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Abstract 23 

Stable oxygen and hydrogen isotopes (δ18O and δ2H) of leaf water which bridges 24 

between hydrological processes and plant-derived organic materials vary spatially and 25 

temporally. It is critical to study what controls the δ18O and δ2H values of leaf water for 26 

a wide range of applications. Here, we repeatedly sampled soil water, stem water, and 27 

leaf water along an elevation transect across seasons on the Chinese Loess Plateau and 28 

analyzed the variations in the δ18O and δ2H values from precipitation, soil water, stem 29 

water, and leaf water. We found consistency in the δ18O and δ2H values in precipitation, 30 

soil water, stem water, and leaf water across seasons, indicating that leaf water can 31 

record the isotopic signals of precipitation well. Importantly, leaf water isotope lines 32 

were generated by the first-order control of source water (soil water and precipitation) 33 

associated with seasonality and altitude, as well as the secondary control of 34 

hydroclimate and biochemical factors resulting in weak correlations of the δ18O and 35 

δ2H values in leaf water. This study improves our understanding of the generation of 36 

leaf water isotopes.   37 

     38 

Short Summary  39 

Why do leaf water isotopes can generate to be an isotopic line in a dual-isotope plot? 40 

This isotopic water line is as important as the local meteoric water line (LMWL) in the 41 

isotope ecohydrology field. We analyzed the variations of oxygen and hydrogen 42 

isotopes in soil water, stem water, and leaf water along an elevation transect across 43 

seasons. We found that both seasonality and altitude affecting source water are likely 44 
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to result in the generation of an isotopic water line in leaf water.  45 

 46 

Keywords: Leaf water, stable isotope, controls, seasonality, altitude 47 

 48 

1 Introduction 49 

The stable isotope compositions of water (δ18O and δ2H) are increasingly used as 50 

powerful tracers to follow the movement of water from its input as precipitation, 51 

movement through the soil, and ultimately to its release as soil evaporation and leaf 52 

transpiration (Mook, 2001; Penna and Meerveld, 2019). Leaf water transpiration plays 53 

a key role in regulating the water balance at scales ranging from catchments to the globe. 54 

Terrestrial plants can enrich heavier isotopes (2H and 18O) in leaf water due to 55 

evapotranspiration (Helliker and Ehleinger, 2000; Liu et al., 2015; Cernusak et al., 56 

2016), which is highly dependent on atmospheric conditions (e.g., temperature and 57 

relative humidity) and biophysiological processes (Farquhar et al., 2007; Kahmen et al., 58 

2011; Cernusak et al., 2016). Subsequently, the isotope signals of leaf water are 59 

integrated into plant organic materials, such as cellulose (e.g., Barbour, 2007; Lehman 60 

et al., 2017) and leaf wax (Liu et al., 2016, 2021) as powerful proxies used for 61 

paleoclimate reconstruction (Pagani et al., 2006; Schefuβ et al., 2011; Hepp et al., 62 

2020). Therefore, leaf water δ18O and δ2H values (δ18Olw and δ2Hlw) are the fundamental 63 

parameters required for an in-depth understanding of these plant organic biomarkers in 64 

paleoclimate contexts.  65 

 66 
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δ18Olw and δ2Hlw values are influenced first by the plant’s source water (mainly water 67 

taken up by roots from the soil; Munksgaard et al., 2016; Cernusak et al., 2016). Soil 68 

water for terrestrial plants generally originates from local precipitation, which serves as 69 

a critical component of the water cycle. Precipitation isotopes vary spatially and 70 

temporally, being subject to controls by the temperature, altitude, latitude, distance from 71 

the coast, and amount of precipitation (Bowen, 2010; Bowen and Good, 2015; Cernusak 72 

et al., 2016). Soil water isotopes are determined by a mixture of individual precipitation 73 

events with distinct isotope signals and are also affected by evaporation, both of which 74 

lead to isotopic gradients of soil water with depth (Allison et al., 1983; Liu et al., 2015). 75 

