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a b s t r a c t

To provide multi-centennial, annually-resolved records of climate for arid and semi-arid areas of
Australia it is necessary to investigate the potential climate signals in tree species in this large region.
Using a stable isotope and x-ray fluorescence approach to dendrochronology in Acacia cambagei, this
study demonstrates short (10 years) proxies of temperature and precipitation are possible. Because rings
in A. cambagei are difficult to see, precluding traditional dendrochronology, we used elemental abun-
dances of Ca and Sr as an annual chronometer back to 1962. Radiocarbon analysis confirmed that our
dating of wood from two trees. We compared d13C and d18O from the a-cellulose of the dated wood over
the most recent 10 years (n ¼ 10) to local climate records demonstrating significant relationships be-
tween d18O and precipitation (r ¼ �0.85, p < 0.002); mean monthly maximum temperature (r ¼ 0.69,
p < 0.03); and drought indexes (CRU scPDSI 0.5�, r ¼ �0.89, p < 0.001) for February and March. Acacia
cambagei may be useful in developing regional networks of climate proxies for drought. Using modern
trees, in combination with architectural timbers, it may be possible to construct a multi-century,
annually-resolved proxy-record of rainfall and temperature for semi-arid north-eastern Australia.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The intense and prolonged dry and subsequent extreme wet
intervals in the first decade of the 21st Century in eastern Australia
had catastrophic social, environmental and economic effects.
Although ‘drought and flooding rains’ are conspicuous features of
Australia's climate, this most recent cycle has received considerable
analysis in terms of whether it had any precedents and to what
extent the influence of anthropogenic climate change may be
superimposed on past climate variability (eg. Kirono et al., 2011;
Gergis et al., 2012; Timbal and Fawcett, 2013). For much of
eastern Australia, climatic variability over the decade 2002 to 2012
exceeded that of instrumental records (largely limited to the period
1890s to present), leading to great uncertainty among pastoralists,
insurers and policy makers about what the climate of the future is
likely to hold (CSIRO, 2014).

Significant periods of above and below average rainfall have a
strong forcing effect on the vegetation structure and composition
(stability) of semi-arid environments, affecting their ability to
provide agricultural outputs and to conserve environmental values.
Indeed the role of past climate cycles are a key component of debate
about the stability of vegetation in these regions (Witt, 2013). There
is some emerging and anecdotal evidence that the century between
1760 and 1860 was considerably drier on average than the subse-
quent century (William Landsborough, cited in The Queenslander,
1877; Lough, 2011). There are also a range of forecasted anthro-
pogenic effects that will have an impact on climate (Kirono et al.,
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2011) and thus the future effects on production and biodiversity are
very difficult to predict.

