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ABSTRACT

Context. Fewer than 10 plant species fromAustralia were known to hyperaccumulatemetal(loid)s,
despite metal-rich soils being widespread in Australia. By measuring herbarium specimens with non-
destructive portable X-ray fluorescence spectroscopy (XRF) instrumentation their metal(loid)s
concentrations can be determined, providing information that could be used to probe the evolution,
biogeography, ecology, and physiology of plant species. Aims. This study aimed to systematically
measure herbarium specimens to obtain information on the prevailing concentrations of
metal(loid)s in nearly 7000 plant specimens across seven plant families, and to link this data to
an assessment of their spatial distribution. Methods. The raw XRF spectrum of each herbarium
specimen was processed using a new data-analysis pipeline recently validated for XRF data of herbarium
specimens, to determine the concentrations of the first-rowmetal transition elements, and other detected
elements. The collection localities of each of the herbarium specimenswere plotted against rainfall and soil
types to assess possible distributional patterns.Key results. The results showed several newly discovered
hyperaccumulator plant species, including 15 formanganese, two for nickel, three for cobalt, three for zinc,
two for rare earth elements and one for selenium.Conclusions and implications. Australia has more
hyperaccumulator plant species than previously known and the XRF analysis of herbarium
specimens is a powerful tool for their discovery. This research presents a new value proposition
for the continued funding of herbarium collections in Australia and could initiate a range of
research opportunities to use these data for future studies of plant evolution and adaptation.

Keywords: biogeography, cobalt, herbarium collection, hyperaccumulators, manganese, nickel,
phylogenetic diversity, XRF technology, zinc.

Introduction

Global herbaria are the largest repositories of ionome, taxonomic, genetic, and 
biogeographic information on the plant kingdom (Greve et al. 2016; Souza and Hawkins 
2017; Heberling et al. 2019; van der Ent et al. 2019a). The term ‘ionome’ is the totality 
of all elements found in plants including non-metals, metals, and metalloids (Lahner 
et al. 2003), and roughly equates to the ‘metallome’ or ‘elementome’ which more 
specifically refers to the range of metals (and non-metals) present in a plant (Edwards 
et al. 2014; Pe ̃nuelas et al. 2019). Characterisation of the full ionome or metallome in 
herbarium specimens requires analytical instrumentation capable of measuring without 
causing damage to the specimen, and portable X-ray fluorescence (XRF) spectroscopy 
meets this requirement (van der Ent et al. 2019a). The portable XRF instrument emits 
focused high-energy X-rays to excite elements within the sample to produce characteristic 
fluorescent X-rays. These fluorescent X-rays are recorded which the instrument processes 
and reports to detected elements and their concentrations in the sample (Kalnicky and 
Singhvi 2001; Markowicz and Haselberger 2004). 

Our research has pioneered an approach based on a non-destructive technique using 
portable XRF instrumentation to obtain elemental data from herbarium specimens, 
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Table 1. Representativeness of the measured species and specimens in this study for coverage of the relevant families.

Family Species Specimens

Measured Total Percentage Measured Total Percentage

Apocynaceae 12 180 7 372 9163 4.1

Celastraceae 27 41 66 1463 2827 51.8

Cunoniaceae 27 28 96 666 797 83.6

Myrtaceae 24 772 3 636 35 864 1.8

Phyllanthaceae 54 140 39 633 6751 9.4

Proteaceae 100 205 49 2351 8241 28.5

Salicaceae 23 33 70 575 951 60.5

Number of species and specimens are those identified and held at the Queensland Herbarium (Brown 2021).

which has thus far been applied to the floras of Papua New 
Guinea, Malaysia, New Caledonia, and South America 
(van der Ent et al. 2019b; Do et al. 2020; Belloeil et al. 2021). 

Table 2. Operationally defined concentration category threshold
values for Mn, Co, Ni, and Zn used in this study.

Element Hyperaccumulator Accumulator Normal
(μg g−1)A (μg g−1) (μg g−1)

Mn ≥10 000 10 000 > x > 1000 ≤1000

Co ≥300 300 > x > 3 ≤3

Ni ≥1000 1000 > x > 100 ≤100

Zn 3000 3000 > x > 300 ≤300

AThreshold value used in Reeves et al. (2018a).

