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Abstract 

Riparian trees located in seasonally dry environments may be reliant on groundwater supplies, 

but the prevalence and magnitude of groundwater uptake is often unclear. Using soil water 

matric potential and water stable isotopes, we examined the relative contributions of soil water 

and groundwater to the dry season water uptake of five riparian tree species along an 

intermittent river of tropical northern Australia. Because xylem water was depleted in 

deuterium relative to source water (average offset –14.0‰), we numerically removed this 

offset and assessed the effect of the correction on mixing model results. We also estimated the 

isotopic composition of unbound soil water (i.e. the portion of soil water not tightly bound to 

soil particles) from bulk soil water data by using an empirical formulation from the literature, 

and tested whether considering unbound soil water as a source would affect our results. Despite 

the hot and dry surface environment, we found that soil moisture was available for trees at 

relatively shallow (~0.7–1.5 m) depths. When unbound soil water and corrected xylem water 

data were considered, most tree species used a combination of this soil moisture source and 

groundwater from the capillary fringe. However, not correcting for isotopic effects resulted in 

large underestimations of the groundwater contributions to tree water uptake. Our findings 

suggest that ignoring soil isotopic effects and deuterium depletion in xylem water may reduce 

the validity of source water partitioning assessments. Further research is needed on the likely 

causes for deuterium depletion in xylem water. 

Keywords: MixSIAR – deuterium offset – intermittent stream – riparian vegetation – soil water 

isotopes – root water uptake – mine rehabilitation   
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1 Introduction 

In tropical regions subject to high seasonal variations in rainfall, it is common for streams and 

rivers to cease to flow and for soil moisture stores to become depleted during the dry season. 

Under such conditions, the riparian vegetation growing along waterways may be reliant on 

perennial groundwater supplies (Lamontagne et al. 2005; Evaristo et al. 2016; Canham et al. 

2021). But the prevalence and magnitude of groundwater uptake by riparian trees is often 

unclear, even in seasonally dry ecosystems. Accurately assessing the use of groundwater by 

riparian trees is essential for the evaluation of ecosystem health and vulnerability to aquifer 

disturbances, whether climatic (e.g. extended drought resulting in declining water table) or 

anthropogenic (e.g. groundwater extraction or contamination). 

Riparian corridors are complex systems exhibiting considerable subsurface heterogeneity that 

is associated not only with the soil and hyporheic compartments (Ledesma et al. 2018), but 

also with the local geological setting (Naiman et al. 2005). In areas where alluvial deposits are 

of limited depth and extent, weathered bedrock formations can occur at or near the surface and 

form part of the riparian environment. Each geological formation (e.g. alluvium and bedrock) 

is likely to contain waters with different chemical properties resulting from different recharge 

histories and residence times. Because vegetation may rely on water from aquifers that are 

subject to different disturbance regimes, knowledge of the dominant groundwater source(s) 

accessed by riparian vegetation is required. In seasonally dry environments, a useful approach 

to examine plant water sourcing is to focus on the dry season, when potential sources are likely 

to be more clearly distinguishable (von Freyberg et al. 2020). Adopting this approach also 

enables direct testing of the assumption of groundwater dependence (Eamus et al. 2006), and 

provides a framework to distinguish between different groundwater pools (e.g. alluvial vs 

bedrock) as potentially distinct sources for riparian trees, a question that has been rarely 

examined (but see Hahm et al. 2020; Canham et al. 2021; McCormick et al. 2021). 

The stable isotopic ratios of water (deuterium, δD and oxygen-18, δ18O) have been widely used 

to evaluate tree water uptake processes (e.g. Ehleringer and Dawson 1992; Mensforth et al. 

1994; Dawson and Pate 1996; Drake and Franks 2003; Querejeta et al. 2007; Barbeta et al. 

2015; Evaristo et al. 2016; Vargas et al. 2017). Typically, isotopic data inform mixing models 

where the composition of each potential source (soil water at different depths, groundwater) is 

assessed against the composition of xylem water, which is considered a mixture of different 

sources – with the underlying assumption that no isotopic fractionation occurs during tree water 

uptake (Zimmermann et al. 1967; Ehleringer and Dawson 1992). While isotopic partitioning 



 

 
This article is protected by copyright. All rights reserved. 

has been used for at least three decades to assess plant water sourcing, recent analytical and 

experimental developments have uncovered a number of limitations to the technique (see a 

review in von Freyberg et al. 2020). First, there is growing empirical evidence that xylem water 

can be depleted in δD relative to source water (Ellsworth and Williams 2007; Zhao et al. 2016; 

Evaristo et al. 2017; Vargas et al. 2017; Barbeta et al. 2019; Poca et al. 2019; Canham et al. 

2021). Researchers have attempted to remove this δD offset numerically, with important 

implications for assessments of plant water sourcing (Barbeta et al. 2019; Hahn et al. 2021; Li 

et al. 2021). Yet the actual causes for the offset in xylem water are still debated (Barbeta et al. 

2020a; Barbeta et al. 2020b; Chen et al. 2020; de la Casa et al. 2021). 

Second, isotopic heterogeneities are ubiquitous in soils and are a function of both flow 

processes and interaction with soil particles (Oerter et al. 2019; Sprenger et al. 2019b). The 

adsorption of soil water to organic or mineral surfaces may induce equilibrium fractionation 

between the tightly bound and more mobile (i.e. capillary) water (Chen et al. 2016; Gaj et al. 

2017; Lin et al. 2018; Gaj and McDonnell 2019; Bowers et al. 2020), and such adsorption 

effects can result in highly uncertain soil water isotopic measurements depending on the 

extraction technique and procedure employed (Orlowski et al. 2016b; Orlowski et al. 2018). 

To isolate the isotopic composition of the fraction of soil water likely available to plants, i.e. 

the water that is less tightly held in soil pores (termed “unbound” water here), empirical 

corrections have been applied to the isotopic composition of bulk soil water (Chen et al. 2016; 

Barbeta et al. 2020a). These corrections have the potential to improve estimates of plant water 

sourcing, but their effect on mixing model outputs is yet to be tested. 

