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atmosphere through transpiration (evaporation through the stomata), which causes

that remains behind in the leaves. The degree of isotopic fractionation during transpi-

ration is controlled largely by climate, and as a result can be predicted using process-
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can be applied to plant source water isotopic values to predict leaf water isotope
ratios and generate maps of isotopic composition, or isoscapes. This approach of
mechanistic modelling has been well demonstrated in the first generation of global
leaf water isoscapes (PLoS One, 3(6), e2447, 2008). However, use of leaf water iso-
scapes in fields such as hydrology, ecology, and forensics requires a new generation
of updated region-specific isoscapes. Here, we generate leaf water isoscapes of 520,
82H and d-excess for Australia, the driest vegetated continent on Earth, where leaf
water represents a critical water resource for ecosystems. These isoscapes represent
an improvement over previous global isoscapes due to their higher resolution, region-
specific, empirically derived plant parameters, and non-equilibrium corrections for

water vapour isotopic composition. The new isoscapes for leaf water are evaluated
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1 | INTRODUCTION

Freshwater derives from precipitation over land that can be parti-
tioned into “blue water” and “green water” flows (Rockstrom &
Falkenmark, 2000). Blue water refers to the portion that flows via run-
off and rivers into groundwater and the ocean; green water refers to
the portion of precipitation that is captured by soils and plants and is
returned to the atmosphere as vapour via evaporation and transpira-
tion (evaporation from leaves through stomata) (Rockstrom &
Falkenmark, 2000). Of the precipitation that falls on land, roughly
60% joins the green water path and 40% joins the blue water path
globally (Oki & Kanae, 2006). However, because of its much shorter
residence time, green water storage as soil moisture and biological
water in living organisms makes up only 0.08% of global freshwater
storage (Oki & Kanae, 2006). Remarkably, although only a minute frac-
tion of global freshwater storage, green water enables life on land by
supporting photosynthesis, ecosystem functioning and rainfed
agriculture.

The dependance of life on green water is especially evident in
drylands where blue water is limited. Drylands are defined as regions
with permanent or seasonal water deficiency and account for 45% of
terrestrial landmasses (Pravalie, 2016). Drylands support 44% of culti-
vated systems and 50% of the world's livestock (Davies et al., 2012;
UN, 2011). Australia is the most arid continent on earth, with 90%
characterized as drylands (Pravalie, 2016), and supports globally
unique ecosystems with high degrees of endemism (Crisp
et al., 2001). Plants in drylands are more sensitive to rainfall pulses
than those in mesic environments, exhibiting more frequent and sus-
tained plant carbon and water uptake responses (Feldman
et al., 2021). The water taken up by plants from soils in drylands is
used not only for plant growth, but also as a source of liquid water for
consumers of those plants (Ehleringer et al., 1999). By drawing the
water out of the soil and into leaves, plants make a formerly inaccessi-
ble water pool available. Many arid adapted herbivores such as Kanga-
roos and gazelles rely heavily on leaf water as a source of liquid water
(Ayliffe & Chivas, 1990; Daniel Bryant & Froelich, 1995; Kohn
et al., 1996; Murphy & Bowman, 2007). Thus, leaf water in drylands

relative to observed isotope ratios of leaf cellulose and cherry juice. The model pre-
dictions for annual average leaf water isotope ratios showed strong correlations with
these plant tissues that integrate over time. Moreover, inclusion of region-specific
leaf temperature estimates and non-equilibirum vapour corrections improved predic-
tion accuracy. Regionally based isoscapes provide improved characterisations of aver-
age leaf water isotope ratios needed to support research in hydrology, plant

ecophysiology, atmospheric science, ecology, and geographic provenancing of biolog-

Australia, deuterium, isoscapes, leaf water, oxygen

represents an important water resource for supporting ecosystem
productivity and biodiversity.

Characterizing stable isotopic ratios of leaf water in drylands is
essential for being able to trace this important green water pool into
ecosystems and agriculture. The environmental parameters that con-
trol leaf water isotope ratios are well established and well tested (see
Cernusak et al., 2016 for review). During transpiration, leaf water
becomes enriched in the heavy isotopes of oxygen (*80) and hydro-
gen (?H) relative to the source water taken up by the leaf. The degree
of isotopic enrichment relative to source water is influenced most sig-
nificantly by the relative humidity of the surrounding atmosphere,
with a minor effect of temperature (see Figure 1 for schematic of leaf
water modelling and methods for detailed description). Comparison of
the oxygen and hydrogen isotope ratios of water can be used to
determine Deuterium excess (d-excess), a measure of the difference
in intercept from the global meteoric water line (GMWL)
(Dansgaard, 1964). The d-excess of leaf water reflects climatic condi-
tions surrounding the leaf and has been shown to influence the d-
excess values of atmospheric moisture (Zongxing et al., 2016; Simonin
et al., 2014; Zhao et al., 2014).

Spatial variations in the isotopic signatures of leaf water can be
modelled and mapped as isoscapes. These predictive isoscapes enable
examination of isotopic patterns without requiring large reference col-
lections from remote regions, which can be difficult and expensive to
generate. Global isoscapes of leaf water have demonstrated the
potential of mechanistic models for predicting variations in leaf water
oxygen and hydrogen isotope ratios at large spatial scales (West
et al.,, 2008; Woo et al., 2021), but required simplifications that can
introduce uncertainties at finer geographic scales. To apply isotope
tracers to ecohydrological and forensic questions at more local scales
requires high-resolution, regionally calibrated isoscapes. Regional
specificity can be achieved by using empirical calibrations for the
plant-based parameters of leaf temperature and kinetic fractionation
during diffusion through the stomata and the leaf boundary layer (&)
(Figure 1). Moreover, recent advances in quantifying the non-
equilibrium nature of atmospheric water vapour (Fiorella et al., 2019)

and its influence on leaf water isotope ratios (Cernusak et al., 2022)
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FIGURE 1

Schematic illustrating the leaf water model inputs, parameters and outputs used to develop bulk leaf water isoscapes. Two model

options are illustrated: ‘standard’ and ‘non-equilibrium, empirical temperature’ (NEET), with the differences between them indicated. Region-
specific empirical estimates of plant parameters (leaf-air temperature relationship and kinetic fractionation) are indicated with underlining.

present the opportunity to correct for non-equilibrium vapour to
improve leaf water modelling (Figure 1).