Australia has a unique and rich flora diversity, harbouring 
~8% of the world's plant kingdom (Chapman 2009; Broadhurst 
and Coates 2017). However, few metal(loid) hyperaccumulator 
plants have been discovered in Australia, despite extensive 
ultramafic outcrops where these remarkable species have 
often been found in other parts of the world (van der Ent 
et al. 2015). Hyperaccumulators are rare plant species 
capable of attaining extremely high foliar concentrations 
of specific elements without experiencing physiologically 
stress (van der Ent et al. 2013). For example, the average 
concentration of manganese (Mn) in normal plant leaves is 
~80 μg g−1 (range 20–500 μg g−1), and the threshold 
for Mn hyperaccumulation has been set at 10 000 μg g−1 

(Baker and Brooks 1989). Nickel (Ni) concentrations in 

Fig. 1. Histograms of Mn, Co, Ni, and Zn. Only samples greater than the limits of detection were used to construct histograms (LODs are
>128 μg g−1 for Mn, >75 μg g−1 for Co, >91 μg g−1 for Ni, and >81 μg g−1 zinc Zn). Stacked bar plots display the number of specimens
classified as normal, accumulator, and hyperaccumulator. Table 2 lists thresholds to define normal, accumulator, and hyperaccumulator.
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Table 3. Summary of elemental concentrations per family, total number of specimens (N), specimens with concentrations below the limit of
detection (LOD), specimens with concentrations more than hyperaccumulator thresholds, and measured concentrations (minimum–maximum
[mean]).

Family Element N <LOD >LOD (% of N) Hyperaccumulator Concentration (μg g−1)

Apocynaceae Mn 372 20 94.6 1 130–13 000 [1500]

Celastraceae 1463 572 60.9 132 120–82 000 [5100]

Cunoniaceae 666 39 94.1 0 130–9800 [970]

Myrtaceae 636 23 96.4 184 140–48 000 [7700]

Phyllanthaceae 633 196 69.0 1 120–11 000 [640]

Proteaceae 2351 1295 44.9 9 110–18 000 [900]

Salicaceae 575 133 76.9 0 120–9700 [670]

Apocynaceae Co 372 372 0.0 0 NA

Celastraceae 1463 1462 0.1 1 380

Cunoniaceae 666 644 3.3 2 82–305 [170]

Myrtaceae 636 630 0.9 1 150–840 [310]

Phyllanthaceae 633 630 0.5 0 110–270 [180]

Proteaceae 2351 2351 0.0 0 NA

Salicaceae 575 575 0.0 0 NA

Apocynaceae Ni 372 372 0.0 0 NA

Celastraceae 1463 1202 17.8 1 98–1300 [300]

Cunoniaceae 666 665 0.2 0 119

Myrtaceae 636 626 1.6 0 140–660 [330]

Phyllanthaceae 633 633 0.0 0 NA

Proteaceae 2351 2348 0.1 1 140–8000 [2800]

Salicaceae 575 575 0.0 0 NA

Apocynaceae Zn 372 103 72.3 0 70–1600 [290]

Celastraceae 1463 1270 13.2 0 77–1300 [170]

Cunoniaceae 666 549 17.6 0 77–1100 [140]

Myrtaceae 636 585 8.0 4 81–4600 [720]

Phyllanthaceae 633 442 30.2 0 77–1200 [160]

Proteaceae 2351 2187 7.0 1 77–25 000 [330]

Salicaceae 575 368 36.0 2 78–7000 [230]

plants growing on ‘normal soils’ (e.g. soils that are not 
ultramafic) are typically <10 μg g−1, whereas, on ultramafic 
soils, they are higher (50–100 μg g−1), and, consequently, the 
threshold of hyperaccumulation is 1000 μg g−1 (Reeves 1992). 
Meanwhile, the notional thresholds for cobalt (Co) and zinc 
(Zn) hyperaccumulation are 300 μg g−1 and 3000 μg g−1 

respectively (Krämer et al. 2007; van der Ent et al. 2013). 
The portable XRF instrument is not designed for herbarium 

specimens, and in studies undertaken thus far the reported 
concentrations were corrected on the basis of an empirical 
calibration approach (McCartha et al. 2019; van der Ent 
et al. 2019a; Do et al. 2020; Gei et al. 2020; Abubakari 
et al. 2021a, 2021b, 2022). Even though the same type of 
instrument was used, the results of the empirical calibration 
can differ because different sets of standards are used, thus 
producing different empirical formulas. Because of that, a 

new data-analysis pipeline to process raw XRF data has 
been developed to overcome the main limitations of 
empirical calibrations. This new approach needs only one 
set of calibration standards for each element and has a 
better accuracy (Purwadi et al. 2022). 

