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Abstract 

The stable carbon isotope composition (δ
13

C) has been demonstrated to be a 

useful indicator of environmental conditions occurring during plant growth. Previous 

studies suggest that tree leaf δ
13

C is correlated with mean annual precipitation (MAP) 

over a broad range of climates with precipitation between 100 to 2000 mm/year. 

However, this relationship confirmed at the large scale may not be present at the local 

scale with complex terrain where factors other than precipitation may lead to 

additional variability in plant water stress. 

In this study, we investigated δ
13

C of tree leaves in a native vegetation 

catchment over a local gradient of hydro-climatic conditions induced by two 

hillslopes with opposite aspects. Significant seasonal variations, calculated as a 

difference between the maximum and minimum δ
13

C values for each tree, were 

observed for two species, up to 1.9‰ for Eucalyptus (E.) paniculata, and up to 2.7‰ 

for Acacia (A.) pycnantha on the north-facing slope (NFS). Also the mean δ
13

C values 

calculated from all investigated trees of each hillslope were significantly different and 

leaf δ
13

C on the NFS was higher by 1.4  0.5‰ than that on the south-facing slope 

(SFS). These results cannot be explained by the negligible difference in precipitation 

between the two hillslopes located just 200 m apart. The correlation coefficients 

between the δ
13

C of E. tree leaves and the integrated aridity index (AI) were 

statistically significant for temporal observations on the NFS (R
2
 0.18 - 0.44, p-value 

0.00 - 0.06), and spatial observations (R
2
 = 0.35, p-value 0.05) at the end of the dry 
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season. These results suggest that AI as a measure of plant water stress is better 

associated with leaf δ
13

C than precipitation. Therefore, leaf δ
13

C value can be used as 

a valuable proxy for plant water stress across the landscape in both time and space. 

Keywords: leaf δ
13

C; aridity index; hillslopes; water stress; South Australia 
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1. Introduction 

Temperature, solar irradiance, and water in different climatic zones impose 

varying limitations on vegetation growth, and thus drive vegetation distribution 

globally (Nemani, et al., 2003). In comparison to solar radiation and temperature, 

water availability is much more dynamic, and temporarily and spatially variable 

(Good and Caylor, 2011; Nemani, et al., 2003; Vicente-Serrano et al., 2013). In a 

water limited environment, extreme droughts may even lead to changes in ecosystem 

structures (McDowell et al., 2008). Complex terrain, redistributing water and altering 

energy inputs, can affect the local distribution of tree species (Gutiérrez-Jurado, et al., 

2013). Local hydrogeologcial and soil conditions, such as root-zone thickness, soil 

texture, distance to streams, and depth to groundwater table can result in different 

levels of water stress on vegetation (Dawson and Ehleringer, 1991; Liu et al., 2017; 

Lloret et al., 2003; Lubczynski, 2009; Sardans and Peñuelas, 2013). 

Quantification of the plant water stress is necessary to improve our 

understanding of tree resilience to various changes of environmental conditions. 

However, conventional physiological methods of water stress monitoring, such as 

photosynthesis carbon assimilation and soil moisture observations, usually offer 

snap-shot information at the time of measurement only. They are neither applicable 

for investigating the cumulative water stress from seasonal to multi-seasonal scales, 

nor for developing the relationship between the stable carbon isotope of tree rings and 

climate for paleoclimate reconstruction. 
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Conversely, the stable carbon isotope ratio 
13

C/
12

C of leaves (expressed as leaf 

δ
13

C) has been demonstrated to be a useful indicator of environmental conditions 

during the growth periods (Farquhar and Sharkey, 1982). During photosynthesis, the 

overall carbon isotope fractionation is primarily controlled by the stomata 

conductance and associated diffusion of the atmospheric CO2 to leaves (O’Leary, 

1981; Hesterberg and Siegenthaler, 1991), and the carboxylation during the CO2 

fixation (e.g. Schmidt et al., 1978; Guy et al., 1987). These two processes are related 

to the negative gradient of intercellular CO2 molar concentration and CO2 absorption 

through regulation of the stomatal aperture. The status of stomatal aperture also 

controls water loss through transpiration. Thus, environmental factors (solar 

irradiance, temperature, vapour pressure deficit, and root zone soil moisture) which 

influence the stomatal conductance (Jarvis, 1976; Wang et al., 2014) will impact both 

CO2 and water vapour exchange, and cause the stable carbon isotope fractionation 

between the atmospheric CO2 and produced biomass (Farquhar et al., 1989). 

Individual environmental factors such as solar irradiance (e.g. Pearcy, 1988), 

temperature (e.g. Evans and von Caemmerer, 2013; Skrzypek et al., 2007), and soil 

moisture factors (e.g. salinity, (van Groenigen and Kessel, 2002)) have been reported 

influencing leaf δ
13

C. Each of these factors could potentially be an overwhelming 

driver of the stable carbon isotope fractionation in certain environments. Some of 

these factors such as salinity and nutrient stresses are generally spatially restricted but 

less temporarily variable. Other climate-related factors, such as temperature, solar 
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irradiance and water availability, are more common drivers. The influence of 

temperature on leaf δ
13

C has not been studied widely. The most consistent pattern was 

observed in lower plants with less complicated metabolism such as mosses (Skrzypek 

et al., 2007). Evans and von Caemmerer (2013) showed that when leaf temperature 

increases from 15 to 40°C, carbon fractionation associated with photorespiration 

decreases by 1.6‰ in tobacco. Other diverse values -1 to -2.4‰ /°C were also 

reported for various environments and species (Skrzypek et al., 2013) with different 

factors at different temperatures (Smith et al., 1976; Troughton and Card, 1975). 