In this study, we aimed to determine the water sources used by riparian trees in the dry season 

along an intermittent river system in tropical northern Australia (Magela Creek, Northern 

Territory). We addressed this aim by measuring δD and δ18O in rainfall, xylem water of five 

different tree species, soil water along profiles at three landscape positions (within channel; 

upper riverbank; floodplain), and shallow groundwater in two geological units (sandy alluvial 

deposit; weathered metasedimentary bedrock). Specifically, our questions and related 

hypotheses were: 

(1) Do riparian trees along Magela Creek primarily use groundwater at the end of the dry 

season? Here we hypothesised that groundwater is the dominant source of tree water uptake 

across the riparian landscape. 
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(2) Are there significant differences in tree water sourcing between tree species and landscape 

positions? Here we hypothesised that water sources do not differ significantly amongst species, 

but that given the differences in landforms, soil types and underlying aquifers, the position in 

the landscape is a strong determinant of tree water sourcing. 

(3) How does the consideration of isotopic effects (i.e. removal of δD offset in xylem water 

and calculation of unbound soil water) influence our interpretation of groundwater 

dependence? Here we hypothesised that accounting for isotopic effects does not change 

estimates of groundwater use.  

2 Physical setting 

The study was conducted within the boundaries of the Ranger Uranium Mine (RUM) lease 

area, surrounded by Kakadu National Park (Northern Territory, Australia; Error! Reference 

source not found.). Uranium production ceased at RUM in 2012, with rehabilitation underway 

using waste rock as a capping for the final landform. This waste rock may release salts into the 

weathered bedrock groundwater, prompting the need for an assessment of the water sources 

that support riparian ecosystems (Bartolo et al. 2018). Previous work in northern Australia has 

focussed on understanding the potential of groundwater dependence of dominant vegetation 

systems, including tropical savanna woodlands, riparian vegetation and monsoon vine forests 

(Cook et al. 1998; Hutley et al. 2000; Drake and Franks 2003; Lamontagne et al. 2005; Cook 

and O’Grady 2006; O'Grady et al. 2006; Kelley et al. 2007; Canham et al. 2021). Savanna 

woodlands were deemed to have limited to no groundwater dependence and to be largely 

supported by soil moisture stores (Hutley et al. 2000; Kelley et al. 2007), whereas riparian trees 

were found to almost always access groundwater during the dry season, to varying extents 

depending on their position in the landscape (from <15% to exclusive groundwater use) 

(Lamontagne et al. 2005; Cook and O’Grady 2006; Canham et al. 2021). These studies suggest 

there is a high probability that riparian vegetation along Magela Creek will be similarly reliant 

on groundwater. 

Magela Creek is an intermittent stream which traverses the RUM lease area (Error! Reference 

source not found.), where much of the ground surface is covered by laterite, clayey sand and 

silt resulting from intense weathering of the Paleoproterozoic schists forming the bedrock 

(Ahmad and Green 1986). A period of extensive sedimentation occurred in the Holocene, when 

medium- to coarse-grained sand infilled a channel previously incised into the substratum 

(Nanson et al. 1993; Jansen and Nanson 2004). This unconsolidated sandbed deposit can reach 
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depths of 8 to 12 m and directly overlies the weathered bedrock. The sandbed formation 

contains water all year round, with the water table generally < 1 m below the surface at the end 

of the dry season, and is characterised by high hydraulic conductivities and short residence 

times (Ahmad and Green 1986). Away from the channel, however, the water table depth in the 

weathering profile can vary by 3 to 5 m between the wet and dry seasons (Geoscience Australia 

2014). Waters contained in the weathered bedrock are semi-confined in some areas due to the 

presence of clayey horizons (Ahmad and Green 1986). It is likely that the sandbed alluvium 

and weathered bedrock are hydraulically connected, with discharge of subsurface water from 

the mine into the alluvium identified in certain areas (Chandler et al. 2021). 

The region experiences a highly seasonal rainfall regime subject to high monsoonal rainfall 

during the austral summer followed by a long dry season with little to no rain, typical of the 

Australian wet-dry tropics (Cook and Heerdegen 2001). The mean annual rainfall at Jabiru (6 

km to the west of the study site) was 1622 mm (range 1038–2623 mm) for the period 1995 to 

2019 (Bureau of Meteorology, station 14198), with on average 87% of rain falling between 

November to March and 99% between October to May. 

The lowland section of Magela Creek has several anabranching channels that divide and re-

join around ridges and islands colonised by riparian vegetation (Tooth et al. 2008). The banks, 

ridges and islands are typically stabilised by dense tree coverage (e.g. Melaleuca spp., 

Lophostemon spp.) with a grass understorey (e.g. Sorghum spp.) as well as patches of large 

monsoonal forest species (e.g. Lophopetalum spp., Syzygium spp.) (Jansen and Nanson 2004; 

Tooth et al. 2008). The floodplain areas support a more open tree cover (e.g. Melaleuca spp., 

Pandanus spp., Acacia spp.) (Erskine 2002; Tooth et al. 2008). 

Two locations representative of the riparian and subsurface environments of Magela Creek 

were selected for this study. The main site was located ~1 km downstream of the active mining 

footprint (12°39’33”S, 132°54’30”E; downstream site in Error! Reference source not 

found.). The channel and floodplain at this site were respectively ~110 m and ~60 m wide, and 

the sandbed deposit was restricted to the anabranching channels, ridges and riverbanks, 

whereas the floodplain was made of Pleistocene clayey sands (Nanson et al. 1993) directly 

underlain by the weathered bedrock formation. The second site was ~2 km upstream of the 

downstream site and had similar channel and riverbank morphology but no accessible 

floodplain (12°40’26”S, 132°55’48”E; upstream site in Error! Reference source not found.). 

At both sites, Melaleuca viridiflora and Lophopetalum arnhemicum were the two dominant 
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tree species. Tree density was between 4 and 17 trees per 100 m2 (Erskine 2002) and base tree 

diameters ranged between 15 and 30 cm, for an average tree height of ~11 m. Rooting depth is 

unknown. At both sites, there was little to no understorey at the time of sampling due to a 

prescribed fire in the month prior to sampling. 

3 Methods 

3.1 Field sampling 

We collected twig and soil samples from the two selected sites in September 2019 (end of the 

dry season; 120 days since last rainfall event), as detailed below. At the main (downstream) 

site, the isotopic composition of xylem and soil water was determined at three positions in the 

landscape: (i) along a ridge within the main channel, (ii) on the riverbank, approximately 1.5 

m above the main channel, and (iii) within the floodplain, approximately 50 m away from the 

riverbank and at a similar elevation in the landscape (Figure 1). At each position, three replicate 

holes were dug using a hand auger, each hole being 3 to 5 m apart. From each hole, soil samples 

were collected at approximately 0.3 to 0.4 m intervals and until the capillary fringe was 

reached. Holes were consistent in depth within replicates, and the deepest sample was collected 

at 3.1 m (floodplain). At the upstream site, we collected samples from two additional soil 

profiles (one in the channel and one on the riverbank). All soil samples were double zip-lock 

bagged (Hercules) immediately after sampling with no headspace and refrigerated on site. 