Annually resolved, multi-century climatic reconstructions over
several centuries, such as those provided by tree-ring and other
chronologies, are required to verify other records and should
improve future climate forecasts. Records of past climate change
and variability in the semi-arid subtropics of Australia are sparse
over the late Holocene and recent centuries (Lough, 2011;
Denniston et al., 2013; Haig et al., 2014; Neukom et al., 2014;
O'Donnell et al., 2015), yet these unique ecosystems occupy a re-
gion impacted by large-scale climate phenomena, including the
Sub-Tropical Ridge and El Nino/Southern Oscillation (ENSO), Pacific
Decadal Oscillation (PDO) and Interdecadal Pacific Oscillation (IPO)
variability (Timbal et al., 2010). Although recent dendrochronology
research has been carried out in semi-arid and tropical regions of
Australia (Heinrich et al., 2008; Boysen et al., 2014; Baker et al.,
2008; Cullen and Grierson, 2009; O'Donnell et al., 2015;
O'Donnell et al., 2010), most research has tended to focus on high
latitude or other environments with distinct growing seasons (see
Heinrich and Allen, 2013). Like many other tropical and sub-
tropical regions of the world, native trees in northern Australia
frequently do notmeet some of themain assumptions of traditional
dendrochronological researchmethods because radial stem growth
may occur more opportunistically, rather than seasonally. However,
recent traditional dendrochronological studies and advances in
analytical methods, particularly the use of elemental abundance of
Calcium (Ca) and Strontium (Sr) measurements using X-ray fluo-
rescence (Martin et al., 2001; Poussart et al., 2006) in concert with
well-established bomb radiocarbon methods for accurately vali-
dating tree-ring ages (Biondi et al., 2007; Hua et al., 2003; Wood
et al., 2010; Pearson et al., 2011) and stable isotopic analysis
(particularly d13C and d18O) techniques, have meant that trees in
seasonally-dry and tropical and subtropical environments are
attracting attention for their climatic and environmental recon-
struction potential (Zuidema et al., 2012; Schollaen et al., 2013).
What has shown promise for tree species with difficult-to-detect
rings is the non-destructive high-resolution (50e200 mm) identi-
fication of growth periods through the analysis of relative
elemental abundances of Ca and Sr bymicro X-ray fluorescence (via
ITRAX scanning technology) (Keunecke et al., 2011; Mannes et al.,
2007; Heinrich and Allen, 2013; Hietz et al., 2014). Silkin and
Ekimova (2012) have demonstrated annual cycles corresponding
with increasing abundance of Ca and Sr in particular.

There are already a number of tree species in northern Australia
(see Boysen et al., 2014; Baker et al., 2008; Cullen and Grierson,
2007; Pearson et al., 2011; Heinrich and Allen, 2013; O'Donnell
et al., 2015) used for dendrochronological research that show
promise in terms of their potential for climate reconstruction.
Callitris spp. have received particular attention in arid and semi-
arid regions (see Heinrich and Allen, 2013). While Agathis (Boysen
et al., 2014) and Araucaria (Haines et al., 2015) have been a focus
in northern Australian areas receiving higher rainfall. One species
that has not received any formal attention is Acacia cambagei
(gidgee). This highly drought-tolerant tree occurs across much of
subtropical semi-arid eastern Australia and is assumed to be long
lived as it can reach diameters of 50 cm. This species is resistant to
rot and termites, is salt-tolerant, and is both fire-retardant and fire-
sensitive (Bui et al., 2014; Nano et al., 2012). Living A. cambageimay
reflect climate variability spanning possibly a century or so. Acacia
cambagei was, and continues to be used extensively in the areas
where it grows for building construction. Where the date of con-
struction of historical buildings is known, it is likely that these
timbers can increase the ability to reconstruct climate back into the
early 1800s, and possibly to the time of European colonisation of
Australia. This preliminary study explores the potential of
A. cambagei to serve as a robust climate proxy through the use of
micro XRF, bomb radiocarbon dating and stable carbon (d13C) and
oxygen (d18O) isotope ratios of tree-ring a-cellulose. The resulting
d18O record is compared to local instrumental climate records to
determine its ability to represent past climate in the area. Further
research opportunities and dating issues are discussed, however, it
does appear that gidgee can assist in climate reconstructions for the
large region where it naturally occurs.

2. Methods

2.1. Study location and climate records

The wood used in this study was collected at Ambathala, a
grazing property in south-western Queensland (26�0202400S:
145�2102200E) in mid-February 2012 (Fig. 1). Conventional core
sampling was not possible due to the density of A. cambagei
(~1283 kg/m3; Venn and Whittaker, 2003). The growth habit of
A. cambagei trunks makes it difficult to determine from external
observation the internal arrangement of the rings or to identify the
‘centre’ of the tree (Fig. 2). For these reasons, we felled living trees
to examine both the visible rings and their continuity. Many trees in
the area have been harvested several times in the past century for
construction, fencing, fuel-wood and for thinning to improve
pasture production. Cutting was undertakenwith the permission of
the property owner, and this property has been used for several
studies into long-term environmental change in the region in the
past decade (Witt et al., 2006, 2009).

