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Abstract 21 

The stable oxygen (δ18Oleaf) and hydrogen (δ2Hleaf) isotopes of leaf water act as a bridge 22 
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that connects the hydroclimate to plant-derived organic matter. However, it remains 23 

unclear whether the source water (i.e., twig water, soil water, and precipitation) or 24 

meteorological parameters (i.e., temperature, relative humidity, and precipitation) are 25 

the dominant controls on δ18Oleaf and δ2Hleaf. Here, we reported a seasonal analysis of 26 

δ18Oleaf and δ2Hleaf together with isotopes from potential source waters and 27 

meteorological parameters along an elevation transect on the Chinese Loess Plateau. 28 

We found that δ2Hleaf values were more closely correlated with source water isotopes 29 

than δ18Oleaf values, whereas δ18Oleaf and δ2Hleaf values were similarly correlated with 30 

meteorological parameters along the elevation transect. Dual-isotope analysis showed 31 

that the δ18Oleaf and δ2Hleaf values were closely associated because of their similar 32 

altitudinal and seasonal responses, generating a well-defined isotope line relative to the 33 

local meteoric water line (LMWL). We also compared the measured δ18Oleaf and δ2Hleaf 34 

values with predicted values by the Craig-Gordon model, and found no significant 35 

differences between them. We demonstrate that the first-order control on δ18Oleaf and 36 

δ2Hleaf values was the source water, and the second-order control was the enrichment 37 

associated with biochemical and environmental factors on the Loess Plateau. 38 

 39 

Short Summary 40 

What controls leaf water isotopes? We answered the question from two perspectives: 41 

respective and dual isotopes. On the one hand, the δ18O and δ2H values of leaf water 42 

responded to isotopes of potential source water (i.e., twig water, soil water, and 43 

precipitation) and meteorological parameters (i.e., temperature, RH, and precipitation) 44 
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differently. On the other hand, dual δ18O and δ2H values of leaf water yielded a 45 

significant regression linear linerelationship, associated with altitude and seasonality. 46 

 47 

Keywords: Leaf water, stable isotope, controls, seasonality, altitude 48 

 49 

1 Introduction 50 

The stable isotope compositions of oxygen and hydrogen (δ18O and δ2H, respectively) 51 

are increasingly being used as powerful tracers to follow the path of water from its input 52 

as precipitation, movement through the soil, and ultimately to its release as soil 53 

evaporation and leaf transpiration (Penna and Meerveld, 2019). Leaf water transpiration 54 

plays a key role in regulating the water balance at scales ranging from catchment to 55 

global. Terrestrial plants can enrich heavier isotopes (2H and 18O) in leaf water via 56 

evaporative fractionation through the stoma (Helliker and Ehleinger, 2000; Liu et al., 57 

2015; Cernusak et al., 2016), which is highly dependent on atmospheric conditions (e.g., 58 

temperature and relative humidity) and biophysiological processes (Farquhar et al., 59 

2007; Kahmen et al., 2011; Cernusak et al., 2016). Subsequently, the isotopic signals 60 

from the leaf water are integrated into plant organic matter, such as cellulose (e.g., 61 

Barbour, 2007; Lehman et al., 2017) and leaf wax (Liu et al., 2016, 2021), as powerful 62 

proxies used for paleoclimate reconstruction (Pagani et al., 2006; Schefuβ et al., 2011; 63 

Hepp et al., 2020). However, although leaf water isotopes are the fundamental 64 

parameters in ecohydrology and organic biosynthesis, we still lack an adequate 65 

understanding of what controls of leaf water isotopes , orand the role of source water 66 
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and hydroclimate in influencing determining leaf water isotopes is still lacking.? 67 

 68 

δ18Oleaf and δ2Hleaf values are influenced firstly by a plant’s source water (mainly water 69 

taken up by roots from the soil; Cernusak et al., 2016; Barbour et al., 2017; Munksgaard 70 

et al., 2017), and secondly by the enrichment associated with transpiration (Munksgaard 71 

et al., 2017). Soil water for terrestrial plants generally originates from local precipitation, 72 

and precipitation isotopes vary spatially and temporally, being subject to controls 73 

including temperature, altitude, latitude, distance from the coast, and amount of 74 

precipitation (Bowen, 2010; Bowen and Good, 2015; Cernusak et al., 2016). More 75 

specifically, soil water isotopes are determined by a mixture of individual precipitation 76 

events with distinct isotopic signals and are also affected by evaporation, both of which 77 

lead to the development of isotopic gradients in soil water with depth (Allison et al., 78 

1983; Liu et al., 2015). A number ofMany studies have shown that the δ18O and δ2H 79 

values of root/xylem water can be used to characterize the water sources used by plants 80 

(Rothfuss and Javaux, 2017; Wu et al., 2018; Wang et al., 2019; Amin et al., 2020; Zhao 81 

et al., 2020; Liu et al., 2021a). These studies rested substantially on the assumption that 82 

no isotopic fractionation of δ18O and δ2H values occurs during water uptake by plant 83 

roots (Dawson and Ehleringer, 1991; Ehleringer and Dawson, 1992; Chen et al., 2020), 84 

except in saline or xeric environments (Lin and Sternberg, 1993; Ellsworth and 85 

Williams, 2007). Some recent studies have shownshowed, however, that the occurrence 86 

of isotopic fractionation during root water uptake was probably more common than 87 

previously thought, especially with respect to δ2H values (Zhao et al., 2016; Wang et 88 
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al., 2017; Barbeta et al., 2019; Poca et al., 2019; Liu et al., 2021a).  89 

