —-21.4 —4.2 —43.9 - 2.9 —50.0
SD 1.6 10.1 11 8.8 1.0 7.4 1.6 7.3 0.3 1.7 - 1.9 6.1
Sxylemdleaf —15.0 —49.1 -8.0 —335 -8.0 —42.4 -9.9 —43.1 —-19.8 —55.1 - —29.6 —-71.7
Soil water 5cm depthi(= 166) 10 cm depth( = 166) 10 cm depth(= 36) 10 cm depthi( = 4)
818054 3Dsoil 5180 3Dsoil 8180 3Dsoil 8180 8Dsoil
Mean -4.2 -34.9 -5.2 —43.2 0.0 -31.2 2.7 -37.1
Minimum -8.9 —62.0 —-9.9 —67.4 -2.0 -36.7 11 —46.8
Maximum 25 -6.3 -0.7 -12.0 2.4 -21.0 51 -275
SD 25 10.7 21 10.1 11 3.3 1.9 8.3
Air moisture At the canopy(= 172) Near the groundi(= 172) At the canopyr( = 36) At the canopyr{ = 23)
Blsomoisture 3Dmoisture Blsomoisture SDmoisture ‘Slsomoisture SDmoisture ‘Slsomoisture SDmoisture
Mean —13.3 -99.1 —-14.1 —-101.7 -16.2 —116.7 —-17.7 —136.3
Minimum —-185 —135.4 -19.7 —133.0 -23.1 —167.2 —24.9 —188.9
Maximum —6.0 -25.7 -7.9 —40.6 -11.6 —78.0 -11.7 —96.3
SD 1.8 17.3 2.2 16.6 3.0 225 3.3 23.2

dieaf Were 102.2 and 165.6 %o for S4-Aug and S5-Aug in the S5-Aug, the averaged values of 10 cm were-31.0 and
lower reaches, respectively (Table 4). —59.1 %o, ranging from-45.5 to—19.8 %0 and from—75.3

to —48.7 %o, respectively. Thésgj values decreased with the
increase inl’" and the decrease in RH (Tables 2 and 4). Ex-
cept at S3-Aug, there were no temporal trendgdg) at 5
and 10 cm (Fig. 5). Thésej values of 5 and 10 cm were low-
est near 12:00. The highest observig) was from 02:00
were —0.9 and—1.2 %o, varying from—37.3%. (S2-Jun) o 06:00 for site S3-Aug during the first sunny day after the
to 14.3 %o (S1-Sep), and from25.7 %o (S2-Jun) to 16.6%. rainy day (Fig. 5d).

(S1-Sep) in the upper reaches, respectively. At S4-Aug and

3.3.2 Variations in d-excess in soil water and air
moisture during the sunny days

The averaged soil water d-excess values of 5 and 1 @ggm (
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Figure 3. Plot of sD ands180 of different water pools at each site. The LMWL (cited from He, 2011) is plotted for each site (the dark line
is the GMWL (the global meteoric water line); the blue dotted line and the dashed lines are the LMWL of the upper and the lower reaches,
respectively). Note: pane(g), (b), (c), (d), (e) and(f) refer to the same location as in Fig. 2, and the abbreviations of plant Latin names are

the same as in Table 3.

Figure 6 shows the diurnal variations in air moisture d- 3.3.3 Variations in d-excess in leaf water, xylem

excess dmoisture from each study site on the sunny days. water, soil water and air moisture water

Although the patterns were similar at all sites, the peak- during the cloudy days

to-trough amplitudes oflmoisture Varied greatly. They were

39.9%o0 near the ground and 36.7 %. at the canopy in the, our study, the cloudy days occurred only in the upper

upper reaches. In the lower reaches, the peak-to-trough amz ,-hes (Table 1). Théiesr values during the cloudy days

plitudes oOfdmoisture at the canopy were 17.3%o at S4-AUg \yere significantly higher than those of the sunny days, and

and 30.6 %o at S5-Aug, respectively (Table 4 and Fig. 6). Ex-the 4 - “Values were significantly lower than toigyiem val-

cept for S2-Jun (Fig. 6¢), thénoiswrevalues varied diumnally, o5 (Taple 5). During the cloudy days with low PAR in the

showing a clear and robust pattern of maximéfigiswredUr-  hher reaches of the HRB, there were no clear diurnal vari-

ing the mid-day (from about 10:00 to 16:00) (Fig. 6). ations fordmoisture dieaf and dsoil at 5 and 10cm in depth,
except fordmoisture@Nddieas at S1-Jun (Figs. 7 and 8). In ad-
dition, at S3-Aug, théeas increased gradually from 06:00 to
16:00 and showed the opposite diurnal variations compared
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Figure 4. Variations in leaf and xylem water d-excess on the sunny days of the upper reaches and lower reaches of the Heihe River basin.
Note: panelga), (b), (c), (d), (e) and(f) refer to the same location as in Fig. 2, and the abbreviations of plant Latin names were the same as

in Table 3. The following sunny days were selected: S1-Sep: from 06:00 to 18:00, 7 and 8 September; S1-Jun: from 06:00 to 16:00, 23 June;
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at S4-Aug and S5-Aug were selected.
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Figure 5. Spatial and temporal variations in soil water d-excess in the Heihe River basin. Note: (@@l (c), and(d) refer to the same
locations as in Fig. 2, and pan@) refers to S4-Aug and S5-Aug in the lower reaches.
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Table 4. Spatial and temporal variations in the d-excess (%o) of each water pool in the Heihe River basin. The numbers in parentheses
indicate the number of samples. The location ID and the abbreviations of plant Latin names are the same as in Tables 2 and 3.