Local instrumental precipitation and temperature data from the
nearest Bureau of Meteorology recording station at Adavale
(approximately 76 km to thewest) were compared to stable isotope
variation inwood a-cellulose between 2002 and 2011. Ambathala is
located in a semi-arid subtropical climate, with the highest rainfall
occurring in November through March (40e70 mm/month), also
coinciding with the highest temperatures (mean maximum
monthly temperature of 21.7 �C). In the winter months, rainfall is
generally below 30 mm/month and daily temperatures are still
warm (~20 �C). We also used non-detrended 0.5�-gridded (inter-
polated) temperature and precipitation data set for Australia (CRU
TS 3.22) from the Climate Research Unit (University of East Anglia
Climatic Research Unit (CRU)) for comparison with the instru-
mental precipitation and temperature data with the stable isotope
records.

2.2. Growth ring identification and dating

2.2.1. ITRAX micro x-ray fluorescence and radiography
Our attempts to visually measure rings on eight sanded and

polished A. cambagei wood discs failed to reliably identify alter-
nating bands earlywood and late wood. Visual ring measurements
were hampered by diffuse porous wood, indistinct ring boundaries,
vessels in diagonal arrangements, and in some cases wedging,
although this could be avoided in most sections. To investigate the
possibility that the variability in isotopic ratios and elemental
abundances would provide annual markers, we cut 2 cm wide by
5 mm thick radial lengths from two discs of gidgee wood with the
least amount of wedging. Based on visual appearance, site location
and ringbarking scars we felt these samples might contain the
simplest record of isotopic and elemental variability. Elemental
abundances were measured from these two trees using the ITRAX
core scanner (Croudace et al., 2006) (COX Analytical systems,
Sweden) at the Environmental Radioactivity Measurement Centre
located at the Australian Nuclear Science and Technology Organi-
sation (ANSTO, Lucas Heights, NSW). Radial lengths were placed on
a Perspex block and optical images taken at 200 mm intervals and
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Fig. 1. Confirmed occurrences of Acacia cambagei (grey dots) and the location of
Ambathala (black square), adapted from data available from Australian Living Atlas
(http://www.ala.org.au/) (above). Average monthly rainfall and maximum temperature
for Adavale (below). The light grey vertical bars indicates the months of February and
March which are the focus of the analysis in this study.

Fig. 2. Cross-section of A. cambagei tree 238 and radial location of ITRAX 238 (black
line, line width is ~2 cm). White arrows denote areas showing evidence of ring barking
and subsequent recovery and regrowth.
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stitched together to produce a visual image of the analysed radial
length. Radiographs were obtained at 30 kV and 25 mA with an
exposure time of 300 ms at 100 mm. Relative elemental abundances
were measured every 200 mm using X-ray fluorescence spectros-
copy using a Cr-HE tube at 30 kV and 50 mAwith 10 s exposures. To
more clearly show elemental abundances at the end of the growing
season, we did not correct elemental abundance for wood density;
and so elemental abundances are shown in counting units.
2.2.2. Radiocarbon dating
From the same radial lengths of wood used for the ITRAX

analysis, we used a razor blade to collect raw wood from estimated
single “rings” (using presumed-annual variations in elemental
abundance in Ca and Sr e see below) of two trees (233 and 238) for
radiocarbon measurement to confirm the annual nature of
elemental variation in ITRAX data. Two individual rings from each
tree were sampled for radiocarbon analysis because bomb 14C de-
livers two possible calendar ages for each measured 14C value with
one being in the rising and the other in the falling arms of the bomb
curve. These collected rings were formed between the late 1950s
and late 1960s (based on growth ring boundaries identified from Sr
and Ca data), the time interval where the differences in atmo-
spheric 14C between consecutive years are highest, in order to get
the highest accuracy for age determination by the bomb radio-
carbonmethod (Hua, 2009). Radiocarbon samples were pre-treated
to a-cellulose (Hua et al., 2004) before being combusted and con-
verted to graphite (Hua et al., 2001) for accelerator mass spec-
trometry (AMS) 14C analysis using the STAR facility at ANSTO (Fink
et al., 2004). Radiocarbon values are reported as percent of modern
carbon (pMC; Stuiver and Polach, 1977) after normalization to 95%
of oxalic acid I (HOx-I) standard and correction for backgrounds
(both accelerator and chemistry) and isotope fractionation using
measured d13C. Calendar ages of wood rings from each length were
obtained using CaliBomb calibration program (Reimer et al., 2004)
with the Southern Hemisphere Zone 1e2 bomb data (Hua et al.,
2013) extended back in time by the SHCal13 calibration curve
(Hogg et al., 2013).