Samples were collected in duplicate, with one used for soil matric potential, gravimetric water 

content and particle size distribution measurements and the other for isotopic analyses. 

We sampled five of the most common riparian tree species in the study area (Figure 1). At the 

floodplain landscape position only two species (M. viridiflora and L. lactifluus) were present, 

while M. alternifolia was present only at the channel landscape position. At each site and 

landscape position we sampled three replicate trees per species and two replicate twigs per tree. 

We collected twigs of approximately 10–15 mm diameter from the canopy using a telescopic 

pruner. These were cut into 200-250 mm lengths and immediately wrapped in parafilm, sealed 

with electrical tape, double zip-lock bagged and refrigerated on site. Overall, we obtained 80 

soil samples from 11 soil profiles (9 at the downstream site; 2 at the upstream site) and 41 twig 

samples (23 at the downstream site; 18 at the upstream site) for isotopic analyses.  

Water samples were collected from existing groundwater monitoring bores and piezometers 

located in the vicinity of the creek (maximum distance 120 m from main channel, Figure 1). 

For the bores, we used a submersible pump (Tornado, Proactive, USA) and samples were taken 
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once three bore volumes had been purged and/or once pH, conductivity and dissolved oxygen 

had stabilised. For sampling of the piezometers in the channel, we used a peristaltic pump 

(Geopump Series II, Geotech, USA). A total of 13 bores were sampled to characterise the 

weathered bedrock groundwater (screen depths from 10 to 61 m below ground; see 

Supplementary Information), and six piezometers located within the channel to characterise 

the water contained in the sandbed aquifer (providing a total of 13 values including repeated 

measurements). In order to develop a local meteoric water line, rainfall was sampled during 

the 2019-2020 and 2020-2021 wet seasons. We used a Palmex rainfall collector (Gröning et al. 

2012) and rainfall samples were collected at the Supervising Scientist Branch’s Jabiru Field 

Station, about 2 km west of the study site (12°39’40”S, 132°53’40”E). 28 weekly composite 

rainfall samples were obtained throughout the period. 

3.2 Soil measurements 

Gravimetric water content was determined for each soil sample following Carter and Gregorich 

(2007), where wet samples were oven-dried at 105°C for 96 hours. Soil water matric potential 

(Ψm) was estimated at each depth for seven soil profiles using the filter paper method (Deka et 

al. 1995). Briefly, a Whatman No. 42 filter paper was placed in a sealed tin container 

surrounded by the soil sample and was left at room temperature for 14 days to ensure that 

equilibrium was reached. Water content of the filter paper was then determined and Ψm was 

obtained using the calibration curve of Deka et al. (1995). For each soil sample we ran two 

replicates and report the average Ψm value. The method is accurate to ±10% (Cook and 

O’Grady 2006). We also determined the fraction of sand in selected soil samples using an 

ultrasonic ring sieve (Hielscher). Dried samples were poured into the sieve tower and two sieve 

sizes were used (4.75 and 0.075 mm) to sieve out the gravel (>4.75 mm) and silt and clay 

(<0.075 mm) fractions. 

3.3 Isotopic analyses 

The isotopic composition of soil and xylem water was analysed at the West Australian 

Biogeochemistry Centre (University of Western Australia) three months after sample 

collection. Prior to extraction, twig samples were stripped of bark as woody tissues may be 

isotopically fractionated compared to conductive tissues (Dawson and Ehleringer 1993). Water 

was extracted from soil and twig samples using cryogenic vacuum distillation following the 

procedure in West et al. (2006). Samples were heated (>90°C) under vacuum and water vapour 

was caught in a liquid nitrogen cold trap (-196°C). Samples were not evacuated until fully 

frozen to avoid (1) vapor loss during evacuation and (2) condensation of moisture from the 
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atmosphere. This allowed operation at relatively high vacuum (between 10-1 and 10-2 mbar) at 

the start of the extraction. Twig samples were cut into pieces to accelerate extraction, and 

extraction times were 60 and 90 min for soil and twig samples, respectively. Water was also 

extracted from four different standards following the same procedure to assess extraction 

efficiency, which was always >95%. Extracted water samples were then analysed for δ18O and 

δD on a Picarro L1115-i cavity ring-down spectrometer equipped with a micro-combustion 

module to eliminate any organic interference. The absence of contamination was verified using 

Picarro's ChemCorrect post‐processing algorithm. Groundwater and rainfall samples were 

analysed for δ18O and δD at Charles Darwin University using a Picarro L2130-i cavity ring-

down spectrometer fitted with a diffusion sampler (Munksgaard et al. 2011). All the δ18O and 

δD raw values were normalised to the VSMOW (Vienna Standard Mean Ocean Water) scale 

based on three laboratory standards as per Skrzypek (2013) and reported in per mil (‰). The 

standards spanned a wide range of δD (–72 to 8‰) and δ18O (–10 to 2‰) and the analytical 

uncertainty was determined as <1.0‰ for δD and <0.1‰ for δ18O. 

3.4 Isotopic data corrections 

Plant water sourcing studies based on bulk soil water isotopic measurements may lead to 

inaccurate estimates of source proportions, because some of the more tightly bound soil water 

may not be available for plants (Berry et al. 2018; Oerter et al. 2019; Barbeta et al. 2020a). To 

obtain a more realistic end-member for soil water available for trees, we corrected for the 

isotopic offset between bulk and unbound soil water using the empirical formulations 

developed by Chen et al. (2016) (Error! Reference source not found.). These formulations 

were obtained from a comprehensive series of experiments with a range of organic materials 

and solid-to-water ratios equivalent to our soil values (0.1 to 3), which showed that surface 

fractionation effects were consistent across all materials tested and mainly a function of water 

content (Chen et al. 2016). The approach was then successfully applied in natural soils (Chen 

et al. 2016; Chen et al. 2021). The fractionating processes likely represented in these 

formulations include intramolecular hydrogen bonding in the condensed phase and hindered 

translation/rotation of adsorbed water molecules, as evidenced by Lin and Horita (2016) and 

Lin et al. (2018) using mesoporous silica. Because the organic fraction in our soil samples was 

negligible, we followed Barbeta et al. (2020a): 

𝛿18𝑂u = 𝛿18𝑂b + 0.91 
1−𝑓s

2.65 𝑊b
   

𝛿𝐷u = 𝛿𝐷b + 17.75 
1−𝑓s

2.65 𝑊b
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where δ18Ou and δDu are the estimated isotopic ratios for unbound soil water (‰), δ18Ob and 

δDb are the measured isotopic ratios (i.e. bulk soil water), and fs and Wb are the sand fraction 

and gravimetric water content of a given soil sample (Chen et al. 2016; Barbeta et al. 2020a). 

