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Introduction

The stable isotopes of hydrogen and oxygen in plant water are com-
monly used in ecohydrology to assess processes such as root water
uptake (Ehleringer & Dawson, 1992; Lanning ez al, 2020; Zhao
et al., 2020), the competition between different plant species for soil
water (Dawson & Pate, 1996), evapotranspiration partitioning
(Wang et al, 2013, 2014), local moisture recycling (Peng
et al., 2011; Zhao et al., 2019) and the hydraulic connectivity of
plant transpiration, groundwater and streamflow across different
scales (Wang er al, 2010; Jasechko er al, 2013; Evaristo
et al., 2015, 2017; Barbeta & Penuelas, 2017). For plant water
uptake, nearly all water used by plants ultimately originates from
precipitation, and this precipitation is available to plants
from different pools within ecosystems. Two predominant pools
are water held under tension in soils (the vadose zone) and water
held under pressure in groundwater (the saturated zone). Each can
be complex water storages that vary spatially and temporally in iso-
topic values (Sprenger et al, 2016; Allen et al, 2019, 2022). A key
assumption in the applications of isotopes in ecohydrology is that
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Summary

¢ A fundamental assumption when using hydrogen and oxygen stable isotopes to understand
ecohydrological processes is that no isotope fractionation occurs during plant water uptake/
transport/redistribution. A growing body of evidence has indicated that hydrogen isotope
fractionation occurs in certain environments or for certain plant species. However, whether
the plant water source hydrogen isotope offset (5°H offset) is a common phenomenon and
how it varies among different climates and plant functional types remains unclear.

¢ Here, we demonstrated the presence of positive, negative, and zero offsets based on exten-
sive observations of 12 plant species of 635 paired stable isotopic compositions along a strong
climate gradient within an inland river basin.

* Both temperature and relative humidity affected 5°H offsets. In cool and moist environ-
ments, temperature mainly affected 5°H offsets negatively due to its role in physiological
activity. In warm and dry environments, relative humidity mainly affected 8°H offsets, likely
by impacting plant leaf stomatal conductance. These §°H offsets also showed substantial lin-
kages with leaf water "0 enrichment, an indicator of transpiration and evaporative demand.
o Further studies focusing on the ecophysiological and biochemical understanding of plant
82H dynamics under specific environments are essential for understanding regional ecohydro-
logical processes and for conducting paleoclimate reconstructions.

no isotopic fractionation occurs during root water uptake, but a
growing number of studies have shown unexplained isotopic mis-
matches between xylem water and plant water sources. These find-
ings challenge the assumption that no isotopic fractionation occurs
during root water uptake. At first, observations of plant water
source hydrogen isotopic offset (the 8*H offset) were restricted to
saline or xeric environments (Lin & Sternberg, 1992; Ellsworth &
Williams, 2007). More recently, such 3°H offsets were reported in
temperate riparian forests (Barbeta ez al, 2019) or extremely arid
regions (Zhao ez al., 2016) and over a range of soil types, plant spe-
cies, and moisture status (Newberry er al, 2017; Vargas
et al., 2017; Barbeta et al., 2020). For example, Zhao ez al (20106)
observed that hydrogen isotopic discrimination occurred during
water transport/redistribution within Populus euphratica Oliv. Bar-
beta ¢t al. (2019) reported that the estimation of plant water sources
using mixing models was strongly affected by 8°H depletion in
Fagus sylvatica (L.) and Quercus robur (L.). More recently, Barbeta
et al. (2020) found that regardless of substrate, soil, and stem water
8”H were similar only near permanent wilting point in the tempe-
rate tree species Fagus sylvatica (near-zero H offset). Under
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moister conditions, stem water 8*H was 11 & 3%, more negative
than soil water 5°H (negative 5°H offset), and under drier condi-
tions, stem water 5°H became progressively more enriched than soil
water 8*H (positive 3°H offset). Evidence from experimental stu-
dies may imply that field studies (Evaristo er al, 2017; Geris
et al., 2017; Wang ez al., 2017; Deurwaerder ez al., 2018; Oerter &
Bowen, 2019) could have been affected by the °H offsets. Indeed,
those studies reported either more positive or negative xylem 8-
values, compared to source waters. Recently, our work suggested
hydrogen isotopic fractionation occurred between xylem sap and
bulk stem or root water (extracted cryogenically) (Zhao
et al., 2016), whereas this was not observed for oxygen isotopes.
Altogether, these studies suggest that isotopic fractionation during
root water uptake or within-plant water transport might be more
common than we thought previously.

Instead, Chen ez al. (2020) showed recently that the measure-
ment bias inherent in the cryogenic extraction method may be
the cause of xylem *H depletion, and thus, iz sifu measurements
(Wang et al., 2012) or alternative extraction methods should
overcome this issue. For instance, Barbeta et 2/ (2022) demon-
strated that sap water extracted with a centrifuge from cut stems
gives a much more reliable estimation of the isotopic composi-
tion of plant water source, compared to the traditional cryogenic
vacuum distillacon (CVD). Even though the evidence of the
8"H offset when using CVD to extract plant water has been
clearly demonstrated by controlled experiments (Vargas
et al., 2017; Barbeta et al., 2019; Chen et al., 2020), the mechan-
ism producing such 8*H offsets remains unclear. Therefore, the
existence of 8”H offsets in plants growing over a range of soil and
climatic conditions remains largely unknown.

Given the importance of the 8*H offsets in isotope-based
research, it is imperative for us to have a better understanding of
their environmental and biological controls. To achieve this goal,
we conducted a basin-scale study from the upper, middle, and
lower reaches of the inland Heihe River Basin (Supporting Infor-
mation Fig. S1), covering a strong climate gradient to examine
the spatial variability of the 5°H offsets of all the dominant spe-
cies (Tables 1 and 2). We considered the potential influence of
climatic factors (e.g. temperature and relative humidity) and
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plant transpiration indicators such as plant leaf water §'°0 (e.g.
3180 o) and the difference between §'0; ..r and SISOXylm water
(e.g. AIBOLeaf_Xylem) to indicate the enrichment in '®O of leaf
water above the 8'0 value of the source water used by plants.
These indicators are useful to represent various impacts of sto-
matal regulation (Larcher er al, 2015; Ellsworth er al, 2023).
We also assessed the effect of plant growth form by compar-
ing trees, shrubs, and grasses. We further evaluated the sensi-
of the &H offsets to 8"%0 ¢ and
AlsOLeaf,kam (temperature and evaporative demand), and dis-
cussed their implications for plant water source identification,
evapotranspiration partitioning, moisture recycling, and paleo-

tivities climates,

climate studies.

Materials and Methods

Study region

The study was conducted at the upper reaches (Qilian Mountains),
the middle reaches (Linze), and the lower reaches (Ejina) of the
Heihe River Basin in northwestern China (Fig. S1). The Heihe
River Basin includes a semiarid region in the upper reaches, an arid
transitional region in the middle reaches, and an extremely arid
region in the lower reaches. We measured the stable isotope com-
position (8°H and 3'®0) of different water pools such as precipita-
tion, groundwater, soil water, plant xylem water, and leaf water
accessed by different plant species in all reaches of the basin
(Fig. §2). We also collected meteorological data including tempera-
ture and relative humidity, which varied with differing elevations
(Fig. S1). For the upper reaches, we used meteorological stations
located at Pailugou and Yeniugou to represent the middle moun-
tains and the alpine region of the Qilian Mountains (Fig. S1). In
Yeniugou (38°25'N, 99°35'E, elevation: 3320 m asl), the long-
term (1960-2012) mean annual precipitation is 416 mm, and
80% of it occurs between June and September (Fig. S1). Pailugou
(100°17'N, 38°24'E, elevation: 2780 m asl) lies in the middle of
the Qilian Mountains. Annual precipitation averages 369 mm, and
72% of it occurs between June and September. Both areas have
similar ecosystem types consisting of mountain grasslands,

Table 1 The acronyms of study regions, plant species, plant functional types, and growing environment across the Heihe River Basin.