2.3. Stable isotope chronology and development

2.3.1. Stable isotope analysis
For isotope analysis, one radial length from tree 238 (the sample

number of one of our two trees, see Table 1) was cut in half in the
radial direction (1 cmwide by 5mm thick) and a 50 mm sample was
collected every 200 mm using a rotary microtome starting from the
outermost (youngest) section of wood after the bark was removed.
We extracted a-cellulose from these samples using the Brendel-
method modified for small samples (Brendel et al., 2000). Stable
isotope values of carbon (d13C) and oxygen (d18O) from a-cellulose
(n ¼ 136 over 3 days) were measured at the Cairns Analytical Unit
(James Cook University, Australia) using a simultaneous measure-
ment approach (Woodley et al., 2011) with a Thermal Conversion/
Elemental Analyzer (Thermo Electron Corp, Waltham, MA)
attached to a Delta-plus (Thermo Electron Corp, Waltham, MA)
continuous flow isotope ratio mass spectrometer. Repeated mea-
surement of our Sigma-Aldrich cellulose working-standards yiel-
ded an experimental precision for d13C and d18O of 0.2‰ and 0.3‰,
respectively. While we applied a Suess-correction (Francey et al.,
1999; a correction to account for the gradual reduction in atmo-
spheric d13CO2 since ~ 1850 CE due to fossil fuel burning) to the d13C
data, due to all of our samples being consumed in themeasurement
process we did not apply the pyrolysis adjustment for dual-isotope
measurement (Woodley et al., 2011). Due to memory effects, leav-
ing out the 'pyrolysis adjustment' results in underestimating the
total variability in the d13C record, but does not affect the d18O
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Table 1
Ring dates estimated using radiocarbonmethods and ring counts estimated from Calcium/Strontium concentrations in cellulose of two Acacia cambagei trees from Ambathala,
Queensland (pMC is the percent of modern carbon indicting levels of radio carbon above the 1950 level due to atmospheric testing of nuclear weapons).

Lab ID Sample ID d13C (‰) pMC
mean

1s Assumed year
of growtha

Cal. year at 2s range Prob. Year of
growth

Errors of ring
counts

Interp.

OZQ 195 2A 238 - 62 �23.5 129.14 0.33 1962 1962.74e1963.33 0.09 1962 0 ring count is correct
1979.10e1982.21 0.91 1978e1981 �16 to �19

OZQ 196 2A 238 - 69 �22.6 148.75 0.39 1969 1963.92e1964.26 0.04 1963 6
1969.91e1972.87 0.95 1969e1972 0 to �3

OZQ 197 6233 - 62 �21.8 120.00 0.31 1962 1959.92e1963.22 0.44 1959e1962 3 to 0 1 false ring or correct ring count
1985.28e1988.14 0.56 1984e1987 �12 to �15

OZQ 198 6233 - 68 �22.9 150.69 0.43 1968 1964.04e1964.40 0.05 1963 5
1969.87e1972.21 0.95 1969e1971 �1 to �3

a Based on Ca and Sr values (see text).
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record. Given the short period of time covered in this record (~10
years), the underestimation of d13C values is expected to be within
the error of the isotope measurement.
Table 2
Simple linear regressions of Adavale monthly climate means and CRU scPDSI with
maximum annual d18O of cellulose in gidgee. Correlation statistics for both raw and
linearly detrended data are shown.