 90 

In addition to plant source water, leaf water is also isotopically enriched through the 91 

evaporative process of during transpiration. The enrichment of 18O and 2H by leaf water 92 

transpiration can be predicted using the Craig-Gordon model (C-G model). This model 93 

was initially proposed to describe the evaporative enrichment of a freely evaporating 94 

water body (Craig and Gordon, 1965) and has been modified for plant leaves under 95 

steady-state conditions (Dongmann et al., 1974; Farquhar and Cernusak, 2005). 96 

However, the C-G model fails to explain the intra-leaf heterogeneity of δ18Oleaf and 97 

δ2Hleaf (Cernusak et al., 2016; Liu et al., 2021b), which is currently described using a 98 

two-pool model (Leaney et al., 1985; Song et al., 2015) and/or an advection-diffusion 99 

model, as the Péclet effect (Farquhar and Lloyd, 1993; Farquhar and Gan, 2003). 100 

Subsequently, more complicated models have been developed to cover non-steady-state 101 

conditions (Ogée et al., 2007). These models emphasize a mechanistic understanding 102 

of leaf water isotopic fractionation, but the relevant parameters cannot be strictly 103 

constrained or precisely monitored, which hinders the use of these models under natural 104 

conditions (Plavcová et al., 2018).  105 

 106 

This study combined the effects of measured source water isotopes and C-G model-107 

predicted transpiration on δ18Oleaf and δ2Hleaf values. Our objectives were to deepen the 108 

understanding of the controls on the δ18Oleaf and δ2Hleaf  values, and explore the 109 

seasonal variations of these controlsacross different seasons. Based upon these 110 
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objectives, we repeatedly sampled soils, twigs, and leaves in May, July, and September 111 

(representing spring, summer, and autumn, respectively) from the same ten plots 112 

distributed along an elevation transect. Simultaneously, we obtained the relevant 113 

meteorological parameters (e.g., temperature, relative humidity, and precipitation) from 114 

sites close to the sampling plots along the transect and used these to predict the δ18Oleaf 115 

and δ2Hleaf values. The combined analysis of concurrent measurements of δ18O and δ2H 116 

values in soil water, twig water, and leaf water with the predicted δ18O and δ2H values 117 

of leaf water from the C-G model associated with the surrounding meteorological 118 

parameters will help to identify the factors that control δ18Oleaf and δ2Hleaf values. 119 

Furthermore, we performed an isotope-based line analysis of the dual δ18O and δ2H 120 

values of leaf water, associated with altitude and seasonality. This study will improve 121 

our understanding of the environmental signals preserved within the δ18O and δ2H 122 

values extracted from plant organic biomarkers associated with leaf water.  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 and Yangtze riversRivers. 128 

Mt. Taibai (Fig. 1; 33. 96 °N, 107.77 °E) rises to 3767 m above sea level (asl) and is 129 

the peak in the Qinling Mountains; it has a warm temperate ecosystem characterized by 130 

a rich diversity of flora and fauna. The mean annual temperature at the bottom of Mt. 131 

Taibai is 12.9°C, and the mean annual precipitation is 609.5 mm (Zhang and Liu, 2010). 132 
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The climate, soil, and vegetation vary significantly along our slope transect, exhibiting 133 

a remarkable vertical geo-ecological zonation (Fig. 1). The area contains a variety of 134 

climate zones: warm temperate (< 1300 m asl), temperate (1300 - 2600 m asl), cool 135 

temperate (2600 - 3350 m asl), and alpine (> 3350 m asl). The soil types vary from 136 

yellow loess soil at low elevations, spectacular rocky outcrops at middle elevations, and 137 

glacial remnants at high elevations. Vegetation along the transect is mainly coniferous 138 

and broadleaf forests and alpine and subalpine vegetation (Fig. 1; Liu, 2021). The 139 

dominant species range from Quercus variabilis, Q. aliena, Betula albosinensis, B. 140 

utilis, Abies fargessi, and Larix chinensis forests to Rhododendron clementinae and R. 141 

concinnum alpine (Supplementary table S1). 142 

2.2 Sampling strategy 143 

Plants and soils were sampled in May, July, and September 2020, and samples were 144 

collected from 10 plots (3 ×  3 m) covering all of the vegetation zones along the 145 

northern slope of Mt. Taibai, extending from 608 to 3533 m asl (Fig. 1). Among the 146 

plots, six sites (i.e., sites 2, 3, 4, 5, 8, and 10; Fig. 1) were selected as being the closest 147 

to the weather stations along the elevation transect, and they were used in order to obtain 148 

the in-situ meteorological data for analysis. For the plants, one or two dominant 149 

deciduous and coniferous trees were chosen in each plot across the vegetation zone 150 

(Supplementary Table S1). Several large leaves and suberized twigs were collected for 151 

each species. Three to ten large leaves were chosen for sampling, and a small number 152 

were collected in broadleaf forests and a large number in coniferous forests, depending 153 

on leaf size. The leaf samples were conducted in the context of the intact leaves because 154 
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of the likely isotopic gradients within a leaf (Helliker and Ehleringer, 2000; Liu et al., 155 

2016). Our sampling period was between 12 pm and 3 pm because maximum diurnal 156 

enrichment of the leaf water isotopic composition occurs during this part of the day 157 

(Romero and Feakins, 2011; Liu et al., 2021). The twigs were collected simultaneously 158 

by cutting suberized twigs, and all of the twigs were cut into samples that were 3-4 cm 159 

long. The leaf and twig samples were immediately placed into glass vials with screw 160 

caps and sealed with polyethylene parafilm. For the soils, three surface soil samples 161 

