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Abstract. In food-productive river basins, ecosystems reliant on natural flows are affected by climate change and
water removal. One such example is Australia’s Murray–Darling Basin (MDB), to which the ecologically important
black box tree Eucalyptus largiflorens (Myrtaceae) is unique. Little is known about its mineral nutrition and response to
flooding. A field study conducted at Hattah Kulkyne National Park on the MDB examined nutrient and Al distribution in
mature and young foliage of trees whose status varied with respect to the presence of surface floodwaters. Black box is
also of interest due to emerging evidence of its capacity to accumulate high foliar salt concentrations. Here, cryo
scanning electron microscopy alone (SEM), combined with energy dispersive spectroscopy (SEM-EDS) and X-ray
fluorescence (XRF) spectroscopy were applied to evaluate leaf anatomy and elemental patterns at the cellular and
whole-leaf levels. Variation in whole-leaf elemental levels across flooded and dry trees aligned with known nutritional
fluctuations in this drought-tolerant species reliant on occasional infrequent flooding. The microprobe data provide
evidence of drought tolerance by demonstrating that extended conditions of lack of water to trees do not elicit leaf
anatomical changes nor changes to leaf cellular storage of these elements. Foliar Na concentrations of ~2000–6000 mg
kg–1 DW were found co-localised with Cl in mesophyll and dermal cells of young and mature leaves, suggesting
vacuolar salt disposal as a detoxification strategy.
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Introduction

The complexities of managing natural flows within river basin
systems to balance their agricultural and native ecological
productivities are exacerbated by the rising demand for
food and adverse climatic trends (Poff et al. 2003; Lynch
and St Clair 2004; IPCC 2014; Grafton et al. 2018). One such
case is the Murray–Darling Basin (MDB), Australia’s most
agriculturally important and largest river catchment of over 1
� 106 km2, also renowned for its significant natural habitats
(Pittock and Finlayson 2011). Among many indicators of the
health of MDB riverine ecosystems is the condition and
persistence of ubiquitous native trees whose crucial
ecological services have been documented in some
instances as being specific to certain faunal assemblages
(O’Malley and Sheldon 1990; NPWS 2002; Wassens et al.
2005; Roberts and Marston 2011; Capon et al. 2016). Black
box (Eucalyptus largiflorensMuell. (Myrtaceae)), a floodplain
tree largely exclusive to the MDB and belonging to the
iconic Australian Eucalyptus genus, is one of three common
riverine eucalypts in the region (Roberts and Marston 2011;

Capon et al. 2016; see also Australia’s Virtual Herbarium at
http://avh.chah.org.au). It is widespread across MDB
floodplains, from riparian zones to the farthest reaches of
natural flows, and around inland lakes. Although the success of
management strategies to sustain riverine woodland ecosystems
in the MDB have been mixed, knowledge about their physiology
and nutrition is still limited (Bramley et al. 2003; Poff et al. 2003;
Jensen et al. 2008; Johns et al. 2009; Doody et al. 2015; Fernando
et al. 2018a). As the most notably vulnerable of the MDB
riverine eucalypts, the status of black box is of ongoing
concern given its poor condition in sections of the MDB
(Cunningham et al. 2009; Smith and Smith 2014; Moxham
et al. 2018). Two field studies into its plant–soil nutritional
dynamics (Fernando et al. 2018a, 2021) provide the only
insight into its mineral nutrition, along with emerging evidence
of its ability to accumulate high Na concentrations.