Variable
Raw Detrended

r r2 p r r2 p

d18Omax

FebeMar ppt (mm) �0.85 0.72 0.002 �0.82 0.67 0.004
log(FebeMar) ppt �0.70 0.49 0.024 0.64 0.40 0.048
FebeMar mean Tmax (�C) 0.69 0.47 0.029 0.60 0.36 0.067
CRU scPDSI �0.89 0.78 0.001 �0.87 0.76 0.001

log(Feb-Mar) ppt
FebeMar mean Tmax (�C) �0.67 0.44 <0.0001 �0.67 0.45 <0.0001
CRU scPDSI 0.55 0.30 <0.0001 0.55 0.30 <0.0001
2.3.2. Age modelling of d13C and d18O data
In order to compare climate records to our dendrochronological

records, tree-ring records must be annually dated. In the case
where rings are not visible or are not annual another annual
chronometer must be used. Age-modelling (in this case, a combi-
nation of manually picking peaks based on elemental abundances
and known calibrated 14C ages and then interpolating all other
points, see below) can then be used to estimate the age of wood at
any distance from the pith or bark. Based on the work by Poussart
et al. (2006) elemental abundances of Sr and Cawere interpreted as
annual variations in growth, irrespective of visible wood structures
(Gourlay, 1995; Poussart et al., 2006; Silkin and Ekimova, 2012).
Although the mechanisms for Sr and Ca deposition are not fully
understood, we have assumed that a key determinant is increasing
wood density at the end of the growing season (July to September
when it is both cool and dry). Subsequently, if water is available,
A. cambagei begins to grow again as temperature increases and Ca
and Sr abundances decrease with decreasing wood density. We
assumed this period to be approximately November in an ‘average
year’. However, October through December is traditionally domi-
nated by heterogeneous rainfall from convective storms, which
may or may not be adequate to trigger substantial growth. The peak
growth in ideal conditions should be in March as water is available
and temperatures are cooling down. For these reasons, we hy-
pothesize that the ideal growing period is late summer in average
years (February to March). Our data for the end of the record re-
flects this with very low Sr and Ca values at the time when the tree
was cut in mid-February following three of the wettest years in
several decades.

We use these assumed seasonal cycles in Ca (“Ca-rings”) to
develop an age-model for the stable isotope analyses. The d13C and
d18O analyses were from the same a-cellulose samples that were
compared to the Ca and Sr ratios and treated identically for age
modelling. Isotope measurements are not evenly distributed
among Ca-rings in the radius measured and so we used Matlab
(Mathworks, Inc., Natick, MA) to develop and apply an age model
that places the isotope analyses in time (years or fractions thereof)
rather than space (distance from bark). The age model linearly in-
terpolates the age of distances between each Ca-ring in the series at
specified time steps and then interpolates the isotope values over
the period of the Ca-ring for those time steps (this method of
assigning unevenly spaced data to times series based on 14C anal-
ysis to check if predicted ages based on elemental variations are
correct is described and utilized in English et al., 2010). This yields
age-modelled isotope series with roughly the same resolution as
the raw isotope series, although the data are now distributed
evenly in time. While these data cannot be thought of as seasonally
resolved, we can examine the maximum, minimum and mean
isotope value of any year and compare those to annual or monthly
climate parameters. Age modelling does not require that Ca-rings
and stable isotope variation are independent of each other, only
that we do not consider climate when developing the age model to
avoid “tuning” our data to the climate record we wish to examine.