Here we develop leaf water isoscapes for Australia that employ
regionally modelled precipitation isotope inputs, regionally calibrated
plant parameters, relevant climate data, and non-equilibrium atmo-
spheric vapour isotope ratios. The leaf water model used here
(Figure 1) uses precipitation isoscapes from Hollins et al. (2018) that are
based on more than twice as many Australian sampling locations
(15 stations) as previously available in the global models (7 Australian
stations; Bowen, 2010a, 2010b; Bowen & Revenaugh, 2003) with
greater sampling of inland Australia. The plant parameters of kinetic
fractionation and leaf temperature are empirically estimated from mea-
surements from across Australia (Cernusak et al, 2016, 2022;
Munksgaard et al., 2017). Relative humidity inputs are limited to day-
time values to best represent periods of transpiration; rather than 24 h
values as were previously used for relative humidity (West et al., 2008).
Water vapour has frequently been assumed to be in isotopic equilib-
rium with precipitation (Gat, 2000; West et al., 2008). While equilibrium
can occur during sufficiently long rainfall events, atmospheric vapour is
not generally in equilibrium with local annual precipitation on longer
timescales (Fiorella et al., 2019; Welp et al., 2008). Recent estimates of
the degree of disequilibrium around the globe (Fiorella et al., 2019)
enable correction for the disequilibrium of water vapour. Water vapour

isotopic composition has a large effect on the hydrogen isotope ratio

and d-excess of leaf water (Cernusak et al., 2022), making proper esti-
mation critical to accurate development of leaf water isoscapes.

The isoscapes developed here, like the global leaf water isoscapes
(West et al., 2008), use process-based models to predict isotope ratios.
This is in contrast to geostatistical approaches to predict values and/or
interpolate between observations (Bowen, 2010a, 2010b; Woo
et al., 2021). This mechanistic approach is critical for leaf water predic-
tion because leaf water isotope ratios are highly variable spatially and
temporally. Short-term fluctuations in source water, climate and tran-
spiration rate lead to fluctuations in leaf water isotope ratios within a
day, within an individual plant and within a leaf (Cernusak et al., 2016).
As a result, geostatistical models applied to relatively small datasets of
instantaneous leaf water observations will not generate reliable iso-
scapes of average bulk leaf water. Yet, time-integrated average bulk
leaf water is the relevant measure when examining plant and animal
materials that develop over time. By employing process based models
(Figure 1) that reliably predict short-term observations (Cernusak
et al., 2016) with long-term average climatic and isotopic inputs, we
can develop average leaf water isoscapes that are relevant for ecohydr-
gology, atmospheric science, agriculture and forensics.

The aims of this study are to

1. develop leaf water isoscapes for Australia that draw on region-

specific information and account for vapour disequilibrium;
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2. quantify differences between the new Australian leaf water iso-

at =EXP

and for hydrogen (Horita & Wesolowski, 1994) as

(1158‘8~(%) 1620.1- (M)+79484 (w) 161.O4+2.9992~(17°93))

(T+273.15)

scapes and the previous global isoscapes, and attribute these dif-
ferences to specific model parameters;

3. evaluate whether regional inputs improve the accuracy of these
new isoscapes for predicting isotope ratios of plant materials,

namely fruit juice and leaf cellulose.

2 | DATA AND METHODS

21 | Leaf water modelling
The oxygen and hydrogen isotope enrichment caused by transpiration
can be estimated using a modified Craig-Gordon model with two-pool
mixing to determine steady-state bulk leaf water isotope ratios as
illustrated in Figure 1 (Cernusak et al., 2016).

The modified Craig-Gordon model estimates the isotopic enrichment
of leaf water above source water at the site of evaporation (A.) (Cernusak
et al., 2016; Craig & Gordon, 1965) and is expressed in per mil (%o) as:

o) (o (-2) 5 ()
-1000
(1)

where ¢ is the equilibrium fractionation between liquid water and
vapour, g is the kinetic fractionation for combined diffusion through
the stomata and the boundary layer, w./w; is the ratio of the water
vapour mole fraction in the air relative to that in the intercellular air
spaces (with @; assumed to be at saturation), and A, is the isotopic
enrichment of atmospheric vapour compared to source water.

The equilibrium fractionation (™) in per mil (%o) is related to the

equilibrium fractionation factor (a™) as
et =(a* —1)-1000. (2)

The equilibrium fractionation factor (o) depends on temperature
(T) and is calculated for the temperature at the leaf surface (Tieag) in

degrees Celsius for oxygen (Horita & Wesolowski, 1994) as

| S5 T6T123: (+3%s) —1.6664- (72157
a =

) 4+0.35041- (L)

1000 - @

The isotopic enrichment of water vapour relative to source water

(A,) is calculated as

8y — 5,
1+1000

A= ()

where §, is the isotopic composition of atmospheric water vapour and
6, is the isotopic composition of precipitation in per mil (%o).

The modified Craig-Gordon equation (Ae) (Equation 1) simulates
the isotopic enrichment relative to source water values. Using precipi-
tation isotope ratios (5,) for source water isotope ratios, the isotopic
composition of leaf water at the site of evaporation (8¢) can be esti-

mated as

o (a0 (1 5335) ). @

Bulk leaf water isotopic values are generally lower than the
Craig-Gordon approximation due to the Peclet effect and mixing of
unenriched source water with enriched water from the site of evap-
oration (see Cernusak et al., 2016 for review). To adjust for these
effects, bulk leaf water can be estimated using two-pool mixing
between water from the site of evaporation and source water
(Barbour et al., 2021; Cernusak et al., 2016; Leaney et al., 1985;
West et al., 2008). Bulk leaf water is estimated here using a mixing
ratio of 90% enriched leaf water and 10% source water, which best
matches empirical observations (Cernusak et al, 2016; Song
etal., 2015).

Sw=0.1-8,+0.9-5, (7)

From the hydrogen and oxygen isotope ratios of leaf water,
d-excess for leaf water was calculated as follows (Dansgaard,
1964).

d-excess = 52H,,, - 85180y, (8)

T+273.15)°

, (3)

1000
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2.2 | Modelinput parameters
All leaf water model calculations were conducted in R and the code is
available in Supporting Information. The input data and parameter

estimations are as follows.

2.2.1 | Airtemperature

Several temperature grids interpolated from measured data from
600 weather stations using the approach described in Jones et al.
(2009) were obtained from the Australian Bureau of Meteorology
(BoM, 2005): (a) Long term averages for the period from 1976 to
2005 for 9 am and 3 pm at a resolution of 0.05° (~5km,
Figure 2a). A daytime mean temperature was calculated by aver-
aging the 9 am and 3 pm values and used for annual isoscape
modelling. This grid was used as the base grid to which all other
gridded data was adjusted. (b) Monthly long-term averages for the
period 1961 to 1990 of daily mean temperature at a resolution of
0.025° (~2.5 km, BoM, 2005). Daytime mean temperature was
estimated by adding an offset of 2.5°C to the daily mean tempera-
ture (Lloyd & Farquhar, 1994). Monthly values were used to
explore intra-annual variations in predicted leaf water isotope
ratios.