Therefore, leaf δ
13

C can be potentially used as an indicator of the lumped effect 

of environmental stress on stomatal conductance. Such a lump effect on stomatal 

conductance has been commonly applied in transpiration modelling (e.g., Wang et al. 

2016). In water limited environment, water stress from limited water supply (e.g., soil 

moisture) on one hand, and excess atmospheric demand (i.e., potential 

evapotranspiration, PET) on the other hand, is the most limiting factor for plant 

physiological activities (Yang et al., 2013; Liu et al., 2017). Local availability of soil 

water (Farquhar and Sharkey, 1982) and potential evapotranspiration (PET) have been 

shown commonly influencing leaf δ
13

C (Cernusak et al., 2013; O’Leary et al., 1981). 

Previous large-scale studies (e.g. Diefendorf et al., 2010; Miller et al., 2001; 

Schulze et al., 1998), conducted over a broad range of climatic conditions, have 

shown that leaf δ
13

C was negatively correlated with a simple quantification of 
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environmental moistness, i.e. mean annual precipitation (MAP). However, exceptions 

of both positive correlations (e.g. Guo and Xie, 2006) and insignificant correlations 

(e.g. Turner et al., 2008) in arid or semiarid zones were reported. This effect is 

resulting from water stress physically influencing stomatal conductance and thus leaf 

δ
13

C, but precipitation is only one element in the water stress equation. This is 

probably why in some situations MAP does not directly correlate with leaf δ
13

C. 

Recently it has been reported that a combination of soil moisture and potential 

evaporation, representing both water supply and demand effects, provides a better 

representation of water stress on plant transpiration than soil moisture only (Yang et 

al., 2013; Liu et al., 2017). The aridity index (AI), linking moisture supply and 

atmospheric demand for evaporation, is very likely a good representation of water 

stress. Therefore, we hypothesize that the leaf δ
13

C value is correlated with the AI 

both in time and space. AI has been defined as PET/P (e.g., Budyko, 1974; Donohue 

et al., 2007; Gerrits, et al., 2009) and it can be easily calculated across different 

temporal and spatial scales. 

In complex terrain, distribution of solar radiation often dominates among the 

local meteorological variables in determining plant water stress associated 

evaporative demand (Gutiérrez-Jurado, et al., 2006; Gutiérrez-Jurado, et al., 2013). 

Ridges, slopes, and depressions in complex terrain lead to a variety of different soil 

moisture conditions. Thus, complex terrain provides an excellent environment to 
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efficiently examine the lumped water stress on leaf δ
13

C. 

In this study, we performed experiments in a native vegetation catchment with 

two opposite hillslopes, the north-facing slope (NFS, sunnier in the Southern 

Hemisphere) and the south-facing slope (SFS, more shady) in South Australia to 

examine the correlation between aridity index and leaf δ
13

C. The two opposite 

hillslopes of a V-shaped valley provided a broad range of hydro-climatic conditions to 

examine the influence of environmental factors on the leaf δ
13

C value of individual 

trees. Leaves from three C3 tree species, Eucalyptus (E.) leucoxylon, E. paniculata and 

Acacia (A.) pycnantha were sampled monthly over one year. In addition, we also 

collected leaf samples from E. viminalis cygnetensis twice along the study transect, at 

the end of the dry and the wet seasons. The specific objectives of this study were: 1) 

to understand the seasonality of leaf δ
13

C for selected native tree species; 2) to 

understand spatial variation of leaf δ
13

C due to different slope positions in the 

landscape; and 3) to evaluate the correlation between leaf δ
13

C and the AI (PET/P) 

both in time and space. 

 

2. Study site and materials 

2.1. Study site  

The study site is located at Mount Wilson (138.64˚ E, 35.21˚ S, 370 m a.s.l.) in 

the Mount Lofty Ranges of South Australia (Fig. 1). This study site is characterized 
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by a Mediterranean climate, being cold and humid in winter and hot and dry in 

summer. Long-term average annual total precipitation (1982 - 2013) of 716  110 mm 

is dominated by winter rain events (http://www.bom.gov.au). In order to capture 

spatial variation of micro-meteorological conditions, three weather stations were 

installed at the study site (Fig. 1), one on each hillslope and one in a nearby open area. 

<Figure 1 here please> 

In this native vegetation site, E. leucoxylon and E. paniculata are dominant on 

the NFS and E. viminalis cygnetensis on the SFS. A transect including five trees on 

each slope was selected to conduct the experiments in this study (Fig. 1). These ten 

trees growing on two opposite hillslopes covered a wide range of gradual change of 

environmental conditions such as solar irradiance and the depth to groundwater. 

Soil textures of the NFS and the SFS were determined using a sedimentation 

method based on the Stoke’s Law. Five soil profiles (with varying thickness from 15 

cm to 120 cm) were examined on each hillslope. Soil samples from each core were 

homogenised in 20 cm intervals, and percentages of three major grain-size fractions 

(clay, silt and sand) were calculated. In general, the ground surface on the NFS is 

rockier than on the SFS. The particle size factions for the upper 80 cm of soil are 

similar on both hillslopes (clay 15.6%, silt 33.9%, sand 51.5%; paired sample test, 

p-value = 0.66) while in the 80 - 120 cm depth interval, slightly more clay on the NFS 

(clay 16.7%, sand 52.0%) and more sand on the SFS (clay 11%, sand 58.2%) has been 
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observed. 