2.4. Statistical analyses

We used simple linear regressions to compare instrumental
climate data (Ambathala) with the gridded climate data (CRU) and
the age-modelled isotope data. We used KNMI Climate Explorer
(Trouet and Van Oldenborgh, 2013) to compare seasonal and
transformed Ambathala climate records and age-modelled isotope
records with spatially reconstructed climate data from CRU. In
KNMI, the correlation coefficients for each 0.5� grid cell reflect
simple linear regressions between the data series of interest and
the climate time-series in each 0.5� grid cell over the time period
selected. In all cases we examined regressions with and without
detrending the data sets (simple linear detrending over the length
of record examined) and found only small differences in the re-
lationships and significance (Table 2). We use the original data
without detrending for this reason. For all statistical analyses re-
ported here (both simple linear regressions and the spatial linear
regressions in KNMI), we used KNMI Climate Explorer and a¼ 0.05.

3. Results

3.1. Ring identification and dating

For all lengthsmeasured, relative elemental abundance of Sr and
Ca showed coherent variability throughout the radial lengths
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(Fig. 3; simple linear regression, r ¼ 0.88, p < 0.001, n ¼ 1089). Over
the 224 mm radial length of tree 238, Sr varied between 278 and
2029 counts, while Ca varied between 7792 and 169,255 counts.
We also noted a strong increase in variability at the heart wood/
sapwood boundary as found by Poussart et al. (2006), although in
our case increased variability appears to carry all the way to the
bark. At higher abundances (counts/mm), Ca relative elemental
abundances were less noisy than Sr, and so Cawas used to delineate
annual years for selecting radiocarbon samples and age modelling.
Using the variability in elemental abundances, we estimated that
for at least one tree, tree 238, wood from 1940 to the time of
collection in early 2012 was present in the 244 mm long radial
length (Fig. 3). Radiocarbon analysis of tree-ring material reveals
that for two trees (233 and 238), the regular variations in Ca yielded
accurate Ca-ring counts back to at least 1962 (Table 1). During very
dry seasons or years, we assume that wood formation ceases, and
so even though records are presented as continuous they are most
likely censored during the driest or hottest seasons and years,
leading to lower resolution during those times or even missing
years. We reiterate here that the years we have delineated by Ca
variability could be wrong and could represent more than one year
Fig. 3. Calcium (blue) and strontium (orange) elemental abundances along core Sample 238
the same scale as the elemental abundances. Black dots are radiocarbon samples (Table 1) a
references to colour in this figure legend, the reader is referred to the web version of this

Fig. 4. Elemental abundances (Ca blue and Sr Orange with smoothed 5 sample moving ave
238. Year markers were determined using the ITRAX-derived Ca and Sr elemental abundanc
the heartwood/sapwood boundary as seen in Fig. 3. (For interpretation of the references to
or less than one year. This “annualization” of an otherwise undated
portion of our dated record represents our best, most objective
guess of what wood was grown in what year between collection in
2011 and what we believe is 2002.

3.2. Stable isotope chronologies

For the outer 28 mm of tree 238, representing 2002 to end of
2011 (Fig. 4), oxygen isotope values ranged fromþ29.8‰ toþ41.2‰
with an average value of þ35.6‰, while d13C ranged from �22.1‰
to�28.3‰with an average value of�24.9‰. Over this short length,
we observed oscillations of roughly 3‰e6‰ for d18O and 2‰e3‰
for d13C. In the outermost rings from 2009 to the end of 2011 there
is a multi-year 7‰ and 3‰ decrease in d18O and d13C, respectively.

The multi-year decrease in stable isotope values coincides with
greater precipitation falling in 2010, the end of a decadal drought
(Fig. 5). We show preliminary evidence that after the monsoon,
increased temperatures and decreased rainfall act in concert to
raise soil, xylem and leaf water d18O and this is readily recorded as
peaks in d18Omax in a-cellulose of wood grown during that time or
shortly thereafter. The peaks and troughs in the d18O and d13C
. Bark is to the right. Optical and x-ray scans are at top and middle, respectively, and at
nd dashed line and right border are what is shown in Fig. 4. (For interpretation of the
article.)