Therefore, this study aims to use this new approach to 
assess the metallome in selected herbarium specimens from 
Australia. Australia has an estimated ~21 645 species, of 
which >90% are endemic (Chapman 2009), and half of 
the known Australian vascular flora (~14 482) occur in 
Queensland (Brown and Bostock 2020). Given the size of 
the collection of the Queensland Herbarium, a selection was 
made on the basis of families that were likely to contain 
hyperaccumulating taxa on the basis of global incidences 
of hyperaccumulation, namely, Apocynaceae, Celastraceae, 
Cunoniaceae, Myrtaceae, Phyllanthaceae, and Proteaceae 
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Fig. 2. Distribution of Mn concentrations in seven selected families. Numbers in parentheses after the family name represent the number
of specimens per family with concentration greater than the detection limit of Mn (128 μg g−1). Different letters below violin plots indicate
significant differences among families. The shape of violin depicts the distribution of the data. The distribution of Mn concentrations in
Apocynaceae, Cunoniaceae, Salicaceae, Phyllanthaceae, and Proteaceae resembles a normal distribution in which most of data are
distributed close to mean and median values. The violin shape of Celastraceae and Myrtaceae are thin with long tails, indicating that
extreme Mn concentrations are found within the dataset.

Fig. 3. The number of specimens classified as normal, accumulator, and hyperaccumulator
defined in Table 2 for four genera from the Apocynaceae measured using XRF scanning.

(Reeves 2003; Reeves et al. 2018a, 2018b). Instead of using Materials and methods
empirical calibration, the data were processed using the 
new pipeline aiming to make the results comparable and Herbarium specimen selection for XRF scanning
standardised (Purwadi et al. 2022). Finally, we performed 
an analysis of the geospatial distribution of specimens to Before this study begun, fewer than 10 hyperaccumulator 
assess possible distributional patterns. plant species had been reported from Australia. Given that 
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Fig. 4. The number of specimens classified as normal, accumulator, and hyperaccumulator
defined in Table 2 for seven genera from the Celastraceae measured using XRF scanning.

more than 900 000 herbarium specimens are kept at the 
Queensland Herbarium, a selection was made on the basis 
of family and genera that were most likely to contain 
hyperaccumulator plant species, and focused on seven 
families, Apocynaceae, Celastraceae, Cunoniaceae, Myrtaceae, 
Phyllanthaceae, Proteaceae, and Salicaceae, totalling 6696 
specimens. Table 1 tabularises the total number of species 
and specimens for each family measured in this study. The 
results of herbarium specimen XRF scanning for the genera 
Denhamia (Celastraceae), Gossia (Myrtaceae) and Macadamia 
(Proteaceae) have been previously published; however, they 
used the older empirical calibration method (Abubakari et al. 
2021a, 2021b, 2022). 

Handheld XRF calibration

A Thermo Fisher Scientific Niton XL3t 950 GOLDD+ portable 
XRF instrument was used to scan the herbarium specimens. 

The instrument was used in ‘Soils Mode’ coupled with the 
‘Main filter’ at 50 kV aiming to excite the K-shells of the 
first-row transition metals. Each specimen was placed on top 
of two pure (99.995%) 2 mm thick plates of titanium and 
molybdenum, respectively and the specimens were measured 
for 30 s. This setting was used to absorb X-rays transmitted 
through the specimen and to ensure a uniform background. 
Each specimen was measured once only at the leaf lamina; 
this procedure generates errors of less than 4% compared 
with the mean concentration of the whole leaf for the first-
row transition metals (Purwadi et al. 2022). The obtained 
spectra were processed in GeoPIXE 7.5, a software package 
based on dynamic analysis that has been developed for 
synchrotron-based XRF and nuclear microprobe techniques 
(Ryan 2000; Ryan et al. 2005). The instrument was 
calibrated in a previous study (Purwadi et al. 2022) to  
obtain relevant instrumental parameters (filter material and 
thickness, source composition, detector dimensions, etc.) 
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Fig. 5. The number of specimens classified as normal, accumulator, and hyperaccumulator
defined in Table 2 for 12 genera from the Cunoniaceae measured using XRF scanning.