 

2.2. Field sampling and sample storage  

All trees selected for this study were about 13 m in height to avoid the 

uncertainty in data interpretation resulting from the tree height and the age effect (e.g. 

McDowell et al., 2011). From 31 August 2012 to 2 September 2013, 16 batches for 7 

trees with 1 to 4 directions (211 samples), and 2 batches for other 3 trees with 1 to 4 

directions (6 samples) of leaf samples were collected (in total 217 samples). Time 

interval between subsequent batches collection was about 20 days (Table 1). Leaf 

samples were collected from four sides (east, south, west, and north) of similar 

heights on each tree, except where a tree did not have a developed canopy in all 

desired directions. For each sampling batch, a total of 10 to 20 mature leaves were 

sampled and pooled together from each tree canopy section in a certain direction. Leaf 

samples were sealed in zip-lock bags and stored in a cold and dark ice-chest box. In 

the lab, the samples were dried at 70°C in an oven until a constant weight. Dry leaf 

samples were then grounded into powder and stored in sealed polyethylene jars. 

<Table 1 here please> 

All collected leaves were functionally mature. Carbon in the leaves has been 

accumulated over the leaf lifetime from initial development until the time of sampling. 

E. leucoxylon, E. paniculata and E. viminalis cygnetensis are species with broad 
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leaves that can be formed in pairs opposite one another for the whole life of the tree 

(https://www.anbg.gov.au). From our field observations, the new leaves of these three 

species were mainly formed in the wet season (June to October) and the leaves 

reached maturity in about two weeks. The first sample collection was on 31 August 

2012, which was almost the end of the wet season. Our sample collection ended on 2 

September 2013 and covered a whole growing season, providing representative 

samples for both wet and dry seasons and a whole year. 

 

2.3. Stable carbon isotope analysis 

The grounded leaf samples were analysed in the West Australian 

Biogeochemistry Centre at the School of Biological Sciences, The University of 

Western Australia, for δ
13

C, using a continuous flow system consisting of a Delta V 

Plus mass spectrometer connected with a Thermo Flush 1112 Elemental Analyser via 

Conflo IV (Thermo-Finnigan/Germany). The measured δ-values were normalised to 

VPDB (Vienna Pee Dee Belemnitella americana) isotope reference scale using the 

multi-point normalization technique and four international reference materials NBS19, 

L-SVEC, NBS22 and USGS24 (Skrzypek et al., 2010) and δ
13

C was expressed in ‰ 

(Skrzypek, 2013). The external combined analytical uncertainty (one standard 

deviation) was 0.10‰. 

 

https://www.anbg.gov.au/
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3. Methods 

3.1. Calculation of AI in time 

In order to quantify the relationship between leaf δ
13

C and plant water stress, 

daily PET (mm day
-1

) was calculated using the Priestly-Taylor method (Priestly and 

Taylor, 1972) as shown in equation (1): 

310nR
PET 

  


 

 
    (1) 

where α is the Priestly-Taylor coefficient assumed to be 1.26; Δ (kPa ˚C
-1

) is the slope 

of the saturation vapour pressure-temperature relationship; γ (kPa ˚C
-1

) is the 

psychrometric constant; Rn (MJ m
-2

 day
-1

) is the net radiation above the surface 

observed by the weather station on the slope; λ is latent heat of vaporization, 2.45 MJ 

kg
-1

; and ρ is water density, 1.0×10
3
 kg m

-3
. As the leaf δ

13
C value is a 

time-accumulated signal reflecting the conditions of leaf growth over time, 

correspondingly AI for each sampling batch is calculated using equation (2): 

0 0

i it t

t t
AI PET P      (2) 

where t0 is the beginning of the accumulation, and ti refers to the date when the leaves 

were sampled, t0 is varied in the analysis to find the most appropriate time point when 

the best correlation between AI and leaf δ
13

C is found. 

The daily P (mm/day) and PET (mm/day) are accumulated in such way because 

the exact start of the accumulating period of the leaf biomass (the start date of each 
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leaf growth) is unknown. Therefore, three different linear regression models for time 

series data of leaf δ
13

C and AI have been tested. Firstly, we used the period between 

two consecutive sample batches as the accumulation time for the latter sampling batch 

(t0 = ti-1). On average we had around a 23-day sampling interval and we set a 

one-month period prior the first sampling batch. The first batch was collected on 31 

August 2012 and the starting point for PET calculations was 1 August 2012 (the first 

t0, when i = 1). Secondly, we used a two-month (61 days) period prior to the sampling 

date for each sampling batch. In other words, we assumed that carbon accumulating 

time period was 61 days until sample collection (ti – t0 = 61) and each sample reflects 

a running average condition over a 61-day window. The first t0 was set as 2 July 2012, 

which was 61 days prior to the 31 August 2012. Thirdly, we applied the accumulation 

method with a constant t0 of 1 August 2012 and ti as the date of each sampling. 

 

3.2. Calculation of AI in space 

In order to quantify the relationship between leaf δ
13

C and plant water stress 

level spatially, daily PET (mm day
-1

) was calculated using equation (1) for each tree. 

As there was one weather station only on each hillslope, the net radiation used for 

PET calculation was calculated from the observed net radiation at a local weather 

station, and the ratio of global radiation at the tree geographic positions and that at the 

weather station. The global radiation was a sum of direct and diffuse radiation for 

different locations of the studied ten trees. It was calculated based on the 
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hemispherical viewshed algorithm (Rich et al., 1994; Fu and Rich, 2002) and a high 

resolution (1 m × 1 m) Digital Elevation Model (DEM) of the study area. The high 

resolution DEM was obtained by the airborne light detection and ranging technique 

(LiDAR). Then equation (2) was used for the calculation of spatial AI for each tree 

location, based on the accumulation method described previously. 