(less than 10 cm deep) were collected from around the sampled plants using a small 162 

metal scoop at each plot. All sampling plots were located on slopes far from rivers and 163 

surface water bodies, which ensured that the soil water in each plot was derived 164 

exclusively from precipitation. Although the surface soil layers were collected only as 165 

the representatives of soil water in this study, these samples could provide a relatively 166 

good source of water for the plants, as supported by a prior study conducted along the 167 

same elevation transect (Zhang and Liu, 2010). The soil samples were tightly sealed in 168 

a polyethylene zipper bag on site. All plant and soil samples were stored in a cool box 169 

(~ 4 °C) in the field and immediately transported to the laboratory. The altitude of each 170 

plot was determined using a handheld GPS unit with an error of ± 5 m.  171 

2.3 Isotope analysis 172 

The water in the plant and soil samples was extracted using an automatic cryogenic 173 

vacuum extraction system (LI-2100 Pro, LICA United Technology Limited, Beijing, 174 

China). The auto-extraction process was set for 3 hours, and the extraction rate of water 175 

from the samples was more than 98%. The isotopic composition of the soil water was 176 
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measured using a Picarro L2130-I isotope water analyzer (Sunnyvale, CA, USA) at the 177 

State Key Laboratory of Loess and Quaternary Geology, Institute of Earth Environment, 178 

Chinese Academy of Sciences. The analytical accuracies were ±0.1‰ for δ18O and ±1‰ 179 

for δ2H. The isotopic measurements of twig and leaf water were conducted using aAn 180 

isotope ratio mass spectrometer was coupled to a high-temperature conversion 181 

elemental analyzer (HT2000 EA-IRMS, Delta V Advantage; Thermo Fisher Scientific, 182 

Inc. USA) to take isotopic measurements of twig and leaf water at the Huake Precision 183 

Stable Isotope Laboratory on the campus of Tsinghua Shenzhen International Graduate 184 

School. The measurement precisions were ± 0.2‰ and ± 1‰ for δ18O and δ2H, 185 

respectively. The isotopic composition of δ18O and δ2H is expressed as an isotopic ratio:  186 

δ𝑠𝑎𝑚𝑝𝑙𝑒(‰) = (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒−𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
) × 1000         (1) 187 

where 𝛿𝑠𝑎𝑚𝑝𝑙𝑒 represents δ18O or δ2H, and 𝑅𝑠𝑎𝑚𝑝𝑙𝑒  and 𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 indicate the ratio 188 

of 18O/16O or 2H/1H of the sample and standard, respectively. The δ18O and δ2H values 189 

are reported relative to the Vienna mean standard ocean water (VSMOW). In addition, 190 

the mean monthly δ18O and δ2H values of precipitation were determined using the 191 

Online Isotope in Precipitation Calculator (Bowen and Revenaugh, 2003).  192 

2.4 Modelling isotopes of leaf water  193 

The C-G equation can be approximated as follows (Cernusak et al., 2022),): 194 

𝛿𝑒 = 𝛿𝑠 + 𝜀+ + 𝜀𝑘 + (𝛿𝑣−𝛿𝑠 − 𝜀𝑘) ×
𝑒𝑎

𝑒𝑖
            (2) 195 

where 𝛿𝑒 is the predicted δ18O and δ2H values at the evaporative sites within leaves, 196 

𝛿𝑠 is the δ18O and δ2H values of source water (equivalent to twig water in our study), 197 

𝜀+  is the equilibrium fractionation between liquid water and vapour, and 𝜀𝑘  is the 198 
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kinetic fractionation during the diffusion of vapour through the stomata and the 199 

boundary layer.  200 

In our analysis, we calculated 𝛥𝑣 (the enrichment of atmospheric vapour relative to 201 

source water) as 𝛥𝑣 = (𝛿𝑣− 𝛿𝑠)/(1 + 𝛿𝑠) , and the values of 𝛥𝑣  is are often close 202 

to −𝜀+  at the isotopic steady steady-state (Barbour, 2007; Cernusak et al., 2016); 203 

therefore, we can calculate 𝛿𝑣 as 𝛿𝑣 = −𝜀+ + (1 − 𝜀+)𝛿𝑠. In addition, 
𝑒𝑎

𝑒𝑖
 is the ratio 204 

of the water vapour pressure fraction in the air relative to that in the intercellular spaces 205 

and is equal to the relative humidity (RH) in the air at the steady state (Cernusak et al., 206 

2022). Thus, Equation (2) can be derived as, 207 

𝛿𝑒 = (1 − ℎ)(𝜀+ + 𝜀𝑘) + (1 − 𝜀+ℎ)𝛿𝑠              (3) 208 

where 𝛿𝑠 represents the isotopic values of twig water, and h is the mean annual or 209 

monthly RH (MARH or MMRH) in this study. The equilibrium fractionation (𝜀+ ) 210 

varies as a function of temperature (Bottinga and Craig, 1969), and can be equated to 211 

δ18O and δ2H, as follows (Majoube, 1971): 212 

𝜀𝑜
+(‰) = [exp (

1.137

(273+𝑇)2
× 103 −

0.4156

273+𝑇
− 2.0667 × 10−3) − 1] × 1000     (4) 213 

𝜀𝐻
+(‰) = [exp (

24.844

(273+𝑇)2
× 103 −

76.248

273+𝑇
+ 52.612 × 10−3) − 1] × 1000     (5) 214 

The kinetic fractionation (𝜀𝑘) can be calculated for δ18O and δ2H as (Farquhar et al., 215 