2.2.2 | Relative humidity

Relative humidity (RH) grids interpolated from measured data from
530 weather stations using the ANU 3-D Spline surface-fitting algo-
rithm were obtained from the Australian Bureau of Meteorology
(BoM, 2009). All grids are long-term averages for the period from
1976 to 2005 with a resolution of 0.1° (~10 km) and were disaggre-
gated by a factor of 2 to match the temperature grid. As for tempera-
ture, annual 3 pm and 9 am grids, as well as monthly 3 pm and 9 am
grids were available. For the annual grids, we calculated daytime aver-
ages by converting the 9 am and 3 pm RH to vapour pressure, averag-
ing the vapour pressure grids, and converting back to RH (Figure 2b),
but found the difference to simply averaging the two RH grids was

generally less than 1 percentage point.

223 | Leaf temperature

Leaf temperature was estimated in two different ways. In the stan-
dard model, leaf temperature (T\car) was calculated as 5% higher than
daytime air temperature T;,, following the classical approach by Lloyd
and Farquhar (1994) and as in the previous global modelling (West
et al, 2008). However, Ts can be lower than T, due to leaf-
temperature homeostasis (Dong et al., 2017). Therefore, in a second
model, termed ‘non-equilibrium, empirical temperature’ (NEET), an
empirical relationship was used based on Australian published obser-

vations of leaf and air temperature (S| Figure S2; 229 data points;

Cernusak et al., 2016, 2022; Munksgaard et al., 2017), with a result
similar to Munksgaard et al. (2017):

Tieat =0.94+0.94- T, . (9)

224 |
vapour

Isotopic composition of atmospheric water

The isotopic composition of atmospheric water vapour (6,) was esti-
mated in two different ways in the standard and NEET models. In the
standard model, isotopic equilibrium was assumed between precipita-
tion and water vapour and € and o were calculated using the aver-
age daytime air temperature and Equations (2)-(4) (Horita &
Wesolowski, 1994). This is the same assumption made in the global
isoscapes (West et al., 2008). Vapour isotopic composition in equilib-
rium with precipitation was calculated as follows.
Sp—€"

b= (10)

However, atmospheric vapour is not generally in isotopic equilib-
rium with local annual precipitation, and recent modelling has esti-
mated the spatially resolved offset of vapour from equilibrium
(Fiorella et al., 2019). Therefore, in the NEET model, the oxygen and
hydrogen isotopic ratios of vapour were bias corrected for non-
equilibrium based on estimations of Fiorella et al. (2019). Bilinear
interpolation was used to convert the original data with a resolution
of 2° x 2° (Sl Figure S1) to a grid that matches the other grids used
here (Figure 2e).

2.2.5 | Kinetic fractionation

Kinetic fractionation due to diffusion from the interior of the leaf,
through the stomatal pores and then the boundary layer to the atmo-
sphere is described by e, Because kinetic fractionation through sto-
mata and boundary layer differs, the overall kinetic fractionation
depends on the relative contributions of the resistances of the stomata
and boundary layer to the overall resistance (Farquhar et al., 1989).
Here, we use isotopic fractionation values of 28%. for oxygen and
25%o for hydrogen for diffusion through the stomata (Merlivat, 1978),
with corresponding values for the leaf boundary layer of 19%. and
17%s., respectively (Farquhar et al., 1989). Overall values for g were
calculated from measurements of stomatal resistance in the field and
estimates of boundary layer resistance from windspeed and leaf size of
broad, needle and phyllode leaf-type plants across Australia (Cernusak
et al., 2016; Cernusak et al., 2022; Munksgaard et al., 2017). To obtain
representative values across diurnal climate fluctuations, values for ¢,
were averaged for each observational day, site and species, yielding
51 separate estimates. For this study, we used the mean of these esti-
mates as a fixed value of &, across all of Australia (26.9 + 0.5%o for oxy-
gen and 23.9 + 0.5%o for hydrogen).
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FIGURE 2 Climate and isotopic data inputs for leaf water model and map of locations for observational data for comparison with models:
Climate rasters of 30 year normal for mean daytime air temperature (a) and mean daytime relative humidity (b) from the Bureau of Meteorology;
Precipitation isoscapes for oxygen (c) and hydrogen (d) with precipitation sampling locations and average site values indicated, from Hollins

et al., 2018; Non-equilibrium correction for atmospheric water vapour for 6220 (e), interpolated from Fiorella et al., 2019 to match the resolution
of the climate data (Note: the correction for §2H has the same spatial pattern with an eight-fold larger magnitude; see Sl Figure $1); Sampling
locations for observations of leaf water (blue; from Cernusak et al., 2022; Cernusak et al., 2016; Munksgaard et al., 2017), leaf cellulose (orange;
from Cheesman & Cernusak, 2017), cherries (red; from Stockmann et al., 2021) (f).
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The previous global model (West et al., 2008) used values for dif-
fusion through stomata of 32%. for oxygen and 16.4%. for hydrogen
and the associated values for diffusion through the leaf boundary
layer of 21%o0 and 11%o for oxygen and hydrogen, respectively (Cappa
et al., 2003). We have chosen the Merlivat (1978) values for diffusive
fractionation through stomata because these were confirmed to be
more appropriate (Luz et al., 2009) after the publication of West et al.
(2008). West et al. (2008) used spatially variable conductances for the
calculation of g. Assuming representative values for stomatal and
boundary layer conductances for Australia, we estimate that the g
values in the West et al. (2008) analysis for comparison with ours
would have been roughly 31.2%. for oxygen and 16.0%. for
hydrogen.

2.2.6 | Oxygen and hydrogen isotope ratios of
precipitation

The 60 and 62H values for precipitation for Australia were derived
from the annual average isoscapes of Hollins et al. (2018). These iso-
scapes are based on measured 520 and &2H ratios from 15 sampling
locations (Figure 2c,d) and incorporate regional meteorology and
geography for interpolation. These isoscapes have a resolution of
approximately 10 km. Bilinear interpolation was used to create a grid
that is equivalent to the grid of the climate data (5 km resolution).