Study sites S1-Sep, S1-Jun, S2-Jun and S3-Aug S4-Aug S5-Aug
Plant species Q.Su(=166) PF.=51) PV.@=51) S.C.(=23) PE.=36) S.A. @=236) R.S. =23)
Leaf water Leaf water Leaf water

Mean —64.7 —29.8 —14.3 —55.4 -110.2 —114.4 —-210.4
Minimum —133.8 —-112.9 —-117.0 —72.3 —-161.2 —145.4 —245.6
Maximum 13.4 9.7 26.1 —-19.7 —36.8 —48.5 —165.0
SD 43.0 35.6 37.0 15.0 34.7 26.0 17.4
The peak-to-trough amplitudes 147.2 122.6 143.1 52.6 124.4 96.9 80.6

Xylem water Xylem water Xylem water
Mean 6.2 0.8 7.6 —18.8 -8.2 - —44.8
Minimum -7.2 -75 0.3 —34.9 -14.1 - —73.0
Maximum 15.4 7.5 22.4 -3.1 -3.9 - —24.2
SD 5.0 3.8 5.2 7.2 21 - 12.7
The peak-to-trough amplitudes 22.6 15.0 221 31.8 10.2 - 48.8
Meandyyiem—dieaf 70.9 30.6 21.9 36.6 102.0 - 165.6
Soil water 5 cm soil waten(= 166) 10 cm soil water{ = 166) 10 cm soil water( = 36) 10 cm soil water( = 4)
Mean -0.9 -1.2 -31.0 —-59.1
Minimum —-37.3 —25.7 —45.5 —75.3
Maximum 14.3 16.6 -19.8 —48.7
SD 125 10.0 6.2 115
The peak-to-trough amplitudes 51.6 42.3 25.7 26.6
Air moisture At the canopyd(= 172) Near the groundi(= 172) At the canopyr = 36) At the canopyA = 23)
Mean 7.7 11.2 12.8 5.6
Minimum -9.9 —7.0 2.6 —-11.4
Maximum 26.8 32.9 19.9 19.2
SD 8.5 9.4 4.8 9.1
The peak-to-trough amplitudes 36.7 39.9 17.3 30.6
Meandmoisturedsoil 8.6 12.4 43.8 64.7

Table 5. Differences betweengliem (%o) anddieaf (%o) on the sunny and the cloudy days. The location ID and the abbreviations of plant

Latin names are the same as in Tables 2 and 3.

Study Plant Difference Difference
sites species The sunny day The cloudy day didar in dxylem
dieaf dxylem dxylem—dleaf dieaf dxylem dxylem—dleaf dcloudy‘dsunny dcloudy'dsunny
S1-Sep Q.S. -51.9 11.8 63.7 —6.8 12.0 18.8 45.1 0.1
P.F. —-60.6 2.7 63.3 -4.9 2.7 7.6 55.7 0.0
P.V. —42.0 10.6 52.7 111 8.3 —-2.8 53.2 -2.3
S1-Jun Q.S. -720 5.0 771 474 5.2 52.6 24.7 0.2
P.F. 378 -0.6 372 -155 -11 14.4 22.3 -0.5
P.V. —-204 55 25.9 —-4.6 6.4 11.0 15.9 1.0
S2-Jun Q.S. —-114.0 2.9 116.9 -116.9 -0.2 116.7 -2.9 -3.1
S.C. -529 -159 370 595 237 35.8 —6.6 -7.8
S3-Aug Q.S. -649 1.4 66.3 —52.8 4.0 56.8 12.0 2.5
Mean —57.4 2.6 60.0 —-33.0 15 345 24.4 -11

to those of the sunny days. The likely reason is the leaf ab25.9 to 116.9 %o, with a mean value of 60.0 %.. Except at
sorption of precipitation with high d-excess (e.g., 11.8 %0 asS2-Jun, the mean difference betwek{iem anddear during
in Zhao et al., 2011b) during the rainy conditions (precipita- the cloudy days was 22.6 %o, and this value was lower than

tion occurred from 10:40 to 22:00 on 2 August).
During the sunny days, a large difference betweégiem
anddiear Was found, and théyylem—dieaf Values varied from

that of the sunny days. A large differencedigys between the
sunny and cloudy days was found, with a mean of 32.7 %o
(excluding S2-Jun), and the difference varied from 12.0 to
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55.7 %0 (excluding S2-Jun). There was no obvious difference There were significantly positive relationships between
in dyyilem between the sunny and cloudy days, except at S2dmoisture @and 7' at all sites except S2-Jun (Table 8).
Jun (Table 5). The dmoisture/ T Vvalues near the ground were 0.54 and
0.76%.°C~1 at S1-Sep and S1-Jun, respectively. The

3.4 Controlling factors of the d-excess in different water g ... JT values at the canopy were 0.81, 0.91, 0.64, 0.54
pools and 0.83%sC~1 at S1-Sep, S1-Jun, S3-Aug, S4-Aug and