Plant species

Acronym  The full name Region Acronym  The full name Region Functional type of the species
HRB The Heihe River Basin - Qs Qinghai Spruce UR Evergreen coniferous tree

UR The upper reaches of the HRB ~ — PF Potentilla fruticosa L. UR Deciduous broadleaf shrub

MR The middle reaches of the HRB  — PV Polygonum viviparum L. UR Polygonaceae perennial herb
LR The lower reaches of the HRB ~ — SC Stipa capillata Linn UR Gramineous perennial herb
Qilian Mt.  Qilian Mountains of the UR UR SP Stipa purpurea Griseb UR Gramineous perennial herb
QSF Qinghai spruce forest UR BA Berberis amurensis UR Deciduous shrubs or small trees
MG Mountain grassland UR HA Haloxylon ammodendron MR and LR Deciduous shrubs or small trees
MM Mountain meadow UR TR Tamarix ramosissima Ledeb MR and LR Ultraxerophytic shrubs

SM Swamp meadow UR RS Reaumuria soongorica Maxim ~ MR and LR Perennial deciduous shrubs

DO Desert-oasis ecotone MR NT Nitraria tangutorum Bobr MR Deciduous shrubs

GB Gobi MRand LR PE Populus euphratica Oliv LR Deciduous broadleaf tree

RF Riparian forest LR SA Sophora alopecuroides LR Leguminous perennial herb
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Table 2 The sampling species, sampling plant components, and sampling dates in different regions of the Heihe River Basin.

Study Altitude Groundwater
region Ecosystem type Study time Locations (m) Longitude Latitude Dominated plant species level
UR Mountain grassland 7 June 2009 U1 2774 99.9 38.8 SC root and leaf
Swamp meadow 7 June 2009 u2 3040 99.9 3838 PV root and leaf
Mountain meadow 8 June 2009 u3 3476 99.5 38.6 SP root and leaf
Swamp meadow 8 June 2009 U4 3732 99.6 386 SC root and leaf
Qinghai spruce forest 21 August 2007 U5 2594 100.3 38.6 QS, PF and BA stem and leaf
7 June 2009 ue 2654 99.6 38.8 QS stem and leaf
27-28June 2011 U8-11 2780 100.3 38.6 QS stem and SC root and leaf
1 August 2012 Us-12 QS stem
23-25June 2011 U9-6 2900 100.3 38.5 QS and PF stem and PV root
2-8 September u9-9 and leaf
2011
MR Desert—oasis ecotone 15-16 June 2010  M1-10 1386 100.1 39.4 TR stem and leaf
3 August 2012 M1-12 TR stem
15-16 June 2010  M2-10 1386 100.1 39.4 HA stem and leaf
3 August 2012 M2-12 HA stem
4 August 2012 M3-12 1440 - - HA stem
27 August 2007 M4-07 1413 100.1 39.4 RS stem and leaf
Gobi 18-19 June 2010  M4-10 RS and NT stem and leaf
5 August 2012 M4-12 RS stem
LR Riparian forest 6-9 August 2009  L1-09 930 101.2 42.0 PE stem and SA root and leaf 1.8m
21-22 June 2010 L1-10 20m
8 August 2012 L1-12 PE stem 20m
21-22 June 2010 L2-10 930 101.2 42.0 TR stem and leaf 20m
8 August 2012 L2-12 TR stem 20m
20 August 2012 L3-08 920 101.1 42.0 PE and TR stem and SA and >10.0m
20 August2012  L4-08 921 101.1 42.0 leaf
Planted shrubland 23-24 June 2010 L5-10 910 101 41.9 HA stem and leaf 25m
9 August 2012 L5-12 HA stem 22m
Gobi 26-27 June 2010 L6-10 906 101.1 423 RS stem and leaf >5.0m
11 August 2012 L6-12 RS stem

The UR, MR, and LR indicate the upper, middle, and lower reaches of the Heihe River Basin. The numbers after U, M, and L are site numbers. The SC, PV,
SP, QS, PF, BA, PV, TR, HA, RS, PE and SA indicate Stipa capillata Linn, Polygonum viviparum L., Stipa purpurea Griseb, Qinghai Spruce, Potentilla
fruticosa L., Berberis amurensis, Polygonum viviparum L., Tamarix ramosissima Ledeb, Haloxylon ammodendron, Reaumuria soongorica Maxim, Populus

euphratica Oliv and Sophora alopecuroides, respectively.

mountain meadows, high mountain meadows, swamp meadows,
and forests (Zhao er al., 2020; Fig. S1). In the middle reaches, due
to the absence of long-term climatic data in Linze (middle reaches),
we used climatic data in Zhangye meteorological station
(100°26'N, 38°5G'E, elevation: 1483 m asl), which is about 60 km
from Linze. The long-term mean annual precipitation is 130 mm,
with 73.7% of the rainfall occurring between June and September.
The main ecosystem types are planted oasis, desert—oasis ecotone,
and Gobi Desert in the middle reaches of the Heihe River Basin
(Fig. S1). In the lower reaches (Ejina: 101°04'N, 41°57'E, eleva-
tion: 941 m asl), the long-term (1960-2012) mean annual precipi-
tation is 34 mm, with 74.3% of the rainfall occurring between
June and September. The Ejina is considered one of the driest
regions in China. The main ecosystem types in the lower reaches
are riparian forest, planted shrubland, and the Gobi Desert (Zhao
et al., 2020; Fig. S1).

Field sampling
Between 2007 and 2012, several field campaigns were conducted

during the growing seasons in the different regions. Deep and
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shallow soil samples, plant roots (grasses), stems (trees and
shrubs) and leaves were sampled in June 2009 and 2011, August
2007, 2009 and 2012 and September 2011 in the upper reaches,
July and August 2007, June 2010 and August 2012 in the middle
reaches, and June 2007 and 2010, August 2008, 2009 and
August 2012 in the lower reaches of the Heihe River Basin. Preci-
pitation samples were collected at Yeniugou (P1: 3320 m asl),
Hulugou (P2: 3020 m asl) and Pailugou (P3: 2700 m asl) in the
upper reaches, at Zhangye (P4: 1483 m asl) in the middle reaches
and at Ejina (P5: 920 m asl) in the lower reaches (Fig. Sla). The
stable isotope composition of previous years precipitation (1986—
2003) at Zhangye was obtained from the GNIP database
(http://nds121.iaea.org/wiser). Detailed sampling information is
shown in Tables 1 and 2 and the Methods S1.

Water sample extraction

The extraction of water from the soil, stems, roots, and leaves was
performed with a cryogenic vacuum distillation system (Zhao
et al., 2016, 2019, 2020), based on the design and methodology
described by Ehleringer ez al. (2000) and West ez al. (2006).
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Samples in extraction vials were heated to 100°C and evaporated
water was trapped in U-tubes, submerged in liquid nitrogen.
The pressure in the vacuum line was continuously recorded using
sub-atmosphere pressure sensors (APG100; Active Pirani vacuum
gages, Edwards, UK) to ensure it remained leak-tight throughout
the extraction. The cryogenic vacuum distillation method is
widely used for plant tissues and is considered a reliable standard
against which other extraction methods can be compared. The
fractionation during sample distillation does not have any signifi-
cant effect on the isotopic composition of the water samples that
are recovered if the distillation is taken to completion (Ellsworth
& Williams, 2007), and when > 600 pl of water was extracted for
samples at natural isotope abundance (Diao ez al., 2022). In our
study, the extracted water amount of most samples was
> 1000 pl. In addition, the 880 of mobile xylem water extracted
from stem xylem tissues by mild vacuum extraction did not differ
from that of immobile xylem water extracted later from the same
tissues by cryogenic distillation (Cernusak et 2, 2005). West
et al. (2006) estimated minimum extraction times to be 60—
75 min for woody stems, 40 min for clay soils, 30 min for sandy
soils, and 20-30 min for leaves during vacuum distillation to
obtain an unfractionated water sample. In our study, extraction
was performed under a vacuum of 0.03 hPa for at least 2h in
order to ensure an unfractionated water sample (West
et al., 2006). The resulting extracted water samples were then
sealed with Parafilm, placed in a bath, and allowed to thaw.
Lastly, the liquid water was transferred to a 2 ml vial for §'%0
and 5°H analysis.