2.3 | Plantisotope ratios for evaluating accuracy
of model predictions

2.3.1 | Observations of leaf water isotope ratios
Data on oxygen and hydrogen isotope ratios of leaf water and xylem
water for plants from 14 sampling sites around Australia (Figure 2f),
and associated instantaneous climate measurements were compiled in
Cernusak et al. (2016), Cernusak et al. (2022) and Munksgaard et al.
(2017). The data was collected during the day, between the hours of
8 am to 5 pm, in the months of March, April, September, November
or December, from 2000 to 2010 (For detailed sampling methods, see
original publications: Cernusak et al., 2016, 2022; Munksgaard
et al.,, 2017). Values of several hundred observations were averaged
for each site, species and day of observation, yielding 51 unique
values that were also used for estimates for & (see Section 2.2.5) and
for the leaf-air temperature relationship (Equation (8); Sl Figure S2).
The original publications (Cernusak et al., 2016; 2022; Munksgaard
et al,, 2017) demonstrated a good agreement between observations
and Craig-Gordon predictions using short-term climate and xylem
water isotope ratios. To confirm that the standard and NEET models
used here accurately represent the key processes that determine leaf
water isotope ratios, predictions were made using short-term climate
observations and measured xylem water isotope values as inputs
(Cernusak et al., 2016, 2022; Munksgaard et al., 2017) and compared
with observations. Observations were also compared with long-term

average predictions of the NEET model based on annual average cli-

mate and precipitation isoscapes (Hollins et al., 2018) as inputs.

2.3.2 | Measurements of cherry juice isotope ratios
Data on cherry juice isotope ratios were compiled in Stockmann
et al., 2021. Cherries were sampled from commercial cherry orchards
in the major cherry growing regions of New South Wales, Victoria and
Tasmania (Figure 2f). The cherries were of the Lapin variety for all but
one site (Mudgee) where the Simone variety was sampled. Samples of
~500-1000 g of bulk cherries were sourced from 33 single trees dur-
ing the cherry harvest period in December 2018 and January 2019.
Fresh cherries were frozen immediately and stored frozen until labo-
ratory analysis.

Frozen cherry samples were thawed slowly at 4°C and wiped to
remove any condensed atmospheric moisture. Cherry pits were
removed and 200 g of the remaining fruit was turned to a pulp. Fruit
pulp was pelletized using a centrifuge and the supernatant was dec-
anted. A subsample of 20 mL was filtered through 0.22 um filter. To
each sample, ethanol (99% AR grade) was added to reach 10% of final
solution to prevent fermentation.

A 200 mL aliquot of cherry fruit water was taken and equilibrated
for a minimum of 18 h with 10% CO, gas at approximately 30 + 1°C.
The 680 of the equilibrated CO, gas was then analysed with a gas
bench coupled to a Delta V mass spectrometer (Thermo Electron Co,
Germany). CO,, rapidly equilibrates with water and has been shown to
reflect accurately the 60 of water in water/ethanol mixtures
(Houerou et al., 1999; Koziet et al., 1995).

2.3.3 | Observations of leaf cellulose isotope ratios

Published oxygen isotope ratios of leaf cellulose from Eucalyptus trees
for 11 sites in Queensland (Figure 2f) were reported in Cheesman and
Cernusak (2017) and used here for evaluating the accuracy of the leaf

water isoscape predictions.

2.4 | Effect of differences in input
parameterizations on leaf water isoscapes

The previous global isoscapes (West et al., 2008) and the two models
developed here (standard and NEET) vary in numerous ways
(Table 1). Extra model runs were done where one or two input
parameterizations were replaced with different parameterizations in
order to investigate the effect of differences in input parameters by
comparing pairs of model runs (Table 2). Difference maps of model
pairs were used to explore spatial effects of input parameters and
the distribution of differences were used to evaluate the relative
contributions of input parameters to the overall difference between
different models. Pairwise differences were calculated as Model 1-
Model 2 (Table 2).
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TABLE 1

Variable/parameter

Air temperature

Relative humidity

Precipitation isoscape

Leaf temperature

Water vapour isotopic
composition

Kinetic fractionation

(&)

MCcINERNEY ET AL.

Global model (West et al., 2008)

“10’ climatology” monthly gridded
data from New et al. (2002).
Daytime temperature estimated
following Hoffmann et al. (2004).

Daily (24 h) average relative humidity
from New et al. (2002) based on
<100 stations.

Bowen and Revenaugh (2003) based
on 7 Australian sampling locations

5% higher than air temperature

Assumes equilibrium with
precipitation isotope ratios at
daytime air temperature.

Spatially variable, with representative
values for Australia of 31.2%o and

Comparison of leaf water isoscape models investigated here.

Standard model

Bureau of Meteorology 9 am and
3 pm air temperature interpolated
from 600 weather stations.
Daytime temperature as average of
9 am and 3 pm.

Bureau of Meteorology 9 am and
3 pm relative humidity interpolated
from >500 weather stations.

Hollins et al. (2018) based on 15

Australian sampling locations

5% higher than air temperature

Assumes equilibrium with
precipitation isotope ratios at
daytime air temperature.

Fixed: 26.9%o and 23.9%o for 6§10
and &2H, respectively

NEET model

Bureau of Meteorology 9 am and
3 pm air temperature interpolated
from 600 weather stations.
Daytime temperature as average of
9 am and 3 pm.

Bureau of Meteorology 9 am and
3 pm relative humidity interpolated
from >500 weather stations.

Hollins et al. (2018) based on 15
Australian sampling locations

Mostly cooler than air temperature
based on empirical calibration for
Australia

Corrected for non-equilibrium effects
from Fiorella et al. (2019).

Fixed: 26.9%o and 23.9%. for 620
and &2H, respectively

16.0%o for 6*80 and &2H,
respectively

Grid cell size 0.167° (~17 km)
TABLE 2 Model pairs compared to investigate the effect of
differences in individual input parameterizations.
Parameter effect Model 1 Model 2
D Standard Standard, but using
best estimate of ¢
used by West et al.
(2008)
Precipitation Standard Standard, but using

isoscapes precipitation
isoscapes from West

et al. (2008)

Climate (T & RH) Standard, but with West et al. (2008)
&, & precipitation
isoscapes from

West

Empirical leaf NEET
temperature and
atmospheric
vapour isotopic
composition

Standard

Note: “West” refers to the global isoscapes published in West et al. (2008)
and input parameters used therein. Standard and NEET refer to the
models calculated in this publication (see Table 1 for detailed descriptions
of differences). The comparisons have been calculated for the Craig-
Gordon 2-pool models, that is, ).

To explore the effect of using long-term average climate and
source water inputs rather than measured values on the accuracy of
leaf water predictions as compared to leaf water observations, the
NEET model was run using actual and gridded source water and cli-
mate inputs, and all possible combinations of source water and cli-

mate inputs. Both annual and monthly average gridded climate data

0.05° (~5 km)

0.05° (~5 km)

were included to examine if using long-term average climate data for
the month of collection improved predictions. Each set of predictions
was compared with observations and the model performance was

evaluated in terms of RMSE, 2, bias, and slope.