Foliar nutrition is synonymous with whole-plant nutrition, a
well-established utilitarian measure of the health of terrestrial
vascular plants, particularly under cultivation, yet less so for
ecological purposes (Grove and Malajczuk 1985; Marschner
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2002). In the latter context, macronutrient cycling has drawn
significant interest, as has plant adaptation to certain distinct
soil types, for example, metallophytes in serpentine
ecosystems (Lugo et al. 1990; Brooks 1998; Gallardo
2003). The spatial distribution patterns of leaf nutrients and
other elements, including cellular sequestrations can
indicate certain detoxification strategies, genetic differences,
response to altered nutrient supply and environmental change.
A range of microprobe techniques utilising X-rays, electron
and proton beams are capable of generating plant analytical
data in situ, both at the intra- and inter-cellular levels, as
well as for whole organs such as leaves, depending on size;
with electron-beam methodologies further capable of yielding
detailed information on tissue anatomy (Fernando et al. 2013).
There are numerous examples where such techniques applied
individually or in combination have contributed valuably to
understanding certain plant behaviours. Examples of these
include, linking difference in Mn tolerance between two
wheat phenotypes to their leaf-vacuolar storage capacity
(Fernando et al. 2016a), plant salt tolerance through cell
storage or specialised glands (Huang and Steveninck 1988;
Van Steveninck et al. 1988; Oi et al. 2013), Mn toxicity
observed primarily on the leaf upper surface of field canola
due to the interaction of solar radiation with Mn-rich cells
(Fernando et al. 2016a), and differences in the abilities of two
maple species to tolerate soil acidification due to their different
leaf anatomies and cellular nutrient storage strategies
(Fernando et al. 2016b).

Whole-leaf elemental concentrations in inundated black
box trees and in those nearby that had remained
uninundated for a prolonged period have previously been
found to be comparable (Fernando et al. 2018a, 2021),
consistent with its characterisation as a drought tolerant
species (McEvoy 1992). The present investigation seeks to
examine whether there are differences in cellular elemental
accumulation strategies associated with water availability to
trees. Cryo scanning electron microscopy (SEM) and cryo
SEM–energy dispersive spectroscopy (SEM-EDS) will be
applied to gather leaf anatomical and cellular elemental
distributional data, and elemental distributions across entire
leaf surfaces will be extracted using XRF. Emerging evidence
that black box tolerates high Na concentrations (Fernando
et al. 2018a) through foliage accumulation will also be
investigated by examining Na and Cl localisation in leaf cells.

Materials and methods
Field sampling
The field site, Lake Konardin (34�41035.0500S, 142�2102.1100E),
is one of numerous interconnecting floodplain lakes in the
Hattah Kulkyne National Park, Australia (Fernando et al.
2018a). Natural water-flows into these lakes from the
Chalka Creek tributary off the Murray River is
supplemented by a managed process termed ‘environmental
watering’ where in this case, river water is pumped into the
feeder creek (Fernando et al. 2021). Three field samplings of
black box leaves were conducted as follows, across two time-
points linked to a managed watering cycle that was initiated in
early July 2017 (a) on 9 December 2017, from an inundated

black box tree that had been receiving floodwaters
continuously for at least 3 months before sampling
(Fig. 1a); (b) on 9 December 2017, from a black box tree
on dry ground, well beyond the reach of floodwaters (Fig. 1b),
and (c) on 13 July 2018, from tree (a) at least 5 months after
surface waters had fully receded (Fig. 1c). Rainfall data from
the Australian Government Bureau of Meteorology website
(http://www.bom.gov.au/) show that although the site received
~45 mm above its long-term average annual rainfall of
330 mm, there was a total of only ~85 mm in the 7 months
between the first and second sampling (Fernando et al. 2021).
Maximum temperature ranges were ~9�C to 46�C, and minima
were ~–1.5 to 30�C. In the field, harvested leaves were stored
cool in just-moist packaging so as to retain their field freshness
for laboratory processing within 24 h. The youngest fully
expanded leaves at the growing tips of branchlets were
selected for the ‘young’ category, and the oldest, highly
sclerophyllous, largest leaves lower down along branchlets
were selected for the ‘mature’ category (Fig. 1d). These two
categories were visually very distinct. The orientation of
mature leaves was vertical as is common among eucalypts
(James and Bell 2000), and for the purposes of this study, the
outward-most facing surface was designated as the upper
surface whereas the other was designated the lower surface.