A number of studies have shown that the δ18O and δ2H values of root/xylem water can 76 

be used to characterize the water sources used by plants (Jia et al., 2013; Rothfuss and 77 

Javaux, 2017; Wu et al., 2018; Wang et al., 2019; Amin et al., 2020; Zhao et al., 2020; 78 

Liu et al., 2021a), and these studies rested on an assumption that no isotope 79 

fractionations of δ18O and δ2H values occurred during water uptake by plant roots 80 

(Dawson and Ehleringer, 1991; Ehleringer and Dawson, 1992; Chen et al., 2020), 81 

except in saline or xeric environments (Lin and Sternberg, 1993; Ellsworth and 82 

Williams, 2007). Some recent studies showed, however, that the occurrence of isotopic 83 

fractionation during root water uptake was likely more common, especially regarding 84 

the δ2H values (Zhao et al., 2016; Wang et al., 2017; Barbeta et al., 2019; Poca et al., 85 

2019; Liu et al., 2021a). Therefore, studying the isotopic variations in the water 86 

continuum from precipitation, soil water, stem water, to leaf water will help provide 87 

substantial insight into understanding the spatiotemporal variations in leaf water 88 
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isotopes. 89 

 90 

In addition to being influenced by plant source water, δ18Olw and δ2Hlw values are 91 

influenced by the evaporative process of transpiration and the isotopic composition of 92 

the vapour in the atmosphere surrounding the leaf, the influences of which can be 93 

predicted using the Craig-Gordon model (Craig and Gordon, 1965), which has been 94 

modified for leaves under steady-state conditions (Dongmann et al., 1974; Farquhar et 95 

al.,1989; Farquhar and Cernusak, 2005): 96 

∆𝑒= 휀+ + 휀𝑘 + (∆𝑣 − 휀𝑘)
𝑒𝑎
𝑒𝑖

 97 

where ∆𝑒 is the enrichment of evaporative site water above source water, 휀+ is the 98 

equilibrium fractionation between liquid water and vapour, 휀𝑘  is the kinetic 99 

fractionation during the diffusion of vapour through the stomata and the boundary layer, 100 

∆𝑣 is the isotopic enrichment of vapour compared to source water, and (
𝑒𝑎

𝑒𝑖
) is the ratio 101 

of the water vapour pressure fraction in the air relative to that in the intercellular spaces, 102 

which is equal to the relative humidity in the air. However, the model fails to explain 103 

the intra-leaf heterogeneity of δ18Olw and δ2Hlw (Cernusak et al., 2016; Liu et al., 2021b), 104 

which is currently explained by a two-pool model (Leaney et al., 1985; Song et al., 105 

2015a) and/or an advection-diffusion model, as the Péclet effect (Farquhar and Lloyd, 106 

1993; Farquhar and Gan, 2003). Subsequently, more complicated models under non-107 

steady-state conditions have been developed (Cuntz et al., 2007; Ogée et al., 2007). 108 

These models emphasize on a mechanistic understanding of leaf water isotopic 109 

fractionation, but under natural conditions, the relevant parameters cannot be strictly 110 
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constrained or precisely monitored which hinders the uses of these models (Plavcová 111 

et al., 2018). Thus, the relationships between δ18Olw and/or δ2Hlw and geo-climate 112 

factors critically need to be resolved.   113 

 114 

In this study, we measured the δ18Olw and δ2Hlw values of precipitation, soil water, stem 115 

water, and leaf water along an elevation transect across different seasons (i.e., spring, 116 

summer, autumn). The objectives of our study were to better understand the seasonal 117 

patterns of the leaf water δ18Olw and δ2Hlw values, and the controls of altitude and 118 

seasonality on the δ18Olw and δ2Hlw values of leaf water generation. The results can help 119 

to qualitatively and quantitatively evaluate the leaf water-based transpiration flux in 120 

ecohydrological processes and the accuracy of plant organic biomarkers in natural 121 

archives since they provide an insight into potential controls on leaf water isotopic 122 

generation.  123 

 124 

2 Materials and Methods 125 

2.1 Study area  126 

The Qinling Mountains form the dividing line between northern and southern China 127 

and mark the boundary between the watersheds of the Yellow River and Yangtze River 128 

valleys. Mt. Taibai (Fig. 1; 33. 96◦ N, 107.77◦ E; 3767 m asl) is the peak of the Qinling 129 