3 | RESULTS

3.1 | Australian-specific leaf water isoscapes
Modelled leaf water isotopic enrichments at the site of evaporation
(A) for oxygen were smaller for the NEET model, ranging from 9.9%o
to 26.0%0 (median = 21.0%o), than the standard model that ranged
from 8.8%o to 26.5%0 (median 21.9%.; Figure S3). For hydrogen, A,
was larger for the NEET model, ranging from 39%o. to 76%o. (med-
ian = 64%o) than the standard model that ranged from 28%o to 72%o
(median = 60%s.) (Figure S3). For both models, the smallest enrich-
ments were in western Tasmania where relative humidity is the high-
est and the largest were in the interior of the continent where relative
humidity is the lowest.

Isotopic composition of bulk leaf water (6,) in the NEET model
ranged from 2.5%0 to 19.0%. for oxygen and —18%o to 45%. for
hydrogen (Figure 3a,b). While the general pattern was of increasing
values inland relative to the coasts, greater spatial heterogeneity was
evident in 8, than A. because of the heterogeneity in precipitation
isotope inputs (Figure 2c,d).

Estimations of d-excess in the NEET model ranged from —22%o
to —114%o. (Figure 3c) with the least negative values in Tasmania and
the most negative values in the interior of the continent, a pattern

that closely mimics relative humidity (Figure 2b).
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FIGURE 4 Differences between predicted values from the NEET and standard models for (a) 5*20,, (b) 82Hy,, and (c) d-excess.

The effects of the differences in assumptions between the NEET
and standard models were evaluated by mapping the differences
between leaf water isoscapes (Figure 4). The two models showed
small differences in oxygen isotope ratios (median difference: —0.7%o;
range: —1.2%o to +1.4%o; Figure 4a) and larger differences in hydro-
gen isotope ratios (median difference: +2.8%o; range: —1.7%o to
12.9%o0) and d-excess (median differences: +8.3%o; range: 1.5%o to
16.3%o) (Figure 4b,c).

The seasonal differences in leaf water isotope ratios for the NEET
model were compared through difference maps by subtracting a win-
ter month (July) from a summer month (January) (S| Figure S4). The
summer-rainfall dominated north shows negative values and the
winter-rainfall dominated south shows positive values. Seasonal dif-
ferences in d-excess were inverted relative to 6, with the negative
differences in the south and positive differences in the north.

The difference between the maximum and minimum monthly
values for each grid cell in the NEET model ranged from 1.7%o to
11.8%o0 for oxygen and 4%. to 29%o. for hydrogen with the highest
differences in northern, southwestern and southeastern Australia
(SI Figure S5).

While annual and monthly modelling was conducted using the
daytime climate (combined 9 am and 3 pm values), we also examined
the variability between 9 am or 3 pm NEET model estimates. Table 3
summarizes the spatial and temporal variations in 6,,, predicted using
the NEET model. Spatial variation is estimated as the width of the

TABLE 3 Spatial and temporal variations in 6,,, using the non-
equilibrium, empirical temperature (NEET) model.

Spatial variation ~ Seasonal variation  Daily variation

580 12%o 7%o 5%o
&%H 36%o 17%o 7%o
d-excess 75%0 41%0 32%o0

Note: Details of how the values were calculated are provided in the
main text.

range encompassing 95% of the grid cell values across all of Australia.
For temporal variation (seasonal and daily), the temporal variation was
first calculated for each grid cell (i.e., the maximum difference
between any 2 months/daytimes for that grid cell). The value reported
here is the median of the temporal variation in each grid cell across
Australia. Generally, spatial variation across Australia is approximately
a factor of two larger than temporal variation between seasons or

over a day.
3.2 | Comparison of Australian and global leaf
water isoscapes

Overall net differences between the standard model and the global

isoscapes (West et al, 2008) and the contributions of individual
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Differences between the standard Australian isoscapes and previous global isoscapes (West et al., 2008) for (a) 680y, (b) §2H,,

and (c) d-excess. Frequency distributions show the overall differences in 2-pool leafwater isoscapes &, (grey) and isotopic enrichment (Craig-
Gordon enrichment only) A, (black). The contribution of different factors was evaluated by calculating models that differ in the parameterization
of input parameters (see Table 2) to isolate the effects of differences in precipitation isotope ratios (red), climate (orange) and kinetic fractionation

(e1) (blue) between West et al. (2008) and this study.

factors to net differences are displayed as frequency distributions
(Figure 5), while spatial patterns of net difference and their compo-
nents are represented by difference maps (Figure Sé). The net differ-
ences between this study and the global bulk leaf water (5,)
isoscapes are shown in shaded grey in Figure 5, with mean (+ standard
deviation) of —2.7 + 1.3%0 for oxygen, 0+ 9%. for hydrogen and
21 * 6%o for d-excess.

The spatial variations in the difference between the standard
Australian and global isoscapes stems predominantly from differences
in the precipitation isotopic inputs. This is evident from the similar
spatial patterns in the overall differences (Sl Figure Séa-c) and the dif-
ferences due only to the precipitation isoscapes (SI Figure Séd-f).
However, over the entire Australian continent, the use of different
precipitation isoscapes only results in minor overall average differ-
ences of —0.4 + 1.0%o. for oxygen, —5 * 11%. for hydrogen, and
—2.6 + 4.1%o for d-excess (red lines; Figure 5).

The Craig-Gordon enrichment at the site of evaporation (A.) is
independent of the isotopic composition of the source water and
reflects the combined effects of differences in model structure and
differences between the climate and kinetic fractionation inputs, with
average differences of —2.6 + 1.0%o. for oxygen and +8 + 5%o for
hydrogen (black lines; Figure 5).

Differences due to climate (different data source with different
resolution, but also different ways of calculating effective air and leaf
temperatures), showed some spatial coherency among the three iso-
scapes (Sl Figure Sé6g-i) but contributed only modest differences over-
all of 0.3 £ 1.0%0 for oxygen, 2 + 4%o for hydrogen, and O + 6%. for
the d-excess (orange lines; Figure 5).

Differences in the values used for kinetic fractionation (),
caused differences between the standard and global models of —2.4
+ 0.4%.o for oxygen, 4.5 + 0.8%. for hydrogen, and 23 + 4%o for the d-
excess (blue lines; Figure 5). The effects of ¢ differences were coher-
ent spatially but not constant (Sl Figure Séj-1) because of the non-

linear nature of Equation (1).