It is also increasingly clear that isotopic mismatches can occur between plant and source water, 

which can result in erroneous attribution of source water use by plants (de la Casa et al. 2021). 

We found strongly negative δD offsets across our xylem water samples and chose to correct 

for these offsets as per a growing number of studies (Barbeta et al. 2019; Hahn et al. 2021; Li 

et al. 2021). To do this, we computed a composite “source water line” similar to Barbeta et al. 

(2019) and Li et al. (2021) based on all potential sources (i.e. all unbound soil water and 

groundwater samples), and quantified the δD offset of each sample from this source water line. 

We then derived an average 𝛿𝐷offset
̅̅ ̅̅ ̅̅ ̅̅ ̅̅  that we added to all xylem water δD measurements (Figure 

2). The correction by an average offset for all samples instead of individual offsets as in 

previous studies appeared more appropriate because it allowed to keep some of the natural 

variability between samples. 

3.5 Statistical tests and mixing models 

Prior to undertaking mixing analyses, we assessed the differences in isotopic composition 

between different groups such as xylem and soil water from upstream vs downstream sites, 

xylem water from different landscape positions and tree species, and soil water from different 

depths and landscape positions. This was a prerequisite to the definition of sources, as all 

sources to be used in the models must have significantly different isotopic compositions (Stock 

et al. 2018). We first ran a Shapiro-Wilk test to check for normality of the data in each group 

(MATLAB function shapirowilk) and found that all groups were not significantly non-normal 

(p-values between 0.09 and 0.99). We then applied the parametric two-sample t-test (MATLAB 

function ttest2) separately on δD and δ18O to assess differences between the means of groups. 

All the p-values reported in the results are based on a two-sample t-test unless stated otherwise. 

If there was no statistical difference between the means of isotopic data collected from the 

upstream and downstream sites, or from shallow and deep soil horizons, we pooled them 

together for analysis and interpretation. Further details on data aggregation are provided in the 

Results section. 

Probabilistic mixing models (e.g. Parnell et al. 2013; Stock et al. 2018) have been increasingly 

used for plant source water identification (e.g. Barbeta et al. 2015; Evaristo et al. 2016). Here 

we used MixSIAR (Stock and Semmens 2016), a linear mixing model embedded in a Bayesian 
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inference framework, to determine the relative contributions of each source to xylem water for 

the five tree species. A dual isotope approach has been recommended to determine plant water 

sources (McDonnell 2014; von Freyberg et al. 2020), therefore both δ18O and δD were used as 

model inputs. We considered a range of potential sources at each landscape position, depending 

on whether the means of sources were significantly different from each other: shallow soil 

water, deep soil water, sandbed aquifer and weathered bedrock aquifer. To define soil 

endmembers, we discarded all soil depths for which Ψm was lower than –3 MPa, as it is 

extremely unlikely that trees would access water so tightly bound to the soil matrix.  The model 

was run for each landscape position to determine the influence of landscape position on tree 

water sources and to account for differences in soil isotopic compositions between positions.  

We ran models for each riparian tree species separately because of the differences in xylem 

water isotopes across species. To assess the effect of our empirical adjustments of isotopic data 

on source partitioning estimates, we ran a series of analyses using the bulk (uncorrected) and 

unbound (corrected) soil water isotopic ratios in combination with the depleted (uncorrected) 

and offset (corrected) xylem water isotopic ratios. In the MixSIAR model, we used species as 

a fixed effect factor, while the enrichment factor was set to 0 (assumes no fractionation during 

tree water uptake). We used an uninformative prior (α=1) and the models were run with 

100,000 iterations (burn-in 50,000). For each potential source we report the most likely 

contribution to xylem water, i.e. the median of the posterior distribution from 3,000 

simulations, together with the interquartile range, minima and maxima. 

4 Results 

4.1 Groundwater pools 

The two geological formations contained waters with distinctly different chemical and isotopic 

composition (p<0.01; Figure 3). Groundwater in the weathered bedrock had lower isotopic 

compositions (mean δ18O –5.6‰) and was more mineralised (mean EC 201 µS/cm) than 

groundwater in the sandbed aquifer (mean δ18O –2.9‰ and mean EC 79 µS/cm). In the dual-

isotope space (Figure 4), bedrock waters plotted close to the local meteoric water line, with 

varying degrees of isotopic depletion that were not related to sampling depth (see data in 

Supporting Information). In contrast, sandbed waters were more enriched and followed a linear 

trend gradually departing from the meteoric line, typical of waters subject to evaporative 

enrichment. 
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4.2 Soil water profiles 

Soil water matric potentials were very negative in the topsoil (0 to 0.5 m), with Ψm values 

between –19 and –6 MPa in the first 0.5 m, but increased significantly at relatively shallow 

depths, with all but one value >–1 MPa between 0.7 and 1 m (Figure 5Error! Reference 

source not found.). There were differences across landscape positions, with the –3 MPa 

threshold reached at 0.7, 0.9 and 0.5 m for the channel, upper bank and floodplain, respectively. 

At depths >1 m, all Ψm values were >–0.7 MPa, suggesting water readily available to trees at 

these depths. Gravimetric soil water content at depths <1 m ranged between 1 and 15% 

(average 4%), while the deeper soil layers had gravimetric water content values between 1 and 

29% (average 14%). Fraction of sand was 93–100% (median 98%), 60–97% (median 90%) 

and 73–97% (median 88%) for the channel, upper riverbank and floodplain, respectively. The 

depth to water table was 1.7–1.9 m in the channel, 2.5–2.9 m on the upper riverbank, and 2.7–

2.9 m in the floodplain. 

