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Abstract 23 

Background: Leaf functional traits can influence the ability of plants to grow when 24 

facing stresses. Climate changes can impose fundamental impacts on plant growth, 25 

especially at high mountains. Yet little is known about the relationships between leaf 26 

functional traits and elevations in tree species above 4000 m a.s.l. 27 

Aims: Our objective was to investigate and compare the trend in water use efficiency 28 

(WUE) in the Tibetan juniper (Juniperus tibetica) along elevation gradients under 29 

different climate conditions, and by presenting evidence from leaf functional traits, to 30 

simultaneously clarify the underlying mechanisms. 31 

Methods: We investigated five leaf functional traits in J. tibetica, a dominant tree 32 

species of the treeline, along elevation gradients at three study sites between 4150 and 33 

4950 m a.s.l. in the Qinghai-Tibet Plateau. 34 

Results: As elevation increased, leaf δ13C, used as a proxy for WUE, increased, whereas 35 

leaf δ18O decreased in J. tibetica. Leaf nitrogen concentrations per unit area (Narea) also 36 

increased with elevation. 37 

Conclusions: We deduced that increasing WUE with elevation was due to enhanced 38 

photosynthetic capacity at all three study sites, and increased Narea may enhance 39 

photosynthesis and hence WUE. 40 

 41 

Keywords: elevation gradients; functional traits; Juniperus tibetica; leaf carbon 42 

isotopic composition; leaf oxygen isotopic composition; water use efficiency 43 

44 
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Introduction 45 

Plant functional traits are defined as any morpho-physio-phenological traits that 46 

influence fitness by affecting the abilities of plants to grow, reproduce and survive when 47 

they experience abiotic and biotic stresses (Cornelissen et al. 2003; Garnier et al. 2016; 48 

Violle et al. 2007). One basic functional trait is specific leaf area (SLA, the area of one 49 

side of a fresh leaf divided by its oven-dry mass), changes in which can reflect changes 50 

to the structure and nutritional status of leaves (Gong and Gao 2019). When plants are 51 

stressed by heat, drought, high radiation or limited resources, their SLA tends to be 52 

relatively small (Cornelissen et al. 2003). In addition, concentrations of nutrients within 53 

a leaf, such as nitrogen (N) and phosphorus (P), tend to vary significantly in relation to 54 

the availability of those nutrients in the environments (Perez-Harguindeguy et al. 2016). 55 

Plants may respond to changes in climate by acclimation, migration, or evolutionary 56 

adaptation (Aitken et al. 2008). However, the last two processes occur over many 57 

generations. Hence for long-lived plant taxa, the acclimation-type responses are 58 

important, such as changes in growth form and resource allocation, especially, given 59 

the increasingly rapid pace of climate change (Stocker et al. 2013). It is thus important 60 

to clarify the effect of climate changes on the growth of plants, especially in areas, e.g., 61 

high elevation areas, expected to be most intensely affected (Liu and Chen 2000). 62 

It has been shown that long-term intrinsic water use efficiency (WUE, A/g: the 63 

ratio of net assimilation (A) to stomatal conductance (g)) can accurately predict the 64 

resilience of plants to water deficits (Peñuelas et al. 2011; Valliere 2019; Wieser et al. 65 

2016). Leaf carbon isotope composition (δ13C) has been widely used to evaluate WUE 66 
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of plants because it can accurately reflect the relative magnitudes of the demand for 67 

CO2 and the supply of CO2, which are related to A and g, respectively (Dawson et al. 68 

2002; Farquhar et al. 1989a; Farquhar et al. 1989b; Farquhar and Richards 1984). Either 69 

increasing A or decreasing g can lead to the increase of δ13C, but their effects can be 70 

separated using a conceptual model based on measurements of δ13C and oxygen isotope 71 

composition (δ18O) in the organic matter of C3-plants (Scheidegger et al. 2000). The 72 

δ18O of the organic matter is determined by the isotopic composition of the soil water 73 

(the main source of leaf water), biochemical fractionations during incorporation, and 74 

transpiration (related to leaf water enrichment) (Scheidegger et al. 2000). Leaf δ18O, 75 

which is independent of variation in net photosynthetic rates, is related to the ratio 76 

between the intercellular and ambient water vapour molar fraction. Thus, it is strongly 77 

influenced by g, providing a good time-integrated proxy measure of stomatal 78 

conductance (Barbour 2007). Specifically, leaf δ18O has a negative relationship with g 79 