2007; Cernusak et al., 2016): 216 

𝜀𝑘
𝑂(‰) =

28𝑟𝑠+19𝑟𝑏

𝑟𝑠+𝑟𝑏
          (6) 217 

𝜀𝑘
𝐻(‰) =

25𝑟𝑠+17𝑟𝑏

𝑟𝑠+𝑟𝑏
          (7) 218 

where 𝑟𝑠 and 𝑟𝑏 are the resistances of the stomatal and boundary layers, respectively,  219 

(i.e., and the inverse of the conductance of the stomatal and boundary layers, 220 
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respectively). Previous studies found stomatal and boundary layer conductance values 221 

of 0.49 and 2.85 mol m-2 s-1, respectively (Cernusak et al., 2016; Munksgaard et al., 222 

2017), resulting in 𝜀𝑘
𝑂 and 𝜀𝑘

𝐻  values of 26.7 and 23.8, respectively.  223 

2.5 Statistical analysis 224 

Statistical analysis (i.e., the mean, maximum and minimum values, as well as the 225 

standard deviation) of the isotopes extracted from the precipitation, soil, twig, and leaf 226 

samples was performed to define the range and distribution of the δ18O and δ2H values 227 

across the seasons. The Pearson correlation method was used to assess the correlations 228 

between the δ18O and δ2H values among the different water types (i.e., precipitation, 229 

soil water, twig water, and leaf water). Hierarchical cluster analysis was used to show 230 

the relationships among δ18Oleaf and δ2Hleaf values and potential source water isotopes 231 

(δ18O and δ2H values in precipitation, soil water, twig water, and leaf water), and 232 

meteorological parameters such as mean annual and monthly precipitation (MAP and 233 

MMP), mean annual and monthly temperature (MAT and MMT), and mean annual and 234 

monthly relative humidity (MARH and MMRH). A one-way analysis of variance 235 

(ANOVA) combined with a post hoc Tukey’s least significant difference (LSD) test was 236 

performed to identify the significant differences in the isotopic compositions of 237 

precipitation, soil, twig, and leaf waters across the months. Comparisons of the 238 

relationships of δ18O and δ2H in the soil and leaf water were performed using 239 

covariance analysis (ANCOVA) to compare slopes across months. The structural 240 

equation model (SEM) was used to explain the respective effects of source waters (i.e., 241 

twig water, soil water, and precipitation) and meteorological parameters (i.e., 242 
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temperature, precipitation, and RH) on δ18Oleaf and δ2Hleaf values. The validated SEMs 243 

generated a good model fit, as indicated by a non-significant χ2 test (p > 0.05), a high 244 

comparative fit index (CFI > 0.95), and a low root mean square error of approximation 245 

(RMSEA < 0.05). A special SEM was constructed based on the Mantel R values in 246 

AMOS (version 24.0.0). Moreover, we used the Hybrid Single-Particle Lagrangian 247 

Integrated Trajectory (HYSPLIT) model (Draxler and Rolph, 2003) to calculate air 248 

mass back-trajectory for a the central site (34.13°N, 107.83°E, 2270 m asl) in the study 249 

area. These trajectories were initiated four times daily (at 00:00, 06:00, 12:00, and 18:00 250 

UTC), and their air parcel was released at 2300 m asl for May, July, and September 251 

2020 and moved backwards by winds for 120 h (5 days). 252 

 253 

3. Results 254 

3.1 Differing response of δ18O and δ2H values of leaf water  255 

The measured δ18O and δ2H values of leaf water responded differently to source water 256 

isotopes (Fig. 2a) and meteorological parameters (Fig. 2b) across the seasons. Cluster 257 

analysis showed that tThe leaf water δ18O and δ2H values (δ18Oleaf and δ2Hleaf) were 258 

clustered with those of the twig water  δ18O and δ2H values (δ18Otwig and δ2Htwig; Fig. 259 

2a), and also with MARH, MAT, and MMT (Fig. 2b). The δ2Hleaf values were more 260 

closely correlated with isotopes of the potential source waters (e.g., twig water, soil 261 

water, and precipitation) than the δ18Oleaf values in different months (Fig. 2a). In 262 

contrast, leaf water δ18O and δ2H values were correlated with meteorological 263 

parameters (Fig. 2b) across monthsthroughout the study period. These correlations were 264 
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more significant in summer (July) and autumn (September) than those in spring (May). 265 

  266 

3.2 Comparisons of measured and predicted δ18O and δ2H values of leaf water 267 

The δ18Oleaf and δ2Hleaf values predicted by the C-G model were compared with the 268 

measured δ18O and δ2H values across all three months (Fig. 3). The C-G models 269 

explained 49% and 70% of the observed variations in the δ18Oleaf and δ2Hleaf values, 270 

respectively (Fig. 3a, c). The slopes of the relationships for both δ18O and δ2H values 271 

of leaf water were less than one, which suggests that part of the bulk leaf water is 272 

derived from unenriched vein water. However, there were no significant differences in 273 

δ18Oleaf (p = 0.54; Fig. 3b) and δ2Hleaf values (p = 0.93; Fig. 3d) between the C-G model 274 

predicted values and the measured values.  275 

 276 

3.3 Variations of δ18O and δ2H values of different waters with seasons and altitude  277 

There was a significant correlation between δ18Oleaf and δ2Hleaf values (R2 = 0.81, p < 278 

0.01; Fig. 4), with significant clusters of δ18Oleaf and δ2Hleaf values across the months, 279 

and values being were higher in May, intermediate in July, and lower in September (Fig. 280 

4). Within each month, the δ18Oleaf and δ2Hleaf values were depleted in 2H and 18O at 281 

higher altitudes relative to lower altitudes. Likewise, the potential types of source water 282 