Mountains, with a warm temperate ecosystem characterized by a rich and colourful 130 

flora and fauna. The mean annual temperature at the bottom of Mt. Taibai is 12.9°C, 131 

and the mean annual precipitation is 609.5 mm (Zhang and Liu, 2010). The climate, 132 
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soil, and vegetation vary significantly along the slope transect, exhibiting vertical geo-133 

ecological zonation (Fig. 1), which includes a variety of climate zones: warm temperate 134 

(< 1300 m), temperate (1300 ~ 2600 m), cool temperate (2600 ~ 3350 m), and alpine (> 135 

3350 m). The soil background covers yellow loess soil at low elevations, spectacular 136 

rocky outcrops at middle elevations, and glacial remnants at high elevations; and the 137 

vegetation consists mainly of coniferous and broadleaf forests, and alpine and subalpine 138 

vegetation along the transect. 139 

2.2 Sampling strategy 140 

Plant and soil samples were performed in May, July and September 2020, and the 141 

samples were collected from ten plots (3 × 3 m) along the northern slope of Mt. Taibai 142 

extending from 608 m to 3533 m asl (Fig. 1). One or two plant species were 143 

simultaneously collected; plant species were chose if they had a high abundance in the 144 

community and/or were widely distributed for each plot. For plants, three stem and leaf 145 

samples were collected for each species. Intact leaves with minimal damage were 146 

collected from fully sunlit canopy branches considering the likely isotopic gradients 147 

within a leaf (Liu et al., 2016). Suberized twigs were cut into 3-4 cm segments as a 148 

sample, and these small plant segments were immediately placed into capped glass vials. 149 

For soils, three surface soil samples (less than 10 cm) around the sampling plants were 150 

taken using a small metal scoop. All sampled plots were located on slopes far away 151 

from rivers and surface water bodies, which guaranteed that the soil water in each plot 152 

was derived exclusively from precipitation. Although the surface soil layers were only 153 

collected in this study, these samples provided a comparative reference for soil water 154 
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that originated from surface water instead of deep water, which is supported by a prior 155 

study conducted at the same elevation transect (Zhang and Liu, 2010). The soil samples 156 

were tightly sealed in a polyethylene zipper bag on site. All plant and soil samples were 157 

frozen in a cooler (~ 4 °C) in the field and immediately transported to the laboratory. 158 

The altitude of each plot was determined using a handheld GPS unit with an error of ± 159 

5 m.  160 

2.3 Isotopic analyses 161 

Water in plant and soil samples was extracted using an automatic cryogenic vacuum 162 

extraction system (LI-2100 Pro, LICA United Technology Limited, Beijing, China). 163 

The auto-extraction process was set for 3 hours, and the extraction rate of water from 164 

samples was more than 98%. The isotopic composition of soil water was measured 165 

using a Picarro L2130-I isotope water analyzer (Sunnyvale, CA, USA) at the State Key 166 

Laboratory of Loess and Quaternary Geology, Institute of Earth Environment, Chinese 167 

Academy of Science. The analytical accuracies were ± 0.1‰ for δ18O and ± 1‰ for 168 

δ2H. The isotopic measurements of root and leaf waters were conducted using an 169 

isotope ratio mass spectrometer coupled with a high-temperature conversion elemental 170 

analyzer (HT2000 EA-IRMS, Delta V Advantage; Thermo Fisher Scientific, Inc. USA) 171 

in Huake Precision Stable Isotope Laboratory at the campus of Tsinghua University 172 