 

3.3. Statistical analysis of the relationship between leaf δ
13

C and AI 

In order to evaluate the correlation between leaf δ
13

C and environmental factors, 

linear regression was applied in time and space, respectively. Analysis of variance 

(ANOVA) table including significance level (p-value) was also obtained for each 

regression. Both a Student’s t test and F-test were performed in the regression 

statistics, and the paired-sample t test for comparison of the cases between the two 

hillslopes. 

 

4. Results 

4.1. Seasonal variations of leaf δ
13

C 

All mean δ
13

C values of leaves from each tree were consistently more negative 

for the wet season than that for the dry season, although the difference was less than 

1.1‰. The mean δ
13

C value of leaves collected from each tree (10 in total) near the 

end of the dry season (5 March 2013) and at the end of the wet season (2 September 
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2013) along the sampling transect are shown on Fig. 2, panels A and B. Each point 

represents an average δ
13

C value of samples collected from four different parts of the 

canopy, each part comprising 10 - 20 mature leaves collected from a branch facing 

one of the four directions, and error bars reflect standard deviations amongst samples 

from different directions. All leaf δ
13

C values of 10 trees after the wet season were 

consistently lower than that after the dry season (p-value < 0.01), except tree S4 

where no significant difference was observed (p-value > 0.98). The difference in leaf 

δ
13

C between the two batches for each tree on average was 1.2 ± 0.4‰, which 

suggests significant seasonal variations. 

<Figure 2 here please> 

The leaf δ
13

C values, across all locations and trees over 12 months, ranged from 

-32.6‰ to -28.9‰ (Table 2). The difference between the maximum and minimum 

δ
13

C of leaves for each tree spanned from 1.2‰ to 2.7‰. Amongst all the trees, tree 

S5, located at the lowest and possibly wettest position in the landscape on the SFS 

(Fig. 1). It had the most negative maximum (-31.4‰) and minimum (-32.6‰) δ
13

C of 

leaves in the whole sampling period and the smallest standard deviation (0.3‰) 

across the wet and the dry seasons. 

<Table 2 here please> 

We further examined temporal variation of leaf δ
13

C for trees N1, N2, N4 and 

N5 on the NFS and trees S2, S4 and S5 on the SFS. (Fig. 3). Generally, leaf δ
13

C 
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progressively increased during the dry season and decreased during the wet season for 

both hillslopes. This pattern was clearly seen on the NFS while it was weaker on the 

SFS. The timing of the changes of these two trends was also quite consistent among 

the trees except tree S4, e.g. the regression between tree S2 and tree S5 has an 

adjusted R
2
 = 0.27 with a p-value of 0.03. 

<Figure 3 here please> 

 

4.2. Spatial variations of leaf δ
13

C 

Trees on the NFS had less negative leaf δ
13

C values than trees on the SFS and 

the relative difference can be as large as 3.4‰ neglecting the difference in relative 

slope location (Fig. 3, and Table 2). Moreover, leaf δ
13

C on the NFS started 

decreasing later than that on the SFS in the wet season. This is in agreement with the 

expected pattern, as the trees on the more shady SFS were subjected to a shorter water 

stress period due to lower solar radiation, lower surface temperature and consequently 

lower evaporative losses, and likely better soil moisture conditions than the NFS. 

Tree N4 on the NFS and tree S4 on the SFS were both A. pycnantha and ~ 100 

m apart from one another (Fig. 1) at a similar elevation. However, they had δ
13

C 

difference of 1.7 ± 1.1‰ (p-value < 0.01), which suggested that tree N4 on the NFS 

was much more water-stressed than tree S4 on the SFS. In contrast, leaf δ
13

C for tree 

S4 (A. pycnantha) was very similar to tree S5 (E. leucoxylon) in spite of the fact that 
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they belonged to two different genera. These two trees were located in the lowest 

section of the SFS slope at the bottom of the valley and likely experienced the lowest 

and shortest water stress. 

On the other hand, trees located at the ends of expected aridity gradient on the 

SFS, tree S2 (E. paniculata) at the top part of the hillslope, and tree S4 (E. leucoxylon) 

at the bottom of the valley, had almost the same seasonal variation pattern in δ
13

C, 

despite very different values (2.1 ± 0.3‰) (Fig. 3). A few other examples confirmed 

that different species on the same hillslope, e.g. tree N1 and tree N4 on the NFS or 

tree S4 and tree S5 on the SFS, showed similar values and seasonal variations of leaf 

δ
13

C through the monitoring year (Fig. 3 and Table 2). 

 

4.3. Seasonal leaf δ
13

C and AI 

The leaf δ
13

C is a transient signal that changes over time as new organic matter 

is produced under changing environmental conditions and added to the bulk leaf 

tissue produced before. Therefore, it always reflects a weighted mean, proportional to 

the pace of the leaf growth. In order to link δ
13

C with seasonal weather conditions it 

would be important to know the weighted mean age of leaf carbon. We tested three 

different models since we do not know the exact age of carbon built into leaf tissues, 

assuming different carbon accumulation periods (see section 3.1.). The highest 

correlation and statistical significance were obtained for the model with constant t0 set 
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on 1 August 2012, one month before first sampling (see the Appendix A and B, results 

from other two models). This model is also the closest one of the three that aligns 

with our expected understanding of the accumulated leaf δ
13

C (section 2.2.). 