S5-Aug, respectively (Table 8). During the sunny days, the

3.4.1 Relationships between the d-excess of various dmoisturd T values were 1.18 and 1.11 %1, respectively.

pools and RH for near the ground and at the canopy, which were larger than
. . . the results based on data including both the sunny and cloudy
Significantly positive correlations were found betwek; days (Table 7).

and RH at all the study sites during the entire study periods
(from June to September) (Table 6). Significantly positive
correlations were also found betwedg,s and RH at all the
study sites during the sunny days (Table 7). As RH increase
by 1%, the increasing magnitude @t ranged from 0.49
to 2.53 %o in the upper reaches. In the lower reaches, as R

. o X : :
increased by 1%, the increasing magnitudeigf; ranged —0.45%°C1 (p = 0.009) and—0.54 %°C-1 (p — 0.002)

from 1.21 to 1.77 %o (Table 6). . : LM
Except for near the ground at S1-Sep, significantly neg_for 5 and 10 cm in depth, respectively. A significantly nega

ative correlations were found betweehoeueand RH at tive relationship was also found between thg) of 5cm in

_ . _ o/ or~—1 _
all the study sites when including both the sunny and cIoudydeF’th and’" at S1-SepdsoillT = —0.16 %.°C~*, p = 0.002)

days (Table 6). A significantly negative correlation was found (Table 8).
betweendmoisture and RH at S1-Sep when only the sunny
days were considered (Table 7). Thgoisturd RH values
were —0.15 %0 % L at S1-Jun and-0.27 %0 % 1 at S2-Jun
for near-ground air moisture. For the canopy air moisture
the dmoisturd RH values were-0.24,—-0.32, —0.25, —0.15,
—0.13 and—0.68%0% 1 at S1-Sep, S1-Jun, S2-Jun, S3-

Aug, S4-Aug and S5-Aug, respectively. During the sunnyﬁrst sunny day after the rain. Thisss (dsoi) became more

. o o/—1
days, thelmoisurd RH values were-0.36 and-0.31 % %, negative, while/meistureD€Came more positive during the af-

respectively, for near the ground and at the canopy in the UpEernoon and opposite patterns were found during the night

per reaches, which were larger than the results based on da E L . .
including both the sunny and cloudy days (Table 7). In terms 19S. 9 and 10). There were significantly negatwe relation-
) ships betweed|eas anddmoistureat three study sites (Table 7).

of dsojl, the correlations between thg,; of 10 cm at S1-Sep, In the Upper reachesieas of wood species (Q.S.) were cor-
S3-Aug and RH, and between thg; of 5cm at S1-Jun and pper T leaf P >
related significantly withdmoisture bOth near the ground and

RH, were significant (Table 6) at the canopy, and the slopes wer#.47 and—1.40, respec-
tively. Significantly negative relationships were also found
betweendieas Of shrub/grass andmoisture N€ar the ground,
and the slopes were0.14 and—0.12, respectively. In the

Significantly negative relationships were found betwegg ~ lower reaches, the slopes digar anddmoiswre at the canopy
and T in both the upper reaches and the lower reacheswere—0.06 in woody species (P.E.), ar®.10 and-0.28 in
except in Q.S. at S1-Jun (Table 8). The decreasing magshrub (S.A.), at S4-Aug and S5-Aug, respectively (Table 7).
nitudes ofdjear With T in Q.S. were—3.27, —1.59 and

—6.25%°C~! at S1-Sep, S2-Jun and S3-Aug, respectively.3.5 Modeling results of leaf waters*20, §D and

The magnitudes were6.45 and—5.10 %.°C~* for P.F., and d-excess

—6.74 and—5.07 %.°C~1 for P.V. for S1-Sep and S1-Jun,

respectively. The magnitude was2.21%.°C~1 in S.C. at  The steady-state Craig—Gordon model captured the diurnal
S2-Jun. During the sunny days, there were significantly negvariations ins*80, sD and d-excess, but a discrepancy ex-
ative relationships betweedieas and 7 in both the upper isted between modeled and observed values (Fig. 11). Dur-
and lower reaches (Tables 7 and 8). In the lower reachednd the day, the observed valuessdfO andsD were lower,

the decreasing magnitudes dfar in P.E. and S.A. were While d-excess values were higher than those predicted by
—4.40 and—2.15%°C 1, respectively, at S4-Aug. It was the steady-state Craig-Gordon model. At night, the observed

—1.82%°C~ for R.S. at S5-Aug (Table 8). values of§180 andsD were higher, while d-excess values
were slightly lower than those predicted by the model. On

At S2-Jun, there were positive relationships betweg
(both 5 and 10cm in depth) anfl, and thedse/T val-

es were 0.88%:C~1 (p =0.021) and 0.34%C~1 (p =
.045) for 5 and 10cm in depth, respectively. However, at
3-Aug, there were negative relationships betwagin(both
and 10cm in depth) andl, and thedsei/T values were

3.4.3 Relationships between the d-excess of various
pools

'During the sunny days, we found an opposite pattern between

the diurnal variations imljear and dmoisture (Fig. 9). A simi-
lar pattern was found betweehRoj and dmoisture during the

3.4.2 Relationships between the d-excess of various
pools andT
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Figure 7. Variations in leaf and xylem water d-excess of the upper reaches of the Heihe River basin during the cloudy days. Not&), panels
(b), (c) and(d) refer to the same location as in Fig. 2, and the abbreviations of plant Latin names were the same as in Table 3.

average, the modeled leaf wa#®O andsD values were  corresponding LMWL (Table 2 and Fig. 3), suggesting a
1.8 and 6.7 %o higher, while d-excess values were 7.5 %cstrong transpiration enrichment effect. With the decrease in
lower than those of observed values. The steady-state predi®®H and the increase ifi, leaf watersD ands180 values in-
tions explained 79.5% of variations in modelgtfO, and  creased, and th#D—5180 regression lines gradually deviate
63.4 and 64.2 % of variations in modeléd and d-excess from their corresponding LMWL due to stronger transpira-
(Fig. 11). tion, suggesting that climatic conditions have a significant
effect on variations in leaf watéD ands'80 and their cor-
relations by affecting transpiration (Tables 2 and 3).