required by GeoPIXE. The dynamic analysis method is a 
fundamental parameter approach that solves complex physics 
equations (Sherman 1955) by iteratively fitting linear and 
non-linear models to decompose the full XRF spectrum to 
single spectrum of each element within the sample that 
contributes to the full XRF spectrum (Ryan 2000; Ryan 
et al. 2005, 2015). Provided with instrumental parameters 
(X-ray tube, detector, filters, etc.) and sample parameters 
(density, thickness, etc.), it statistically calculates the concen-
tration of each element on the basis of the decomposed 
spectra. This calibration quantifies certified thin films and 
yields errors less than 5% (Supplementary Tables S1–S2 
and Fig. S1). During the decomposition process, the 
continuum background of the spectrum is also estimated 

and corrected for low and fluctuated counts (Ryan et al. 
1988). Then, the limit of detection is estimated following 
this formula, 3.29σb, where σb is the standard deviation of 
the background (Currie 1968). As the background of 
herbarium spectra vary resulting from different matrix 
compositions and physical properties, the calculated limit 
of detection are not the same for each spectrum, and 
therefore, this study reports the average limit of detection. 

Data presentation and analysis

The elemental concentrations reported by GeoPIXE were 
processed further in R v4.1.1 and RStudio v1.4.1106. The 
following packages were used to produce charts in this 
study: ggplot2 (Wickham 2009). Dunn’s Kruskal–Wallis 
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Fig. 6. The number of specimens classified as normal, accumulator, and hyperaccumulator
defined in Table 2 for four genera from the Myrtaceae measured using XRF scanning.

post hoc test was performed to check the similarity in elemental 
distribution across the family by using ‘FSA’ package 
(P ≤ 0.05). The elemental concentrations are classified 
further into three operationally defined classes (normal, accu-
mulator, hyperaccumulator), as shown in Table 2. The upper 
threshold of the ‘normal’ class represents 10% of the estab-
lished ‘hyperaccumulator’ threshold values (van der Ent 
et al. 2013). It follows that the ‘accumulator’ class is then 
defined as concentrations falling between 10% and 100% of 
the hyperaccumulator threshold values for each element. 
There has not been a statistically sound underpinning of the 
recognition of hyperaccumulation threshold values, although 
attempts have been made in regional datasets (Pollard et al. 
2002; Reeves et al. 2018a; van der Ent et al. 2020). 
Herbarium specimens accompanied with information on the 

location of where they have been collected, expressed as 
longitude and latitude coordinates, were imported into QGIS 
Software v3.22 and and processed to generate a density and 
contour line of number of specimens taken per square 
kilometre. The density and contour line was overlapped on 
top of Australian soil type classification (Searle 2021), and 
Australian rainfall data (Australian Bureau of Meteorology 
2020). 

Results

Overall observations

As shown in Fig. 1, a total of 6696 specimens were scanned, 
covering over 5% of both the species and specimens kept in 

G
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Fig. 7. The number of specimens classified as normal, accumulator, and hyperaccumulator defined in Table 2 for eight genera from the
Phyllanthaceae measured using XRF scanning.

Queensland herbarium, consisting of five orders, seven 
families, 73 genera, and 267 species. Of the first-row 
transition metals, only Mn, Co, Ni, and Zn were detected 
(average LODs were 130 μg g−1, 80  μg g−1, 90  μg g−1, and 
80 μg g−1 respectively) in significant numbers of herbarium 
specimens (4418, 32, 275, and 1192 respectively), as 
shown in Table 3. Twenty-seven plant species were 
identified as Mn hyperaccumulators (>10 000 μg g−1), 
and the distribution of Mn concentration across 
families significantly differed, except for the Salicaceae, 
Phyllanthaceae, and Salicaceae and Proteaceae (Fig. 2). 
Fewer than 10 plant species were found to be Co, Ni, 
and/or Zn, hyperaccumulators (Figs 3–9 and Figs S2–S5). 
In addition to Mn, Co, Ni, and Zn, several specimens were 
detected to contain yttrium (Y) and selenium (Se), mostly 
from the Proteaceae. Figs 10–13 show density maps of 
the number of specimens taken per 1 × 1 km2 and the 
occurrences of (hyper)accumulator specimens associated 
soil types and herbarium density. Dense areas (more than 
100 specimens km−2) were observed close to the coastline, 
and the density decreased as the distance from coastline 
increased as a function of rainfall (Figs S6–S7). However, 
the majority of (hyper)accumulator specimens were not 
collected in the most dense or sparse areas. In terms of soil 

types, Vertosol was the most common soil type, covering 
36.77% of Queensland (Fig. S7), and on the basis of 
Figs 10–13, no (hyper)accumulator specimens were found 
in Calcarosol, but most were commonly found growing in 
Dermosols. 