rage shown as darker line) and Suess corrected d13C (purple) and d18O (green) for tree
e in combination with visual identification of rings. The grey dashed line at 208 mm is
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Age-modelled d13C, d18O and rainfall at Adavale. Light grey bars denote hy-
pothesized growing season, blue bars denote 30-day rainfall moving average. There is a
sharp decline in d13C and d18O in 2010 coincident with a significant rainfall increase.
While the stable isotope records are presented as continuous, there are most likely
growth hiatus present. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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record correspond to what we believe are the growing seasons of
A. cambagei at this site and are consistent with calendar year
boundaries picked using Ca elemental abundances. From year-to-
year, including late 2011, lower d18O (troughs) occur in wet,
monsoon conditions as water in shallow soil is recharged and
vapour pressure deficit (VPD) declines, reducing evaporative
Fig. 6. Simple linear regressions and Pearson-correlation coefficients of (A) mean maximum
the a-cellulose of Acacia cambagei (2002e2011) with (B) mean maximum temperature; (C) t
and (D) self-calibrated Palmer Drought Severity Index (þ ¼ wetter). Dashed lines in bottom p
total precipitation) over the isotope record (see text in section 3.2).
demand on leaves. These seasonal variations are also in line with
the hypothesis that d18O reflects drought severity, with higher d18O
(peaks) coinciding with post-monsoon conditions with higher
temperature, higher VPD and decreased rainfall and soil water
availability. Over a whole year, increasingly severe drought as
measured by Self-calibrating Palmer Drought Severity Index
(scPDSI) (Wells et al., 2004) corresponds to higher maximum d18O
values. An exception to this is the d18Omax in a-cellulose for driest
year on record at this site, 2005. We speculate that the extreme
drought conditions caused the plant to either rely to a greater
extent on deeper ground-water with lower d18O values or that
growth ceased before d18O reached extremely high values. Because
we do not know the reason for this outlier, we have left it in our
regressions (Table 2) but examined its effect on our models if
removed (Fig. 6c and d). Although not as clear as in the d18O data, in
water limited environments increasing d13C values should coincide
with the hot, dry portion of the year as stomata close to conserve
water and discrimination decreases (Scheidegger et al., 2000). Over
the ten years of record we observed no significant correlations
between d13C and local climate.

There were, however, significant and strong relationships be-
tween the annualized d18Omax (the maximum d18O value occurring
within an annual ring) and local climate (Fig. 6, Table 2). As we
hypothesized, d18Omax was negatively related to total precipitation
in February and March (the most likely growing season for
A. cambagei) at Adavale (Fig. 6B; r ¼ �0.85; p ¼ 0.002, n ¼ 10).
Likewise, d18Omax was positively related to mean maximum tem-
perature in February and March at Adavale (Fig. 6C; r ¼ 0.69;
p < 0.03, n ¼ 10). At Adavale, February and March temperature and
temperature with total precipitation (1901e2011) at Adavale; annual maximum d18O in
he log of precipitation (the linear regression is against the log values, not shown here);
anels are linear regressions without FebeMar 2005, the driest FebruaryeMarch (2 mm
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precipitation are negatively correlated (Fig. 6A; r ¼ �0.67;
p < 0.0001, n ¼ 111). The relationship of d18Omax with scPDSI re-
mains significant when tested using a non-parametric statistic
(Spearman's rank order correlation, p(8) ¼ �0.66, p ¼ 0.038,
a ¼ 0.05 on non-detrended data), although the relationship of
d18Omax with mean maximum temperature in February and March
and total precipitation in February and March is only significant
(p < 0.05) if a one-tailed test is considered. The strong relationship
between rainfall and temperature at Adavale and regional rainfall,
temperature and scPDSI (Fig. 7A,C,E) and the strong relationship
between d18Omax of A. cambagei cellulose and Adavale precipitation
and temperature (Fig. 7B,D,F) leads us to very cautiously suggest
that variability in d18Omax of A. cambagei cellulose may reflect
drought intensity in large portions of southwestern Queensland,
northern New South Wales and eastern South Australia and
Northern Territory. This suggestion is in line with other work on
Fig. 7. Spatial pearson-correlation coefficients (colour bars; only coloured grid cells
have correlations significant at p < 0.05) for February and March of (A) mean Febru-
aryeMarch monthly precipitation at Adavale (instrumental) with Australian mean
FebruaryeMarch precipitation (1901e2011, CRU gridded); (B) Australian Februar-
yeMarch precipitation total (2002e2011, CRU gridded) with maximum d18O in the a-
cellulose of A. cambagei; (C) mean FebruaryeMarch maximum temperature at Adavale
(instrumental) with Australian monthly mean maximum temperatures (1901e2011,
CRU gridded); (D) mean Australian FebruaryeMarch maximum temperatures
(2002e2011, CRU gridded) with maximum d18O in the a-cellulose of A. cambagei; (E)
log of FebruaryeMarch monthly precipitation at Adavale (instrumental) with Austra-
lian mean FebruaryeMarch maximum temperatures (1901e2011, gridded); and (F)
self-calibrating PDSI (CRU, gridded) with maximum d18O in the a-cellulose of
A. cambagei. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
isotopes in tropical and sub-tropical trees that find significant as-
sociations between d18O and local, regional and global climate
phenomena (Boysen et al., 2014; Poussart et al., 2004).