Shenzhen International Graduation School. The measurement precisions were ± 0.2‰ 173 

and ± 1‰ for δ18O and δ2H, respectively. The isotopic composition of δ18O and δ2H is 174 

expressed as an isotope ratio:  175 

δ𝑠𝑎𝑚𝑝𝑙𝑒(‰) = (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒−𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
) × 1000      (1) 176 
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where 𝛿𝑠𝑎𝑚𝑝𝑙𝑒 represents δ18O or δ2H, and 𝑅𝑠𝑎𝑚𝑝𝑙𝑒 and 𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 indicate the ratio 177 

of 18O/16O or 2H/1H of the sample and standard, respectively. The δ18O and δ2H values 178 

are reported relative to the Vienna mean standard ocean water (VSMOW). The δ18O 179 

and δ2H values of precipitation were determined by the Online Isotope in Precipitation 180 

Calculator (Bowen and Revenaugh, 2003).  181 

2.4 Data analysis 182 

Statistical analyses (e.g., mean, max., min., and s.d.) for isotopes of precipitation, soil, 183 

stem and leaf waters were performed to show the range and distribution of δ18O and 184 

δ2H. Pearson correlation was conducted to describe the various correlations between 185 

δ18O and δ2H among the different water types (e.g., precipitation, soil water, stem water, 186 

and leaf water) because the isotopic data were normally distributed according to the 187 

Kolmogorov-Smirnov (K-S) test. One-way ANOVA combined with a post hoc Tukey’s 188 

least significant difference (LSD) test was performed to identify the significant 189 

differences in isotopic compositions of precipitation, soil, stem, and leaf waters across 190 

months. Comparisons of the relationships of δ18O and δ2H for soil water and leaf water 191 

were performed by using analysis of covariance (ANCOVA) to compare slopes across 192 

months. The significance level for all statistical tests was set to the 95% confidence 193 

interval. Moreover, the Hybrid Single-Particle Lagrangian Integrated Trajectory 194 

(HYSPLIT) model (Draxler and Rolph, 2003) was used to perform air mass back-195 

trajectory calculations for a central site (34.13°N, 107.83°E, 2270 m asl) of the study 196 

area. Trajectories were initiated four times daily (at 00:00, 06:00, 12:00, and 18:00 UTC) 197 

and their air parcel was released at 2300 m asl for May, July and September 2020 and 198 
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moved backward by winds for 120 h (5 days). 199 

 200 

3 Results 201 

3.1 Seasonal variations  202 

The δ18O and δ2H values in precipitation, soil water, stem water, and leaf water varied 203 

significantly among them across months (Fig. 2). The δ18O values of precipitation, soil 204 

water, stem water, and leaf water were -7.7 ± 2.0‰, -3.8 ± 3.4‰, 1.9 ± 4.2‰, and 4.7 205 

± 3.0‰ in May, -9.1 ± 1.4‰, -11.5 ± 1.3‰, 3.4 ± 2.6‰, and 1.4 ± 4.1‰ in July, and -206 

9.5 ± 1.5‰, -11.6 ± 1.3‰, 7.5 ± 6.7‰, and 9.7 ± 5.6‰ in September, respectively. 207 

Likewise, the δ2H values of precipitation, soil water, stem water, and leaf water were -208 

50.7 ± 13.9‰, -47.1 ± 10.5‰, -31.6 ± 20.3‰, and -18.2 ± 14.5‰ in May, -63.0 ± 9.7‰, 209 

-92.1 ± 9.9‰, -69.9 ± 15.2‰, and -54.4 ± 12.8‰ in July, and -66.4 ± 10.6‰, -87.7 ± 210 

11.9‰, -84.5 ± 25.2‰, and -97.0 ± 28.0‰ in September, respectively. Both the δ18O 211 

and δ2H values for all four water types (i.e., precipitation, soil water, stem water, and 212 

leaf water) were significantly different (p < 0.05), exhibiting relatively heavier values 213 

in May, intermediate values in July, and lower values in September, except for the δ18O 214 

values in soil water (Fig. 2).   215 

3.2 Correlations of δ18O and δ2H values 216 

Significant correlations of the δ18O and δ2H values in different water types were 217 

observed across months (Fig. 3). The local meteoric water lines (LMWLs) were 218 

obtained from the δ18O and δ2H values of precipitation, in which of the slopes and 219 