4 Discussion In the upper reaches, at high-altitude sites such as S1-Sep
and S1-Jun, the patterns&id—5180 regression lines in shal-
4.1 Variations in D and §180 in different water pools low soil water and xylem water are similar (Fig. 3a and b),

suggesting that the water sources of plants are from shallow
Our results show that there are significant differences in theseil water, and soil waters are subject to only mild evapora-
3D ands®0 of leaf water, xylem water, soil water and air tion. These results are consistent with the fact of the hori-
moisture, and differensD—$80 patterns due to hydrogen zontal distributions of Q.S. roots and the shallow rooting of
and oxygen isotopic discrimination related to soil evapora-herbaceous plants such as P.V. However, at relatively lower
tion, plant transpiration and plant physiology. For example, altitudes such as at S2-Jun and S3-Aug, the xylem véder
compared to those of xylem water and shallow soil water,ands80 of Q.S. are lower than those of soil water, except for
leaf water has the highest averatfe and 580 values and  the herbaceous plant (S.C.) (Table 3), and&bes'€O re-

the largest ranges at all the study sites. In additionje  gression lines of soil water deviate from the LMWL (Fig. 3).
8180 regression lines of leaf water highly deviate from their
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Figure 8. Variations in d-excess of shallow soil water and air moisture during the cloudy days of the upper reaches of the Heihe River basin.
Note: panelga), (b), (c) and(d) refer to the same locations as in Fig. 2.

These results may be related to stronger soil evaporation i1997; Kendall and McDonnell, 1999; Wenninger et al., 2010;
shallow soil layers. In the lower reaches, #f2 and§180 Sutanto et al., 2012). The patterns of 825180 regression

of 10cm soil water are significantly higher than those of lines from shallow soil water gradually deviate from their
P.E. and R.S. xylem water, and th@—5180 regression lines  corresponding LMWL with the decrease in altitude, suggest-
obviously deviate from the LMWL of the lower reaches, sug- ing stronger water loss through direct evaporation, especially
gesting that strong soil water evaporation occurs in shallowin extremely arid regions such as the riparian forest site and
soil in the lower reaches. the Gobi site in the lower reaches of the HRB.

As expected, the isotopic results show that the soil water at The air moisture has the most deplet&@lands80 com-
5and 10 cm is affected by evaporation, which is indicated bypared to leaf water, xylem water and shallow soil water
a slope of less than 8.0 (Dansgaard, 1964). In our study, thé€Table 3). The air moisturéD ands'®0 data cluster around
slopes of 5 and 10 cm of the soil water evaporation line varythe corresponding LMWL (Fig. 3). These results are consis-
from 2.6 to 7.4 (Table 9). Relative high slopes were foundtent with the isotopic fractionation theory (Gat, 1996), and
at S1-Sep (7.1) and S3-Aug (7.4), likely due to low temper-they are also consistent with a previous study in urban set-
atures during September at S1-Sep and the rain event at S8ags, agricultural settings, forest and grassland in China,
Aug. The slopes of other sites are lower than 5.0, especiall\Canada and the USA (Welp et al., 2012).
in the lower reaches, and the values in the slopes are very
small at S4-Aug (2.6) and S5-Aug (2.8) (Table 9), reveal-
ing strong shallow water evaporation. These slope values are
comparable with other studies in vadose zones with evapora-
tion slopes between 2 and 5 (Allison, 1982; Clark and Fritz,
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Table 6. Linear least square fits between the d-excess of various water bodies and the relative humidity (RH) (%) at each sit&s Here,

the correlation coefficient, ang is the significance levelp < 0.001 indicates statistical significance at the 99.9 % significance level, and

p < 0.05 indicates statistical significance at the 95 % significance level. The location ID and the abbreviations of plant Latin names are the
same as in Tables 2 and 3.

d-excess (%o) vs. RH (%)