Stable isotope analysis

The 8'®0 and 8*H values of the water samples were measured
using an Isoprime isotope ratio mass spectrometer (GV Instru-
ments, Manchester, UK) coupled to a Euro EA3000 element
analyzer at Heihe Key Laboratory of Ecohydrology and River
Basin Science, Northwest Institute of Eco-Environment and
Resources, Chinese Academy Sciences. To avoid any memory
effect associated with continuous-low methods, measurements of
each sample were repeated five times, and the first values were
discarded. The accuracy was better than +1.0%, for 8°H and
4+0.2%, for 8'0. We first used three international standard
materials: the Vienna Standard Mean Ocean Water (V-SMOW),
Greenland Ice Sheet Precipitation (GISP), and Standard Light
Antarctic Precipitation (SLAP) to calibrate our working stan-
dards. We selected one (or two) international standard and two
(or one) of the three lab working standards for calibration pur-
poses according to the sample delta ranges (Zhao ez al, 2016,
2019). For example, we used V-SMOW, BJD, and LZPW to
calibrate soil water data, used V-SMOW, LZPW, and LZI
to calibrate plant water data and used SLAP, BJD, and LZI to
calibrate precipitation, respectively. The §'%0 and 5°H values are
expressed in %, on a V-SMOW-SLAP scale.

Measurements of 8'%0 and 8*H composition of xylem water
(Oxylem)> leaf water (Spc.p), and potential water source (Bsoi
and/or 3G oundwarer) Were performed for dominant trees, shrubs,
and grasses growing in the natural habitat from upper, middle
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and lower reaches of the Heihe River Basin. To avoid the poten-
tial bias resulting from organics in Oxyiem»> Opeaf and Os1, the °H
and 830 of soil water, xylem water, leaf water samples, and pre-
cipitation samples collected before 2010 were all determined
using the EA + IRMS system (Zhao ez al., 2011). This method is
a mass-based analysis, and trace amounts of contaminants are
unlikely to have a large effect on the isotopic value of a water
sample measured by IRMS (West ez al, 2010). Precipitation
samples since 2010 were measured using an L1102-I isotopic
water analyzer (Picarro, Sunnyvale, CA, USA).

Theoretical considerations/background

To assess the hydrogen isotopic offset between plant xylem water
and its potential sources, Landwehr & Coplen (2004) proposed
the concept of the line-conditioned excess (LC-excess = 8°H —
ax 8"®0 — b, where 2 and b correspond to the slope and inter-
cept of the LMWL, respectively). Because the source water for
plants is more likely soil water or/and groundwater than rain-
water directly, Barbeta ez 4/ (2019) and Li ez 4l (2021) modified
the equation above and computed the deviation of a given xylem
water with respect to the soil water evaporated line (SW-excess = -
8"H — 4, x 8'%0 — b;: where 4, and b, are the slope and intercept
of the soil water evaporated line for a given plot and date, respec-
tively, and *H and 8'®O correspond to the isotopic composition
of a xylem water sample collected on that plot at that date) (Bar-
beta er al, 2019) and a potential water source line (PWL-
excess = &°H — Ay X 3180 — bpw: alinear regression line between
8'80 and 8°H data of both soil water and groundwater. 4, and
by, are the slope and intercept of the soil water and groundwater
line for a given site and date, respectively) (Li ez al, 2021) to
correct 8°H offsets of stem water. The SW-excess/PWL-excess
of xylem water are indicators of the 8’H offsets between
xylem water and their corresponding soil water evaporated line/
potential water source line. We calculated the hydrogen isotopic
offset as LC-excess (Landwehr & Coplen, 2004), SW-excess
(Barbeta ez al,, 2019), and PWL-excess (Li ez al., 2021) by com-
paring the stable isotopic composition of xylem waters with the
potential water sources of plants assuming no oxygen isotope
fractionation during plant water uptake. Negative °H offsets
indicate that 8*H of xylem water are more depleted than *H of
their potential water sources such as soil water or both soil water
and groundwater (plots of 8180/82nylem are thus positioned
below the plots of '*0/5°H of their potential water sources in a
8'"®*0-8"H diagram; Figs 1, S2Aa—c,Ba,b,d,f,Ca—d,De,f; Barbeta
etal,2019; Li et al., 2021). Near-zero 8*H offsets indicate xylem
water samples that are neither enriched nor depleted in deuter-
ium compared to 8*H of their potential water sources. Therefore,
plots of 6180/52ny15m are positioned close to the plots of
8'"®0/8°H of their potential water sources in a 8'*0-8°H dia-
gram if there is no 180 fractionation (Figs 1, S2Bf,Dg,h). How-
ever, positive 8°H offsets indicate xylem water samples that are
more enriched in deuterium compared to the 8°H of their poten-
tial water sources. This is reflected by the position of plots of
3180/ SZHXylem being above the plots of 5180/8%H of their water
sources in a 8'80-8°H diagram (Figs 1, S2Ad,Bc). In our study,
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Fig. 1 A conceptual graph of the potential water line in the §°H/3'30
space against plant xylem water, locations of 8°H/8"®Oxyjem water Under
positive, negative, and no H fractionations and the 5°H offsets corrected
by both SW/PWL-excess (dark red arrows) and LC-excess methods (gray
arrows).

we utilized the SW-excess when assuming plants only use soil
water sources (Barbeta er al, 2019), while we employed the
PWL-excess when assuming plants use both soil water and
groundwater due to there being differences between 8y warer and
Ogroundwater (Zhao et al., 2020; Li ez al., 2021).

Data analyses

Statistical significance of the 8*H offset was tested compared to
zero with software Spss (version 22). All statistical analyses were
performed with R software (R Core Team, 2022). Before con-
structing models including General Linear Mix-effects Models
(GLMMs) or Linear Mixed Model (LMMs), we used the variance
inflation factor (VIF) to diagnose the collinearity of explanatory
variables (e.g. high correlation among explanatory variables).
Furthermore, we built Structural Equation Models (SEMs) to eval-
uate the direct and indirect factors contributing to the standardized
total effect. The cause correlations among variables were deter-
mined based on our known ecophysiological knowledge. SEM was
petformed using the lavaan package in R (Rosseel, 2012). In SEM
analyses, data were fitted to the model using the likelihood estima-
tion method. The adequacy of the model was determined using the
comparative-of-fit (cif) index, the root mean squared error of
approximation (rmsea) and the standardized root mean square resi-
dual (srmr). Favorable models showed higher gif (>0.9), lower
rmsea (< 0.08), and srmr (< 0.08) values in the SEM results.