Discarding the soil depths for which Ψm was less than –3 MPa allowed us to remove all topsoil 

water samples from the analysis. The remaining samples, corresponding to unbound soil water 

available to trees, were then separated between shallow and deep soil, with cut-off depths set 

at 1.2, 1.5 and 1.1 m for the channel, upper bank and floodplain, respectively. The resulting 

groups of shallow vs deep soil water had significantly different isotopic compositions (means) 

for all landscape positions (Table 1; Figure 6). Samples taken in the shallower layers of soil 

tended to be more isotopically enriched, with shallow soil water roughly following the same 

evaporation trend as that of the sandbed aquifer, whereas deeper soil water was more 

isotopically depleted and plotted closer to the meteoric water line (Figure 4). This change 

between shallow and deep soil layers was more apparent for δ18O than for δD, particularly in 

the channel (Table 1; Figure 6). Samples taken from the river channel were generally more 

enriched than samples taken from the upper bank and floodplain, reflecting the highly 

evaporative environment of the coarse sands. We also report significant lateral heterogeneity 

between replicate soil cores (differences of up to 1.6‰ for δ18O and up to 9.8‰ for δD for a 

given depth) despite the soil cores having been dug relatively close to each other. 

4.3 Xylem water and δD offset 

We found a substantial and systematic mismatch in the δD values of xylem water relative to 

those of rain, unbound soil water and groundwater (Figure 2). A negative δD offset (average –

14.0‰) from our source water line was apparent for all species and at all landscape positions. 

This offset was corrected as per Figure 2. Regardless of the correction, we observed large 
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variations in the isotopic ratios of xylem water, both between and within species, as well as 

between positions in the landscape (Figure 6). M. viridiflora had on average the lowest isotopic 

compositions in xylem water (median δ18O –2.9‰ and median corrected δD –23.5‰), while 

L. lactifluus had the highest (median δ18O –1.7‰ and median corrected δD –14.9‰). When all 

species were grouped, we found no significant difference between the xylem water samples 

collected from the channel and those from the upper bank, while differences with the floodplain 

were always significant (Table 1). Samples tended to be more isotopically enriched in the 

channel and upper bank locations (median δ18O –2.5‰ and median corrected δD –18.1‰) and 

more depleted in the floodplain (median δ18O –2.8‰ and median corrected δD –22.1‰). 

4.4 Source identification and model parametrisation 

MixSIAR was used to assess the likely water sources of each species at the three landscape 

positions. For all positions we separated soil water data into a shallow and a deep soil source, 

because differences were significant for at least one of the two isotopes (Table 1). In the 

channel, however, we aggregated deep soil and sandbed groundwater, because differences 

between these two groups were not significant (Table 1). This likely reflects capillary rise in 

the deep soil horizons, which led us to consider this source as a single groundwater source. We 

removed the sandbed groundwater as a potential source at the upper bank and floodplain 

positions, because due to the distance and ready availability of other, closer sources (i.e. 

shallow and deep soil moisture), this source was unlikely to be accessed by trees. We also 

grouped data from the upstream and downstream sites if they did not differ significantly. As 

this was the case for soil water from the upper bank (Table 1), we combined one upstream and 

three downstream cores as the inputs for soil water sources in the mixing models for this 

landscape position. For the channel position, however, differences were significant (Table 1) 

so we only used the three downstream cores in the models. Likewise, we found no statistical 

difference between the isotopic composition of xylem water collected at the downstream and 

upstream sites (Table 1), so we pooled all results for the analysis. 

4.5 Water source partitioning 

Outputs from the model were strongly affected by the type of data used as input (Figure 7). 

Generally, models tended to estimate a higher contribution from the shallow soil when 

uncorrected soil and xylem water data were used (scenario 1; left panel in Figure 7), whereas 

the proportion of water sourced from the sandbed (channel) and weathered bedrock 

(floodplain) aquifers increased when we used the corrected soil and xylem water data as model 

inputs (scenario 4; right panel in Figure 7). Scenario 2 using corrected soil water but 
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uncorrected xylem water data resulted in a higher estimate of the weathered bedrock 

groundwater contribution in all landscape positions (centre left panel in Figure 7), while 

scenario 3 using bulk soil water but corrected xylem water data yielded similar results to those 

with both corrected datasets (centre right panel in Figure 7). For the upper riverbank, the 

contributions from deep soil water and from the bedrock aquifer were generally low and did 

not vary significantly between the four parametrisations. Interestingly, and despite the observed 

differences in xylem water composition between tree species, the modelled estimates of source 

water proportions were consistent across all species for a given landscape position. 

In the following we only compare the results based on the two “extreme” model 

parametrisations, i.e. scenarios 1 (where neither soil nor xylem isotopic data were corrected) 

and 4 (where both soil and xylem isotopic data were corrected). For trees located within the 

channel, the uncorrected model had shallow soil water contributing 74–96% (interquartile 

ranges across species) to tree water uptake, but these estimates dropped to 38–93% when the 

corrected data were considered. Meanwhile, the contribution of sandbed groundwater (either 

from the water table or capillary fringe) increased from 0–14% to 5–60% with the change from 

uncorrected to corrected input data (Figure 7). Results for trees located on the upper bank were 

not strongly affected by the model parameterisation, with shallow soil water consistently being 

the dominant source for trees (interquartile ranges 67–97% and 79–98% for uncorrected and 

corrected data, respectively). The deep soil and weathered bedrock aquifer had small (<10%) 

contributions to xylem water at this landscape position, regardless of the input data used (Figure 

7). Lastly on the floodplain, the two tree species we examined accessed predominantly shallow 

soil water when we considered uncorrected data, with interquartile ranges 83–96% and 71–

89% for M. viridiflora and L. lactifluus, respectively, but these contributions decreased to 34–

77% and 47–79% when data were corrected (Figure 7). For both species, the contributions of 

bedrock groundwater and deep soil water were higher when the corrections were taken into 

account, with for instance for M. viridiflora an increase from 1–7% to 3–26% for bedrock water 

and from 1–10% to 6–44% for deep soil water.  

5 Discussion 

Our study provides insights into tree water use in a riparian setting of the Australian seasonal 

tropics. While groundwater likely represented a non-negligible proportion of tree water uptake 

at several landscape positions, the importance of soil moisture sources allowed us to reject our 

first hypothesis that groundwater would be the dominant source of tree water uptake in Magela 
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Creek. We also found that water sources did not differ significantly amongst species at a single 

location, but that the position in the landscape was a strong determinant of tree water sourcing, 

in line with our second hypothesis. Lastly, we showed that correcting for the isotopic effects 

likely to occur within the soil matrix and during root water uptake led to higher estimates of 

groundwater use, contradicting our third hypothesis that these corrections would lead to no 

significant change. In the following we discuss these results in more detail.  