(a) (b)

(c) (d)

Fig. 1. Black box sampling (a) flooded tree (arrowed), (b) tree outside
flood zone, (c) tree (a) post-flooding, (d) selection of the mature (M) and
young (Y) leaves sampled.
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Bulk chemical analysis of leaves
The method described by Fernando et al. (2018a) was
employed here to chemically analyse six leaf samples that
each consisted of 10–20 bulked and ground oven-dried
material. Total dry weight concentrations (mg kg–1) of the
following elements were measured: N, P, K, Ca, Mg, Na, Mn,
Al, Fe, and Si. Young and mature leaves were selected as
described above for the three samplings. Subsamples of these
leaves, while fresh, were prepared for microprobe analysis as
described in the following two sections. Bulk leaf-elemental
concentration data corresponding to trees selected here for
microprobe analyses were obtained to provide context to the
microprobe data central to this study. Replicate periodic
sampling of these trees had already been undertaken as part
of a recent detailed study into leaf and soil elemental changes
with respect to flooding (Fernando et al. 2021).

Sample preparation for microprobe analyses
Small fragments of excised leaf tissue were rapidly cryo-fixed
by plunge freezing in liquid propane, and stored in liquid
nitrogen for SEM-EDS as described by Fernando et al.
(2018b). For X-ray fluorescence spectrometry (XRF), whole
fresh leaves were snap-frozen by immersing in liquid nitrogen
before being freeze-dried.

SEM, SEM-EDS and XRF analyses
The methodology and instrumentation used for obtaining SEM
images and SEM-EDS analytical X-ray map data are detailed
in previous studies by Fernando et al. (2016a, 2018b). Cryo-
fixed frozen leaf samples were planed cross-sectionally on a
liquid nitrogen-cooled ultramicrotome (Reichert Jung FC4E,
Leica Microsystems), rapidly transferred in a specimen
transfer device (Gatan CT1500, Gatan, Pleasanton, CA,
USA) to the liquid nitrogen-cooled specimen stage of a
scanning electron microscope (SEM) (JEOL JSM 840A,
JEOL, Tokyo, Japan) via its liquid nitrogen-cooled
preparation chamber (Gatan CT1500). Here, the sample was
monitored at 5 kV (to minimise electrical charging) while
etched to –90�C, then re-cooled and Al-coated (10 nm) for
initial examination on the cold (–180�C) SEM sample stage.
For data gathering, the sample was freeze-dried in situ and
positioned at a stage height of 39 mm, where qualitative and
quantitative (Marshall 2017) energy dispersive spectroscopic
(EDS) X-ray data as well as secondary electron images (SEI)
were collected. An accelerating voltage of 15 kV and a probe
current of 2 � 10�10 A was used. These EDS analyses were
carried out using an Aztec analyser with an X-Max SDD
detector (150 mm2, Oxford Instruments, High Wycombe,
Buckinghamshire, UK). Qualitative X-ray maps of N, P, K,
Mg, Na, and Cl spatial distribution patterns across young and
mature leaf cross-sectional surfaces were obtained.
Quantitative data for these elements were extracted from
the X-ray maps by delineating regions of interest within
them as previously undertaken by Fernando et al. (2016b).
The summed X-ray spectra from these regions were processed
using the Oxford Instruments version of the XPP software
(see https://nano.oxinst.com/campaigns/downloads/azteclive-
in-depth-tru-q) according to the methodology of Pouchou

and Pichoir (1991, 1992). These quantitative data are
obtained as line-scan traces across a selected tissue area, where
thex-axis represents locationalong tissue, and they-axis represents:

percentage elemental weight� tissue dry weight

The latter can be converted to moles per kilogram:

ðpercentage tissue elemental weight

� elemental atomicweightÞ � 10

For XRF, whole leaves or lengthwise halves of cryo-fixed,
freeze-dried samples were affixed to a piece of polypropylene
sheeting (0.5 mm) with 3M tape (3M Australia, Sydney, NSW,
Australia) so that both leaf surfaces were exposed for analysis.
Samples were scanned on a Bruker M4 Tornado (Bruker Nano
GmbH, Berlin, Germany) equipped with a single rhodium
X-ray tube and energy dispersive detector. The maps were
created using the Area function over the entire area (mosaic) of
each leaf sample placed on a 3-D printed holder covered in
cling-wrap so as to retain it 5 cm above the stage surface to
minimise background noise from the stage. Scans were
performed at a tube voltage of 50 kV and tube wattage of
600 mA under a 20-mbar vacuum with no filter. X-Ray spot
size was 20 mm with a pixel size of 100 mm in both x and y
directions and a measurement rate of 100 ms pixel–1.
Semiquantitative data (counts) were extracted from a
laminal area of leaves scanned for X-ray maps. Spectra
generated within a laminal area were used to calculate net
counts by subtracting background counts. For each sample, net
counts from the upper and lower leaf-surfaces were averaged
to estimate net counts for young and mature leaves from each
of the three sampling scenarios (Fig. 1).

Results

Leaf chemical data (Table 1) indicate differences in S, Na, Fe,
B, Co, Al, and Si concentrations associated with the flooding
status and history of the tree(s) from which respective samples
were taken. Note, as indicated in the methodological
description, bulk data in Table 1 here provide additional
context to the microprobe data, and are consistent with
replicate leaf-elemental data obtained in a recent study of
this site (Fernando et al. 2021). Foliar S concentrations in
non-inundated trees (Fig. 1b, c) were higher than in the flooded
tree (Fig. 1a), whereas foliar Na concentrations in the flooded
tree were found to have almost doubled over the following
7 months when sampled well after waters had subsided,
whereas foliage Na in the unflooded tree was comparable to
the flooded tree at the time of flooding. The trends in foliage
Na concentrations with respect to flooding were also observed
for Fe, B, Co, and Al, where the flooding event appeared
associated with elevation of these foliar levels at the second
sampling. Foliar Si concentrations were much lower in the dry
tree that had previously been flooded (Fig. 1c) compared to the
tree that remained uninundated throughout the study (Fig. 1b).

Leaf cross sections (Fig. 2) showed that both mature and
young leaves of black box are isobilaterally symmetrical, with
the mesophyll sandwiched by two epidermal layers within two
outermost cuticular layers, the latter present for all mature
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leaves (Migacz et al. 2018). The mesophyll consisted of two
2–3-layer palisade parenchyma cell layers flanking a relatively
narrow central spongy parenchyma layer. The distribution
patterns of macronutrients in the leaf cross-sectional
surfaces (Fig. 2) suggest N distribution across all cell types,
whereas P and K were most concentrated in the spongy
parenchyma and some palisade parenchyma regions. Foliar
Mg was localised in the dermal and mesophyll layers. Cellular
Na primarily in the mesophyll with some dermal deposition in
young leaves was matched by Cl deposition, although Cl was
additionally strongly detected in the spongy mesophyll.

Quantitative SEM-EDS data corresponding to Fig. 2 are
represented in Fig. 3, where dry weight tissue concentrations
(mmol kg–1) of N, P, K, Mg, Na and Cl can be estimated for
different leaf cell types in cross-section. The central linescans
of the quantitative X-ray linescan profile data corresponding to
each of the six leaf cross sectional surfaces are indicated by red
lines in Fig. 2 and yellow lines in Fig. 3.

Whole-leafXRFelementalmaps (Fig. 4) showed that for each
element, distribution across two leaf surfaces of a leaf were not
different. TheMnmap showed aMngradient across leaf surfaces
such that leaf marginal zones were moreMn-enriched compared
to the central laminal area. The microprobe data (Fig. 2–4) all
indicate that individual elemental distribution patterns in foliage
did not vary qualitatively with the flooding status of the tree.