Results

The plant water source 3°H offset along the Heihe
River Basin

Along the strong climate gradient of the Heihe River basin,
among 635 measurements from 43 field observations, 29 of 43

© 2024 The Authors
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observations (c. 67%) exhibited negative &°H offset, 4 of 43
(c. 9%) observations showed positive &°H offset, and 10 of 43
observations (c. 23%) exhibited nonsignificant 8%H offset on the
basin scale (Table 3). In the upper reaches (cold and moist envir-
onment, Fig. S1), among 285 measurements from 10 sites with
17 field observations, 11 of 17 observations (c. 65%) exhibited
negative 8%H offset, 3 of 17 (c. 18%) observations showed posi-
tive 8°H offset, and 3 of 17 observations (c. 18%) exhibited non-
significant 8°H offset (Table 3). The mean 8*H offsets were
—3.6%, and varied from —12.541.8 (n=3) (Stipa capillata
Linn (SC) in U1) to 4.8, & 4.7 (n=26) (Polygonum viviparum
L. (PV) in U9-9). For the middle reaches (transitional zone,
Fig. S1) with 98 measurements from 9 sites, ¢. 44% (4 of 9) of
the cases show remarkable negative 8%H offsets, and ¢ 11% (1
of 9) of the cases show remarkable positive 8°H offsets (Table 3).
The mean 8*H offsets were —1.5%, and varied from —7.1 + 2.6
(n=14) (Tamarix ramosissima Ledeb (TR) in MI1-12) to
4.1%, £ 1.8 (n=23) (Reaumuria soongorica Maxim (RS) in M4-
07 with nonsignificant) (Table 3). However, in warm-dry lower
reaches with 232 measurements, 14 of 17 observations (c. 82%)
exhibited negative &%H offset, and 3 of 17 observations (c. 18%)
exhibited nonsignificant 8°H offset (Table 3). The mean &°H
offsets were —5.19%,, and varied from —9.5+ 1.5 (»=13) (TR
in L4-08) to 1.0%,+ 1.3 (n=14) (RS in L6-10 with nonsignifi-
cant). However, there were no consistent change patterns in §*H

offsets for different plant species (Fig. 2).

Effects of climate on plant water source 8°H offsets

The complex correlations between 8°H offsets and climate at dif-
ferent spatial and plant functional type scales were revealed
(Figs 3a,b, 4a,b, S3a,b, S4a,b, S5a,b, S6a,b). Across the entire
basin, significantly negative relationships between 8*H offset and
temperature (R°=0.23, P<0.001, n=635) and significantly
positive relationships between 8°H offset and relative humidity
(R=0.11, P<0.001, n=635) were found. At the reach scale,
significantly negative relationships between 8*H offsets and tem-
perature were found in the upper reaches and middle reaches,
and the slopes decreased sharply from the upper (—0.528%,/°C),
middle (—0.2629,,/°C) to lower reaches (—0.0649,,/°C; Fig. 4a).
Significantly positive relationships between 3*H offsets and rela-
tive humidity were only revealed in the upper reaches (Fig. 4b).
We classified all plant species into trees, shrubs, and grasses to
reveal the plant functional type response of 8*H offset to both
temperature and relative humidity (Figs 3a,b, S4a,b, S5a,b).
There were significantly negative relationships between 3*H off-
sets and temperature, and significantly positive relationships
between 8*H offsets and relative humidity. In addition, the
response patterns of &%H offsets to both temperature (negative)
and relative humidity (positive) were similar in explained var-
iances and slopes at the basin scale (Fig. 3a). However, at the
reach scale, in the upper reaches, there were significantly negative
relationships between the trees, shrubs and grasses S*H offsets
and temperature, and the slopes were —0.7019,,/°C in grasses,
—0.6729,,/°C in shrubs and —0.380%,/°C in trees (Fig. S7a).
Significantly positive relationships between the 8*H offset and
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Table 3 The plant water source §°H offset occurred between plant potential water sources and xylem water, oxygen and hydrogen isotopic compositions
of xylem water (3"Oxyjem, 8 Hxylem), Of leaf water (3"%0 car) and difference of §"%0 ear and §°Hyylem (A'®O\eat-xyiem) in the various plants along the cli-

mate gradient from cool-moist to warm-arid environments across the inland Heihe River Basin, northwestern China.

Region  ID Plant species  Methods 82H offsets SD  §"®Oyylem SD  8Hyyem SD  8®Oiear SD  A®Opeatxyiem SD
The UR U1 SC SW-excess —12.5%* (3) 1.8 -=3.0 0.3 -50.3 2.4 107 0.6 137 0.6
U2 PV SW-excess —10.3** (3) 1.3 —-6.1 05 -59 29 73 1.1 134 0.9
U3 SP SW-excess —6.6%* (3) 1.0 -1.4 05 -385 25 189 20 203 1.7
u4 SC SW-excess —8.4* (3) 25 -35 03 478 1.8 11.0 1.0 144 0.8
us QS SW-excess 3.0ns(3) 1.4 =53 04 -373 27 118 1.3 17.0 1.4
PF SW-excess 0.5ns (3) 0.6 —4.2 04 -36.2 19 98 1.6 141 1.9

BA SW-excess 1.6ns (3) 0.7 -49 03 -374 1.8 14.0 1.0 189 2.4

ue Qs SW-excess —9.2%*(3) 0.6 -64 05 535 23 210 12 274 1.7
us-11 QS SW-excess —3.0¥**(37) 2.0 -5.9 0.7 -—-456 3.6 16.0 1.7 219 1.5
SC SW-excess —4.9%*%*(19) 35 —-1.7 16 —-32.7 73 82 25 10.0 2.5

us-12 QS SW-excess —11.2%%% (8) 3.8 -73 20 -58.8 55 nd nd nd nd
Uo-6 Qs SW-excess —5.7*%%%(42) 1.9 7.8 0.7 -57.8 43 7.3 58 15.1 5.7
PF SW-excess 3.1%%%(22) 3.0 =57 1.0 —46.1 62 16 52 73 5.9

PV SW-excess —1.6%%*(21) 1.7 —-69 0.8 —-49.6 3.9 0.9 54 7.7 5.1

u9-9 QS SW-excess 1.9%*%%(60) 1.4 —-7.6 04 —-49.0 27 43 57 117 55
PF SW-excess 4.2%%*%(26) 3.8 —4.4 0.7 -33.2 58 4.2 72 8.6 7.3

PV SW-excess 4.8%*%*% (26) 4.7 —6.2 1.1 —40.5 70 20 82 82 7.9

The MR M1-10 TR PWL-excess —2.1***(14) 1.8 -7.3 0.6 -58.0 1.7 10.6 7.2 180 7.2
M1-12 TR PWL-excess R (14) 2.6 =77 04 -63.2 28 nd nd nd nd
M2-10 HA SW-excess 3.6%** (14) 1.8 0.1 1.5 =299 56 19.0 44 189 4.5
M2-12  HA SW-excess 6.6* (4) 2.7 0.7 0.7 -39.6 54 nd nd nd nd
M3-12  HA PWL-excess —5.9%x% (5) 1.4 -7.6 1.6 -705 46 nd nd nd nd
M4-07 RS SW-excess 4.1ns(3) 1.8 =35 04 474 29 150 09 186 0.6
M4-10 RS SW-excess 1.8 ns (13) 2.6 0.1 09 -345 52 327 3.8 326 3.9
NT SW-excess 0.4ns(13) 3.3 0.3 14 =35 70 324 3.0 321 2.9

M4-12 RS SW-excess —1.8 ns (18) 3.1 1.9 0.7 -30.8 44 nd nd nd nd
The LR L1-09 PE PWL-excess —6.3***(36) 0.9 -53 03 —494 1.0 14.6 50 19.7 5.2
SA PWL-excess —6.7%* (6) 3.7 =26 05 457 44 16.6 3.0 19.1 3.0

L1-10 PE PWL-excess —53***(13) 1.4 —-6.2 0.4 -501 1.7 16.8 3.1 23.0 3.1
SA PWL-excess —3.8%**(10) 0.9 -5.3 05 —-47 1.0 16 3.7 20.0 4.5

L1-12 PE PWL-excess —4.7%%%(29) 2.8 —-4.8 0.6 —471 34 nd nd nd nd
L2-10 TR PWL-excess —6.4%*%*(13) 1.4 -=5.0 0.7 —49.2 1.4 149 56 199 6.0
L2-12 TR PWL-excess —7.9%%(17) 29 -56 1.2 =517 40 nd nd nd nd
L3-08 PE PWL-excess —2.7%**%(18) 1.2 -=7.8 04 -58.7 1.4 156 3.6 234 3.7
TR PWL-excess —7.0%%%(18) 1.7 —6.5 0.4 —-60.2 23 143 3.6 20.8 3.7