5.1 Groundwater use by riparian trees 

When considering unbound soil water as a potential source and the corrected xylem water data 

(two assumptions we discuss further in Sections 5.2, 5.3 and 5.4), we found that riparian trees 

predominantly used soil moisture sourced from 0.7 to 1.5 m depth, and that this source was 

supplemented with varying contributions of groundwater depending on the position in the 

landscape (Figure 7). Trees located within the creek channel likely accessed significant 

amounts of shallow groundwater contained in the sandbed alluvium, while the weathered 

bedrock groundwater was accessed in the floodplain area, although this source was likely to be 

minor. The reliance of riparian trees on groundwater at the end of the dry season has been 

reported in other studies conducted in the wet-dry tropics of northern Australia (Lamontagne 

et al. 2005; Cook and O’Grady 2006; Canham et al. 2021), and our results add to this body of 

literature. In the Daly River, a comparable environment to that of Magela Creek, Lamontagne 

et al. (2005) and O'Grady et al. (2006) found that the landscape position was a strong 

determinant of groundwater use, with trees close to the river almost exclusively reliant on this 

source. In contrast, Canham et al. (2021) showed that riparian trees located on the riverbank 

accessed shallower sources than floodplain trees, a result that echoes our finding that trees 

located on the upper bank of Magela Creek used soil moisture sources almost exclusively. This 

different uptake pattern on the upper riverbank can be related to the sandy loam soil type at this 

location which resulted in high plant-available soil moisture from about 0.9 m depth. Yet we 

expect that riverbank trees located closer to the creek channel (i.e. on the lower part of the 

riverbank) would also be accessing sandbed groundwater, as suggested by observations of 

riverbank trees with surface roots that reach the creek edge.  

Similarities in water sourcing across tree species suggest that they tended to be opportunistic 

in their sources of water, consistently using a combination of more freely available sources for 

a given location. Opportunistic strategies have been widely reported in riparian, water-limited 

environments across Australia (e.g. Mensforth et al. 1994; Holland et al. 2006; O'Grady et al. 

2006; Canham et al. 2021). While we demonstrate a degree of groundwater uptake for all 
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species, none of the five studied species were exclusively reliant on groundwater at the end of 

the dry season. This is not surprising given the availability of soil moisture at relatively shallow 

soil depths. Trees in the area may have dimorphic root systems (Ehleringer and Dawson 1992; 

Dawson and Pate 1996) where wet season soil moisture drives nutrient mineralisation and 

access via shallow roots in the top soil supplemented by a more reliable water source accessed 

during the dry season via deeper roots. Tropical savanna trees in Australia tend to have a similar 

root architecture and strategy (Werner and Murphy 2001; Kelley et al. 2007; Vega-Grau et al. 

2021). It is possible, however, that under more severe drought conditions trees may be entirely 

reliant on groundwater (e.g. in the event of lower rainfall in the previous wet seasons) 

(Lamontagne et al. 2005; O'Grady et al. 2006). Rainfall in the water year prior to our sampling 

was below average (1240 mm), but the previous water year was substantially above average 

(1920 mm), so our results can be considered as representing average moisture conditions. 

It is also not completely impossible that our assessments of groundwater use were 

underestimated, because we cannot rule out the possibility that some of the water contained in 

the soil horizons was part of the capillary fringe, i.e. groundwater that rose above the water 

table via capillary action. Studies have reported maximum capillary rise heights of  >1 m in 

sandy loams (Kumar and Malik 1990; Liu et al. 2014), which could mean that our deep soil 

water source at the upper bank and floodplain may actually be weathered bedrock groundwater 

– despite the significant isotopic differences between deep soil water and groundwater (Table 

1). In the channel, the lack of isotopic difference between deep soil water and groundwater led 

us to aggregate these two sources into a single groundwater source, but taking our reasoning 

further the shallow soil water source may also originate from capillary rise. However, a 

capillary fringe of >1 m in height (as would be needed here to explain the presence of shallow 

soil moisture) is relatively unlikely in coarse sand (Malik et al. 1984; Hird and Bolton 2017). 

In any case, these considerations led us to regard our estimates of groundwater use as lower 

bound estimates for all landscape positions.  

5.2 Unbound soil water as a more likely source for trees 

The isotopic composition of soil water can be affected by adsorption to mineral or organic soil 

particles, with tightly bound water often isotopically depleted relative to capillary soil water 

(Oerter et al. 2014; Chen et al. 2016; Gaj et al. 2017; Lin et al. 2018; Gaj and McDonnell 2019; 

Zhao and Wang 2021). While roots will access water that is not tightly bound to soil particles, 

cryogenic extraction as used in this study does not discriminate between isotopically distinct 

soil water stores, i.e. it provides an integrated estimate of both capillary and tightly bound water 
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(Orlowski et al. 2016a). Oerter et al. (2019) showed that in-situ measurements of the isotopic 

composition of soil water vapour led to a better match between xylem water and soil water 

signatures, and concluded that water vapour in the soil matrix is more representative of 

unbound soil water available for plants. 

When direct water vapour measurements are not available, however, it is possible to use bulk 

soil water data obtained from cryogenic extraction and empirically remove the isotopic 

signature of tightly bound water, a pool theoretically unavailable for plant water uptake. Chen 

et al. (2016) developed a method to quantify the isotopic offset between bulk and unbound soil 

water, which Chen et al. (2016) and Chen et al. (2021) successfully applied in natural grassland 

soils, and which Barbeta et al. (2020a) used to remove the isotopic composition of tightly 

bound soil water. Using the same correction, we found that estimates of unbound water plotted 

closer to the evaporation line observed in the shallow sandbed groundwater than bulk soil water 

(Figure 2), hence validating the hypothesis that the correction yielded signatures of the 

unbound pool of soil water that is available to vegetation. The largest difference between bulk 

and unbound soil water isotopic compositions was for the floodplain, which we attribute to the 

higher soil clay content in the floodplain sediments (Nanson et al. 1993). High clay content 

likely resulted in a significant portion of soil water being held at high tensions (Adams et al. 

2020). While we do acknowledge that experiments using a broad range of natural soils 

comparing the actual isotopic composition of unbound soil water and that of bulk soil water 

would be particularly useful, our results are in line with findings from Chen et al. (2016) and 

Zhao and Wang (2021) and bring confidence in the use of the empirical correction for the 

mixing analyses. 