intercepts varied slightly across months (7.04, 6.79 and 6.85 for slopes and 3.26, -1.12 220 
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and -1.42 for intercepts in May, July and September, respectively). Similarly, the 221 

regression lines of the δ18O and δ2H values from soil water, stem water, and leaf water 222 

were observed (Fig. 3), suggesting that leaf water isotopes could well inherit the 223 

isotopic signals of source waters that originated from stem water, soil water, and 224 

ultimately precipitation. However, the slopes and coefficients of determination (R2) of 225 

the δ18O and δ2H values showed consistent decreasing trends from precipitation, soil 226 

water, stem water and leaf water in all three months, except for soil water in May (Fig. 227 

3). The ANCOVA tests showed no significant differences for the regression lines for 228 

precipitation (df = 0.47, F = 2.49, p = 0.11 > 0.05), stem water (df = 53.2, F = 0.42, p 229 

= 0.66 > 0.05), and leaf water (df = 437.3, F = 2.78, p = 0.08 > 0.05) across months, 230 

but a significant difference for soil water across months (df = 308.8, F = 10.9, p < 0.05). 231 

The difference in soil water regression lines across months was probably due to the 232 

mixture of various precipitation events and evaporation in the upper soil layers (Yang 233 

and Fu, 2017). 234 

3.3 Altitude effects  235 

Both the δ18O and δ2H values in precipitation and soil water decreased significantly 236 

with an increase of altitude (Fig. 4; all for R2 > 0.37, p < 0.05). Stem water and leaf 237 

water showed decreasing trends for δ2H in July (R2 = 0.82 and 0.43) and for δ18O (R2 238 

= 0.61 and 0.44) and δ2H values (R2 = 0.84 and 0.90) in September; in contrast, there 239 

were nonsignificant correlations between isotopes in stem water and leaf water and 240 

altitude for δ18O values in July and for both δ18O and δ2H values in September (Fig. 4). 241 

 242 
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4 Discussion 243 

4.1 Consistent variations among water types 244 

We found a seasonal consistency in the δ18O and δ2H values from precipitation to soil 245 

water, stem water, and ultimately leaf water (Fig. 2). This finding of temporal 246 

consistency among water types (i.e., precipitation, soil water, stem water, leaf water) 247 

has been observed in a number of studies (Phillips and Ehleringer, 1995; Cernusak et 248 

al., 2005; Sprenger et al., 2016; Berry et al., 2017; Liu et al., 2021a). The isotopic 249 

inheritance from precipitation to leaf water indicated that seasonal variations in the 250 

precipitation δ18O and δ2H values could exert the first order of control on the temporal 251 

patterns of leaf water. The spatiotemporal variability of the precipitation δ18O and δ2H 252 

values could be explained by a combination of effects such as temperature, altitude, 253 

latitude, continent, and amount, which are associated with orographic conditions, sub-254 

cloud evaporation, moisture recycling, and differences in the vapor source at the 255 

regional and continental scales (Dansgaard, 1964; McGuire and McDonnell, 2007; Li 256 

et al., 2016; Penna and Meerveld, 2019; Wu et al.,2019). Our recent study, conducted 257 

approximately 200 km away from the observed transect on the Chinese Loess Plateau, 258 

demonstrated that the temperature effect (i.e., altitude effect), but not the precipitation 259 

amount effect, was the dominant control on the precipitation δ18O and δ2H values (Liu 260 

et al., 2021a). The underlying mechanism of the temperature effect in monsoon regions 261 

is very complicated because three typical processes coexist: 1) the evaporation 262 

condition over the vapour source area affects the initial isotopic ratio of atmospheric 263 

moisture; 2) the transportation process of the water vapour affects the extent of rainout 264 
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of the air mass during the course of transportation; and 3) the extent of condensation of 265 

the vapour is influenced by the condensation temperature (Pang et al., 2006; Li et al., 266 