SA PWL-excess —4.6%%*(18) 2.1 -5.6 1.0 =559 41 18.7 21 243 2.0

L4-08 PE PWL-excess —0.6ns(9) 0.8 -6.9 0.1 -50.1 09 164 33 233 3.3
TR PWL-excess 9.5%** (9) 24 —-54 02 -55.1 25 156 62 21 6.1

SA PWL-excess —3.9%*(9) 26 38 0.9 —453 44 175 35 213 3.3

L5-10 HA PWL-excess —9.5%*%*%(13) 15 7.2 04 -71.0 1.7 15.8 2.7 231 29
L5-12 HA PWL-excess —7.6%*¥*(23) 3.4 -7 1.3 —66.8 6.2 nd nd nd nd
L6-10 RS SW-excess 1.0 ns (14) 1.3 =31 0.8 -51.6 29 1238 89 1538 8.9
L6-12 RS SW-excess —1.2 ns (6) 3.4 =22 0.8 -543 3.8 nd nd nd nd

The UR, MR, and LR indicate the upper, middle, and lower reaches of the Heihe River Basin. The numbers after U, M, and L are site numbers. The plant
function types were indicated with different colors (grass — blue; shrub — green; tree — brown). The presence of an asterisk indicates that the value is
significantly different from zero (*, P <0.05; **, P<0.01; *** P <0.001; ns, not significant), the number in the brackets indicates the sample number. The
SC, PV, SP, and SA indicate grasses Stipa capillata Linn, Polygonum viviparum L., Stipa purpurea Griseb, and Sophora alopecuroides, respectively. PF, BA,
RS, TR, HA, and NT indicate shrubs Potentilla fruticosa L., Berberis amurensis, Reaumuria soongorica Maxim, Tamarix ramosissima Ledeb, Haloxylon
ammodendron, and Nitraria tangutorum Bobr, respectively. QS and PE indicate trees Qinghai Spruce and Populus euphratica Oliv, respectively. nd, no

data.

relative humidity were also found, and the slopes were
0.1499,,/% in grasses, 0.1329,,/% in shrubs, and 0.0879,,/% in
trees (Fig. S7b). In the middle reaches, only a weak negative sig-
nificant relationship between the 8°H offsets and temperature
(Figs 4a,b, S6a,b), and a weak positive relationship between the
8%H offsets and relative humidity (£<0.05; Figs S5a,b, S6a,b)
were found for shrubs (Figs 4a,b, S6a,b).
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Responses of plant water source §%H offsets to §'80 of
plant leaf water

There were significantly negative correlations of 8°H offsets with
bOth 6ISC)leaf (_0'099%0/%0) and AlsOLeaf—xylem (_0'148%0/%0)
based on 511 data pairs at the basin scale (Figs S3¢,d, S6¢,d). Sig-

nificantly negative relationships between the §°H offsets with
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Fig.2 Box-plot of species-specific plant water source 3*H offset of differ-
ent plant functional types in the Heihe River Basin. The SC, PV, SP, and SA
indicate grasses Stipa capillata Linn, Polygonum viviparum L., Stipa pur-
purea Griseb, and Sophora alopecuroides, respectively. PF, BA, RS, TR,
HA, and NT indicate shrubs Potentilla fruticosa L., Berberis amurensis,
Reaumuria soongorica Maxim, Tamarix ramosissima Ledeb, Haloxylon
ammodendron and Nitraria tangutorum Bobr, respectively. QS and PE
indicate trees Qinghai Spruce and Populus euphratica Oliv, respectively.
The error bars represent 1 SD.

8" Oleat (—0.197%0/%0) and A" Ot catayiem (—0.195%4/%,) were
also found in the upper reaches (Figs 4c,d, S6¢,d). However,
weak significantly positive correlations of the 8*H offsets with
8" Olear (—0.130%,/%,) and A0 eatytem (—0.101%4/%,) Were
found in the lower reaches (Figs 4c,d, S6¢,d).

Regarding different plant functional types, the correlations
between 8*H offset with 8'%0,.,r and AISOLCaf,Xylem of trees and
grasses were significantly negative, while shrubs were weak with
AlsoLeaf_xylem and not significant with 3'80)..¢ at the basin scale
(Fig. 3c,d). At the reach scale, trees (—0.1719,,/%,) and grasses
(—0.2749%,/%,) showed significant negative correlations with
8"80)up, and trees with AISOLeaf‘,XY]cm (—0.207%.,/%,) with low
explained variance in the upper reaches (Figs S4c,d, S6c¢,d).
In the lower reaches, 8*H offsets of shrubs had significantly
positive correlations with 8'*Oje,¢ (0.206%,/%,, P=0.033), and
8”H offsets of trees had significantly positive correlations with

A" O catrylem (0.121%4/%0, P=10.038) (Figs S5¢,d, S6¢,d).

Discussion

The plant water source 3°H offset

The isotopic composition of stem water sometimes does not
match any of the considered sources in the dual-isotope space
and xylem water samples plot well below the soil water line
in the 8'%0-8’H space (Renée Brooks er al, 2009; Evaristo
et al., 2017; Geris et al., 2017; Vargas et al, 2017; Wang
et al., 2017; Deurwaerder et al., 2018; Oerter & Bowen, 2019).
This suggested that hydrogen isotope fractionation may occur

© 2024 The Authors
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during root water uptake, or water transport/redistribution
within the plants (Lin & Sternberg, 1992; Ellsworth & Wil-
liams, 2007; Zhao et al, 2016; Evaristo et al., 2017; Geris
et al., 2017; Newberry et al., 2017; Vargas et al., 2017; Wang
et al., 2017; Deurwaerder et al., 2018; Barbeta et al., 2019, 2020;
Oerter & Bowen, 2019). Instead, xylem water samples plotting
close to the soil water line in the 8'*0~8”H space could indicate
the absence of fractionation during root water uptake, but could
also indicate the existence of opposed processes (e.g. depletion
compensated by evaporative enrichment). The xylem water
3'"®*0-8"H space below/above/on their potential water source
line (SW-excess/PWL-excess) in our study (Fig. S2) suggested
negative/positive/no fractionation in deuterium occurring during
root water uptake or water transport/redistribution in the inland
Heihe River Basin. We then used the plant water source 8*H off-
set (the 8*H offset) to reveal H fractionation direction and
strength (Barbeta et al., 2019; Li et al., 2021). We found different
8”H offset patterns among geographical environments and that
’H fractionation was a common phenomenon, with negative/
positive/no fractionation (Table 3). A previous study (Casa
et al., 2022) reported that the deviation in the isotopic composi-
tion of stem water from soil water varied substantially in size and
direction, but, on average, it was slightly more negative than soil
water. However, our results revealed that 8*H offset could be
negative, zero, and positive (Table 3). In the upper reaches (cold
and moist environment, Fig. S1), we found several interesting
phenomena: (1) significantly negative 3*H offset occurred during
the strong growth period from June to early August (Tables 2
and 3), suggesting that when temperature is the limiting factor,
the more active plant growth, the stronger transpirational water
loss (Vargas et al., 2017; Barbeta er al., 2020), the stronger H
fractionation; (2) significantly positive 8°H offset occurred dur-
ing minimum plant physiological activity with low temperature
(night temperature was below 4°C) during September, indicating
that positive fractionation occurs when plant physiological activ-
ity is at the minimum; (3) non-8?H offset was found during the
period with weak physiological activity at the end of August,
implying that when plant physiological activity is low, fractiona-
tion does not occur such as QS, PF and PV in the upper reaches;
(4) the zero, positive and negative 8%H offsets occurred in the
same species during their different growth periods such as PF in
the upper reaches, and no *H fractionation occurred in the same
species growing in different climatic conditions such as RS in the
middle reaches and lower reaches (Table 3). This was different
from the finding that 8%H offset was more negative in cold and
wet sites, whereas it was more positive in warm sites (Casa
et al., 2022). However, our results are consistent with the report
of Barbeta ¢t al. (2020) that regardless of substrate, soil, and stem
water 8°H were similar only near the permanent wilting point.
Under moist conditions, stem water 8°H was 11 & 3%, more
negative than soil water 8%H, and under drier conditions, stem
water 8°H became progressively more enriched than soil water
3H in the temperate tree species Fagus sylvatica (Barbeta
et al., 2020), which supported our three cases. For the middle
reaches, ¢. 44% of the cases show remarkable negative 5°H offsets
(Table 3), suggesting in this mountain front transitional zone
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Fig. 3 The correlations between the 8*H offsets and temperature (a), relative humidity (b), 5"80)eu¢ (0), and A1SOLeaf-Xerm (d) based on the plant functional
types (FTPs). The FTPs across the Heihe River Basin are classified into grasses, shrubs, and trees with differing colors and shapes. *, P<0.05; **, P<0.01;