(Barbour and Farquhar 2000; Barbour et al. 2000; Siegwolf et al. 2001). Therefore, 80 

analysis of both δ18O and δ13C of organic matter of plants can disentangle the 81 

confounding effects of A and g on WUE. 82 

Elevation gradients provide unique opportunities to study how leaf functional 83 

traits respond to consecutive changes of environmental conditions, especially in high 84 

mountain ecosystems, because of their high sensitivity to climate change (Cordell et al. 85 

1999). Generally, leaf δ13C (WUE) of plants increases with elevation (Cordell et al. 86 

1999; Körner et al. 1988; Körner et al. 1991; Midolo et al. 2019; Morecroft et al. 1992), 87 

which might be caused by factors such as decreasing oxygen partial pressure and 88 
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decreasing temperature (Cernusak et al. 2013). Moreover, WUE can also be affected by 89 

adjustment to elevation of leaf functional traits including SLA, leaf nitrogen 90 

concentration and leaf phosphorus concentration (Midolo et al. 2019; Vitousek et al. 91 

1990; Zhu et al. 2010). In particular, leaf nitrogen concentration per unit area (Narea) 92 

might be the controlling factor for changes of WUE (leaf δ13C) along elevation 93 

gradients, as has been shown by the strong positive correlations between Narea and leaf 94 

δ13C found in riparian trees in Utah (Sparks and Ehleringer 1997), in Metrosideros 95 

polymorpha in Hawaii (Cordell et al. 1999) and in woody plants in Texas (Bai et al. 96 

2008). Conversely, the same variables exhibited a strong negative correlation in Pinus 97 

tabuliformis in the Qinling Mountains (Liu et al. 2016). Therefore, this relationship 98 

clearly depends on the environment and species involved, and hence its underlying 99 

mechanisms remain unclear. 100 

A recent global meta-analysis of 92 studies examining the response of leaf 101 

functional traits to elevation gradients only concerned elevations below 2500 m.a.s.l. 102 

(Midolo et al. 2019). Studies of leaf functional traits along elevation gradients in Abies 103 

faxoniana (Tang et al. 2019) and Quercus aquifolioides (Feng et al. 2013) have 104 

examined elevations between 2500 and 3500 m a.s.l. The highest elevation work of this 105 

kind has examined leaf functional traits, including leaf nitrogen content, leaf 106 

phosphorus content, leaf dry mass content, leaf photosynthetic pigments, leaf non-107 

structural carbohydrates, and leaf δ13C, in Juniperus przewalskii between 2600 and 108 

3730 m a.s.l. (Shi et al. 2012; Wang et al. 2019; Zhang et al. 2010) and work of this 109 

kind has not been done on plants above 4000 m a.s.l. 110 
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The Qinghai-Tibetan Plateau (QTP) contains 83% of the global surface area that 111 

is above 4000 m a.s.l., and harbours the highest treeline in the Northern Hemisphere 112 

(Miehe et al. 2007). In most of the QTP, the annual mean temperature is under 0℃ 113 

(Shen et al 2016). Surface temperatures on the QTP have increased by about 1.8℃ over 114 

the past 50 years, a value higher than that reported of the entire landmass of China, with 115 

knock-on impacts on rainfall patterns across Eastern Asia (Ding et al 2013; Wang et al. 116 

2008). Due to its high sensitivity to global climate change, the QTP provides an 117 

excellent opportunity to investigate how plants that exist above 4000 m a.s.l. acclimate 118 

and survive when facing shifting abiotic and biotic stresses (Liu and Zhang 1998). The 119 

Tibetan juniper (Juniperus tibetica Kom.) is endemic to the southern QTP (Farjon 2005) 120 

and forms treelines above 4000 m a.s.l.; it is one of a few tree species that grow naturally 121 

above 4000 m a.s.l. in the Northern Hemisphere (Miehe et al. 2007). In this study, we 122 

investigated the variability in several leaf functional traits in J. tibetica along three 123 

separate elevation gradients in mountains of southern Tibet, between 4150 and 4950 m 124 

a.s.l. We compared the trend in the WUE along elevation gradients under different 125 

climate conditions, and by presenting evidence from both δ13C and δ18O, to 126 

simultaneously clarify the underlying mechanisms of the WUE trend. 127 

 128 

Materials and methods 129 

Study area 130 

Our study area was located in the southern Tibet Autonomous Region, China, where J. 131 

tibetica is one of the dominant tree species (Miehe et al. 2007; Miehe et al. 2008). The 132 
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field sampling was conducted in three study sites: Baxoi county, Qamdo (BS, 29.68°N, 133 