Slope Intercept r p Slope Intercept r p
S1-Sep S1-Jun
dieaf Of Q.S. 152 -146.68 0.701 <0.001 dieaf Of Q.S. 0.82 -113.36 0.589 <0.001
djeaf Of P.F. 2.38 -212.45 0.846 <0.001 deaf Of P.F. 1.07 —90.47 0.825 <0.001
djeaf Of P.V. 253 -208.14 0.879 <0.001 djeaf Of P.V. 0.99 -72.05 0.723 <0.001
dsojl of 5em 0.03 6.61 0.198 0.122 dgojjof 5cm - —0.10 9.42 -0.483 0.001
dsejl 0f 10cm 0.08 1.84 0.253 0.048 dsojjof 10cm < 0.01 1.10 -0.046 0.775
dmoisturenear the ground —0.11 9.62 -0.168 0.191 dmgisturenear the ground —0.15 18.50 -0.477 0.001
dmoisture@t the canopy  —0.24 20.56 -0.457 <0.001 dmoisture@t the canopy —0.32 33.83 -0.753 <0.001
S2-Jun S3-Aug
djeaf Of Q.S. 0.49 -135.82 0.686 <0.001 dieaf Of Q.S. 1.48 —169.36 0.716 <0.001
djeaf Of S.C. 0.56 —79.08 0.523 0.022
dsejl of 5ecm -0.21 -10.54 -0.279 0.094 dsojl of 5ecm 0.05 —9.86 0.289 0.161
dspj) 0f 10cm —-0.02 -14.72 0.013 0.941 dspj of 10Ccm 0.08 —-12.35 0.403 0.046
dmoisturenear the ground —0.27 26.82 —0.682 <0.001
dmoisture@t the canopy  —0.25 2758 —-0.689 <0.001 dmoisture@t the canopy —0.15 28.37 —-0.526 0.007
S4-Aug S5-Aug
djeaf Of P.E. 141 -171.76 0.844 <0.001 dieaf Of R.S. 1.77 —-243.96 0.716 <0.001
dieaf Of S.A. 1.21 -166.99 0.947 <0.001
dsoj) of 10cm 0.02 -32.08 -0.012 0.939
dmoisture@t the canopy  —0.13 17.42 —-0.602 0.003 dmoisture@t the canopy —0.68 18.47 -0.526 <0.001

Table 7. Correlations between the d-excess of various water bodies and RH (%) &id), and betwee@isture @Nd djeaf during the

sunny days at each site. Herds the correlation coefficient, andis the significance levep < 0.001 indicates statistical significance at the
99.9 % significance level, anel< 0.05 indicates statistical significance at the 95 % significance level. The location ID and the abbreviations
of plant Latin names are the same as in Tables 2 and 3. The periods of the sunny days are the same as in Fig. 5.

Study area The d-excess values vs. RH (%) The d-excess valuB{G)
Slope Intercept r p Slope Intercept r P

dmoisturenear the ground —0.36 27.643 —0.712(84) <0.001 1.18 —-4.574 0.771 <0.001
dmoistureat the canopy —0.31 28.269 -0.617 (101) <0.001 111 0.695 0.716 <0.001
djeaf Of wood 126 —131.626 0.600 (102) <0.001 -—-3.84 —19.327 0.630 <0.001
S1-Sep djeaf Of shrub 1.26 -121.121 0.629 (25) <0.001 -3.66 —15.489 0.547 <0.001
S1-Jun djeaf Of herb 121 -99.962 0.635(37) <0.001 -3.17 -1.134 0.563 <0.001
S2-Jun dieaf Of wood VS.dmoisturenear the ground —1.47 —63.237 —0.360 (84) <0.001 - - - -
S3-Aug dieaf Of wood VS.dmoisture@t the canopy —1.40  —52.568 —0.340(101) <0.001 - - - -
deaf Of shrub vs. dmoisturenear the ground —0.14 3.69 —0.599 (24) 0.039 - - - -
dleaf Of grass vs. dmoisturenear the ground —0.12 12.72 —0.648 (12) 0.023 - - - -
S4-Aug dieaf Of wood VS.dmistureat the canopy —0.06 7.163 —0.543(32) <0.001 - - - -
djeaf Of shrub vsdmgistureat the canopy —0.10 1.827 —0.534(32) <0.001 - - - -
S5-Aug djeaf Of shrub vsdmistureat the canopy —0.28  —57.737 0.540 (25) <0.001 - - - -
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Table 8. Linear least square fits between the d-excess of various water bodies and the temp&)att@® &t each site. Here, is the
correlation coefficient, ang is the significance leveh < 0.001 indicates statistical significance at the 99.9 % significance levep, ar@05

indicates statistical significance at the 95 % significance level. The location ID and the abbreviations of plant Latin names are the same as in

Tables 2 and 3.

d-excess (%o) vsT' (°C)

Slope Intercept r p Slope Intercept r p
S1-Sep S1-Jun
Q.S. leaf water -3.27 —13.20 -0.419 <0.001 Q.S. leaf water —1.60 —46.89 —-0.202 0.220
P.F. leaf water —6.45 5.88 —0.612 <0.001 P.F. leaf water —5.10 31.80 -0.919 <0.001
P.V. leaf water —6.74 2291 -0.575 <0.001 P.V. leaf water —5.07 4580 —0.942 <0.001
5 cm soil water —0.16 10.17 -0.387 0.002 5 cm soil water 0.12 2.36 0.075 0.635
10 cm soil water 0.06 7.62 0.143 0.268 10 cm soil water0.09 2.15 -0.087 0.585
Air moisture near the ground  0.54 -1.78 0.349 0.005 Air moisture near the ground 0.76 0.86 0.610 <0.001
Air moisture at the canopy 0.81 —2.63 0.481 <0.001 Air moisture at the canopy 0.91 4.12 0.494 0.003
S2-Jun S3-Aug
Q.S. leaf water (37) —-159 —-90.88 -0.664 <0.001 Q.S. leaf water —6.25 14.67 —0.684 0.001
S.C. leaf water (19) —-221 —2215 -0.646 0.003
5 cm soil water 0.88 —32.89 0.379 0.021 5cm soil water —0.45 -1.15 -0.514 0.009
10 cm soil water 0.34 -20.73 0.332 0.045 10cm soil water —0.54 —0.16 -0.589 0.002
Air moisture near the ground 0.42 9.23 0.285 0.087
Air moisture at the canopy 0.31 12.28 0.173 0.305 Air moisture at the canop§.64 9.39 0.491 0.005
S4-Aug S5-Aug
P.E. leaf water —4.40 2274 -0.642 < R.S. leaf water —1.82 —-158.14 -0.742 <0.001
S.A. leaf water —-2.15 —-64.28 -0.560 <0.001
10 cm soil water 0.08 —-32.97 0.050 0.755
Air moisture at the canopy 0.54 0.95 0.773 <0.001 Air moisture at the canopy 0.83  —18.23 0.684 0.001