*Hk% P <0.001; ns, not significant.

with a mild environment, climate imposed some impacts on the
occurrence of plant 8°H offsets. However, in warm-dry lower
reaches, . 82% exhibited negative 8%H offset, and we did not
find significantly positive 8*H offsets (Table 3), implying the
potential strong influence of climates on the §*H offset. In addi-
tion, the discovery of negative, zero, and positive 5°H offsets
(Table 3) is against the viewpoint from Chen et al. (2020) that
’H depletion is a common phenomenon, and is not necessarily
restricted to a particular habitat type. Also, the existence of zero
and positive 5°H offsets in multiple cases suggests that negative
offset is not necessarily all caused by cryogenic extraction (Chen
et al., 2020).

Species-specific variation in plant water source 5°H offset

In the present study, we sampled 12 plant species in total, includ-
ing six plant species in the upper reaches, four plant species in the

New Phytologist (2024) 241: 2009-2024
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middle reaches, and five plant species in the lower reaches
(Tables 2 and 3). In the upper reaches, for the tree Qinghai
Spruce (QS), shrub Potentilla fruticosa L. (PF), and grass Polygo-
num viviparum L. (PV), there are positive/zero/negative 5%H off-
set occurrences among the sites. These results revealed the varied
ranges in 8"H offsets of QS, PF, and PV depend on climate
rather than plant species under cold and wet conditions. How-
ever, for the grasses Stipa capillata Linn (SC) and Stipa purpurea
Griseb (SP), only negative 8°H offsets occurred (Table 3). In the
middle reaches, Tamarix ramosissima Ledeb (TR) exhibited a sig-
nificantly negative 5°H offset, and Reaumuria soongorica Maxim
(RS) exhibited a nonsignificant 8°H offset, while Haloxylon
ammodendron (HA) exhibited both significantly negative and
positive 8°H offset (Table 3). For the lower reaches, excluding
the RS with no *H fractionation, all other plant species showed
significantly negative 8°H offset (Table 3). From our results, the
8°H offsets of QS, PF, and PV in the upper reaches were positive,
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Fig. 4 Influences of temperature (a), relative humidity (b), 880 eaf (c), and A0 cat.xyiem (d) on 8”H offset of plants growing in the upper, middle, and
lower reaches. The upper, middle, and lower reaches are shown with differing colors and shapes. The R? describes the goodness of the linear model. The
regression functions and sample numbers are also shown. *, P <0.05; **, P<0.01; ***, P <0.001; ns, not significant.

zero, and negative; the 8*H offsets of HA in the middle were
positive and negative, and in the lower reaches were negative, sug-
gesting the 8°H offsets were affected by climatic factors. How-
ever, the 8°H offsets of SC in the upper reaches and of TR in the
middle and lower reaches were negative, and of RS in the middle
and lower reaches were near zero, which may be dependent on
the plant species (Table 3). Our results reveal that varied ranges
in 8°H offsets depend on both plant species and climate, but with
no clear plant functional type dependence (Fig. 2). For the trees,
QS exhibited a large range but less 8°H offset compared to Popu-
lus euphratica (PE), which may relate to difference in their eco-
physiological characteristics (evergreen-needle vs deciduous
broadleaf trees) and growth environment in the upper reaches
and the lower reaches, respectively. For the six shrubs investi-
gated, TR showed the strongest 8%H offsets, followed by HA,
while RS showed no 2H fractionation. For the other three shrubs,
slight positive 3°H offsets were revealed. For four grass species,

© 2024 The Authors

New Phytologist © 2024 New Phytologist Foundation

except PV, 75% of species exhibit obviously negative 8°H offsets
(Fig. 2).

Effects of climate on plant water source 8°H offset at
different spatial scales

Pairwise regression analyses between the 8*H offset and climate
(temperature and relative humidity) across the plant functional
types support strong and coherent effects related to climates
(Figs 3a,b, 4a,b, S3a,b, S4a,b, S5a,b, S6a,b).

At the entire basin scale, compared to the positive relationships
between 8*H offset and relative humidity (R*=0.11, P<0.001,
n=0635), stronger significantly negative relationships between
8*H offset and temperature (R=0.23, P<0.001, n=0635;
Fig. S3a,b) revealed that the effects of temperature are
much stronger on “H fractionation compared to that of
relative humidity. This indicated the stronger contribution
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ecophysiological and
biochemical processes in 2H fractionation than that from stoma-
tal regulation related to air humidity. Our results contrasted with

in temperature-dependent

the positive relationship between 8*H offset and temperature
with extremely low explained variances at a global scale (Casa
et al., 2022). In addition, the climatic effects on 8*H offset also
suggest that methodological artifacts are unlikely to be the sole
cause of observed isotopic offset (Casa ez al., 2022).

At the reach scale, significantly negative relationships between
8”H offsets and temperature in the upper and middle reaches
with a sharp decrease of the slopes from the upper to lower
reaches were observed (Fig. 4a). By contrast, only significantly
positive relationships between 8°H offsets and relative humidity
(0.115%,/%) in the upper reaches (Fig. 4b) revealed the reduced
dependence of the 8*H offset on temperature and relative humid-
ity from the upper to lower reaches. In addition, we found a sig-
nificantly negative exponent correlation (R =0.67, P<0.001)
between temperature and relative humidity (Fig. S7), suggesting
some nonlinear superimposed effects of these two parameters on
8°H offsets.

Regarding plant functional types, for temperature, differences
in 8°H offset dependence on temperature among plant func-
tional types were minor with similar slopes and explained var-
iance from the upper to lower reaches (Fig. 3a), which were
consistent with the previous report (Casa et al., 2022) that the
8"H offset did not differ between angiosperms and gymnos-
perms, nor among growth forms (trees, shrubs and nonwoody
plants), leaf habit (deciduous, evergreen, or semi-deciduous) or
leaf shape (broad or narrow). For relative humidity, there was a
relatively weak connection with 8*H offset (R =0.063 -«
0.178, Fig. 3b). However, the substantial linkages between
temperature (negative)/relative humidity (positive) and S*H off-
set are coherent and confirmed among plant functional types
(Fig. S7). In the cold-moist upper reaches, the 8*H offset of
trees, shrubs, and grasses showed significant negative correla-
tions with temperature and positive correlations with relative
humidity, with the response rate followed as grass
(—0.7019,/°C and 0.149%,/%), shrub (—0.672%,/°C and
0.1329%,/%) and tree (—0.380%,/°C and 0.0879,/%)
(Fig. S6a,b). These results further revealed the °H offset
dependence on both temperature and relative humidity, indi-
cating the degree of *H fractionation of herbaceous plants has
the fastest response to temperature and relative humidity, fol-
lowed by shrubs and trees under cold-moist environment. The
reasons need to be further studied. In the middle reaches,
the weak effects of temperature and relative humidity on the
8?H offsets (Figs 4a,b, S6a,b) revealed the 82H offset’s depen-
dence on temperature and relative humidity decreasing gradu-
ally under the dry environments. For the lower reaches, the
weak relationship between 8°H offset of trees and relative
humidity (£<0.05) (Figs S5a,b, S6a,b) implied the complex
effects of temperature and relative humidity on *H fractiona-
tion under extreme dry conditions. Considering these correla-
tion patterns along the entire basin, we proposed that climate
conditions imposed stronger influences on the plant water
source 5°H offsets than plant functional type.