3.3 | Model validation

Leaf water isotope predictions from the standard and NEET models
using field scale, short-term measured climate data and xylem water
isotope ratio inputs (Cernusak et al, 2016, 2022; Munksgaard
et al, 2017) are compared to leaf water isotope observations in
Figure 6. Predictions using field scale inputs show similar level of
accuracy as in the original publications in which individual g, values,
rather than average values were used (RMSE of <4%. for 60,
<16%o for 82H,,, and <26%. for d-excess). As expected, the instanta-
neous measurements of leaf water are poorly correlated with long-
term average leaf water values modelled using long-term, annual aver-
age gridded climate data, producing RMSE values roughly double that
of predictions based on field scale inputs (Figure 6).

An assessment of the predictions using the NEET model with dif-
ferent combinations of actual (measured) versus gridded source water
and climate inputs is shown in Figure 7. For 6180, predictions using
actual climate data were significantly better than monthly and annual
gridded climate data (lower RMSE, higher r?) but there was little effect
of using actual rather than annual gridded source water inputs
(Figures 6 and 7). In contrast, for &%H,,, performance was vastly
improved with the use of measured actual source (xylem) water rather
than annual gridded source water inputs (lower RMSE, higher r?, lower
bias, and slope closer to one) but was only slightly improved with the
use of actual rather than gridded climate inputs (Figure 7). For d-
excess, performance with regards to RMSE and r? was most improved
with the use of actual versus gridded climate but showed little effect
of using actual versus gridded source water inputs. However, using
actual source water inputs reduced the bias of the d-excess predic-
tions. Using monthly rather than annual gridded long-term average cli-
mate data led to slightly improved model performance for 6§20, and
d-excess but had little effect on performance for §2H,,. Overall, pre-
dictions of 6180y, and d-excess were most sensitive to climate inputs

while predictions of hydrogen isotope ratios were most sensitive to
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FIGURE 6 Comparison of predicted leaf water values with observations (observations from Cernusak et al., 2016, 2022; Munksgaard

et al., 2017). The first column shows the original publications' Craig-Gordon two-pool predictions using field scale inputs (short term RH, leaf
temperature and xylem water isotope ratios) and individual estimations of g, for each measurement. The second and third columns show
predictions from the standard and NEET model, respectively, using field scale inputs and averaged values for g,. The fourth column shows NEET
model predictions using gridded inputs of 30 year average annual climate and annual precipitation isotope ratios (Hollins et al., 2018). All values
are in %0 VSMOW. The 1:1 relationship between predicted and measured values is shown as a black line. Linear fits to the data are shown where

significant (p < 0.05).

source water inputs and improved performance in terms of RMSE and
r? did not always lead to a smaller bias or a slope closer to one.

Measured xylem water isotope ratios (Cernusak et al., 2016,
2022) were highly variable and did not correlate with modelled annual
precipitation isotope ratios from Hollins et al. (2018) (S| Figure S7).
The mismatch in presumed versus measured source water values
explains 16% of the variation between measured and modelled (NEET
- Gridded) 580, and 51% of the variation between measured and
modelled (NEET - Gridded) 8H,,, models (S Figure S8).

Cherry juice isotope ratios (SI Table S1) were compared to
modelled leaf water values (Figure 8). Modelled values using long-
term average inputs correlated better with cherry juice observation
than they did with leaf water observations. All models with gridded
input data showed higher r? values and lower RMSEs than they did
for the leaf water comparisons (Figures 6 and 7). The NEET model

was the best at predicting cherry juice values with the highest r?

values and lowest RMSE of all the models for 880, 8§%H, and d-

excess. Using monthly long-term average climate data for
December/January or for the whole growing season instead of
long-term annual climate data to make predictions resulted in
somewhat better r? values, but significantly worse RMSE values
and bias (data not shown). Interannual differences in Victorian
cherry juice isotope ratios for the 2018 and 2019 growing season
are evident. Although the two Victorian sites were in close proxim-
ity, the 2018 values were significantly lower (average + standard
deviation: 80 =2.3 £0.4%0; 8°H =7 +1%o0) than the 2019
(60 = 6.9+ 0.4%0; &°H =17 +1%0) (S| Table S1,

Figure 8). These differences correspond to differences in climate

values

between the two growing seasons, with the 2018 summer having
higher than average rainfall, and the 2019 summer having lower

than average rainfall for the site (Australian Bureau of

Meteorology).
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FIGURE 7 Comparisons of model performance for predicting leaf water observations using the NEET model and combinations of actual and
gridded source water isotope ratio and actual and gridded (monthly or annual) climate inputs.

Observations of oxygen isotope ratios of leaf cellulose
(Cheesman & Cernusak, 2017) were compared to modelled leaf
water values. Cellulose is enriched in 8O relative to water used in
biosynthesis by up to 27%o (Sternberg & DeNiro, 1983; Yakir &
DeNiro, 1990). Thus, the predicted cellulose values in Figure 8 are
adjusted from 580, by 27%.. We note that this enrichment is often
reduced through post-photosynthetic exchange with xylem water
(Cheesman & Cernusak, 2017). However, for leaves, the water used
in cellulose synthesis would be from close to the sites of evapora-
tion, rather than the bulk leaf water estimated here with two-pool
mixing. Thus, the bulk leaf water values estimated here using two-
pool mixing with 10% source water mimic the effect of post-
photosynthetic exchange. Cellulose oxygen isotope ratios were
highly correlated with modelled cellulose 80 values, with r? values
>0.7. Both the standard and the NEET models performed similarly
and better than the West et al. (2008) model, with RMSE <2.2%o
(Figure 8, bottom row).

4 | DISCUSSION
4.1 | New Australian isoscapes differ from
previous global isoscapes

The Australian leaf water isoscapes produced here exhibit a similar
spatial pattern to the previous global leaf water isoscapes (West
et al., 2008) of a general enrichment in 880 and &°H values of leaf
water towards the centre of Australia (Figure 3). This pattern reflects

the strong influence of relative humidity (Figure 2b) on leaf water

enrichment (Roden & Ehleringer, 1999) and the relatively small range
in annual average precipitation isotope ratios (Figure 2c). While the
broad patterns remain similar, there are several important differences
in the new models (Table 1) that together improve the relevance and
accuracy of modelled leaf water.