5.3 Correcting for the δD offset in xylem water 

Depletion in δD of xylem water relative to source water has been increasingly reported across 

a range of bioregions and climates (Zhao et al. 2016; Evaristo et al. 2017; De Deurwaerder et 

al. 2018; Barbeta et al. 2019; Poca et al. 2019; Barbeta et al. 2020a; Barbeta et al. 2020b; 

Carrière et al. 2020; Zhao and Wang 2021). There are also less frequent reports of δD 

enrichment in xylem water relative to source water (Muñoz-Villers et al. 2020; Vega-Grau et 

al. 2021). All xylem water samples taken along the Magela Creek riparian corridor had negative 

δD offsets relative to both source water and local rainfall. Given the mounting evidence, this 

isotopic depletion in xylem water may be ubiquitous (de la Casa et al. 2021), and Ellsworth 

and Williams (2007) have suggested it is related to isotopic fractionation during root uptake. 

Vega-Grau et al. (2021) found increasing deviation of xylem water isotopes from deep roots to 
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stems in mature tropical savanna trees, suggesting fractionation along the transpiration stream. 

Other work by Poca et al. (2019) shows the offset between xylem and source water can be 

enhanced by the presence of arbuscular mycorrhizal fungi, which are likely to be present in 

Magela Creek due to the inherent low nutrient status of the leached sands. It has also been 

suggested that the isotopic heterogeneity within plants may be responsible for the offset (Zhao 

et al. 2016; Barbeta et al. 2020a). Barbeta et al. (2020a) proposed that the δD offset was due 

to large isotopic differences between conductive (reflecting source water) and non-conductive 

(δD-depleted) xylem tissues, rather than due to fractionation during root uptake.  

On the other hand, the possibility that δD depletion in xylem water may be related to a 

measurement artefact during cryogenic extraction, rather than to a physical process at the soil–

root interface or within the plant, cannot be ruled out (Chen et al. 2020). But we note that a 

consensus is yet to be reached on this question (Newberry et al. 2017). Regardless of the cause 

for the observed isotopic offset in xylem water, we decided to correct for this effect before 

applying our mixing models, as other authors before us (Barbeta et al. 2019; Hahn et al. 2021; 

Li et al. 2021). While there is no ideal way to numerically remove the mismatch between source 

and xylem water, we believe our method using an average offset has the advantage of 

preserving some of the natural variability among xylem water samples. Using their source 

water line as a reference to correct for the negative δD offsets in xylem water, Li et al. (2021) 

found that not applying the correction would lead to poorer model performance. However, the 

improved model performance obtained by Li et al. (2021) with corrected xylem data is 

probably due to the fact that their correction artificially decreased the natural variability in 

xylem water isotopic composition, with all corrected data aligned along the source water line.  

5.4 Effect of isotopic corrections on source water partitioning results 

Our mixing results were highly sensitive to the two isotopic corrections we applied (Figure 7). 

Using the uncorrected isotopic data (scenario 1) resulted in very high contributions of shallow 

soil water for all landscape positions, which could have been anticipated given the similar δD 

depletion observed in bulk soil water and xylem water (Figure 2). One may argue that such an 

overlap could indicate preferential uptake of tightly bound soil water by trees, somewhat in 

line with the ecohydrological separation theory (McDonnell 2014). Zhao and Wang (2021) also 

observed that the isotopic composition of xylem water was depleted in δD and that it 

overlapped with that of tightly bound soil water. They concluded that trees tended to use this 

less mobile pool of water. In our case, however, this scenario is unlikely as we would expect 

roots to take up the capillary soil water first (Barbeta et al. 2020a), which the matric potential 
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data show was readily available across the soil profile. We believe that applying the two 

corrections simultaneously (scenario 4) provided a more realistic picture of tree water sourcing 

in Magela Creek, in agreement with studies from Barbeta et al. (2019), Barbeta et al. (2020a) 

and Li et al. (2021). However, we recognise that it is somewhat problematic that our mixing 

model results are so strongly dependent on these empirical corrections. Our results highlight 

the need for research that addresses isotopic effects in the soil matrix and within the root 

system. Only by understanding the processes responsible for the depletion in δD of xylem water 

can we provide more accurate and reliable source water partitioning estimates in the future 

(Chen et al. 2020; de la Casa et al. 2021). 

5.5 Uncertainties related to spatiotemporal heterogeneities 

To tackle some of the uncertainties stemming from the use of water stable isotopes for 

assessments of plant water sourcing, researchers are now advocating for an increase in the 

spatiotemporal resolution of isotopic measurements in soil and xylem water (Penna et al. 2018; 

Sprenger et al. 2019b; Beyer et al. 2020; Sprenger and Allen 2020; von Freyberg et al. 2020), 

with ideally a preference for in-situ, non-destructive measurements (Volkmann et al. 2016; 

Oerter et al. 2019; Beyer et al. 2020). This approach may be valuable to identify seasonally 

varying sources of water uptake (e.g. Andrews et al. 2012; Thaw et al. 2021). In remote tropical 

areas, however, limited access to sampling sites and extreme meteorological conditions can 

make high-frequency measurements difficult. In such cases, a useful alternative is to focus on 

the dry season, when the isotopic ratios of potential sources are likely to be more clearly 

distinguishable (von Freyberg et al. 2020). Our results suggest that even under such conditions, 

there can be some degree of isotopic overlap between potential sources, which can lead to 

significant uncertainties. One approach that proved useful to tackle some of these uncertainties 

was the coupled use of isotopic and matric potential data to refine our choice of potential 

sources for the mixing models. 

Uncertainties in our mixing results may also stem from the lateral heterogeneity we observed 

in soil water isotopic composition within single locations. A growing number of studies have 

reported that lateral variations in soil water isotopes can be as large as vertical variations (Yang 

et al. 2016; Goldsmith et al. 2019; Hahn et al. 2021), with important implications for 

assessments of plant water uptake. Such heterogeneity has been related to small‐scale 

variations in transport and mixing processes in the unsaturated zone (Sprenger et al. 2019a; 

Sprenger et al. 2019b). The lateral variability in soil water isotopic composition is well 

illustrated in our case with the floodplain data, where one of the three cores had δD values 6–
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7‰ lower than those in the other two cores located just a few metres away (average across 

depths 1 to 3 m; Figure 6). Accounting for both spatial and temporal variations and the 

processes behind these variations will provide more confidence in future assessments of plant 

water sourcing (Beyer and Penna 2021). More generally, we acknowledge that the use of 

isotopic endmember mixing analyses to assess plant water sources is prone to errors, and that 

as far as practical isotopic approaches will need to be combined with transpiration flux 

measurements (Rasmussen and Kulmatiski 2021). 