New Phytologist (2024) 241: 20092024
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Linkages between transpiration demand and plant water
source 8°H offset

Leaf water becomes enriched in the heavy isotopes “H and '*O
compared to the water entering the roots as a result of transpira-
tion (Gonfiantini et al, 1965). Therefore, we used observations
of leaf water 8'®O.,¢ and difference of leaf water 5'%0 and xylem
water 8'%0 (AlsoLeaf_xylem) to explore the connections between
the 8°H offset and plant transpiration demand (Figs 3c,d, 4c,d,
S3c,d, S4c,d, S5¢,d, S6¢,d).

On the basin and reach scales, the significantly negative corre-
lations between 8*H offsets and 81801eaf/ALeaf_xylem across the
entire basin (Fig. S3¢,d) and in the upper reaches (Fig. 4c,d)
revealed that the stronger '*O enrichment in leaf water through
transpiration, the stronger negative 8°H fractionation (Larcher
et al., 2015; Barbeta ez al, 2020; Casa et al, 2022; Ellsworth
et al., 2023). No significant correlations between the §°H offset
with SISO]Caf/AISOLeaf_,{ylem were found in the middle reaches
with relatively dry conditions, while significantly positive correla-
tions were found in the lower reaches (Fig. 4c,d), indicating high
transpiration resulted in a more positive 5°H offset under extre-
mely hot-dry conditions. It is interesting that the reverse correla-
tions of 8°H offsets with SISO]eaf/AISOLeaf_Xylem were found in
the upper reaches (negative) with a cold-moist environment and
in the lower reaches (positive) with an extremely hot-dry environ-
ment (Fig. 4c,d). These results suggested that the substantial
effect of climate on the 3°H offset was achieved by affecting leaf
transpiration. For example, temperature affects 5°H offsets (sig-
nificant negative relationship) likely through controlling leaf
transpiration via vapor pressure deficit (i.e. usually vapor pressure
deficit increases with increasing temperature) in the upper cold
and wet environment (Larcher ez 2/, 2015; Barbeta ez al., 2020;
Casa et al., 2022; Ellsworth et al, 2023). While in the lower
reaches with an extremely hot-dry environment, low air humidity
(low relative humidity and high vapor pressure deficit) drives
plant transpiration accordingly (increased, even at a constant sto-
matal conductance) affecting the 8°H offset.

Regarding plant functional types, the significantly negative
correlations between 8°H offset with 8'80,.,¢ and AISOLeafAXy]em
of trees and grasses at the basin scale (Figs 3c,d, S6¢,d), and
between 87H offset with 8'%0).,¢ of trees and grasses, and with
AlsOLeaf,Xylem of tree in the upper reaches (Figs S4c,d, S6¢,d)
suggested that strong transpiration results in the greater 8°H off-
set. In the lower reaches, weak positive correlations between §*H
offsets of shrubs with 8'®0y.,¢ (P=0.033) and of trees with
A"O1 caf rytem (P=0.038) (Figs S5c,d, S6¢,d) implied that high
temperature and low humidity environment affected *H fractio-
nation by limiting transpiration. Thus, for plant functional type,
the effect of transpiration on 8°H offsets was affected by climatic
conditions at both basin and reach scales.

The effects of multi-factors on plant water source §°H
offsets

From the upper to middle to lower reaches, annual mean tem-
perature ranges between —2.9°C and 8.9°C, and precipitation
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Fig.5 Conceptual diagram showing the environmental background and potential contribution of climate factors on plant water source 3?H offset across
the inland Heihe River Basin. The averaged climate conditions are calculated based on the nearby meteorological stations covering the common period
1960-2012 (upper reaches, Yeniugou; middle reaches, Zhangye; lower reaches, Ejina). From the upper reaches to the lower reaches, the climate varies
from cool-moist to warm-dry, which potentially impacts the 3°H offset. The direct and indirect effects of climate and physiological parameters on plant

water source 82H offset for the entire basin and each reach are depicted from the structure equation model (SEM). Continuous arrows indicate the relation-
ships are significant at the P<0.05. A dashed line indicates relationships are not significant. The double line arrows with dark red and green arrows indicate
the positive and negative relationships, respectively. Numbers next to the paths indicate the effect size (standardized path coefficients, analogous to partial
regression weights). Overall goodness-of-fit tests (Comparative Fit Index (cfi), Standardized Root Mean Square Residual (srmr), and Rooted Mean Square

Error of Approximation (rmsea)) are shown to guarantee an acceptable fit at the left bottom of each model. In particular, 5'8Oje.¢ is not included in SEM
due to co-varying with A“SO.eaf_xy,em. Panel (a), (b), (c), and (d) represent the upper, middle, lower, and entire basin, respectively. **, P<0.01; ***,

P<0.001.

between 34 and 416 mm, respectively (Fig. 5). This indicates a
strong climate gradient in thermo-moisture coupling stress on
plant ecophysiological activities. To consider the potential lin-
kages and interactions between climatic parameters, habitat, and
plant transpiration, we used the Structural Equation Model
(SEM) to evaluate the linkages between plant water source &°H
offsets and each parameter (i.e. temperature, relative humidity,
and AISOLeaf_Xylcm) at the basin and reach scales. The SEM ana-
lyses revealed that there were varied relationships between cli-
mate, AISOLeaf_Xylem, and 8°H offsets under different climatic
conditions and different spatial scales. If we use AISOLCaf_Xylem as
a measure of transpiration, plant leaf transpiration is primarily
driven by temperature and air humidity, resulting in the hydro-
gen isotopic fractionation under different climatic conditions
(Fig. 5). Only temperature impacted the §°H offsets significantly
and positively (the higher the temperature, the more negative
8°H offsets) in the upper reaches (Fig. 5a). Both A0 et “Xylem
(positive relationship) and 8°H offsets (negative relationship)
were affected by temperature at the basin scale (Fig. 5d). How-
ever, in the middle and lower reaches, both AISOLeaf_Xy]em
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(negative relationship) and 8*H offsets (positive relationship)
were affected by relative humidity, and positive correlations
of AlgoLeaf_Xy]em and 8%H offsets with relative humidity were
found (Fig. 5b,c). In addition, negative relationships between
AISOLeaf_Xylem and relative humidity were found in the entire
basin, the upper, middle, and lower reaches (Fig. 5a—d). Our
results revealed that the effects of temperature and relative
humidity on AlsoLeaf_Xy]em and 82H offsets varied with climate
and spatial scales. Generally, increased temperature promotes
plant leaf transpiration thereby increasing AISOLeaf_Xylem (Cernu-
sak et al., 2022; Ellsworth et al., 2023). An increase in the tran-
spiration rate also leads to an increase in the 8°H offset (Vargas
et al., 2017; Barbeta et al., 2020), which was consistent with our
results that temperature promotes plant leaf transpiration, then
leads to the more negative 5°H offsets in the upper reaches and
the entire basin scales under the conditions where temperature is
the main impacting factor. In the middle and lower reaches, simi-
lar patterns that linked the relative humidity/AISOLeaf,Xylem and
8%H offsets were revealed, with stronger effects on the 8%H offsets
in the lower reaches under the extremely arid environment
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(Fig. 5b,c). Relative humidity may have two ways to alter the
8"H offsets: one is the positive direct linkage between relative
humidity and the 8°H offsets, and another is that it can alter
the AISOLeaf,X},lem through the regulation of transpiration by
dynamic adjustment in stomata conductance and leaf water 5'%0
(Cernusak er al., 2022). In an extremely arid environment such
as the middle and lower reaches, the linkages between relative
humidity, the 8°H offsets, and AISOLeaf_xylem were strong. This
may be related to direct relative humidity control on transpira-
tion, or impacts of relative humidity and temperature on tran-
spiration, with respect to the AlsoLeaf_xylem and 880 car warer
(Cernusak er al., 2022). Previous studies also reported signifi-
cantly positive relationships between transpirational water loss
and isotope fractionation of soil-plant stem water for Persea