(i.e., twig water, soil water, and precipitation) exhibited consistent variations across the 283 

months, showing values that were relatively higher in May, intermediate in July, and 284 

lower in September (Supplementary Fig. S1). The correlations between δ18O and δ2H 285 

values among the source waters were also significant (Supplementary Fig. S2). 286 
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StillNevertheless, the slopes and coefficients of determination (R2) between the δ18O 287 

and δ2H values showed a decreaseing trends for precipitation, soil water, twig water, 288 

and leaf water from the three sampling months, except for soil water in May 289 

(Supplementary Fig. S2). In addition, the ANCOVA tests showed no significant 290 

differences for the regression lines for precipitation (df = 0.47, F = 2.49, p = 0.11 > 291 

0.05), twig water (df = 53.2, F = 0.42, p = 0.66 > 0.05), and leaf water (df = 437.3, F = 292 

2.78, p = 0.08 > 0.05) across the study months, but a significant difference for soil water 293 

across the months (df = 308.8, F = 10.9, p < 0.05). 294 

 295 

4. Discussion 296 

4.1 δ18O and δ2H values of leaf water  297 

A recent global meta-analysis indicated that δ18Oleaf and δ2Hleaf values reflect 298 

environmental drivers differently and showed that δ2Hleaf values more strongly reflect 299 

xylem water and atmospheric vapour δ2H values, whereas δ18Oleaf values more strongly 300 

reflect air relative humidity (Cernusak et al., 2022). Seasonal and localized observations 301 

along an elevation transect on the Chinese Loess Plateau supported these differred 302 

different responses of δ18Oleaf and δ2Hleaf to the isotopic composition of the potential 303 

source water and meteorological parameters conditions (Fig. 2). This is likely due to 304 

the range of variation in precipitation isotopic values compared with that in leaf water 305 

evaporative enrichment is larger for δ2Hleaf than δ18Oleaf (Cernusak et al., 2022). In 306 

addition, we found stronger correlations between δ2Hleaf and isotope values of the 307 

source water (twig water, soil water, and precipitation) than between δ18Oleaf values and 308 
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the source water isotope values (Fig. 2a). This is consistent with the global meta-309 

analysis results (Cernusak et al., 2022). However, our localized observational study did 310 

not show a significantly different response of δ18Oleaf and δ2Hleaf values to 311 

meteorological parameters, which responded at an almost equivalent magnitudes (Fig. 312 

2b). These observations suggest that plant organic isotopic proxies such as leaf wax 313 

(Sachse et al., 2012; Liu et al., 2016) and cellulose (Barbour, 2007; Lehman et al., 2017), 314 

which originate from δ18Oleaf and δ2Hleaf values, can provide comparative information 315 

that indicates climatic signals (e.g., temperature, RH, and precipitation) in natural 316 

archives. These results argued with the recent global meta-analysis that δ18Oleaf and 317 

δ2Hleaf values reflect climatic parameters (i.e., RH and temperature) differently 318 

(Cernusak et al., 2022). The stronger correlations for δ2Hleaf values than δ18Oleaf values 319 

with isotopeic values of the source water werewere likely as a resultbecause that the 320 

δ2Hleaf values are are only ultimately originateddetermined only fromby precipitation 321 

δ2H (Sachse et al., 2012; Liu et al., 2016), whereas the δ18Oleaf values are affected by a 322 

mixture of precipitation δ18O and atmospheric factors (O2 and CO2) (Barbour, 2007; 323 

Cernusak et al., 2016).  However, the comparative responses of both δ2Hleaf and 324 

δ18Oleaf values to climatic parameters were probably due to the same conditions 325 

surrounding the leaf. 326 

   327 

 328 

The results of the cluster analysis showed that the isotope values of leaf water (δ18Oleaf 329 

and δ2Hleaf) and twig water (δ18Otwig and δ2Htwig) were clustered into one group, but 330 
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those of soil water (δ18Osoil and δ2Hsoil) and precipitation (δ18Op and δ2Hp) were 331 

clustered into another (Fig. 2a). This indicates that the direct source water of δ18Oleaf 332 

and δ2Hleaf should be δ18Otwig and δ2Htwig, providing the source water isotope basis for 333 

the C-G model. In the C-G model (see Equation 2), besides the source water isotopes, 334 

the equilibrium fractionation factor (𝜀+)  and atmospheric vapour enrichment (𝛥𝑣) 335 

depend on the temperature at the isotopic steady steady-state. Thus, the δ18Oleaf and 336 

δ2Hleaf values were predicted to be associated primarily with temperature, RH, and 337 

source water, which is consistent with the results from the cluster analysis that the 338 

δ18Oleaf and δ2Hleaf values were clustered with temperature (MAT and MMT) and RH 339 

(MARH; Fig. 2b). Based on the C-G model, we plotted the measured and predicted 340 

δ18Oleaf and δ2Hleaf values (Fig. 3a, c) and observed no significant differences between 341 

the measured and predicted values of δ18Oleaf and δ2Hleaf valuesthem (Fig. 3b, d). This 342 

is because our three-repeated samplings occur during the day when leaf water is 343 

generally near an isotopic steady steady-state because when chloroplasts are mostly 344 

located near the evaporative sites (Cernusak et al., 2016). The non-steady state effects 345 

on leaf water isotopes were expected at night because of low stomatal conductance 346 