96.76°E); Nagarzê county, Lhoka (LKZ, 28.91°N, 90.55°E); and Lhünzhub county, 134 

Lhasa (RZS, 30.32°N, 91.52°E) (Figure S1). Notably, J. tibetica at the BS site forms 135 

one of the highest treelines in the Northern Hemisphere (Miehe et al. 2007). 136 

The mean monthly temperature, the mean monthly total precipitation, and the 137 

mean monthly relative humidity from meteorological stations close to each study site 138 

(44 km from BS, 92 km from LKZ and 44 km from RZS) (Figure S1), from 1980 to 139 

2018, were obtained from the National Meteorological Information Centre 140 

(http://data.cma.cn/site/index.html). Vapour pressure deficits (VPD) were calculated 141 

from temperature (T) and relative humidity (RH) data according to the following 142 

equation: 143 

𝑉𝑃𝐷 = 610.78 × 𝑒
17.27×𝑇
𝑇+238.3 × (1 −

𝑅𝐻

100
) 144 

Field sampling 145 

In October 2018, transects were established following a systematic sampling design, 146 

spanning the whole elevation range from the lower to upper distribution limit of J. 147 

tibetica along the mountain slope at each site. Each transect comprised a series of 50 m 148 

× 50 m plots, at ca. 100 m elevation intervals. Hence the number of plots depended on 149 

elevation range, i.e.: 5 plots at BS, 4550-4950 m a.s.l.; 4 plots at LKZ, 4450-4750 m 150 

a.s.l.; 7 plots at RZS, 4150-4750 m a.s.l. 151 

From each plot, five J. tibetica individuals with no obvious artificial damage or 152 

insect damage, ca. 30 m from each other, were randomly sampled from those with 153 

medium DBH (BS: 8.1-10.9 cm; LKZ: 6.6-28.3 cm; RZS: 13.7-44.8 cm). From each 154 
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sampled individual, we collected three ca. 20 cm long sun-exposed branches from the 155 

outer canopy using a long pruning pole or lopper, according to the standardised protocol 156 

of Cornelissen et al. (2003). In addition, at each plot of each site, we collected five soil 157 

samples and pooled them (ca. 100 g) for subsequent tests. 158 

Laboratory analyses 159 

From each sampled individual, about 40 g of fresh twigs were pooled from the three 160 

sampled branches, and then dried to a constant mass at 80℃ for about 48 h before being 161 

ground to powder with a mortar and pestle. Powdered samples were then divided into 162 

two subsamples. One subsample was used to determinate isotope ratios (13C/12C and 163 

16O/18O) with a continuous flow Isotope Ratio Mass Spectrometer (DELTA V 164 

Advantage; Thermo Fisher Scientific, Inc., USA). The isotopic composition of this 165 

subsample (δ13C or δ18O) was calculated as the ratio (‰): 166 

δX (‰) = (Rsample/Rstandard-1) * 1000, 167 

where X is 13C or 18O, the isotope ratio in parts per mill (‰); Rsample is the 13C/12C or 168 

18O/16O ratio of the subsample, and Rstandard is the international standards (Vienna Pee 169 

Dee Belemnite standard (V-PDB) for C and Vienna Standard Mean Ocean Water (V-170 

SMOW) for O) (Coplen 1996). 171 

Mature leaves of J. tibetica are scale-like, generally 1-3 mm long, and grow 172 

closely appressed to fine soft twigs (Farjon 2005). Therefore, we treated a second-year 173 

twig as a leaf analogue because they are shed as a single unit (Perez-Harguindeguy et 174 

al. 2016) (Figure S1). According to the standardised protocol for leaf functional traits 175 

measurement of Cornelissen et al. (2003) and Perez-Harguindeguy et al. (2016), we 176 
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measured from such twigs seven variables: area, dry mass, leaf carbon concentration 177 