New
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americana (Vargas et al., 2017; Barbeta et al., 2020), significant
linear relationships between transpiration rate and oxygen isotope
enrichment of leaf water above (Ellsworth
et al., 2023) and that leaf water §'*O was more closely correlated
with air relative humidity (Cernusak ez 4/, 2022). From the basin
perspective, linkages between climates/ AISOLCaf_Xy]em and &%H

source water

offset represent the integrated features across the environmental
gradient (Fig. 5d), masking the local spatial differences. It is pos-
sible that A"®O of ambient water vapor also influences the §*H
offsets, and this influence requires future investigations. It also
remains unclear what is the predominant bio-physical mechan-
ism of the 8*H offset, which is not only driven by environmental
variables such as temperature and vapor pressure deficit/relative
humidity but is also driven by plant characteristics, processes at
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the soil-root interface, the different degree of aquaporin
mediated water transport in different species and the mixing of
water sources in the plants. We noted that the total explained var-
iance of climate and AISOLeaf,xylem in SEM results ranged from
11% of the lower reaches to 33% of the upper reaches (Fig. 5),
suggesting that there is much room to clarify the detailed pro-
cesses about the 8°H offset occurring in plants growing along this
natural climatic gradient. We thus recommend further investiga-
tions about *H isotope fractionation processes which are related
to the species-specific metabolism and hydraulic drivers.

Implications of different correction methods to calculate
plant water source 3°H offsets

Assuming no 180 fractionation To assess whether there was a
hydrogen isotopic offset between plant water source and its
potential sources (8°H offser) using different methods, the line-
conditioned excess (LC-excess = 8°H — 48'%0 — 4) of Landwehr
& Coplen (2004), the modified equation about SW-excess (Bar-
beta et al., 2019) and PWL-excess (Li et al., 2021) were proposed

Negative fractionation

Research

assuming no oxygen isotopic fractionation occurs during root
water uptake (Zhao er al.,, 2016). Here we used the difference
between LC-excess and the SW/PWL-excess (A of 8°H offset
Lc-sw/pwL) to indicate the discrepancy. When plants only use soil
water, the slope and intercept of SW-excess are lower than that of
LMWL due to evaporation of soil water, and a more accurate off-
set value can be obtained by SW-excess correction (Fig. S8a). In
addition, the differences between 8*H offset-based LC-excess and
8"H offset-based SW-excess are related to positive and negative
fractionation occurrences (Fig. S8a). When plants use both soil
water and groundwater, although there were significant differ-
ences between 8°H offset-based LC-excess and 8*H offset-based
SW-excess, the 8°H offset PWL-excess tended to be close to the
3'80-5°H diagram of groundwater (Fig. S8b—g). This tendency
is related to the position of the xylem water which is positioned
above/below/on LC-excess in a 8'30-8°H diagram (Fig. S8b-g).
Our results also supported the best performance of the PWL-
excess correction method (Li et al, 2021). As shown in Fig. 6,
except for two sites, compared with SW-excess, the correction
results with LC-excess presented a significantly negative

Positive fractionation
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Fig. 7 The 8%H offset assessment considering the negative (a) and positive (b) 'O fractionation. Note: The numbers in the brackets indicate the corrected
values by the two above methods when "80 fractionations are —2 (a) and +29, (b) according to the results of Vargas et al. (2017), respectively. The LC-
excess, SW-excess, and PWL-excess indicate the line-conditioned excess (LC-excess = 8°H —a x 8'80 — b, the a and b correspond to the slope and intercept
of the LMWL, respectively), the soil water evaporated line (SW-excess = 82H — a, x 8'80 — bg: the as and b, are the slope and intercept of the soil water line
for a given plot and date, respectively) and potential water source line (PWL-excess = 8"H — ap,, x 820 — byy: the a,,, and by, are the slope and intercept
of the soil water and groundwater line for a given plot and date, respectively), respectively. The dark red and dark blue arrows represent ag/agy x A'®0
and a x A"®0, respectively. The dark red and dark green brackets represent SW-excess and LC-excess, respectively. The error bars represent 1 SD.
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deviation, with the maximum deviation (—35.29%,) found in the
upper reaches (Fig. 6a). In the middle reaches, except for three
sites, the same pattern was found with a maximum deviation of
—39.2%, (M4-12 for RS) (Fig. 6b). However, in the lower
reaches, compared with SW-excess, LC-excess showed both posi-
tive deviation (11.29%,) and negative deviation (—28.8Y,,)
(Fig. 6¢). These results revealed that to obtain the true xylem
water 8°H values, we need to consider more potential water
source to correct the hydrogen isotope fractionation in further
studies.

Assuming 180 fractionation Fora non-xerophytic species, Persea
americana, Vargas et al. (2017) reported that discrimination occurs
against both H and "0 and concluded that the most plausible
fractionation mechanisms occurred at the soil-root interface. They
found that Persea americana plants discriminated against the hea-
vier hydrogen isotopes ¢. 10 times more than oxygen isotopes dut-
ing water uptake. This discrimination increased and depended on
soil water loss, porosity, and particle size. According to the assess-
ment of the 3°H offset between plant xylem water and its potential
sources such as LC-excess=8"H — 2 x 8'%0 — 4 (Landwehr &
Coplen, 2004), SW-excess= 3H — 4, x38"0 — b, (Barbeta
et al, 2019) and PWL-excess=8"H iy X d180 — b
(Li et al., 2021), if there is negative (Vargas ez al., 2017) or positive
(this study) '®O fractionation, the 3°H offset were calculated by
the slopes (4, 4, and 4,,,) and A"0. It should be underestimated as
ax A0, 4, x A0 and Ay X A0 (Fig. 7). In order to elimi-
nate the influence of '®0 fractionation, the 8°H offsets should be
calculated through LC-excess=8"H — a2 x (830 +AB0) — b,
SW-excess=8"H — 4, x (8"80+A'®0) — 4, and PWL-excess =
&°H — iy X (3"0 +A™0) - b based on the previous methods

in the future studies if 'O fractionation was estimated (Fig. 7).

Concluding remarks

Building on an extensive field data set, this study identified nega-
tive, positive, or zero 8°H offsets in different geographical envir-
onments, and confirmed that *H fractionation was a common
phenomenon during water uptake via roots and subsequent redis-
tributions. The degree of &’H offset depends on plant species,
plant growth state, and climatic factors such as temperature and
relative humidity. Different methods to correct 8*H offset of
stem water are performed differently under various water source
conditions. In addition, our study suggests that methods used to
correct the 8°H offsets should consider the multiple potential
water sources rather than the local meteoric water line alone. Our
findings have significant implications for isotope-based ecohydro-
logical and paleoclimate investigations.
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Fig. S2 The 5'%0-8H isotope plots of xylem water and plant
potential water sources across the Heihe River Basin.

Fig. S3 Influences of temperature, relative humidity, 8180 eur
and AISOme_Xylem on 8*H offset of plants.

Fig. S4 Transpiration sensitivity of 8°H offset dependent on the
plant function types in the upper reaches.

Fig. S5 Transpiration sensitivity of 5°H offset dependent on the
plant function types in the lower reaches.

Fig. S6 Sensitivity of plant water source 8°H offsets to climate
and transpiration at different scales.
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Fig. S7 Relationships between temperature and air relative

humidity during the sampling period.

Fig. S8 The schematic diagram of different corrected methods to
attain 8H offset.

Methods S1 Additional field sampling details.
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