Net counts in the XRF semiquantitative datasets (Fig. 5)
were generally higher for mature leaves compared to young
leaves, due in part at least to the greater thickness of the
former, with highest observed counts in sampling (b) (Fig. 1b).
The thinness of the young leaves likely contributed to
the similarity in their upper- and lower-surface XRF
semiquantitative data and smaller count numbers. Mature and
young leaf laminae from the flooded tree (Fig. 1a) generated the
lowest count numbers for all elements examined except P (Fig. 5).
Among the three young leaf samples, the post-flooded sample
(Fig. 1c) generated highest counts for elements other than P
(Fig. 5). Among the three mature-leaf laminae analysed, the
non-flooded (Fig. 1b) and post-flooded (Fig. 1c) samples
generated far greater count numbers than the flooded sample
(Fig. 1a).

Discussion

In-situ microprobe data (Fig. 2, 3) provided the first insights
into nutrient and metal distribution patterns in black box leaves

and their anatomy. An isobilateral symmetry, a closely packed
mesophyll lacking intercellular spaces, multiple palisade
layers, and cuticular coverings were xerophytic features
indicative of adaptation to dry conditions (Esau 1965;
Migacz et al. 2018), as was the vertical positioning of
leaves to mitigate water loss and optimise light harvesting
while enabling sufficient access to CO2 for photosynthesis
(James and Bell 2000; James and Bell 2001). Except for a
single previous study employing XRF to map foliar Pb in a Pb-
dosing trial of a Eucalyptus hybrid (Rodrigues et al. 2018),
there is no prior knowledge about elemental micro-distribution
patterns in eucalypt leaves. Consistent with existing awareness
that black box is drought tolerant (McEvoy 1992) was the
overall similarity of individual elemental distribution patterns
across the three sample trees (Fig. 2–4); particularly datasets
for the wettest (Fig. 1a) and driest (Fig. 1b) growth conditions
that showed no clear differences in nutrient sequestration or
physical drought-responses such as leaf or cuticular thickening
(James and Bell 1995; McLean et al. 2014). Highest XRF
count rates (Fig. 5) for leaves from the driest tree (Fig. 1b)
suggest that they were the thickest in this study.

Bulk leaf-chemical data (Table 1) support recent findings
that short-term flooding likely benefits black box by enhancing
the soil bioavailability of some trace nutrients, with soil type as
an important driver of inundation-associated plant–soil
dynamics (White 1997; Fernando et al. 2021). Differences
observed here in Table 1 are consistent with the findings of a
recent detailed study (Fernando et al. 2021) of leaf and soil
elemental changes with respect to flooding, in which multiple
samplings over a 12-month period across an entire flooding
cycle demonstrated that inundation was nutritionally
advantageous to black box trees. Post-flood lowering of
black box leaf Si concentrations has previously been
observed (Fernando et al. 2021), where concentrations
peaked along with flooding and returned to original lower
levels after subsidence. Observation of lowest foliage S
concentration (Table 1) for the inundated tree (Fig. 1a)
aligns with previous findings that foliar S depression is
associated with peak inundation, possibly due to biomass
dilution by flooding-induced vegetative growth (Fernando
et al. 2021). Existing hypotheses that drought stress likely
depresses leaf-N and -P concentrations by reduced uptake,
while increasing N : P concentration ratios (He and Dijkstra
2014) were not supported for black box (Table 1), further
consistent with drought tolerance.

Table 1. Analysis of mature and young black box leaves from (a) the flooded tree, (b) a tree that received no floodwaters, (c) tree long
after floodwaters had subsided

Leaf sample N C P K S Ca Mg Na Cu Zn Mn Crude
protein

Fe B Mo Co Si Al Ni N : S N : P N :K C :N

(%) (mg kg–1) (%) (mg kg–1) (units)

(a) Flooded tree
Mature 1.2 51 734 7124 920 11 399 2497 2777 3.0 13 159 7.3 43 58 0.07 0.08 459 17 1.4 13 16 1.6 44
Young 1.6 50 1594 12 015 970 1971 1708 2181 4.7 17 34 9.9 26 11 0.15 0.02 290 9.1 0.80 16 10 1.3 32

(b) Tree that received no floodwaters
Mature 0.93 51 1056 4899 1030 15 219 2004 2792 3.7 10 238 5.8 44 85 0.00 0.08 512 20 2.1 9.1 8.8 1.9 55
Young 1.6 50 1861 11 945 1360 3894 1935 3433 8.0 17 60 10.1 39 22 0.14 0.03 546 2.4 2.2 12 8.7 1.4 31