2019).  267 

 268 

The δ18O and δ2H values from soil water, stem water and leaf water were isotopically 269 

heavier in May, intermediate in July, and lowest in September, responding well to the 270 

decreasing trends of precipitation δ18O and δ2H values (Fig. 2). The monthly variations 271 

in precipitation δ18O and δ2H values from the Global Network for Isotopes in 272 

Precipitation (GNIP, http://www.iaea.org/) at Xi’an station (1985-1992 AD), ca. 100 273 

km away from our study transect, were 18O- and 2H-enriched in May relative to July 274 

and September (Fig. 5a, b). The cluster mean of moisture transport routes using 275 

HYSPLIT (Draxler and Rolph, 2003) and climatological 850 hPa wind vectors showed 276 

that the main moisture was from western China and central Asia in May, from the 277 

China-India Peninsula and the Bay of Bangle, and from the local moisture recycling 278 

and convection (Fig. 5c, d, e). The seasonal variation of precipitation δ18O and δ2H 279 

values is consistently related to the onset, advancement and retreat of the Asian summer 280 

monsoon and associated large-scale monsoon circulation change (e.g., Cheng et al., 281 

2009; Zhang et al., 2020, 2021). As the summer monsoon starts in mid-May, the rainfall 282 

season starts in southern China, however, the study area is mainly controlled by the 283 

moisture from westerlies (Chiang et al., 2015) with relatively higher 284 

vapour/precipitation δ18O and δ2H values (Fig. 5c, a, b). In July, the summer monsoon 285 

reaches its strongest phase, the rainfall belt shifts to central and northern China, and the 286 
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southerly wind brings plenty of moisture from the China-India Peninsula and the Bay 287 

of Bangle with lower vapour/precipitation δ18O and δ2H values (Fig. 5d, a, b). When 288 

the summer monsoon withdraws in September, the study area is mainly controlled by 289 

moisture from local moisture recycling and convection (Fig. 5e). Soil water stores June-290 

August monsoon rainfall with lower δ18O and δ2H values, resulting in further lower 291 

precipitation δ18O and δ2H values in September than those in July (Fig. 5a, b), and thus 292 

resulting in significantly lower δ18Olw and δ2Hlw values (Fig. 6). 293 

 294 

4.2 Generation of leaf water isotope line 295 

The LMWL, generated by the precipitation δ18O and δ2H values at the observed 296 

locations (Fig. 2), is an important reference line for ecohydrological process and acts 297 

as a benchmark for comparison among different water types. The LMWLs in May 298 

(spring), July (summer) and September (autumn) were slightly smaller than the global 299 

meteoric water line (GMWL: δ2H = 8.17 × δ18O + 10.35; Rozanski et al., 2013), 300 

suggesting different water vapour sources in the local circulation system and strong 301 

evaporative fractionation under arid conditions. Across months, July precipitation 302 

tended to have an isotopically lower slope value (6.79) than that of both May (7.04) and 303 

September precipitation (6.85), but the difference across months was not significant (p 304 

= 0.11 > 0.05). The slopes of the LMWLs from different months indicated that the water 305 

vapour of precipitation across seasons came from the same source but suffered from 306 

different intensities of evaporation due to temperature (Wu et al., 2019; Li et al., 2019). 307 

Likewise, the regression lines of the δ18O and δ2H values in soil water, stem water, and 308 
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leaf water were observed across months (Fig. 3). The slopes in other water types (i.e, 309 

soil water, stem water, and leaf water) were relatively lower than the LMWLs, in which 310 

the slopes for soil water and stem water were intermediates; however, they were lowest 311 

for leaf water across seasons, except for soil water in May (Fig. 3). These observations 312 

were supported by a variety of studies (Brooks et al., 2010; Evaristo et al., 2015; 313 

Sprenger et al., 2016, 2017; Wang et al., 2017; Benettin et al., 2018; Barbeta et al., 2019; 314 