(LCC), δ13C, δ18O, and the concentration of nitrogen (Nmass), and phosphorus (Pmass) 178 

per mass. The total projected area of 10 undamaged, healthy second-year twigs (without 179 

woody parts) from each tree was measured using a portable area meter () to represent 180 

the leaf area. The twigs were then dried at 80℃ for about 48 h to a constant mass, then 181 

weighed to determine the leaf dry biomass. Specific leaf area (SLA) was calculated as 182 

the leaf area per unit mass. Next, the second subsample was used to determine LCC, 183 

Nmass and Pmass. Leaf and soil carbon and nitrogen were measured with a CN elemental 184 

analyser, and phosphorus content was measured by inductively coupled plasma 185 

emission spectrometry. Then Narea and Parea were calculated as the concentration per 186 

unit area. See Table S1 for description for leaf functional traits of the J. tibetica and 187 

their key roles in plant function. 188 

 189 

Statistical analyses 190 

Effects of elevation on leaf functional traits of J. tibetica were analysed using linear 191 

mixed models. We first pooled data from all the three study sites, then fitted the models 192 

with leaf δ13C, leaf δ18O, SLA and Narea values for each sampled individual as the fixed 193 

response variables, elevation as the fixed predictor and plot nested within site as the 194 

random effect. Models were then fitted for each study site with Nmass, Pmass, and Parea 195 

values for each sampled individual as the fixed response variables, elevation as the 196 

fixed predictor and plot as the random effect. Correlation analysis was used to test 197 

correlations between plant functional traits within and between study sites. One-way 198 
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ANOVA analysis, followed by Tukey’s HSD tests, were used to examine the differences 199 

between study sites, for leaf functional traits of the J. tibetica and climate conditions 200 

(the mean annual temperature (MAT) and the mean annual total precipitation (MAP)) 201 

and soil conditions (soil nitrogen content and soil phosphorus content) among three 202 

study sites. Tests for normality and homogeneity of variances were conducted prior to 203 

statistical comparisons when needed. 204 

All the above statistical analyses were made using R version 3.5.1 (R Core Team 205 

2013). 206 

 207 

Results 208 

Climate and soil conditions 209 

For the period 1980-2018, at BS, LKZ and RZS, mean annual temperatures (MAT) 210 

were 10.8±0.1 ℃, 9.1±0.1 ℃, and 2.2±0.1 ℃, mean annual total precipitation rates 211 

(MAP) were 250±11 mm, 386±15 mm and 479±16 mm, vapour pressure deficits (VPD) 212 

were 0.82±0.01 kPa, 0.67±0.10 kPa, and 0.34±0.01kPa, respectively. Hence MAT and 213 

VPD were lowest at RZS and highest at BS (Figure 1a, b). Conversely, MAP was 214 

highest at RZS and lowest at BS (Figure 1c). 215 

Soil nitrogen contents at BS, LKZ, and RZS were 3.81±0.75 g kg-1, 3.15±0.37 g 216 

kg-1 and 5.36±1.05 g kg-1, and there was no significant difference among study sites 217 

(Figure S2a). Soil phosphorus contents at BS, LKZ, and RZS were 0.99±0.13 g kg-1, 218 

0.74±0.13 g kg-1 and 0.66±0.06 g kg-1, and there was also no significant difference 219 

among study sites (Figure S2b). 220 
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Insert Figure 1 221 

Leaf isotopic composition 222 

Leaf δ13C of J. tibetica showed a significant positive correlation with elevation at all 223 

three sites (P < 0.01), but the rate of change with elevation was greater at LKZ than at 224 

the other two sites as indicated by the steeper slope (Figure 2a). In contrast, leaf δ18O 225 

significantly decreased with increasing elevation (P < 0.001), at a similar rate between 226 

all three sites (Figure 2b). 227 

Insert Figure 2 228 

Leaf nutrient and morphological traits 229 

There were no significant trends for Nmass versus elevation at any site (P > 0.05, Figure 230 

3a), whereas Narea showed significant positive correlation with elevation at all three 231 

study sites (P < 0.01), though the increase was much steeper at LKZ than elsewhere 232 

(Figure 3b). The only site where Pmass showed a significant positive correlation with 233 

elevation was BS (P < 0.01, Figure 3c), and Parea showed a significant positive 234 

correlation with elevation at LKZ (P < 0.05, Figure 3d). SLA showed significant 235 

negative correlation with elevation at all three study sites (P < 0.001, Figure S3). 236 