The correlations between leaf δ
13

C and AI were reasonably clear despite 

variability among individual trees (R
2
 = 0.18 - 0.44 and p-value 0.00 - 0.06 for all 

trees on the NFS, Table 3). In contrast to the trees on the NFS, the trees on the SFS 

did not have statistically significant correlations between calculated AI and measured 

leaf δ
13

C (R
2
 = -0.07 - 0.13, p-value 0.10 - 0.73, Table 3). 

<Table 3 here please> 

 

4.4. Relationship of leaf δ
13

C and AI in space 

The relationship between leaf δ
13

C and AI in space was examined using linear 

regression models for two selected sampling campaigns at the end of the dry and wet 

seasons, respectively (Table 4). The correlation was significant for the data sampled at 

the end of the dry season (5 March 2013, p-value 0.05) while insignificant for 

sampling at the end of the wet season (2 September 2013, p-value 0.13). Noticeably, 

the calculated change of 0.84‰ at the end of the dry season per AI unit variation 

across space was higher than a change of 0.21 ± 0.06‰ per AI unit variation in time 

on the NFS (Table 3). 

<Table 4 here please> 
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The spatial relationship between leaf δ
13

C and AI was re-examined using linear 

regression models for E. genus only (Table 4), resulting in a change of 0.74‰ per AI 

unit at the end of the dry season. This level of apparent dependency on AI was lower 

by 0.1‰ compared to that calculated for mixed E. and A. trees, and the correlation 

was statistically stronger and more significant (R
2
 = 0.55 and p-value 0.04, instead of 

0.35 and 0.05, respectively). The correlation was still insignificant at the end of the 

wet season. 

 

5. Discussion 

5.1. Local leaf δ
13

C and its biochemical basis 

The mean δ
13

C value of all collected leaves in this study was -30.4 ± 1.1‰ (one 

standard deviation). As a comparison, the mean leaf δ
13

C value of C3 species growing 

in a MAP environment of 700 - 750 mm/year, similar to this study (716 mm/year), is 

calculated to be -26.4 ± 1.4‰, according to the global data compiled from the 

previous studies (Diefendorf et al., 2010; Cernusak et al., 2011; Miller at al., 2001; 

Schulze et al., 1998; Schulze et al., 2006; Sterwart et al., 1995; Turner et al., 2008). 

The more negative value found in this study may be related to the Mediterranean type 

climate in the study area where the maximum carboxylation occurs in spring when the 

water stress is low. It may also indicate that local baselines, which are composed of 

the upper and lower boundaries of the leaf δ
13

C values in C3 species, are closely 
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related to the local hydro-climate conditions (Farquhar and Sharkey, 1982; Ogaya and 

Peñuelas, 2008) and the local isotope signature of assimilated atmospheric CO2. For a 

study that explores the climatic implication of leaf δ
13

C, local conditions such as slope 

orientation and possible seasonal leaf δ
13

C variations need to be considered in 

addition to precipitation. 

The general spatial trend is that trees on the SFS have more negative leaf δ
13

C 

values than trees on the NFS, and trees at lower elevation have more negative leaf 

δ
13

C values than trees at higher elevation (Table 2). Factors, other than precipitation, 

determining water availability arising from topography, such as soil moisture storage 

and solar irradiance need to be considered (Cernusak et al., 2005; Farquhar and 

Sharkey, 1982; Farquhar et al., 1989). Five soil profiles examined along each hillslope 

(Fig. 1) are not significant different in soil textures and soil depths, therefore 

differences in soil cannot be used to explain the general spatial trend. Usually the top 

part of a slope receives more solar irradiance, and the bottom part receives more water 

due to a larger flow accumulation. Both mechanisms lead to a typical spatial 

difference in soil moisture: dryer in the upper slope and wetter in the lower slope. 

This explains the observed systemic variations in leaf δ
13

C along a slope. An 

equator-facing slope (e.g., the NFS in this study) receives more solar irradiance, and 

thus a larger deficit in soil moisture in the dry season (Yetemen et al., 2015) compared 

with polar-facing slope (e.g., the SFS), explaining the difference in leaf δ
13

C between 

the two opposite hillslopes. 
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The stable carbon isotope fractionation in C3 plants occurs during a two-step CO2 

uptake process. First, CO2 diffuses through the stomata to the site of carboxylation, 

and second, intercellular CO2 is taken up irreversibly by the carboxylase. The initial 

fractionation step is regulated by stomatal conductance which is highly correlated 

with water availability. If a plant is exposed to strong water stress, the stomata are 

nearly closed and the carboxylation process takes up virtually all intercellular CO2 

available, limiting initial fractionation. In consequence of the extreme low stomatal 

conductance, the δ
13

C of the initial intercellular CO2 used during carboxylation will 

approach -8‰ (O’Leary, 1981; Hersterberg and Siegenthaler, 1991). If the stomata are 

fully open and the conductance is high, the leaf intercellular CO2 will be in 

equilibrium with the atmosphere. Initial CO2 entering carboxylase will be fractionated, 

and CO2 with lighter isotope 
12

C will be assimilated preferentially over the heavier 

isotope 
13

C (Roeske and O’Leary, 1984). In reality, the leaf δ
13

C has intermediate 

values between these two extremes. This relationship can be qualitatively expressed 

as, 

δ
13

Cleaf = [-4.4 + (-29 + 4.4) × pi/pa] + δ
13

Catmospheric    (3) 

where pi is the internal gas-phase pressure of CO2, and pa is the ambient CO2 pressure 