Table 9. Equations of soil wate8D ands180 at each site using the linear least squares fit method. Hesethe correlation coefficient,
andp is the significance levep < 0.001 indicates statistical significance at the 99.9 % significance level; an@l05 indicates statistical
significance at the 95 % significance level.

Sites Equation r p Sites Equation r p

S1-Sep SD=17.114x§180+3.030 0.921 <0.001 S3-Aug oD =7.355x 8180 —8.267 0.914 <0.001
S1-Jun SD = 4.998x §180 — 16.213 0.825 <0.001 S4-Aug 8D =2.615x §180 — 31.128 0.890 <0.001
S2-Jun 8D =3.952x 5180 — 26.901 0.888 <0.001 S5-Aug 8D = 2.840x §180 — 44.930 0.642 0.222

4.2 \Variations in dieaf, dxylem, dsoil @and dmoisture Under tionation occurs during water uptake and transport from roots

different conditions to twigs (Washburn and Smith, 1934), the large differences
betweendyyiem and diear found in this study indicate that
4.2.1 \Variations in d-excess in leaf water and xylem plant transpiration results in loweéis and releases water va-
water and their diurnal patterns por with higher d-excess values into the atmosphere. These

were consistent with those expected from the recycling of
The significant differences in d-excess are found betweersyrface evapotranspiration (Gat et al., 1994). Therefore, mix-
leaf water and xylem water in both the upper reaches and thghg of transpiration moisture in the atmosphere will increase
lower reaches. In order to evaluate the effect of plant tran-g, .isture €xcept for the conditions with the influence of en-
spiration ondiear, We calculate the difference betwedgat  trained atmospheric moisture with high d-excess. In addition,
anddyylem, assuming thatlxyiem represents the d-excess of during the sunny days, the clear and robust diurnal variations
source water. The differences in averagiglem anddieat  in djear With @ daily maximum in the early morning and a
vary from 21.9 to 165.6 %o, and the differences are 70.9 %onegative peak in the mid-afternoon are found at all the study
in QS, 30.6 %o in P.F., 21.9 %0 in P.V. and 36.6 %0 in S.C. in sites (F|g 4 and Table 4), while no diurnal Variationsil'gbf
the upper reaches, and 102.0 %0 in P.E. and 165.6 %0 in R.S. iyre found on the cloudy days (Fig. 7). These results indicate
the lower reaches (Table 4). These differences reach the maxhat .. is affected by meteorological conditions through
imum value in the afternoon (Fig. 4). Since no isotopic frac-
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Figure 9. Comparison of leaf water and air moisture d-excess values during the sunny days. Note(@afi®lqc), (d), (e) and(f) refer to
the same locations as in Fig. 2, and the abbreviations of plant Latin names are the same as in Table 3. AC and NG refer to air moisture at the
canopy level and near the ground, respectively.

their effect on plant transpiration. At the same time, no di- a rain event) (Fig. 5d). This pattern is similardgas, which is
urnal variations in thelyiem of all species are found on ei- likely due to the strong evaporation during the first sunny day
ther the sunny or cloudy days (Figs. 4 and 7), indicating thatafter a rain event (rain stopped at about 22:00, and we started
dyylem IS stable and that the effect of meteorological condi- to take samples at 06:00 the next day) (Fig. 5d). At S3-Aug,
tions ondxylem is small. These results also suggested that theduring the first day after a rain event, we also found a neg-
d-excess of moisture through plant transpiration has an imative relationship betweetygj of 5, 10 cm andr’ (Table 8),
portant role in changing thémoisture Of l0cal air moisture  and opposite patterns between the diurnal variation&dp

during the sunny days. anddmoisture(Fig. 10). These results indicate that the d-excess
of moisture through soil evaporation also has an important
4.2.2 Variations in d-excess in shallow soil water role in changing th@moisture Of local air moisture during the

sunny day after the rain events. In addition, the effect of soil
No clear diurnal trends idsej are found, except at S3-Aug. evaporation onlmoisture iS Similar to the plant transpiration
At S3-Aug, there are clear daily variations o1, which effect, and this effect was mainly controlled by temperature,
reaches the lowest value at around 12:00 and slowly climbs
up to the previous level the next day (the first sunny day after
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24 There are no clear diurnal patternsdyfoisture during the
cloudy days when plant activity is low, which supports the
role plants play in regulatin@moeisturse Namely, there are
no clear diurnal variations fotlnisture €Xcept at S1-Jun
(Fig. 8). Thedmgisturevalue at S1-Jun shows diurnal variation
(Fig. 8b), which corresponds to patternsdpfys after 08:00
(Figs. 7b and 8b).