(Cernusak et al., 2005; Cuntz et al., 2002; Cernusak et al., 2016). Although the slopes 347 

of the predicted and measured δ18Oleaf and δ2Hleaf values were less than one, the C-G 348 

model still provides a reasonable framework for guiding the analysis of the different 349 

controls on δ18Oleaf and δ2Hleaf values.  350 

 351 

4.2 Dual δ18O and δ2H plots of leaf water 352 
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There was a significant linear correlation between the δ18Oleaf and δ2Hleaf values, with 353 

remarkable clusters associated with the three months studied (Fig. 4). As is well-known, 354 

the LMWL, generated by precipitation δ18O and δ2H values at the local scale, serves as 355 

an important reference line for inter-comparisons among of different waters. 356 

Furthermore, the regression lines of the δ18O and δ2H values from soil water, twig water, 357 

and leaf water (Supplementary Fig. S2) suggest that the leaf water isotopes could well 358 

inherit isotopic signals of source waters that originate from twig water, soil water, and 359 

ultimately precipitation. The slopes and intercepts of the δ18O and δ2H values decreased 360 

significantly from precipitation, soil water, twig water, and leaf water for each month, 361 

except for soil water in May (Supplementary Fig. S2). Such patterns have been 362 

observed in a number ofmany previous calibration studies (Brooks et al., 2010; Evaristo 363 

et al., 2015; Sprenger et al., 2016, 2017; Wang et al., 2017; Benettin et al., 2018; Barbeta 364 

et al., 2019; Penna and Meerveld, 2019; Liu et al., 2021a). The slopes of the LMWLs 365 

were lower in July (6.79) relative to those fromthan in May (7.04) and September (6.85), 366 

but were not significantly different (ANCOVA test: df = 0.47, F = 2.49, p = 0.11 > 0.05). 367 

This suggests that the local water vapour from precipitation was derived from the same 368 

source across the seasons, but was subject to different intensities of evaporation as the 369 

temperature changed throughout the seasons (Li et al., 2019; Wu et al., 2019, 2021). 370 

The slopes of the δ18O and δ2H values from the soil, twig, and leaf waters were also 371 

much smaller than the LMWLs across the study months due to the occurrence of 372 

secondary evaporation in the other water types.  373 

 374 
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In the dual isotope plot of leaf water, there were well-defined clusters of δ18Oleaf and 375 

δ2Hleaf values across the three months: 18O and 2H were depleted in September, there 376 

were intermediate values in July, and 18O and 2H were enriched in May (Fig. 4). When 377 

focusing on each month, relatively higher isotopic values occurred at low elevations, 378 

but lower isotopic values were present at high elevations despite there being no, or only 379 

weak, correlations between the δ18Oleaf and δ2Hleaf values and altitude (Supplementary 380 

Fig. S3). The correlations between the δ18Oleaf and δ2Hleaf values and altitude, and 381 

between the δ18Otwig and δ2Htwig values and altitude, were not significant and weak 382 

across the three months; however, the δ18Op and δ2Hp, and also the δ18Osoil and δ2Hsoil 383 

values, were significantly correlated with altitude (Supplementary Fig. S3), which 384 

suggestsindicating that besides source water (precipitation and soil water), other factors 385 

associated with plants also affect the δ18Oleaf and δ2Hleaf values. 386 

 387 

The dual isotope plot of δ18Oleaf and δ2Hleaf values shows a significant isotope line: , y 388 

= 4.52x - 50.7 (R2 = 0.81, p < 0.01; Fig. 4), but relatively shallower slopes (3.53, 1.86, 389 

and 2.81 in May, July, and September, respectively) of δ18Oleaf and δ2Hleaf values were 390 

observed across the seasons (Supplementary Fig. S2). Such a correlation was supported 391 

by a recent study that conducted consecutive measurements of δ18O and δ2H values in 392 

xylem/leaf water in Switzerland and indicated that leaf water provided the great 393 

potential to determine the source water of plants (Benettin et al., 2021). Our local study 394 

showed remarkable clusters in the measured (Fig. 4) and the C-G model predicted (Fig. 395 

3) δ18Oleaf and δ2Hleaf values across the months and the consistencies of respective 396 
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δ18Oleaf and δ2Hleaf values with potential source water isotopes across months 397 

(Supplementary Fig. S1). These findings of temporally consistent dynamics among the 398 

water types (i.e., precipitation, soil water, twig/stem water, and leaf water) have been 399 

observed in a number of previous studies (Phillips and Ehleringer, 1995; Cernusak et 400 

al., 2005; Sprenger et al., 2016; Berry et al., 2017; Liu et al., 2021a).  401 

 402 

The isotopic inheritance from precipitation to leaf water indicates that seasonal 403 

variations of δ18Op and δ2Hp values are the first-order control on the temporal patterns 404 

seen observed in the leaf water. The seasonal dynamics of the δ18Op and δ2Hp values 405 

reflect the combined effects of factors such things as temperature, altitude, and 406 

precipitation amount, which are associated with orographic conditions, as well as sub-407 

cloud evaporation, moisture recycling, and differences in the vapor source (Dansgaard, 408 

1964; McGuire and McDonnell, 2007; Li et al., 2016; Penna and Meerveld, 2019; Wu 409 

et al., 2019). In this study, we used the HYSPLIT model to demonstrate the ultimate 410 

cause of the seasonal variations of δ18Oleaf and δ2Hleaf values; that is, the monthly 411 

dynamics of the δ18Op and δ2Hp values. The monthly variations of the δ18Op and δ2Hp 412 

values from the Global Network for Isotopes in Precipitation (GNIP, 413 

http://www.iaea.org/) at Xi’an station (1985-1992 AD), which is ~100 km from our 414 

study transect, were enriched in 18O and 2H in May relative to July and September (Fig. 415 

5a, b). The cluster mean of the moisture transport routes from HYSPLIT (Draxler and 416 