4. Discussion

This study supports recent work that demonstrates the ability
for micro XRF to assist in the dating of tree rings in semi-arid and
subtropical environments where traditional dendrochronological
methods have been rarely employed (Zuidema et al., 2012), and
that drought appears to have a strong influence on wood cellulose
of Acacia cambagei. For two trees, we were able to accurately date
material in the rings back to the 1960s (ie. >50 years) from today
using Ca abundances in wood with indistinct rings. Although we
have not been able to do so here, once elemental abundance os-
cillations have been shown to be annual, the use of d18O provides a
proxy for rainfall, temperature, and drought particularly during the
late-summer monsoon season (FebruaryeMarch). Records such as
this may be useful in extending the spatial coverage of the Asian
Monsoon drought index (Cook et al., 2010) or filling in the
Australia-New Zealand Drought Atlas (Palmer et al., 2015). The
variability in our stable isotope records is consistent with annual
and seasonal changes in temperature and rainfall at Ambathala.
Specifically, d18Omax of a-cellulose are correlated with temperature
and precipitation (February and March).

Although it would be expected that d13C in a-cellulose should
also be indicative of water stress and temperature, our d13C results
are inconclusive and align with work on Callitris columellaris by
Cullen and Grierson (2007). This does not preclude d13C from future
climate reconstruction work as it has been demonstrated in Acacia
spp. of semi-arid Ethiopia to correlate very well with precipitation,
but not temperature, particularly for deciduous taxa, (Gebrekirstos
et al., 2009). This highlights the need for a more detailed under-
standing of assimilation, conductance and water use efficiency,
climate and stable isotope in wood cellulose d13C. However, the
simple assumption that there is a relationship between d13C in
wood cellulose, rainfall and temperature (and thus water stress)
does not appear to be the case here.

The use of micro XRF and d18O in a-cellulose, in concert with
radiocarbon dating, shows promise for using the wide-spread tree,
A. cambagei, for dendrochronological and climate research. The
A. cambagei from southwest Queensland used in this study suggest
that archives of rainfall variability over much of inland Australia
extending through southwest Queensland into western NSW and
then into south-eastern Australia may be derived from this species
using dendro-chemistry. The preliminary decade-long record pre-
sented here spans some of the driest and wettest years since re-
cords for the region began, and this variability is captured in the
d18O tree rings of A. cambagei. The Ambathala shearing-shed was
built at the turn of the century and is set upon over 100 well-
preserved A. cambagei stumps. Building of similar stature and age
are located across the geographic range of this species and date
back to the late 1800s. Based on this research it may be that, when
both standing and architectural wood are dated and analysed, to
reconstruct a temperature- and rainfall-proxy record for inland
parts of Australia dating back at least 100 years before the begin-
ning of instrumental records.
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