F22

—_ - )
(=) oo (=}

T
S

d-excess of air moisture (%9

4.3 The controlling factors of the d-excess of various
pools

d-excess of soil water (%o

T
38

—@— At the canopy
-14 { —%— Scm soil water
—{— 10cm soil water

T
(=]

4.3.1 Correlations betweend|ggs and RH or T

o)

: ’ ! S;fnpling' Zime (igm,) S : Significantly positive correlations are found betwe@ghs

and RH at all the study sites during our study periods (from
Figure 10. Comparison of soil water and air moisture d-excess val- June to September) (Table 6). Significantly negative relation-
ues during the sunny days after the 4 h rain event on 2 August 2008hips are also found betweép,s and T, except in Q.S. at

at S3-Aug. S1-Jun. In addition, during the sunny days, stronger relation-
ships betweed|eas and7/RH are found at all study sites (Ta-
ble 7). These results suggest that meteorological conditions
such as RH and@ have a strong effect on variationsdpas,

likely through the effect on transpiration.

as indicated by the negative relationship betwéghn andT
(Table 8).

4.2.3 Variations in d-excess in air moisture near the

4.3.2 Caorrelations betweendsgyj and RH or T
ground and at the canopy

. There are significant correlations betwekg and RH orT
In our study, the peak-to-trough magnitudes vary greatly, anqn several cases. For example, the; of 10 cm is positively

are 39.9 % near the ground and 36.7 %o at the canopy inCorrelated with RH (Table 6), and thio; of 5 and 10cm

the upper reaches, and 17.3 %o (S4-Aug) and 30.6%. (S5, negatively correlated withi (Table 8) at S3. Thelsei

Aug) at the canopy in the Iowe_r reaches (Table 4 and '_:'g‘ G)Df 10cm is also positively correlated with RH (Table 6), and
These observed values are higher than those of previous "he dsoil Of 5cm is negatively correlated with at S1-Sep
ports that the peak-to-trough magnitudes vary from 3.5 to(TabIe 8). At S3-Aug, during the first day after rain event
17.1%. (Welp et al., 2012). The higher range is likely causedy, . negative relations,hip betwedgy at 5 and 10 cm and ’
by the large diurnal RH range (an up to 80 % change) in thes?Table 8), the clear diurnal variations dlgoy at 5 and 10 cm

environments. The lowesinisture Values are found near (Fi : . .
. > i ig. 5d) and the opposite patterns between the diurnal vari-
the ground (1.5 %o) at high altitudes during September (Sl'ations indsoil anddmoisture (Fig. 10), are found. These results

Sep). The low values may be related to the atmospheric €Mhdicate that the d-excess of moisture through soil evapo-

;ra|nrc’infngcontrlbuthtr)1l, afs a;tﬂwolsphzrlc entralnrr|1ent hgs beeghtion also has an important role in changing theisture
ound to be responsibie Tor the Iow d-EXCESS values ODSEVeHs |,.4) air moisture during the sunny days after the rain

in the Pacific Northwest (Lai and Ehleringer, 2011). events, and this role is controlled by meteorological condi-
In our study, durl_ng the sunny days, tHgoisture values_ tions. At the same time, thésoi/RH are 0.08 %0 %, and

vary diurnally, showing gclear and robust pattern of the h'gh'the dsoil T vary from —0.16 to—0.54 %.°C~1, respectively,

estdmoisture values at midday, and the loweghoistureVal-  \yhich ‘are an order of magnitude lower than those of the

ues at night at all the sites (Fig. 6). The same trends Weredleaf/RH (from 0.49 to 2.53 %o %) anddiead T (from —6.74

also found n urban settings (New Haven and Beijing), agi vy _1.59 %0°C). This means that even on the sunny day, the
cultural settings (Rosemount and Luancheng), forest (Bor-

contribution of shallow soil water evaporationdgisture IS
den Forest) and grassland (Duolun) (Welp et al., 2012), a o
. ; . uch less than that of plant transpiration (Tables 6 and 7).
one Beijing site (Wen et al., 2010), and in the Pacific North- P P ( )

west (Lai'and Ehle.rir?gerl, 2011). These re;ults showed tha 3.3 Variations in dmoisture and its controlling factors
dmoisture diurnal variation is not a pattern unique to any par-
ticular location or vegetation type, and the diurnal pattern ofThe main moisture sources of local air moisture come from
dmoisture My suggest thalmoistureis NOt @ conserved tracer canopy transpiration, soil evaporation and atmospheric en-
of humidity conditions in the marine moisture source regiontrainment (Lai and Ehleringer, 2011). dfnoisture iS @ con-
(Welp et al., 2012), and is strongly controlled by local evap- servative tracer of conditions in the moisture source re-
oration and transpiration. gion, we would not expect it to vary with local relative
humidity unless there is a local source of moisture for
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Figure 11. Comparison of leaf wates180, sD and d-excess values fétopulus euphraticdetween the simulated values (steady-state
Craig—Gordon model) and observed values at S5-Aug.