(c) Tree long after floodwaters had subsided
Mature 1.1 51 680 7483 1240 10 676 2476 4938 3.4 11 140 7.1 82 86 0.21 0.11 269 48 2.2 9.1 17 1.5 45
Young 1.1 50 623 5735 1190 11 969 2678 5944 3.5 12 167 6.6 111 90 0.16 0.14 290 92 2.8 8.8 17 1.8 47
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(a) (b) (c)

Fig. 2. Cross-sectional SEM anatomical images and corresponding qualitative SEM-EDS X-ray maps showing cellular N, P, K, Mg, Na, and Cl
distributions in mature (M) and young (Y) black box leaves from (a) the flooded tree, (b) the tree that did not get flooded, (c) tree (a) well after floodwaters
had subsided. Cuticle (c), epidermis (e), spongy parenchyma (s) and palisade parenchyma (p), oil glands (o). Horizontal red lines show central line scan for
corresponding quantitative X-ray data shown in Fig. 3.
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Although there are no previous microprobe studies of
eucalypt nutrition to draw upon, cellular N, P, K and Mg
accumulation patterns observed here in the cryo SEM-EDS
maps (Fig. 2) align with broad understanding around plant
nutrition (Judd et al. 1996; Marschner 2002; Taiz and Zeiger
2002). The detected presence of N in all cell types and
in cuticles (Fig. 2) is likely associated with its ubiquity in
proteins, amino acids, enzymes and other major C-compounds
(Marschner 2002). The importance of Mg in chlorophyll
structure, photosynthesis, enzyme activation, protein
synthesis and other functions may explain its detection in
all cell types between the cuticular layers as seen in the
qualitative X-ray maps (Fig. 2). The photosynthetic capacity
of Eucalyptus leaves can be maximised as necessary by ground
tissue anatomy, depending on climate; for example, with
densely packed highly vacuolated palisade cells that are
chloroplast-rich and spongy parenchyma cells also
containing large numbers of chloroplasts (Evans and
Vogelmann 2006; Eltahir et al. 2018). Greater P and K
localization in the vasculature and spongy cells compared to
surrounding palisade cells (Fig. 2) may be due to the high
mobility of orthophosphate and K ions (Taiz and Zeiger 2002).
Spongy cells usually have larger cytoplasmic-to-vacuolar
volume ratios, unlike palisade cells where the converse
applies (Esau 1965); with cytoplasmic K concentrations

generally exceeding those of vacuoles in higher plants at
least (Leigh and Jones 1984). The quantitative X-ray line-
scan data (Fig. 3) extracted from the qualitative maps (Fig. 2)
support the latter. Highest K levels are in the central spongy
parenchyma, whereas Na is consistently observed in
mesophyll cells. Some epidermal Na storage was found in
young leaves of treatments (a) and (b), whose Cl storage was
highest in the spongy parenchyma and palisade. Magnesium
was mostly highly localised in the epidermal cell layers.

Elevated foliar Na concentrations of ~2000–6000 mg kg–1

observed here (Table 1) add to emerging evidence that black
box at the Hattah Lakes site is highly salt tolerant by foliage
accumulation (Fernando et al. 2018a, 2021); warranting wider
geographic investigation of this species. Previously published
foliar-Na concentrations for mature riverine eucalypts are
typically ~2500 mg kg–1, with values ~1900 and 6500 mg
kg–1 reported respectively for E. camaldulensis and
E. largiflorens (Judd et al. 1996; Hulme and Hill 2005;
Fernando et al. 2021). ‘Normal’ plant requirement for the
essential micronutrients Na and Cl are ~10 and 300 mg kg–1