(Farquhar et al., 1989). More complex and accurate formulation has been reported, 

but the simplified one, equation (3), is sufficient for many applications (Cernusak et 

al., 2013), such as for this study. 
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    Higher water availability for transpiration and photosynthesis is expected to 

result in a generally more negative leaf δ
13

C as higher stomata conductivity results in 

an increased pi and a larger isotope discrimination between atmospheric and cellular 

CO2. Lower solar irradiance will also cause a reduction in leaf δ
13

C, as intercellular 

CO2 pressure (pi) will increase at lower light levels (Farquhar et al., 1989; Pearcy, 

1988). Furthermore, it is also possible that the atmospheric CO2 at the bottom of a 

valley has a lower δ
13

C value than at the top of hillslopes due to higher contribution of 

CO2 from soil respiration in a less ventilated position in the landscape (e.g., 

Fassbinder et al., 2012). 

 

5.2. Leaf δ
13

C can be a good proxy for temporal variation of water stress 

Significant correlations between leaf δ
13

C and AI on the NFS (Table 3) indicate 

that leaf δ
13

C can be a good proxy for temporal variation of water stress (Ehleringer et 

al., 1992; Gao et al., 2006). On average, a decrease of one AI unit (wetter) can cause ~ 

0.21 ± 0.06‰ decrease in leaf δ
13

C (more negative). However, it will also depend on 

the ratio that leave weights versus the organic matter weights added during each 

period of growth between sampling campaigns (Farquhar and Sharkey, 1982; 

Cernusak et al., 2013). Therefore, the uncertainty of an estimation of accumulated AI 

can be large, and that the timing of rainy season should be considered in sampling 

procedures. 
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Correlations between leaf δ
13

C and AI on the SFS were insignificant (Table 3). 

AI on the SFS was consistently lower (wetter) than that on the NFS throughout the 

whole monitoring year and this difference can be as large as 2.3 AI units. Therefore, 

the water stress on the SFS was generally lower in comparison to the NFS, 

particularly for tree S4. Also the water availability along the SFS may not be 

determined exclusively by AI but likely other environmental parameters (Farquhar 

and Sharkey, 1982; Cernusak et al., 2009), e.g., depth of soil might have played a 

more important role resulting in an inconsistent δ
13

C signal along the AI gradient. 

Despite large differences between individual trees, samples collected on the SFS 

generally had more negative δ
13

C values than those from the NFS, this is consistent 

with the expected pattern of lower leaf δ
13

C in less arid locations (Table 3). 

While the correlations between AI and leaf δ
13

C were significant on the NFS, 

the correlations between precipitation only and leaf δ
13

C were insignificant on either 

hillslope (p-value 0.07 - 0.85, Table 3). These results suggest that it is more 

appropriate to use AI rather than precipitation to represent seasonal variation of plant 

water stress, which is reflected in leaf δ
13

C. Small differences between species were 

not visible on the temporal trend plots (Fig. 2), however, they were large enough to 

display significant differences when linear regression models were used (Table 3). 
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5.3. Leaf δ
13

C can be used as a proxy for plant water stress across landscapes 

Without considering tree genera, significant correlation between leaf δ
13

C and 

AI following the dry season is shown in Table 4. This suggests that leaf δ
13

C can be 

used as a valuable proxy for plant water stress at a local scale as well as other studies 

across the landscape (e.g. Stewart et al., 1995; Guo and Xie, 2006). However, the 

correlation was insignificant at the end of the wet season suggesting that during the 

wet season trees were not water stressed significantly enough to result in differences 

in δ
13

C, or that factors other than AI could influence δ
13

C, such as tree species with 

different water use efficiency (Farquhar et al., 1989; Tanaka-Oda et al., 2010). 

When tree genus is considered, there is a slightly more significant correlation 

between leaf δ
13

C and AI following the dry season (Table 4) for E. trees. It indicates 

that spatial variations of leaf δ
13

C may be related to tree species. The results that a 

large spatial variation of leaf δ
13

C during the dry season only suggests, the spatial 

difference in hydro-climatic conditions is larger along the observation transect during 

the dry season than that in the wet season. 

To examine if a similar relationship exists on the large scale, the correlation 

between leaf δ
13

C and AI was compared with that between leaf δ
13

C and precipitation 

using the compiled data from the previous large-scale studies (Diefendorf et al., 2010; 

Cernusak et al., 2011; Miller at al., 2001; Schulze et al., 1998; Schulze et al., 2006; 

Sterwart et al., 1995; Turner et al., 2008) (Fig. 4). For the data with MAP less than 

1000 mm/year, under which vegetation is very likely under water stress, AI has a 
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better correlation with leaf δ
13

C than precipitation. On the other hand, precipitation is 

better correlated with leaf δ
13

C than AI for the data with MAP in a range of 1000 - 

2000 mm/year, but in this range of precipitation, plants are unlikely under water stress 

(Kohn, 2010). Thus, it appears that AI represents plant water stress better than 

precipitation, and there is a large-scale generalized relationship between leaf δ
13

C and 

AI. 

<Figure 4 here please> 

In this study, we applied the Priestly-Taylor equation to calculate AI in space 

(section 3.2), only solar irradiance was interpolated to each tree location due to a lack 

of meteorological data for every sampled tree. However, solar irradiance can also 

cause a change in leaf δ
13

C (Ehleringer et al., 1986). Simultaneously, solar irradiance 

determines PET and thus AI, which may result in a change in leaf δ
13

C as well. 