the atmosphere (Welp et al., 2012). In our study, exceptassumed in first order to be non-fractionating over timescales
near the ground at S1-Sep, significantly negative correlaof longer than 1day (Harwood et al., 1999; Farquhar et al.,
tions are found betweetinoisture and RH at all the study 2007). Welp et al. (2012) also reported that afternoon aver-
sites. The meatmoisturdRH is —0.27 %0 %1, ranging from  ages (12:00-18:00 LST) @foistureare correlated with RH at
—0.68%0% 1 (S5-Aug) to —0.13%0 % 1 (S4-Aug) (Ta- the New Haven dmoisturd RH= —0.36 %0 % 1) and Borden

ble 6). Except at S5-Aug, the ratesdyoisturd RH of all the Forest @moisturd RH= —0.22 %0 % 1) sites during the sum-
sites are lower than that of Merlivat and Jouzel's theoreti-mer months (June—August). In addition, except at S2-Jun,
cal prediction 0.43%0% 1) (Merlivat and Jouzel, 1979) there are significantly positive relationships betwéggisture
(Table 6). Aemisegger et al. (2013) reported the importanceand at all the sites. The meathoisturd 7 are 0.72%5C 1,

of continental moisture recycling. It concluded that the con-varying from 0.54%5C~1 (S4-Aug) to 0.91%8C 1 (S1-
tribution of plant transpiration to the continental evapora- Jun) (Table 8). This is higher than that of Merlivat and
tion flux can be deduced from théneisture-RH relation at  Jouzel’s theoretical prediction (0.35% 1) (Merlivat and

the seasonal timescale and for individual events (Aemisegdouzel, 1979). These results suggest that local contributions
ger et al., 2013). The relationship betwegfyistureand RH of moisture todmoisture@re high, and that local meteorologi-
strongly depends on the isotopic composition of the soilcal conditions such as RH affdhave an important effect on
moisture and the contribution of transpiration, which can bedmoisture In addition, during the sunny days, the clear diurnal
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patterns ofljeas (Fig. 4) anddmoisture (Fig. 6, except panel c),
the opposite patterns between the diurnal variationgein

anddmoisture(Fig. 9), and a significantly negative relationship

betweenimeisture@Nddieat (p < 0.001) and highly significant
relationships betweetimoisture and RHIT (p < 0.001) (Ta-

linkage betweenimoisture aNd djear, and that the regulation

of plant transpiration on the variations in atmospheric vapor

isotopic composition is strong.

12.8 and 5.6 %o at the canopy level at the riparian forest
site and at the Gobi site in the lower reaches. ¥hg
values were the most negative, which weré1.1 %o in

the upper reaches anr€dl45.0 %0 in the lower reaches.

bles 6, 7 and 8) are found, suggesting that there is a strong 3. Several lines of evidence suggest tHabisiurelS NOt &

conserved tracer of humidity conditions of the marine
moisture source region, and is controlled by local tran-
spiration and evaporation. The evidence includes the

4.4 Comparison of modeled and observed leaf water

The modeling results reasonably captured the diurnal vari-
ations in§180, sD and d-excess, with some discrepancies
(Fig. 11). The discrepancies were largerfBrthan fors1€0.

The results indicate that a better parameterizatiofDobr
non-steady-state modeling is likely needed to simulate the d-
excess dynamics in leaf water more accurately. The d-excess
values of other components (e.qg., soil water, atmospheric va-
por) are rarely seen in the literature, and the current study
provides a valuable source for validating the modeling work

of the d-excess of various components. 4

5 Conclusions

Through extensive characterizationséf, 180 and d-excess
in different water pools (e.g., leaf water, xylem water, 5 and

clear diurnal patterns admoisture and djeas during the
sunny days, the strong correlationsdpfas with mete-
orological conditionsT and RH), the significant corre-
lations of dmoisture With dieas, T and RH, and no diur-
nal patterns of/moistureanddieas during the cloudy days
when plant activity was low. In addition, large differ-
ences between averaggjem anddieat Were observed

in our study, indicating that the amount of d-excess lost
through transpiration into the atmosphere was high. Our
results indicate that plant transpiration strongly regu-
lates dmoisture €Specially during the sunny days. The
effect is controlled by local meteorological conditions,
such asr’, radiation and RH.

§180, 8D and d-excess

. The influences of shallow soil water evaporation on
dmoistureVariations are generally small. However, the d-
excess values of moisture from soil evaporation have a
strong effect onimeisture ON the first sunny day after a
rain event. The size of this effect is related Toand
RH.

10.cm soil water and air moisture) in the HRB, we aimed to 5. The steady-state Craig-Gordon model can reasonably

investigate the effects of local processes (e.g., plant transpi-
ration and evaporation) on the d-excess variations in different
water pools. We concluded the following:

1. There were significant variations & ands*80 in dif-

www.hydrol-earth-syst-sci.net/18/4129/2014/

capture the diurnal variations #80, D and d-excess
with small discrepancies. Non-steady-state models are
likely needed to simulate the d-excess dynamics of
leaves and other components more accurately.

Our study shows that thénoisture Of the surface air at con-
tinental locations can be significantly altered by local pro-
cesses in both mountain areas (Qilian Mountains) and ex-
tremely dry environments (Ejin); therefore, such an effect is
likely a universal phenomenon across regions with varying
climates.

ferent water pools. The most negats@ ands*80 val-
ues were found in air moisture. The averaii2 and
8180 values of air moisture were101.8 and—14.1 %o
in the upper reaches andl24.4 and—16.8 %o in the
lower reaches, respectively. The most positize and
8180 values were found in leaf water. The average
ands*80 values of leaf water were 0.9 and 8.1 %o in the
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