respectively in foliage, although Cl is widely known to
accumulate to much higher concentrations (Taiz and Zeiger
2002). The main nutritional roles of Na are as a metabolite
shuttle in C4 grasses and halophytes, and infrequent
substitution for K, whereas Cl serves as a highly mobile
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Fig. 3. Quantitative X-ray line-scan profiles (N, K, Na, Mg, P, Cl) collected from entire regions the SEM image above each set of traces, where central
scan-lines are marked here in yellow, and appear as red lines in Fig. 2. (a, b, and c) Correspond exactly to those in Fig. 2, for mature (M) and young (Y)
black box leaf cross-sectional surfaces. Vertical axis percentage weight elemental concentrations above can be converted to moles per kilogram (dry tissue
weight), as shown in (a). Different cell and tissue types labelled (a) are: cuticle (c), epidermis (e), spongy parenchyma (s) and palisade parenchyma (p).
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(a) (b) (c)

Fig. 4. Sample photographs and corresponding XRF maps of Al, Si, P, Ca, Mn, and Fe distributions in mature (M) and young (Y) leaves from (a) the
flooded tree, (b) a tree that received no floodwaters, (c) tree (a) long after floodwaters had subsided. Upper (U) and lower (L) leaf surfaces shown.
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inorganic anion involved in charge compensation and
osmoregulation (Taiz and Zeiger 2002). Detection here of
Cl and not Na in the central spongy area and vascular
tissue may be due to this high mobility and essential role.
Bulk leaf Na concentrations can be interpreted as a proxy for
salt accumulation capacity (Acosta-Motos et al. 2017), but the
detection of Cl in cells containing Na (Fig. 2) suggests co-
localisation. Since it is well established that vacuolar
sequestration is a common plant detoxification strategy
(Fernando et al. 2013; Munns and Gilliham 2015), it is
plausible that excess NaCl in black box foliage is stored in
vacuolar compartments. Furthermore, salt stress studies of
other Myrtaceae species have linked the expansion of leaf
intercellular spaces to salt stress (Acosta-Motos et al. 2017),
which was not evident in the SEM leaf anatomical images
(Fig. 2).

Whole-leaf elemental XRF maps of mature and young leaf
surfaces (Fig. 4) were consistent with their vertical positioning
and isobilateral symmetry given that for each sample, leaf-
surface distributions of individual elements did not vary
markedly between upper and lower surfaces, with the
exception of some inter-surface differences in young leaves.
There is limited scope for interpreting XRF maps (Fig. 4)
against bulk leaf data (Table 1) since XRF data comprise
signals from varying sample depths, with signal strength
determined by sample thickness, matrix and the element of
interest (Rodrigues et al. 2018). According to these authors
who trialled an Eucalyptus leaf, samples used in this present
study may be regarded as sufficiently ‘thin’ to generate XRF
maps (Fig. 4) representing the entire leaf thickness.
Comparison of young leaf data within each of the two XRF
datasets in this study (Fig. 4, 5) suggest an increase in foliar
elements associated with flooding; with enhanced Al, Si, Ca,
Mn, and Fe accumulation on at least one surface (Fig. 4). As in

the cryo SEM-EDS maps (Fig. 2), the similarity of leaf-surface
XRF distribution patterns for each individual element across
the three different flooding states indicates drought resistance.
The distinct gradient in Mn distribution across the leaf surface
(Fig. 4) from lowest to highest approaching leaf marginal areas
has previously been explained as being due to higher
transpiration rates at the leaf margins (Millikan 1951;
Blamey et al. 2015; Fernando et al. 2016a).

In demonstrating elemental distribution patterns in black
box leaves with reference to anatomy, these findings highlight
aspects of the ability of this species to tolerate dry conditions.
The study also provides new insight into the capacity of black
box at Hattah to accumulate high foliar salt concentrations,
which warrants a species-wide examination of the trait across
its wider geographic distribution. The use of analytical
microprobe methodologies to interrogate leaf mineral
nutrient distribution patterns was applied for the first time
to a Eucalyptus species, where the role of some macronutrients
at least as interpreted from data obtained here, align with
existing knowledge of their plant functions, and more recent
understanding of the nutritional benefits of flooding.
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