Rolph, 2003) and the climatological 850 hPa wind vectors showed that the main 417 

primary moisture sources were from western China and central Asia in May, the China-418 
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India Peninsula and Bay of Bengal, and local moisture recycling and convection (Fig. 419 

5c, d, e). The seasonal variations in δ18Op and δ2Hp values are consistently related to 420 

the onset, advancement, and retreat of the Asian summer monsoon and associated 421 

changes in the large-scale monsoon circulation (e.g., Zhang et al., 2020, 2021). As the 422 

summer monsoon starts in mid-May, the rainfall season starts in southern China; 423 

however, our study area is controlled mainly by moisture from the westerlies (Chiang 424 

et al., 2015) with relatively higher vapour, δ18Op, and δ2Hp values (Fig. 5c, a, b). In July, 425 

the summer monsoon reaches its strongest phase, and the rainfall belt shifts to central 426 

and northern China, where the southerly wind brings plenty of moisture from the China-427 

India Peninsula and the Bay of Bengal with lower vapour, δ18Op, and δ2Hp values (Fig. 428 

5d, a, b). When the the summer monsoon withdraws in September, the study area is 429 

controlled mainly by local moisture recycling and convection (Fig. 5e). Soil water, 430 

stores stored after the June-August monsoon rainfall with its lower δ18O and δ2H values, 431 

resultsing in even lower δ18Op and δ2Hp values in September than in July 432 

(Supplementary Fig. S1), and thus resulting incasusing significantly lower δ18O and 433 

δ2H values of leaf water (Fig. 4). 434 

 435 

4.3 Framework of controls for δ18O and δ2H values of leaf water 436 

To delineate the mechanisms that control the δ18Oleaf and δ2Hleaf values, we used the 437 

SEMs to quantify the complex interactions among δ18Oleaf or δ2Hleaf values, source 438 

waters, and meteorological parameters (Fig. 6). The coefficients of determination (R2) 439 

were 0.48 and 0.71 for the δ18Oleaf and δ2Hleaf values, respectively, indicating that the 440 
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models explained more variance for δ2Hleaf values than δ18Oleaf values (Fig. 6). The 441 

SEMs showed that potential source waters (i.e., twig water, soil water, and precipitation) 442 

had stronger effects on δ2Hleaf relative to δ18Oleaf values, while the meteorological 443 

parameters showed weak effects on both δ18Oleaf and δ2Hleaf values (a little larger for 444 

δ2Hleaf than δ18Oleaf values). This is consistent with our above correlation analysis (Fig. 445 

2). Surprisingly, the MMT had significant effects on δ18Op and δ2Hp values, suggesting 446 

that temperature plays a key role in determining δ18Op and δ2Hp values, but this finding 447 

is not discussed further here. Collectively, the SEMs also showed that source water 448 

exerts the first-order control but affects δ18Oleaf and δ2Hleaf differently; the 449 

meteorological parameters had a weak control on δ18Oleaf and δ2Hleaf, with a more 450 

substantial effect on δ2Hleaf than δ18Oleaf values. 451 

 452 

A schematic representation of the controls on δ18Oleaf and δ2Hleaf values (respective and 453 

dual) is shown in Fig. 7. It involves multiple processes associated with the 454 

hydroclimatic and biochemical factors that affect δ18Oleaf and δ2Hleaf values. The 455 

meteorological parameters (temperature, RH, and precipitation) exerted distinct effects 456 

on the δ18O and δ2H values of the source water, and, thus, on the δ18Oleaf and δ2Hleaf 457 

values, as demonstrated above by the SEM. Significant isotopic fractionation occurred 458 

mainly at two key locations across the vertical soil profiles and leaf architectures from 459 

precipitation to leaf water. First, an isotopic gradient across the vertical soil profile 460 

appeared because of evaporation from the surface soil layers (Ehleringer et al., 1992; 461 

Goldsmith et al., 2012; Evaristo et al., 2015). This evaporative isotopic fractionation 462 



22 

 

causes an isotopic linear linearly isotopic trajectory down the soil profile (Goldsmith et 463 

al., 2012; Rothfuss and Javaux, 2017; Wu et al., 2018; Wang et al., 2019; Amin et al., 464 

2020; Zhao et al., 2020; Liu et al., 2021a). Second, there were significant isotopic 465 

heterogeneities because of transpiration associated with the δ18Oleaf (Helliker and 466 

Ehleringer, 2000; Farquhar and Gan, 2003; Gan et al., 2003; Song et al., 2015) and 467 

δ2Hleaf values (Šantrůček et al., 2007; Liu et al., 2016; Liu et al., 2021b) within a leaf, 468 

which depends substantially on veinal structures (Liu et al., 2021b). The within-leaf 469 

heterogeneity of the δ18Oleaf and δ2Hleaf values can be explained using the Péclet-470 

modified C-G model (Gan et al., 2003; Farquhar and Gan, 2003; Cernusak et al., 2005, 471 

2016). Collectively, the soil evaporation and leaf transpiration produce isotopic 472 

enrichment above source water (precipitation or soil water). Soil evaporation leads to 473 

an isotopic gradient across the vertical soil profile, providing water sources for plant 474 

roots uptake without isotope fractionation during the process (Dawson and Ehleringer, 475 

1991; Ehleringer and Dawson, 1992; Chen et al., 2020). During the water transport 476 

between roots and leaf petioles, isotopic compositions of xylem water remain unaltered 477 

from that those in soils (i.e., soil immobile water), until it reaches the leaf, which 478 

undergoes water loss (Ehleringer and Dawson, 1992). Within the leaf, transpiration 479 

leads to significant isotopic enrichment (Helliker and Ehleinger, 2000; Liu et al., 2015; 480 