The new Australian isoscapes were calculated at a higher resolu-
tion (~5 km) than the global isoscapes (~17 km) and therefore better
capture small-scale spatial variations like those created by topography,
such as the Australian Alps in southeastern Australia (Sl Figure S9).
The precipitation isotope inputs used here (Hollins et al., 2018) are
based on more than twice as many sampling stations (15 stations;
Figure 2c,d) as the global precipitation isoscape (seven stations for
Australia; Bowen & Revenaugh, 2003) and improve the coverage and
calibration for inland Australia. Relative humidity inputs in the
Australian isoscapes are daytime average values, which more accu-
rately reflect the conditions when plant stomata are open and transpi-
ration is occurring, rather than 24-h average values that were used in
the global models. The estimation of kinetic fractionation during diffu-
sion through the stomata and boundary layer (g) in this study was
empirically derived from hundreds of measurements from Australian
plants (Cernusak et al., 2022), rather than theoretically derived (Cappa
et al., 2003; Merlivat, 1978) as in West et al. (2008), making it more
relevant for Australian ecosystems.

The updated input parameters contributed to varying degrees
and in different ways to the overall differences between the new
standard and previous global isoscapes (West et al., 2008). For leaf
water 880, and d-excess, the updated climate and precipitation iso-
tope inputs caused relatively small (Figure 5a,c) but spatially heteroge-

nous (Figure Séd,f,g,i) differences while updated ¢, values produced
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FIGURE 8 Comparison of predicted leaf water values with observations for cherry juice (observations from Stockmann et al., 2021), and leaf
cellulose (observations from Cheesman & Cernusak, 2017) for §*80,,,, 6?H,,, and d-excess. Growing season for cherries is indicated for 2018
(squares) and 2019 (diamonds). Note that for cellulose (bottom row), the predicted cellulose 80 value is estimated as 880, + 27%o. All values
are in %o VSMOW. The 1:1 relationship between predicted and measured values is shown as a black line. Linear fits to the data are shown where
significant (p < 0.05).

large (Figure 5a,c) but spatially homogenous differences (Figure S6j,). precipitation isotope inputs on §2Hy,, than 6180, reflects the greater
influence of atmospheric water vapour on &2H,, than 520, values

(Cernusak et al., 2022).

For &2H,,, climate, precipitation isotope inputs and g all contributed

substantially to the net difference (Figure 5b). The greater effect of
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In addition to improving the parameterisation for relative humid-
ity and &, the NEET model included a correction for water vapour
non-equilibrium (Fiorella et al., 2019) and an empirical leaf-air temper-
ature relationship. These changes led to both positive and negative
differences from the standard model spanning an absolute range of
2.6%0, 14.6%0 and 17.8%o for §'0,,, 8°H,, and d-excess, respec-
tively (Figure 4). For hydrogen, large positive differences between
NEET and the standard model were seen in tropical northern Australia
and Tasmania where the largest non-equilibrium vapour corrections
were applied (S| Figure S1). For oxygen, large positive differences
occurred in Tasmania, but only small negative differences were found
in tropical northern Australia, in spite of similar spatial distributions of
non-equilibrium vapour corrections for oxygen and hydrogen
(Figure 2e; SI Figure S1). The smaller 520, differences in northern
Australia reflect the counter-balancing effect of differences in leaf
temperature estimation in the two models. Differences in leaf temper-
ature in the NEET and standard model are the greatest at high tem-
peratures (S| Figure S2), leading to the largest temperature-induced
differences expected in the tropical north. In addition, temperature
has a larger influence on &0, than &%H,, (Cernusak et al., 2022)
which would explain why the counterbalancing effect is larger for oxy-

gen than hydrogen.

4.2 | Evaluation of accuracy of New Australian
isoscapes

The standard and NEET models successfully predicted leaf water
observations when short-term climate and xylem water isotope
values were used as inputs (Figure 6), reaffirming that Craig-Gordon
two-pool models and the specific formulations used here broadly
capture the key processes influencing leaf water isotope ratios
(Cernusak et al., 2016). As expected, instantaneous isotope observa-
tions did not agree with model predictions using long-term average
gridded climate and source water inputs due to differences in short-
and long-term conditions. Climate varies diurnally, seasonally, and
interannually and ground water, storms and evaporated surface
waters are all factors that cause variation in the isotopic composition
of the plant's source water (Oerter & Bowen, 2019). As a result, the
measured source (xylem) water (Cernusak et al., 2016, 2022;
Munksgaard et al., 2017) bears no relationship to the long-term
amount-weighted average precipitation isotope ratios (S| Figure S7).
This mismatch in source water isotope ratios explained only 16% of
the mismatch between measured and modelled leaf water values for
oxygen while explaining 51% for hydrogen (Sl Figure S8). The larger
impact of source water values on hydrogen isotope ratios is seen in
the sensitivity of model performance to source water input data
quality (Figure 7) and is consistent with the larger influence of atmo-
spheric vapour on hydrogen isotope ratios of leaf water (Cernusak
et al., 2022). Oxygen isotope ratios and d-excess of leaf water, on
the other hand, are more sensitive to the climate input data quality
used (Figure 7), reflecting the greater influence of relative humidity
(Cernusak et al., 2022).

The high variability in short-term observations of leaf water iso-
tope ratios makes them ill-suited for generating long-term average
leaf water isoscapes using geostatistical approaches. For organisms
incorporating leaf water during growth, it is the time-integrated aver-
age that is most relevant. To examine the accuracy of the process-
based models used here for predicting the average isotopic composi-
tion of leaf water, all three models were compared to observed iso-
tope ratios of leaf cellulose and cherry juice. Both cellulose and cherry
juice had much stronger correlations with modelled leaf water values
than the observations of leaf water did, with higher r?> and lower
RMSE values (Figures 6 and 8). Regressions between measured and
predicted values for leaf cellulose and cherries also had slopes much
closer to one (0.7-1.1 for §'80,,; 0.5-0.7 for &%H,,, and 1-1.3 for d-
excess) than for leaf water. Thus, modelled leaf water values provide a
more accurate representation of isotope ratios of biological materials
that integrate over longer periods of time than they do for instanta-
neous leaf water samples. Materials that would be best represented
by the isoscapes developed here would include plant tissues as well
as herbivore tissues of organisms that use plant water as a substantive
source of body water, such as kangaroos, koalas and emus (Ayliffe &
Chivas, 1990; DeSantis & Hedberg, 2016; Miller & Fogel, 2016;
Murphy et al., 2007).

The data-model comparisons enable evaluation of the relative
accuracy of the different models. Both of the new Australian iso-
scapes (standard and NEET) predicted the cherry juice and cellulose
observations more accurately than the previous global model
(Figure 8). Moreover, the NEET model provides a better fit to the
cherry and leaf cellulose data than the standard model, indicating that
adjustments made to leaf temperature and water vapour have
improved the accuracy of predictions.