Metal and metalloid concentrations in herbarium
specimens

The concentrations of elements were determined simultane-
ously. Manganese concentrations measured in the specimens 
followed a right-skewed distribution and had a wide range, 
from ~100 μg g−1 up to 82 000 μg g−1 (Fig. 1). The mean 
and median concentrations of Co, Ni, and Zn were almost 
equal, indicating that the concentrations of these elements 
were distributed normally, with only few outliers representing 
hyperaccumulator species. Cobalt, Ni, and Zn were not 
detected in more than 5500 specimens. 

Manganese

Celastraceae and Myrtaceae specimens had higher Mn 
concentrations of up to 82 000 μg g−1 and 48 000 μg g−1 

respectively (Table 3). In terms of average Mn concentration, 
Celastraceae was lower than Myrtaceae (5100 μg g−1 
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Fig. 8. The number of specimens classified as normal, accumulator, and hyperaccumulator defined in Table 2 for 28 genera from the
Protaeceae measured using XRF scanning.

compared with 7700 μg g−1 respectively). From Celastraceae, were known Mn-hyperaccumulator plant species, and six were 
Denhamia bilocularis and D. cunninghamii contained up to new Mn-hyperaccumulator plant species (Gossia acmenoides, 
31 000 μg g−1 Mn and 82 000 μg g−1 Mn respectively. Both G. floribunda, G. grayi, G. lucida, G. myrsinocarpa, and  
were previously reported (Abubakari et al. 2021a), whereas G. retusa) containing  >10 000 μg g−1, with the maximum con-
Denhamia disperma was newly identified, with Mn up to centrations ranging up to 48 000 μg g−1 Mn (Table S3). Gossia 
11 000 μg g−1 (Table S3). Of 20 Mn-hyperaccumulator fragrantissima had previously been reported to be capable of 
plants identified in this study, 15 were Myrtaceae. Nine hyperaccumulating multiple different elements (Table 4). 

I
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Fig. 9. The number of specimens classified as normal, accumulator,
and hyperaccumulator defined in Table 2 for seven genera from the
Salicaceae measured using XRF scanning.

Cobalt

Of 6696 measured specimens, only 32 specimens had Co concen-
tration greater than the detection limit (LOD > 80 μg g−1). The 
Celastraceae had only one specimen, Denhamia oleaster, with 
a concentration above the detection limit, with 380 μg g−1 Co. 
This species was also found to hyperaccumulate Ni (Table 4). 
It total, 22 of 32 specimens with concentrations greater than 
the LOD were from the Cunoniaceae with two species, 
Karrabina benthamiana and Pseudoweinmannia lachnocarpa, 
slightly higher than 300 μg g−1 Co. Six specimens with 
concentrations greater than the detection limit were from 
the Myrtaceae, with one hyperaccumulator and five 
accumulator species. Three Phyllanthaceae specimens were 
accumulator plants with Co concentrations between 
100 μg g−1 and 300 μg g−1. 

Nickel

Similar to Co, no specimens from the Apocynaceae, 
Phyllanthaceae or Salicaceae had concentrations above the 
detection limit for Ni (LOD > 90 μg g−1). In all, 3 of the 
2351 Proteaceae specimens had concentrations greater 
than the detection limit, with two accumulator and one 
hyperaccumulator species that is all specimens of Athertonia 
diversifolia with 8000 μg g−1 Ni. Of the 272 specimens with 
concentrations greater than the Ni detection limit, 261 are 
Celastraceae with Ni concentrations in the accumulator 

range between 100 μg g−1 and 1300 μg g−1, which is found 
in a D. oleaster specimen. No hyperaccumulator plat species 
were detected in the Myrtaceae but the mean Ni concen-
tration of the Myrtaceae at 330 μg g−1 was slightly more 
than that of the Celastraceae at 300 μg g−1. 