5.6 Management implications 

Our findings of potential groundwater use by riparian trees in Magela Creek are critical in the 

context of the rehabilitation of the RUM site. The waste rock materials, which will be used to 

cap the pits and reconstruct the rehabilitated landform, contain high concentrations of 

magnesium sulfate originating from the weathering of schist materials, and these mobile salts 

will leach into the groundwater contained in the weathering profile of the bedrock (Trenfield 

et al. 2019). Given the proximity between the reconstructed RUM landform and the riparian 

ecosystem of Magela Creek (Figure 1), it is reasonable to conclude that significant use of 

bedrock groundwater may pose a risk to susceptible riparian trees if those waters were 

contaminated. Although not directly using groundwater from the weathered bedrock, trees 

located within the channel environment may be at risk too, because of their likely use of 

sandbed groundwater. Hydraulic gradients suggest lateral subsurface flow from the shallow 

bedrock to the sandbed groundwater during the wet season and flow recession, and discharge 

of contaminated groundwater is known to occur near our downstream site (Chandler et al. 

2021). The risk of exposure to contaminants may be particularly high for trees located near the 

left bank of the creek channel, i.e. the closest bank to potential subsurface inflows from the 

mine. While M. viridiflora appears to be tolerant to high magnesium sulfate concentrations, 

other riparian species can be affected by the salts (Canham et al. 2020). Additional work is 

currently underway to inform the pathways, timing, magnitude and duration of groundwater 

inflows into the riparian corridor as well as the sensitivity of diverse riparian species to 

exposure to magnesium sulfate. 
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Table 1. Results of the two-sample t-tests to assess isotopic differences between groups. At 

each position in the landscape, we grouped data from three replicate soil profiles for each depth 

(shallow and deep), while for the sandbed groundwater source in the channel we considered a 

subset of data taken from four piezometers located in the vicinity of the downstream site (i.e. 

where corresponding soil samples were collected). All p-values in bold and italic are significant 

at the 95% confidence level, meaning that the means of the two groups considered are 

significantly different. ‘u/s’ and ‘d/s’ refer to the upstream and downstream sites, respectively.  

Sample type Location 
p-value 

(δ18O) 

p-value 

(δD) 

Soil water 

Channel (d/s vs u/s) 0.00003 0.23 

Upper bank (d/s vs u/s) 0.56 0.53 

Channel (d/s; shallow soil vs deep soil) 0.017 0.47 

Channel (d/s; deep soil vs sandbed) 0.58 0.64 

Channel (d/s; shallow soil vs sandbed) 0.00002 0.000001 

Upper bank (d/s + u/s; shallow soil vs deep soil) 0.015 0.049 

Floodplain (d/s; shallow soil vs deep soil) 0.007 0.018 

Floodplain (d/s; deep soil vs bedrock) 0.004 0.009 

Xylem water 

Channel (d/s vs u/s) 0.92 0.21 

Upper bank (d/s vs u/s) 0.35 0.47 

Floodplain (d/s vs u/s) 0.47 0.95 

Channel vs upper bank (d/s + u/s) 0.60 0.72 

Channel vs floodplain (d/s + u/s) 0.039 0.001 

Upper bank vs floodplain (d/s + u/s) 0.031 0.018 
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Figure 1. (A) Location of the study site in the Northern Territory (NT). Satellite image of the 

Ranger Uranium Mine and Magela Creek with sampling locations (imagery date: 19/07/2020; 

taken from Google Earth). (B) Conceptual late dry-season cross-section with the three 

landscape positions sampled for soil and xylem water (floodplain, riverbank and channel) and 

a list of the tree species sampled at each position. 
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Figure 2. Illustration of the corrections applied to isotopic data obtained from cryogenic 

extraction. Left: calculation of unbound soil water isotopic composition based on bulk soil 

water data and the empirical formulations in Chen et al. (2016). Right: correction of the 

deuterium offset in xylem water relative to source water. Also shown are the local meteoric 

water line (δD = 7.66 δ18O + 13.99) and the source water line (δD = 4.85 δ18O – 6.52).  
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Figure 3. Distribution of δ18O, δD and electrical conductivity (EC) values for the two 

groundwater units. Boxes represent the median and interquartile range and whiskers represent 

the minimum and maximum values excluding outliers. 
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Figure 4. Dual isotope plots showing the local meteoric water line, groundwater (sandbed 

alluvium and weathered bedrock) and unbound (corrected) soil water samples for the three 

landscape positions. The grey shading for soil water markers corresponds to sampling depth. 

Not all 28 rainfall samples are shown for clarity. 
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Figure 5. Soil water matric potentials along different soil profiles. The dashed vertical lines 

correspond to a matric potential of –3 MPa, below which plants are very unlikely to access 

water (grey shaded areas), while the dotted horizontal lines represent the boundary between 

what we considered as shallow (S) and deep (D) soil water at each location.  
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Figure 6. Unbound soil water isotopic ratios (white circles) measured along four (upper bank) 

and three (channel and floodplain) replicate soil profiles. Data are shown for δ18O (top) and δD 

(bottom) and for each landscape position. Only soil samples for which Ψm >–3 MPa are shown. 

Boxplots show the distribution of isotopic values in xylem water (after correction of the δD 

offset) for each tree species (shades of grey), weathered bedrock groundwater (red) and 

sandbed groundwater (yellow). Boxes correspond to the median and interquartile range and 

whiskers represent the minimum and maximum values. Dashed horizontal lines represent the 

separation between shallow and deep soil for the mixing analyses. The y-axis (depth) is relevant 

only for soil data. 
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Figure 7. Mixing model results for each landscape position and for each species (LA: L. 

arnhemicum; LG: L. grandiflora; LL: L. lactifluus; MA: M. alternifolia; MV: M. viridiflora). 

SW is for soil water and XW is for xylem water. Left panel: partitioning results based on raw 

data, i.e. bulk soil water and uncorrected xylem water isotopic ratios. Right panel: partitioning 

results based on corrected data, i.e. unbound soil water and corrected xylem water isotopic 

ratios. The two intermediate panels correspond to other combinations between corrected and 

uncorrected datasets. Boxes represent the median and interquartile range and whiskers 

represent the minimum and maximum values from 3,000 simulations. 