Therefore, it is difficult to distinguish the two mechanisms in the field (Farquhar et al., 

1989). 

 

5.4. Implications for using plant carbon isotopic data in climate and 

ecohydrological studies 

The hydro-climatic dependency (the coefficient in the regression function 

(Table 3 and 4)) revealed from the spatial data at the end of the dry season is three 

times larger than that from the seasonal data on the NFS. This finding supports the use 
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of carbon isotope data derived from plant tissues to detect the change of mean 

climatic condition. Such detection is likely to work not only at a local scale according 

to this study but also in broad climatic zones, e.g. precipitation less than 1000 

mm/year (synthesized studies in Fig. 4). 

The magnitude of seasonal variation in leaf δ
13

C is similar to the spatial 

variation of leaf δ
13

C along 2 - 3 AI units of hydro-climatic gradient. This finding 

stresses the importance in obtaining temporally representative data to construct carbon 

isotope and climate relationships. The clear seasonal variations in leaf carbon δ
13

C 

also suggest that the matured leaves of the studied species can reflect the accumulated 

seasonal hydro-climatic signals. Environmental conditions appear to be powerful 

drivers of the leaf δ
13

C value outweighing to a large extent physiological differences 

among the studied species. This finding supports the practice of pooling leaves of 

different species together to derive the relationship between δ
13

C and climate 

variables. 

 

5.5. Strength and limitation of this study 

This study was focused on both spatial and temporal variations of leaf δ
13

C. 

Selection of the study site along a steep topographic gradient characterized by a broad 

range of micro-environmental and hydrological conditions allowed successful 

observation of tree responses to water stress, recorded in the stable carbon isotope 
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compositions of leaves. We continuously collected 199 quasi-monthly leaf samples. 

Each quasi-monthly sample was a pool of 10 - 20 leaves (in one direction) collected 

from each of four different directions of each tree. Due to this high frequency and 

relatively long sampling duration, we selected a relatively small number of trees (ten 

trees). For each species, only two to four individual trees were sampled. The small 

number of sampled trees inevitably introduces some uncertainty. Nevertheless, the 

result indicates that the effect from the topographically induced hydro-climatic 

condition outweighs the difference among tree species. This finding supports the 

reliability of the sampling design employed in this study. 

It should also be noticed that by using the Priestly-Taylor (1972) PET 

formulation, variation in PET due to variation in wind-speed is not incorporated into 

the PET (Donohue et al., 2010; McKenney and Rosenberg, 1993; McVicar et al., 

2012). However, this has little effects on the comparison between leaf δ
13

C and AI, 

due to the highly similar daily-mean wind speed (m/sec) between the NFS and the 

SFS (WNFS = 0.98WSFS + 0.08, R
2
 = 0.98, p-value 0.00), and high correlations of 

paired-samples 0.99 with p-value 0.00. 

 

6. Conclusions 

Significant seasonal variations, calculated as difference between the maximum 

and minimum values for each tree, were observed in leaf δ
13

C for the studied trees. 
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Also the difference in leaf δ
13

C observed between two opposite hillslopes was 

statistically significant (p-value 0.02) with the mean difference of 1.4 ± 0.5‰. 

Significant correlation between leaf δ
13

C and AI was observed across time in 

locations exposed to the higher water stress on the north-facing slope, and across 

locations at the end of the dry season. In contrast, correlations for the relatively wetter 

south-facing slope and downslope locations, and for the time at the end of the wet 

season, were not statistically significant. 

These results suggest that both temporal and spatial variations in aridity are 

important drivers of leaf δ
13

C with more arid conditions causing water stress resulting 

in relatively less negative δ
13

C in leaves, and that leaf δ
13

C can be a good indicator for 

both seasonal and spatial variations of plant water stress. 
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Figure 1. The conceptual diagram of the sampling design at the Mount Wilson study site (138.64˚ 

E, 35.21˚ S, 370 m a.s.l.) with locations of ten sampling trees on the two opposite hillslopes in 

South Australia. 
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Figure 2. Daily precipitation between 1 January 2012 and 12 December 2013 at the Mount Wilson 

study site (A) and leaf δ
13

C of the ten trees (B) sampled across the elevation gradient after the dry 

(5 March 2013) and wet (2 September 2013) seasons. 
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Figure 3. Time series data of leaf δ
13

C of Eucalyptus (E.) leucoxylon (crosses), Eucalyptus (E.) 

paniculata (open circles) and Acacia (A.) pycnantha (close squares) on the two opposite 

hillslopes. 
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Figure 4. The leaf δ
13

C values of various tree species for multiple locations from Europe, North 

America, Asia, Oceania and Southern Africa (summarized from Diefendorf et al., 2010; Cernusak 

et al., 2011; Miller et al., 2001; Schulze et al., 1998; 2006; Stewart et al., 1995; Turner et al., 2008). 

Correlations between leaf δ
13

C and mean annual precipitation (MAP) are shown in the panel A 

(MAP < 1000 mm/year) and the panel C (1000 < MAP < 2000 mm/year), while correlations 

between leaf δ
13

C and the aridity index (AI) are presented in the panel B (MAP < 1000 mm/year) 

and the panel D (1000 < MAP < 2000 mm/year). 
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Table 1. Details of sample collection at Mount Wilson site. Including sampling dates, numbers 

collected (N), accumulated potential evapotranspiration (PET), accumulated precipitation (P), and 

corresponding aridity index (AI, PET/P) on the north-facing slope (NFS) and the south-facing 

slope (SFS) start from 1 August 2012 and end to the sampling date. 