Zinc

The total number (1192) of specimens containing Zn above 
the detection limit (80 μg g−1) was higher than that for Ni 
and Co. The Apocynaceae and Salicaceae did not have 
specimens with concentrations above the Co and Ni 
detection limits, but had the highest number of specimens 
with Zn detected, namely, 269 and 207 specimens respec-
tively. Only 78 specimens of Apocynaceae were Zn accumu-
lators (300–3000 μg g−1), whereas the rest of the specimens 
were in the normal catagory. Among Salicaceae specimens, 
Flacourtia jangomas and Scolopia braunii specimens had Zn 
of up to 7000 and 3200 μg g−1 respectively. Grevillea 
venusta from the Proteaceae was also shown as a new Zn-
hyperaccumulator plant, and the previously reported 
multielement-hyperaccumulator plant, G. fragrantissima, 
was also detected. 

Other elements

In all, 71 specimens were detected to contain Y, and the 
majority (68 of 71) of specimens were from the Proteaceae 
(Table S3). Specimens of Helicia australasica and Helicia 
glabriflora from the Proteaceae had >1000 μg g−1 Y, 
making these two species newly discovered rare earth-
element (REE)-hyperaccumulator plants. Three specimens 
with Y concentrations greater than the detection limit 
were from the Cunoniaceae (Gillbeea adenopetala with 
100 μg g−1 Y and G. adenopetala with 180 μg g−1 Y) and 
one from the Celastraceae (D. oleaster with 310 μg g−1 Y). 
In addition, 15 specimens were found to have detectable 
Se, and all were from the Proteaceae (Table S4). Of these 
15 specimens, 12 were Austromuellera trinervia, with Se 
concentrations ranging from 80 μg g−1 to 310 μg g−1. 

Discussion

Of 6696 specimen measured 2254 were reported in previous 
studies (Abubakari et al. 2021a, 2021b, 2022), and all 
hyperaccumulator specimens found in those studies were 
also detected in this study (Table S5). Compared to this 
study, the previous studies used empirical calibrations, and 
reported higher mean and maximum Mn concentrations 
(Abubakari et al. 2021a, 2021b, 2022). Such empirical 
calibrations rely on measuring a set of standards (in this 
case comprised of dried leaves) to derive a mathematical 
model, which presumes that the standards and herbarium 
specimens have the exact same matrix (e.g. composition, 
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Fig. 10. Map of Queensland showing the distribution of Mn-(hyper)accumulator specimens on top of the density map of the number of
specimens collected per one square kilometre, accompanied by bar plots showing the number of Mn-(hyper)accumulator specimens as a
function of the density and soil type.

thickness, and density). However, herbarium specimens vary 
greatly in their composition, thickness, and density. The new 
GeoPIXE-based approach (Purwadi et al. 2021, 2022) used 
here derives parameters to correct for sample thickness and 
density and models the entire spectrum to give access to all 
elements detected. 

Manganese is present in relatively high foliar concentrations 
as plants utilise more of this element than they do Co, Ni, and 
Zn for their essential metabolism. This fact might explain the 
high rate of specimens with Mn concentrations above the 
detection limit. Hyperaccumulator properties were observed 
in all families, but the Myrtaceae contained 15 of 26 identified 
Mn-hyperaccumulator plant taxa and had the highest rate of 
specimens with concentrations above the detection limit. 
This result aligns with a previous study in New Caledonia 
(Gei et al. 2020). The Cunoniaceae had the second-highest 
incidence of specimens exceeding the Mn detection limit, but 

its metal trait was not limited to Mn, but also Co. This study 
showed that two of the four Co-hyperaccumulator plants 
were in the Cunoniaceae (Table 4). The previous study in 
New Caledonia measured specimens from the Cunoniaceae, 
but in different genera, and found this family to be the top 
hyperaccumulator taxon for Mn and Co, which is why we 
suspected Mn and Co-(hyper)accumulator traits to occur in 
this family. Together with the measurements of the Cunoniaceae 
in New Caledonia by Gei et al. (2020), it  is  likely that  Mn  and  
Co-(hyper)accumulator traits are widespread across this family. 