Cernusak et al., 2016), which is highly dependent on meteorological parameters (e.g., 481 

temperature and relative humidity). However, the meteorological parameters (e.g., 482 

temperature, RH, precipitation, etc.) varied with altitude and seasonality, yielding an 483 

isotopic water line (LWL) in the dual-isotope plot (Fig. 4). The LWL generation 484 
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provides an important baseline for leaf-derived organic matter such as cellulose (e.g., 485 

Barbour, 2007; Lehman et al., 2017) and leaf wax (Liu et al., 2016, 2021). Overall, the 486 

LWL is controlled primarily by altitude and seasonality, as these are the main 487 

influencers on of the hydroclimatic factors.  488 

 489 

5 Conclusion 490 

Along an elevation transect on the Chinese Loess Plateau, precipitation, soil water, twig 491 

water, and leaf water were repeatedly sampled to explore the controls on δ18Oleaf and 492 

δ2Hleaf values associated with meteorological parameters and source water. The effects 493 

of meteorological parameters and source water on δ18Oleaf and δ2Hleaf values were 494 

different, and the dual δ18Oleaf and δ2Hleaf plot generated an isotopic line. We found that 495 

δ2Hleaf values were more closely correlated with source water isotopes than δ18Oleaf 496 

values, whereas δ18Oleaf and δ2Hleaf values were similarly correlated with 497 

meteorological parameters along the elevation transect. The observations suggest that 498 

plant organic isotopic proxies such as leaf wax and cellulose originating from δ18Oleaf 499 

and δ2Hleaf values can provide comparative climatic information on the Loess Plateau 500 

of China. Additionally, the dual-isotope analysis showed that the δ18Oleaf and δ2Hleaf 501 

values were closely correlated because of their similar altitudinal and seasonal 502 

responses. The first-order control on δ18Oleaf and δ2Hleaf values was the source water 503 

(i.e., precipitation), and the meteorological parameters had a comparative comparable 504 

effect on both δ18Oleaf and δ2Hleaf values, which varied with altitude and season acorross 505 

the transect on the Loess Plateau. In the future, we will investigate the relationships of 506 
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an intersection angle θ with the hydroclimatic and biochemical factors. 507 
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Fig. 1 Sample sites (red dots) and weather stations (open triangles) that distribute along 749 

vertical vegetation zones across the Mt. Taibai transect on the Chinese Loess Plateau 750 

(a). The meteorological parameters (precipitation, temperature, and RH) vary with 751 

stations along elevation transect (b). Mean annul (MAP, MAT, MARH) and montly 752 

(MMP, MMT, MMRH) precipitation, temperature, and relative humidity. The 753 

subscripts refer to the month. The vertical vegetation distribution was adopted from Liu, 754 

2021.  755 

Fig. 2 Heatmaps of correlations (r) between leaf water δ18O and δ2H values and 756 

potential source water δ18O and δ2H values (twig water, soil water, and precipitation 757 

δ18O and δ2H values; a), and meteorological parameters (e.g., MAP, MMP, MAT, MMT, 758 

MARH, MMRH). The hierarchical cluster analysis of the isotopes of leaf water and 759 

source water (a), and meteorologica parameters (b). The subscripts (p, soil, twig, leaf) 760 

refer to precipitation, soil water, twig water, and leaf water. * Corrected significance at 761 

p < 0.05; ** corrected significance at p < 0.01; *** corrected significance at p < 0.001.  762 

Fig. 3 Measured leaf water isotopic composition for δ18O (a) and δ2H (c) values against 763 

values predicted by the C-G model. Boxplots show no significant differences for δ18O 764 

(b) and δ2H (d) values between measured and predicted leaf water. The dotted lines 765 

show one-to-one lines.  766 

Fig. 4 Correlation of leaf water δ18O and δ2H values across months and altitude. Leaf 767 

water δ18O and δ2H values were the higher in May, intermediate in July, and lower in 768 

September, and while within each month, those isotopic values were relatively lower at 769 

high altitudes and higher in lower altitudes. 770 

Fig. 5 Variation of monthly mean precipitation δ18O (a) and δ2H (b) values at Xi’an 771 

station from Global Network of Isotopes in Precipitation (GNIP) and cluster mean of 772 

moisture transport routes using HYSPLIT model in May (c), July (d) and September 773 

(e), 2020. Background in (c-e) is the average precipitation (mm/day) and 850 hPa wind 774 

vectors (arrows, m/s) in May (c), July (d) and September (e) in 1979-2016 AD based 775 

on the database of the Global Precipitation Climatology Center (GPCC) (Becker et al., 776 

2011) and the Modern-Era Retrospective analysis for Research and Applications 777 
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(Rienecker et al., 2011).  778 

Fig. 6 Structural equation model (SEM) of leaf water δ18O (a) and δ2H (b) values. The 779 

structural equation models considered all plausible pathways. Solid lines indicate 780 

significant positive (red) or negative (blue) effects, and dashed lines indicate non-781 

significant effects. Grey lines indicate correlations between two variables. Numbers on 782 

the arrow indicate significant standardized path coefficients, proportional to the arrow 783 

width. The coefficients of determination (R2) represent the proportion of variance 784 

explained by the model.  785 

Fig. 7 Schematics of the respective and dual isotopes of δ18O and δ2H values from 786 

precipitation to leaf water, associated with physical (evaporation at soil profile and 787 

transpiration at leaf level) and biochemical processes. The dual isotopes of δ18O and 788 

δ2H values yield an isotopic water line, the slope of which was lower than the LMWL. 789 

The intersected angle varied with hydroclimates, associated with altitude and 790 

seasonality. 791 
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