 

Date N PET 

(NFS, mm) 

PET 

(SFS, mm) 

P 

(mm) 

AI 

(NFS) 

AI 

(SFS) 

31-Aug-12 14 82.9 49.8 53.5 1.5 0.9 

03-Oct-12 13 283.6 200.9 92.4 3.1 2.2 

30-Oct-12 7 528.8 396.0 121.6 4.3 3.3 

21-Nov-12 17 764.0 585.1 135.6 5.6 4.3 

18-Dec-12 16 1051.2 815.8 148.9 7.1 5.5 

26-Jan-13 17 1559.0 1229.9 157.4 9.9 7.8 

05-Mar-13 14 1948.3 1541.2 173.7 11.2 8.9 

09-Apr-13 6 2190.2 1726.4 207.8 10.5 8.3 

01-May-13 16 2298.8 1805.1 242.7 9.5 7.4 

17-May-13 16 2360.3 1847.7 292.2 8.1 6.3 

19-Jun-13 13 2446.3 1898.8 447.9 5.5 4.2 

11-Jul-13 17 2511.5 1939.8 496.4 5.1 3.9 

26-Jul-13 15 2547.8 1960.6 613.2 4.2 3.2 

15-Aug-13 9 2613.9 2004.4 668.8 3.9 3.0 

27-Aug-13 11 2651.6 2028.6 722.8 3.7 2.8 

02-Sep-13 16 2687.4 2055.4 735.5 3.7 2.8 
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Table 2. Leaf δ
13

C (in ‰) from 31 August 2012 to 2 September 2013 for all the tree species at 

Mount Wilson. 

Site 
Tree 

ID 
Tree species 

δ
13

C(‰, 

VPDB) range  

δ
13

C (‰, 

VPDB) 

mean (±SD) 

δ
13

C (‰, 

VPDB)  

dry season* 

mean (±SD) 

δ
13

C (‰, 

VPDB)  

wet season*  

mean (±SD) 

Annual 

global 

radiation 

(×10
6 

Wh/m
2
/year)  

North-f

acing 

slope 

N1 E. leucoxylon -30.6 - -28.9 -29.8 (±0.5) -29.5 (±0.5) -29.9 (±0.4) 1.281 

N2 E. paniculata -30.9 - -29.0 -29.7 (±0.6) -29.3 (±0.3) -30.1 (±0.6) 1.270 

N3 A. pycnantha  N/A N/A -30.4 -31.2 1.262 

N4 A. pycnantha -31.6 - -28.9 -29.7 (±0.8) -29.2 (±0.1) -30.1 (±1.1) 1.260 

N5 E. leucoxylon -30.8 - -29.2 -30.0 (±0.5) -30.1 (±0.4) -30.2 (±0.5) 1.282 

 S1 
E. viminalis 

cygnetensis 
N/A N/A -30.2 -31.3 0.934 

South-f

acing 

slope 

S2 E. paniculata -30.6 - -29.1 -29.9 (±0.4) -29.4 (±0.3) -30.1 (±0.3) 0.806 

S3 
E.viminalis 

cygnetensis 
N/A N/A -30.5 N/A 0.785 

S4 A. pycnantha -32.4 - -30.4 -31.6 (±0.6) -31.6 (±0.7) -31.7 (±0.6) 0.809 

S5 E. leucoxylon -32.6 - -31.4 -32.0 (±0.3) -31.8 (±0.4) -32.1 (±0.4) 0.775 

*The dry season is from November to March and the wet season is from June to October. 

N/A-not available, and tree N3, tree S1 and tree S3 were sampled twice only. 
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Table 3. Regression equations, R
2
 and p-value are results from linear regression models for time 

series data of leaf δ
13

C and aridity index (AI) for species of two genera: Eucalyptus and Acacia 

trees. The last column shows the p-value from the linear regression models for time series data of 

leaf δ
13

C and precipitation (P, mm accumulated from 1 August 2012 to the sampling date). 

Regression equations are not shown when p-value > 0.05. 

Site Tree ID* Regression equations 
R

2
 

(adjusted) 

p-value 

(AI) 

p-value 

(P, mm) 

North-faci

ng slope 

N1 δ13C = 0.16 × (PET/P) - 30.4 0.30 0.00 0.55 

N2 δ13C = 0.20 × (PET/P) - 30.5 0.44 0.00 0.59 

N4 δ13C = 0.27 × (PET/P) - 30.8 0.30 0.03 0.24 

N5  0.18 0.06 0.07 

South-faci

ng slope 

S2  0.13 0.10 0.32 

S4  -0.07 0.73 0.07 

S5  0.10 0.13 0.85 
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Table 4. Linear regression results for spatial variations of leaf δ
13

C and aridity index including the 

two genera, Eucalyptus (E.) and Acacia (A.) trees, and for the genus E. trees at Mount Wilson. 

Regression equations are not shown when p-value > 0.05. 

Genus Date Regression equations 
R

2
 

(adjusted) 
p-value 

E. and A. 

trees 

2013-Mar-05 δ
13

C = 0.84 × (PET/P) - 35.8 0.35 0.05 

2013-Sep-02  0.20 0.13 

E. trees 
2013-Mar-05 δ

13
C = 0.74 × (PET/P) - 34.8 0.55 0.04 

2013-Sep-02  0.04 0.33 

 