Penna and Meerveld, 2019; Liu et al., 2021a) due to the occurrence of secondary 315 

evaporation in other water types. Moreover, the R2 values of dual-isotope space (δ18O 316 

and δ2H) decrease significantly from precipitation, soil water, stem water and leaf water 317 

in all seasons (Fig. 3), suggesting that besides physically evaporative fractionation, 318 

other factors likely affect the δ18O and δ2H values in leaf water. Although the 319 

abovementioned Craig-Gordon model has been used to explain the variation in δ18O 320 

and δ2H values in leaf water, the factors that control the leaf water δ18O and δ2H values 321 

under non-steady-state conditions and the Péclet effect remain to be further studied 322 

(Song et al., 2015b; Cernusak et al., 2016; Barbour et al., 2017). 323 

In a dual-isotope space in leaf water, a significantly distributed pattern across months 324 

was observed: isotopically depleted in September, intermediate in July, and enriched in 325 

May (Fig. 6). When focusing on each month, we found relatively higher isotopic values 326 

occurring at low elevations but lower isotopic values at high elevations despite no or 327 

weak correlations between altitude and δ18O/δ2H values (Fig. 4). Combining these two 328 

effects (i.e., seasonality and altitude), the δ18O and δ2H values in leaf water yield a 329 

remarkable isotopic line in the dual-isotope plot (Fig. 3), which typically lies at the right 330 
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of the LMWLs. This result is supported by a recent study that conducted consecutive 331 

measurements of δ18O and δ2H values in xylem/leaf water in Switzerland and indicated 332 

that leaf water provides great potential to determine source water of plants (Benettin et 333 

al., 2021). A schematic of effects of seasonality and altitude on leaf water δ18O and δ2H 334 

values is shown in Fig. 7, which involves many of hydroclimatic and biochemical 335 

factors that control the leaf water δ18O and δ2H values. Significant isotopic fractionation 336 

occurred mainly at two key locations across vertical soil profiles and leaf architectures 337 

from precipitation to leaf water, but both seasonality and altitude, in essence, affected 338 

the precipitation δ18O and δ2H values (Fig. 7). An isotopic gradient across the vertical 339 

soil profile appeared because of evaporation at the surface soil layers (Ehleringer et al., 340 

1992; Goldsmith et al., 2012; Evaristo et al., 2015), which led to a linear enrichment 341 

trajectory in the soil water dual-isotope plot (Goldsmith et al., 2012; Jia et al., 2013; 342 

Rothfuss and Javaux, 2017; Wu et al., 2018; Wang et al., 2019; Amin et al., 2020; Zhao 343 

et al., 2020; Liu et al., 2021a). The soil water isotope line provides a water source for 344 

leaf water isotope line generation. However, biochemical factors also exert an effect on 345 

leaf water δ18O and δ2H values, as supported by different δ2H enrichments in leaf water 346 

between dicots and monocots, associated with leaf veinal structures (Liu et al., 2021b). 347 

This result is consistent with the weaker correlations of δ18O and δ2H values in leaf 348 

water than in soil water (Fig. 3). Collectively, the leaf water isotope line is generated 349 

by the first-order control of spatiotemporal variation in the precipitation δ18O and δ2H 350 

values (associated with seasonality and altitude) and secondarily affected by 351 

biochemical factors within a leaf.   352 
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 353 

4.3 Insights and implications 354 

The ecohydrological cycle over continents primarily involves the input from 355 

precipitation and the output to the atmosphere through evapotranspiration. Among them, 356 

leaf water transpiration is a key component of water cycle in terrestrial ecosystems. 357 

Stable isotope technique of leaf water has been used to estimate transpiration through 358 

leaf surface, contributing up to 50 to 90% of ecosystem evapotranspiration (Jasechko 359 

et al., 2013; Schlesinger and Jasechko, 2014). Moreover, the δ18O values of leaf water 360 

partly influences the oxygen isotope values of atmospheric CO2 (Farquhar et al., 1993), 361 

which can be helpful to constrain global carbon cycle. All of these various applications 362 

rest on a firm understanding of the mechanisms that control leaf water δ18O and δ2H 363 

values (Cernusak et al., 2016). 364 

 365 

However, there were great variabilities in leaf water δ18O and δ2H values over diurnal 366 

and seasonal cycle. For example, leaf water δ18O and δ2H values generally showed a 367 

maximum in the early afternoon and a minimum in the early morning (Cernusak et al., 368 