Insert Figure 3 237 

Relationships among leaf traits 238 

Leaf δ13C was significantly positively correlated with Narea at all three study sites (P < 239 

0.05, Figure 4a, b, c). At LKZ, leaf δ13C was also significantly positively correlated 240 

with Nmass, Pmass and Parea (P < 0.05, Figure 4b). However, leaf δ13C was significantly 241 

negatively correlated with SLA at BS and RZS (P < 0.01, Figure 4a, c). 242 
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Leaf δ18O was negatively correlated with both Nmass and Pmass at LKZ (P < 0.05, 243 

Figure 4e), but positively correlated only with Narea at RZS (Figure 4f). It was not 244 

correlated with any leaf nutrient indices at BS (Figure 4d). 245 

Comparing study sites, leaf δ13C at LKZ was significantly higher than at BS or 246 

RZS (P < 0.01 and P < 0.001, respectively, Figure 5a). Leaf δ18O at LKZ and RZS were 247 

similar to one another (P > 0.05, Figure 5b), and each was significantly higher than that 248 

at BS (P < 0.001, Figure 5b). In addition, all of Nmass, Pmass and Parea were significantly 249 

higher at LKZ than at RZS and BS (P < 0.05, Figure 6). 250 

Other leaf traits, such as LCC, C/N ratio and N/P ratio had no clear relationship 251 

with elevation or leaf isotopic composition. 252 

Insert Figure 4 253 

Insert Figure 5 254 

Insert Figure 6 255 

Discussion 256 

Reasons of increased WUE according to dual isotopic evidence 257 

In J. tibetica, leaf δ13C increased significantly with elevation (Figure 2a), indicating 258 

that WUE of J. tibetica likewise increased. Increasing WUE can be caused by 259 

increasing photosynthetic capacity or decreasing stomatal conductance (Scheidegger et 260 

al. 2000), however, leaf δ18O, which can be negatively correlated with mean stomatal 261 

conductance (Barbour and Farquhar 2000; Barbour et al. 2000; Siegwolf et al. 2001), 262 

showed a strongly significant inverse relationship with elevation at all three sites 263 

(Figure 2b). Differences in leaf δ18O might also result from variation in soil water δ18O 264 
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(Barbour 2007). Given that the difference in elevation between any of our sites 265 

(considering both upper and lower edges) was around 500 m, the effect of the variation 266 

of δ18O in soil along elevation is likely to be small. Nevertheless, we would have liked 267 

to eliminate this possibility by testing soil water, but the aridity of the study sites and 268 

the porous nature of the soil did not permit this. Furthermore, local differences in soil 269 

water δ18O are unlikely to explain the strong decrease with elevation observed within 270 

all three sites. Therefore, an alternative explanation of increasing stomatal conductance 271 

along elevation gradients might better explain the δ18O result. Hence, we conclude that 272 

increased WUE of J. tibetica with increasing elevation is primarily driven by increasing 273 

photosynthetic capacity rather than decreasing stomatal conductance. 274 

Environmental conditions at higher elevations have usually been characterised by 275 

low temperature, low air pressure and high radiation (Friend and Woodward 1990; 276 

Hikosaka et al. 2002; Körner and Diemer 1987; Tranquillini 1964), all of them are 277 

considered to lower the photosynthetic rate. Conversely, decreases in both oxygen 278 

partial pressure and temperature might both increase WUE by reducing ci/ca (Cernusak 279 

et al. 2013; Farquhar and Wong 1984; Roderick and Berry 2001). In addition, inhibition 280 

of photosynthesis might be caused by damage to the photosynthetic reaction centre, 281 

Photosystem II, under high radiation (Poulson et al. 2002; Strid et al. 1994). Therefore, 282 

temperature, air pressure and radiation changes along elevation gradients might not be 283 

the reason for increasing WUE in our study. Instead, increasing WUE patterns might be 284 

caused by functional traits of J. tibetica. 285 

In common with other studies (Hultine and Marshall 2000; Körner and Diemer 286 
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1987), leaf nitrogen concentration per unit area (Narea) significantly increased with 287 

elevation; it also had significantly positive correlations with leaf δ13C at all three study 288 

sites (Figure 3b, 4a-c), implying correlation with WUE. Narea estimates the amount of 289 

protein, a large proportion of which is involved in photosynthesis via the Calvin cycle 290 

and thylakoids (Chandler and Dale 1995; Evans 1989; Yoo et al. 2003). Therefore, 291 

increasing amounts of these might increase WUE as elevation increases. Meanwhile, 292 

leaf specific area (SLA) was negatively related to elevation at all three sites (Figure 293 