In addition to spatial variability, there is also significant temporal
variability in leaf water isotope ratios at any one location on multiple
scales: (a) seasonal changes (e.g., between winter and summer aver-
ages); (b) daily changes (e.g., between 9 am and 3 pm averages); and
(c) deviations of actual conditions from long-term means. The variabil-
ity observed in the cherry juice isotope ratios between the wetter
than average 2018 growing season and the dryer than average 2019
growing seasons demonstrate the impact of such deviations from
average climate. Although the magnitude of the effects of (c) cannot
be assessed with the climate dataset used here, our results do allow
for a rough estimation of long-term average seasonal and daily varia-
tion, and comparison of the magnitude of temporal and spatial varia-
tions. Generally, spatial variability is approximately twice as large as
temporal variability on both seasonal and daily time scales (Table 3).
This provides some constraints on the applicability of the long-term
average isoscape presented here. Biological tissues that integrate the
leaf water signature over a year or longer (e.g., kangaroo bones) would
not be affected by the seasonal and daily variations (a and b) and
therefore, the long-term annual average isoscapes are appropriate for
interpretation of measurements from such tissue, although (c) would
still be relevant. If a biological tissue integrates over months
(e.g., cherries), monthly resolved long-term average isoscapes might

improve predictions. If biological tissue only integrates the leaf water
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signature over a sub-daily timescale (e.g., leaf water itself), the daily
temperature and relative humidity cycles would need to be included

in the isoscape modelling to yield an accurate prediction.

4.3 | Implications, applications and future work

This paper is the first to develop continental-scale leaf water oxygen,
hydrogen and d-excess isoscapes that incorporate empirical and
region-specific vegetation parameters and correct for non-equilibrium
water vapour isotopic composition. The resulting isoscapes represent
a significant improvement over previous global isoscapes in terms of
better predicting spatial variations in the composition of plant tissues.
The largest improvements were seen in hydrogen isotope ratios and
d-excess, which are most sensitive to water vapour composition
(Cernusak et al., 2022). The methodology that is applied here to
Australia is relevant to developing regionally grounded models that
account for vapour-disequilibrium around the world. These more
accurate predictions of leaf water composition are needed to trace
the movement of water along the soil-plant-atmosphere continuum.

The isoscapes produced here use process-based models to pre-
dict long-term average leaf water values that are reflected in organic
tissues of plants and animals. These predictions enable analysis of spa-
tial variations relevant for tracking and tracing biological materials in
ecological, agricultural and forensic studies. For example, leaf water
isotopes support research into the autecology of vertebrates such as
kangaroos, koalas and emus (Ayliffe & Chivas, 1990; DeSantis &
Hedberg, 2016; Miller & Fogel, 2016; Murphy et al., 2007), the inter-
connections in food webs (Vander Zanden et al., 2016) and the ecol-
ogy of invasive species (McCue et al, 2020). In addition, these
predictions are directly relevant for geographic provenancing for
forensics and food authentication (Camin et al., 2017; Gentile
et al., 2015). Finally, advances in our appreciation for the role of leaf
water in influencing the isotopic composition of atmospheric moisture
(Li et al., 2016; Simonin et al., 2014; Zhao et al., 2014) suggest that
accurate leaf water isoscapes are also relevant to atmospheric
modelling.

Recent research used leaf water isoscapes and plant physiological
models to predict oxygen isotope ratios of strawberries from across
Europe (Cueni et al., 2021). Their leaf water model assumed that
atmospheric vapour was in equilibrium with precipitation, as occurs
immediately after a rainfall (Welp et al., 2008), because strawberries
are well-watered crops. Their study found that model predictions for
oxygen isotope ratios were greatly improved by using climate data for
the year and season of growth because of the strong impact of cli-
mate on leaf water isotope ratios, and the inter- and intra-annual vari-
ability in climate (Cueni et al., 2021). Similarly, we find that for the
location in Victoria, a wetter than average growing season caused
cherry juice isotope ratios to be low while a dryer than average grow-
ing season caused them to be high. The next step in improving the
NEET model will be to use time-resolved climate data, with the ability
to predict monthly, seasonal, and annual leaf water isoscapes through

time. These time-resolved isoscapes will improve predictions by

capturing shorter term variations in climate that are especially critical
for biological materials that form sub annually. More accurate climate
inputs will most significantly improve oxygen isotope and d-excess
predictions that are most sensitive to climate inputs (Figure 7). Hydro-
gen isotope predictions, on the other hand, are most sensitive to
source water isotopic inputs (Figure 7) and better estimations of
source water isotopic composition would benefit future hydrogen iso-
scapes for leaf water. An additional improvement for annual isoscapes
of leaf water will be to weight them by net primary productivity (NPP)
to capture the seasonal variations in photosynthesis and transpiration,
and to better characterize the leaf water available for ingestion by
herbivores.

To make the standard and NEET isoscapes produced here avail-
able for use by the research community, leaf water enrichments (A.)
and isotope ratios (680, & 2H,, and d-excess) for any location in
Australia can be queried, and gridded data downloaded though the
Australian Leaf Water Isoscape Portal (ALWI) available at https://doi.
org/10.48610/f15ea0a or https://shiny.rcc.ug.edu.au/ALWI/.

5 | CONCLUSIONS

The leaf water 580, &%H and d-excess isoscapes developed here
incorporate recent advances in knowledge and regionally specific
parameters to improve the accuracy and resolution of predictions rel-
ative to the previously available global isoscapes (West et al., 2008).
Regionally specific parameters included Australian-specific precipita-
tion isoscapes (Hollins et al., 2018), empirically estimated kinetic frac-
tionation (g) values and an empirical leaf-to-air temperature
relationship (Cernusak et al., 2016; Cernusak et al., 2022; Munksgaard
et al, 2017). The use of the new g, values led to large differences
from the previous global isoscapes, especially for §'80,,, and d-excess.
In addition, non-equilibrium water vapour isotope ratios were esti-
mated using offsets from Fiorella et al. (2019). The correction for non-
equilibrium water vapour had a larger effect on 62H|W than 6180|W,
which is consistent with the greater influence of water vapour isoto-
pic composition on &§2H,,, than on 880, (Cernusak et al., 2022).

The aim of this research was to develop region-specific mechanis-
tic models that would enable accurate prediction of long-term average
leaf water composition for comparison with plant and animal tissues.
The two models developed here more accurately predicted the iso-
tope ratios of leaf cellulose and cherry juice than the previous global
model, with the NEET model performing better than the standard
model.

The NEET isoscapes provide the most accurate representation
available of long-term average leaf water isotope ratios for Australia.
These isoscapes enable isotopic tracing of leaf water into plants and
animals to support research in ecohydrology, atmospheric science,
isotope ecology, agriculture and forensics.
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