Currently, there are five Ni-hyperaccumulator taxa known 
from Australia, namely, Rostellularia adscendens var. hispida 
(Acanthaceae) with up to 2190 μgNi g−1 (Reeves 2003), Pimelea 
leptospermoides (Thymelaeaceae) with up to 2780 μg Ni g−1 

(Reeves et al. 2015), Commelina ensifolia (Commelinaceae) 
with up to 1490 μg Ni  g−1, Stackhousia tryonii (Celastraceae) 
with up to 41 260 μg Ni g−1, and Hybanthus floribundus 

K
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Fig. 11. Map of Queensland showing the distribution of Co-(hyper)accumulator specimens on top of the density map of the number of
specimens collected per one square kilometre, accompanied by bar plots showing the number of Co-(hyper)accumulator specimens as a
function of the density and soil type.

(Violaceae) with up to 13 500 μg Ni g−1 (Severne and Brooks 
1972; Batianoff et al. 1990; Reeves 2003; Reeves et al. 2015). 
Four Ni-hyperaccumulator plants from Queensland have 
previously been reported (Batianoff et al. 2000; Reeves 2003). 
All of these occur on ultramafic soils. However, in this study, 
two newly discovered Ni-hyperaccumulating taxa, namely 
D. oleaster (100–1300 [272] μg g−1 Ni) and A. diversifolia 
(8000 μg g−1 Ni), were not collected from ultramafic soils. 
The majority of identified Ni (hyper)accumulators occur in 
the Celastraceae. The results showed that five of eight genera 
from the Celastraceae have Co- or Ni-(hyper)accumulative 
properties, and this suggests that more systematic scanning 
of all Celastraceae genera may be required to confirm Co-
and Ni-(hyper)accumulator properties in the Celastraceae. 

Zinc was the second-most detected element in XRF scanned 
herbarium specimens and this may be attributed to the fact 

that Zn is more abundant than Co and Ni in soils (Taylor 
and McLennan 1995). Zinc is required by plants to produce 
enzymes for energy production, electron transport, 
chlorophyll biosynthesis, the maintenance of membrane 
integrity, and antioxidant activity (Dalcorso et al. 2014). Only 
20 Zn-hyperaccumulator plant species have been reported 
globally (Reeves et al. 2018a), including two in Australia, 
namely, Crotalaria novae-hollandiae (16 200 μg Zn g−1; 
Tang et al. 2022) and G. fragrantissima (3900 μg Zn g−1); 
the latter is able to simultaneously co-accumulate up 
to 13 200 μg Mn g−1, 480 μg Co g−1 and 834 μg Ni  g−1; 
Fernando et al. 2013; Abubakari et al. 2021b). This study 
found that the Salicaceae had two Zn-hyperaccumulating 
taxa. A similar study conducted in New Caledonia also 
encountered Zn hyperaccumulators in the Salicaceae but 
from different genera (Gei et al. 2020). 
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Fig. 12. Map of Queensland showing the distribution of Ni-(hyper)accumulator specimens on top of the density map of the number of
specimens collected per one square kilometre, accompanied by bar plots showing the number of Ni-(hyper)accumulator specimens as a
function of the density and soil type.

The highly unexpected discovery of Y and Se anomalies in 
the Proteaceae, especially in the genera Austromuellera and 
Helicia, remains as yet unexplained. With the empirical 
calibration, this result would have not been reported 
because it depends on the internal instrument calculations, 
whereas the procedure used in this study processes the raw 
spectra recorded by the instrument (Purwadi et al. 2021, 
2022). Fresh collections from the field are required to confirm 
these anomalies by conducting wet chemical analysis to 
obtain the total concentration of the ionome a dosing trial 
to assess hyperaccumulating patterns, and surface exami-
nation to assess dust contaminations. 

A clear trend is observed in the density maps (Figs 11–13) 
where areas with higher density are close to coastline where 
rainfall is highest (Fig. S6). However, there is no clear 
relationship between the total number of specimens collected 
in an area and the likelihood of hyperaccumulators plants 

occuring. The most typical soil types in Queensland are 
Vertosols, covering 36.77% of the State, but the majority of 
(hyper)accumulator specimens occur on Dermosols, which 
cover 7.7% of Queensland. A previous study has confirmed 
the occurrence of hyperaccumulator plants on Dermosols in 
Queensland (Fernando et al. 2018). 