S3), and to leaf δ13C at two of them (BS and RZS; Figure 4a, c). Decreasing SLA with 294 

elevation in J. tibetica fits the trend that leaves become thicker and their tissues denser 295 

in response to decreasing temperature and increasing irradiance (Gong et al. 2020; 296 

Poorter et al. 2009), which tends to increase the amounts of photosynthetic enzyme 297 

and chlorophyll they contain. Taken together, these results imply that increasing WUE 298 

with elevation in J. tibetica is achieved at least in part via increased amounts of 299 

photosynthetic proteins. We have summarised the relationships into a conceptual model 300 

as shown in Figure 7. 301 

Insert Figure 7 302 

Stronger response of WUE at LKZ site 303 

The response of WUE (leaf δ13C) of J. tibetica to elevation was the strongest at LKZ as 304 

indicated by the steeper slope in Figure 2a, implying that the same was true of 305 

photosynthetic capacity. This could account for LKZ having the only significant 306 

positive correlations with δ13C for Nmass and Pmass, and also showing the strongest 307 

relationship between elevation and Narea (Figure 3b, 4b). In addition to nitrogen, 308 
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increased phosphorus availability can also enhance photosynthetic capacity if other 309 

factors are not limiting, because phosphorus is one of the most important components 310 

of chlorophyll (Maxwell and Johnson 2000; Pieters et al. 2001; Rao and Terry 1995). 311 

Leaf nitrogen and phosphorus were both positively correlated with leaf δ13C at LKZ, 312 

and all three quantities were higher at LKZ than at the other sites (Figure 4b, 5a, 6). 313 

Hence greater amounts of one or both elements in leaves might account for the steeper 314 

increase of WUE with elevation at LKZ. However, at BS, Pmass was negatively 315 

correlated with both elevation and leaf δ13C (Figure 3c, 4c), so this factor might limit 316 

the ability of J. tibetica to respond to climate and elevation change at this site. A 317 

possible cause of this might be limiting amounts of available P in the soil at BS (Aerts 318 

and Chapin 1999; Heding 2004). 319 

 320 

Effects of climate on WUE 321 

According to a global meta-analysis, the overall responses of Narea, Nmass and Pmass 322 

to increasing elevation tend to be stronger along those elevation gradients that are 323 

located in warmer macroclimates (Midolo et al. 2019). It is generally assumed that tree 324 

growth at the upper limit of a forest is also mainly controlled by temperature (Körner 325 

2003). However, LKZ had the strongest Narea and Parea responses to elevation (Figure 326 

3b, d), but the coldest site was RZS, where MAT was lower than at either BS or LKZ 327 

(Figure 1a). This can be explained by precipitation in our study: drought can reduce ion 328 

mobility and microbial activity in the soil, which in turn decreases nutrient availability 329 

for plants (Kreuzwieser and Gessler 2010). BS is much drier than LKZ (mean annual 330 
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total precipitation from 1980 to 2018: 250.8 vs 391.4 mm, Figure 1c). Therefore, 331 

precipitation partly account for between-site differences in leaf nutrient concentrations 332 

of J. tibetica in our study. Future local temperature increases might increase summer 333 

frontal rainfall in the East Asia region (Wang et al. 2008), leading to both warmer and 334 

wetter conditions at higher elevations, permitting higher nutrient content and resource 335 

investment in plants (Midolo et al. 2019; Rumpf et al. 2018). Hence climate change 336 

might improve nutrient uptake capacity of J. tibetica, and hence enhance photosynthetic 337 

capacity and WUE along elevation gradients. 338 

Vapor pressure deficit (VPD) was the highest at BS, following by LKZ and RZS 339 

(Figure 1). VPD is the difference between the saturation vapor content of air and its 340 

actual vapor pressure, which can indicate the increased atmospheric demand for 341 

moisture due to rising temperature (Ficklin and Novick 2017; Seager et al. 2015). As 342 