2016). Our results showed a seasonal variation in leaf water δ18O and δ2H values, which 369 

followed the isotopic patterns in other waters such as stem water, soil water and 370 

precipitation. The seasonal variability in leaf water δ18O and δ2H values has also been 371 

observed in tropical monsoon condition (Hartsough et al., 2008). The diurnal and 372 

seasonal variations in leaf water δ18O and δ2H values indicate the leaf water isotopic 373 

line would vary with time. Moreover, as we all known, the LMWL varys significantly 374 
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over space, with the slopes ranging between 5 and 6.5 in middle latitudes and between 375 

2 and 5 in arid climates (Gibson et al., 2008; Sprenger et al., 2016). Collectively, the 376 

leaf water isotope line will vary temporally and spatially. Thus, it needs to be widely 377 

explored for the spatio-temporal variations of leaf water isotope line in the future 378 

studies.  379 

 380 

5 Conclusion 381 

Along the elevation transect, precipitation, soil water, stem water, and leaf water were 382 

repeatedly sampled to analyze for δ18O and δ2H values associated with season and 383 

altitude. There was a seasonal consistency of δ18O and δ2H values from precipitation, 384 

soil water, stem water, and ultimate leaf water, suggesting that leaf water recorded well 385 

the isotopic signals of precipitation, which was primarily affected by the water vapour 386 

source in our studied transect. Moreover, both δ18O and δ2H values of precipitation and 387 

soil water were significantly correlated with altitude, but no or weak correlations 388 

occurred between δ18O and δ2H values of stem/leaf water and altitude, which indicated 389 

that besides source water (i.e., precipitation, soil water), biochemical factors likely 390 

exerted a secondary control on leaf water δ18O and δ2H values. Therefore, leaf water 391 

isotopes were controlled by combined effects of source water and leaf water 392 

transpiration surrounding the leaf surface, in which seasonality and altitude acted as a 393 

trigger to form a leaf water isotopic line. 394 

 395 
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 629 

 630 

Figure captions 631 

Fig. 1 Sample sites (black dots) and vertical disrtibution of vegetation across the Mt. Taibai transect 632 

(originating from Liu, 2021).  633 

Fig. 2 Boxplots of precipitation, soil water, stem water, and leaf water for δ18O values (a-d) and δ2H 634 

values (e-h). Box plots show the median (red line), interquartile range (IQR) with the upper (75%) 635 

and lower (25%) quartiles, lowest whisker still within 1.5 IQR of th elower quartile, and highest 636 

whisker still within 1.5 IQR of the upper quartile; dots mark outliers.  637 

Fig. 3 Dual isotope plots of precipitation, soil water, stem water, and leaf water in May (a), July (b), 638 

and September (c).  639 

Fig. 4 Relationships between altitude and δ18O (a-c) and δ2H values (d-f) from different water types 640 

across months.  641 

Fig. 5 Variation of monthly mean precipitation δ18O (a) and δ2H (b) values at Xi’an station from 642 

Global Network of Isotopes in Precipitation (GNIP) and cluster mean of moisture transport routes 643 

using HYSPLIT model in May (c), July (d) and September (e), 2020. Background in (c-e) is the 644 

average precipitation (mm/day) and 850 hPa wind vectors (arrows, m/s) in May (c), July (d) and 645 

September (e) in 1979-2016 AD based on the database of the Global Precipitation Climatology 646 
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Center (GPCC) (Becker et al., 2011) and the Modern-Era Retrospective analysis for Research and 647 

Applications (Rienecker et al., 2011).  648 

Fig. 6 Dual isotope plots for leaf water across month and altitude.  649 

Fig. 7 Isotopic schematics of the flow diagram from precipitation to leaf water. Overview of the 650 

processes through multiple isotopic fractionations associated with various hydroclimate and physio-651 

biological factors in terrestrial plants (Modified from Sachse et al., 2012 and Liu et al., 2016).  652 
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