It is important to note that bias occurs in collecting 
specimens and selecting specimens. As previously shown, 
the highest density of specimens was closest to the coastline 
where most people live, the topography is varied and the 
diversity of vegetation communities is highest. Here, less 
effort is often required to collect specimens, especially those 
close to roads, than for specimens from remote locations. The 
scanning effort was also biased towards families that have a 
high probability of finding hyperaccumulator plants. As 
only five hyperaccumulator plant species had been reported 
before from Australia, this study intended to demonstrate 
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Fig. 13. Map of Queensland showing the distribution of Zn-(hyper)accumulator specimens on top of the density map of the number of
specimens collected per one square kilometre, accompanied by bar plots showing the number of Zn-(hyper)accumulator specimens as a
function of the density and soil type.

that Australia has more hyperaccumulator plants, and they 
are waiting to be discovered. Moreover, the results of this 
study may not reflect (hyper)accumulative properties of all 
plant species in Queensland, because only a small portion 
of herbarium collections were scanned. For example, only 
636 of 35 864 Myrtaceae specimens held in the Queensland 
Herbarium were XRF scanned. 

Conclusions

Systematic herbarium XRF scanning has demonstrated 
its usefulness again to uncover metal/metalloid (hyper) 
accumulating species. The relatively few identified (hyper) 
accumulator plant species from Australia is probably not 
due to the fact that they do not exist, but because they have 
not been discovered yet. This study also revealed Y-(hyper) 

accumulator plant species that have not reported before 
either from herbarium XRF scanning or other studies. This 
result was achieved by employing the new pipeline for XRF 
data processing of herbarium specimens (Purwadi et al. 
2021, 2022), enabling the identification of plants that 
hyperaccumulate multiple elements, including uncommon 
elements such as Y and Se. 

The analysis of herbarium specimens in this way can 
identify hyperaccumulator species that may be threatened 
by mining activities (Whiting et al. 2004; Erskine et al. 
2012), bush fires, and land-clearing (Reeves et al. 2018a). 
Their timely identification may help ensure their survival 
by developing conservation plans. We hope that this prelimi-
nary study will inspire efforts to unlock foliar elemental 
information from major Australian herbarium collections by 
using XRF analysis. This is a new value proposition for the 
continued funding of herbarium collections in Australia and 
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Table 4. List of species with >300 μg g−1 Co, >1000 μg g−1 Ni, and >3000 μg g−1 Zn, total number of specimens (N), specimens with
concentrations lower than the limit of detection (LOD), and concentrations (minimum–maximum [mean]).

Element Order Taxon N <LOD Hyperaccumulator Concentration (μg g−1) Other studies

Co Celastrales Celastraceae 1463

Denhamia oleaster 132 131 1 380

Oxalidales Cunoniaceae 666

Karrabina benthamiana 21 18 1 230–305 [260]

Pseudoweinmannia lachnocarpa 31 25 1 82–304 [170]

Myrtales Myrtaceae 636

Gossia fragrantissima 10 4 1 150–840 [310] Abubakari et al. (2021b)

Ni Celastrales Celastraceae 1463

Denhamia oleaster 132 101 1 98–1300 [270]

Proteales Proteaceae 2351

Athertonia diversifolia 64 63 1 8000

Zn Myrtales Myrtaceae 636

Gossia fragrantissima 10 0 4 330–4600 [2600] Abubakari et al. (2021b)

Proteales Proteaceae 2351

Grevillea venusta 12 10 1 550–25 000 [13 000]

Malpighiales Salicaceae 575

Flacourtia jangomas 30 7 1 82–7000 [501]

Scolopia braunii 68 22 1 81–3200 [230]

could initiate a range of research opportunities to use these 
data for future studies of plant adaptation and evolution. 
When a more complete database of Australian hyperaccumulator 
plants is produced, the most exceptional species could be 
targeted for use in a wide variety of purposes, including 
biofortification and phytoremediation. Given the usefulness 
of the new procedure, it may be worth re-processing all 
herbarium XRF scanning data, because, so far, all previous 
studies used the empirical method to correct Mn, Co, Ni, and 
Zn concentrations, and may have missed to report other 
elements such as Y or Se. The reprocessed data are also 
standardised and may be used to revisit the threshold of 
hyperaccumulation plants and to study plant species at a 
global scale. 

Supplementary material

Supplementary material is available online. 
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