VPD increases, the plant transpires faster due to the larger difference in vapour pressure 343 

between the leaf and air (Lihavainen et al. 2016). Moreover, plant transpiration rate has 344 

positive correlation with mineral nutrient uptake by roots from soil (Cernusak et al. 345 

2011; Cramer et al. 2009). Therefore, the plant might be expected to take up more 346 

nutrients under higher VPD conditions. However, high VPD could also exert more 347 

stress on plants by capturing water from leaf and soil, which would cause tree growth 348 

decline and mortality (Eamus et al. 2013; Yuan et al. 2019). Consequently, relative 349 

higher VPD allowed J. tibetica at the LKZ site to absorb more nutrients without facing 350 

more hydraulic stress (like BS site), which caused higher WUE. Conversely, the content 351 

of nitrogen and phosphorus in soil had little effect on that in leaves of J. tibetica (Figure 352 
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S2). 353 

Mechanisms underlying the trend of the WUE (δ13C) response to rising elevation 354 

Globally, there is a general trend of increasing plant WUE (δ13C) with rising elevation, 355 

but the mechanisms and effect size behind this vary among species, and according to 356 

environment. Our study showed that leaf nutrients are the main driving mechanism for 357 

this in J. tibetica, across three sites in the QTP, consistent with Sparks et al (1997). 358 

Likewise, a meta-analysis found that δ13C covaried with leaf nitrogen, SLA and LMA 359 

(leaf mass per area) in various taxa (Midolo et al. 2019), but not with a strict causal 360 

relationship between these variables. However, many studies do show a climate-related 361 

mechanism that affect WUE along elevation gradients, such as decreasing temperature 362 

(Feng et al. 2013; Shi et al. 2006; Yan et al. 2013; Zhang et al. 2010), oxygen partial 363 

pressure and relative humidity (Yan et al. 2013). A likely cause for this is that WUE is 364 

negatively correlated with the ratio of intercellular to ambient CO2 mole fractions (ci/ca) 365 

(Farquhar et al. 1982, 1989b; Silva and Horwath 2013; Silva et al. 2016). In addition, 366 

decreasing oxygen partial pressure with increasing elevation reduces ci/ca by increasing 367 

the carboxylation efficiency of Rubisco (Farquhar and Wong 1984). Furthermore, 368 

decreasing temperature or relative humidity with increasing elevation causes the 369 

viscosity of water to increase, which may slow the transport of water from the soil to 370 

the evaporative sites in leaves (Cernusak et al. 2013), thereby decreasing the diffusion 371 

of CO2 into leaves, resulting in lower ci/ca (Roderick and Berry 2001). Increasing net 372 

solar radiation at higher elevation can also enhance WUE by affecting photosynthesis 373 

(Sun et al. 2020). Therefore, mechanisms of the trend of WUE (δ13C) respond to 374 
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increasing elevation are complex, our study clearly revealed a leaf nutrient-driven 375 

mechanism. 376 

Conclusions 377 

Our study was the first to investigate the relationship between leaf functional traits and 378 

elevation in regions above 4000 m.a.s.l. Using analyses of both carbon and oxygen 379 

isotopic compositions, we showed that the most critical factor for tree growth, WUE 380 

(leaf δ13C), increased with elevation at all three study sites. The possible causes we 381 

identified for this include a concurrent increase in leaf nitrogen concentration per unit 382 

area (Narea) and decrease in leaf specific area (SLA) at all sites examined, consistent 383 

with leaves becoming smaller and denser with increased chlorophyll content as 384 

elevation increases. Moreover, leaf δ18O decreased with elevation, which indicated 385 

stomatal conductance of J. tibetica increased with elevation. All these factors might 386 

contribute to increases in WUE (leaf δ13C) with elevation, leading to photosynthesis 387 

increasing with rising elevation. In addition, nitrogen and phosphorus uptake responded 388 

strongly to elevation, which might account for the stronger response of WUE (leaf δ13C) 389 

to elevation gradients at the LKZ site. Among our study sites, LKZ has the warmest and 390 

wettest climate, and it therefore provides an indication of how plants in colder and drier 391 

sites might respond to warming and increased rainfall due to climate change. In the case 392 

of J. tibetica, our work shows that responses to future climate change will include 393 

enhancement of nutrient content and resource investment, and thus increasing its 394 

suitability to the harsh growing conditions of the Qinghai-Tibetan Plateau. 395 

 396 
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