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A B S T R A C T   

Volatilomics is the study of the total biogenic volatile organic compounds (BVOCs) produced by an organism. 
This field has been used to assess organism and ecosystem health, as well as determine BVOC biomarkers for 
forensic purposes, including the detection of human remains, ignitable liquid residues and illicit drugs. For 
volatilomics to be applied in wildlife-victim casework (e.g. the illegal wildlife trade) a large reference database 
must be collected across each targeted species range. Adequate sample sizes must be collected from different 
habitats spanning across the species range of the targeted species to evaluate volatilome variability associated 
with different environmental and dietary characteristics. This will allow for assessment of chemical diversity and 
the determination of BVOC biomarkers that are relevant to wildlife forensic cases (e.g. detection, species iden
tification, geographic origin assessment). This study collected the first live animal volatilome database, using the 
highly trafficked and widely distributed Australian shingleback lizard (Tiliqua rugosa). Optimised thermal 
desorption and analysis methods were used to examine 127 wild shingleback volatilome samples collected from 
sites across New South Wales, South Australia and Western Australia and 28 volatilome samples from captive 
shinglebacks. The results demonstrated that volatilome profiles and chemical diversity differed across each 
sampling region, potentially related to habitat and diet changes. At least 7 volatilome samples were required to 
capture chemical diversity in a sampling region. Forty-four tentatively identified BVOCs were shared across all 
sampling regions and captive animals which may aid in detection purposes. Bioregion-specific BVOCs were also 
identified, which will also aid in geographic assignment of confiscated individuals. This work demonstrates the 
importance of sample sizes in capturing chemical diversity within Bioregions prior to downstream volatilome 
analysis for the establishment of wildlife forensic databases and biomarker selection.   

1. Introduction 

Biogenic volatile organic compounds (BVOCs) are low molecular 
weight, carbon-based compounds that are produced by living [1] and 
deceased [2] organisms. The study of the collective BVOCs produced by 
an organism or group of organisms is known as volatilomics [3]. BVOCs 
can originate from endogenous processes, including biological processes 
related to metabolism or genetic processes [4,5], through active chem
ical communication [6,7] and through specialised organs [8]. Addi
tionally, BVOCs found within volatilomes can also be produced by 
exogenous sources to the organism, such as gut or skin microbiomes [3], 
secretions [9], diet [10,11], interactions with stimuli [12] or environ
mental pollutants [13]. Regardless of source, unconjugated BVOCs 
disperse ambiently into surrounding environments [14] and can be 

assessed and targeted for a variety of interests, including the evolution of 
chemical signalling, disease diagnosis or for detection purposes [15-18]. 

Volatilomes have been evaluated in forensic contexts to aid in the 
detection of illicit drugs, ignitable liquid residues (in relation to arson), 
human remains and environmental crimes [19-22]. The chemical con
stituents of volatilomes are identified using sophisticated analytical in
struments, including gas chromatography coupled with mass 
spectrometry (GC-MS), or two-dimensional gas chromatography 
coupled with time-of-flight mass spectrometry (GC×GC-ToFMS) [23]. 
After target BVOCs are identified, less specific methods, such as speci
alised detection dogs [24] and electronic noses [25,26] are used for 
detection in the field. The BVOCs that have been primarily attributed to 
specific volatilomes (i.e. biomarkers) have been used as evidence in 
criminal proceedings [27] and to increase detection efficacy rates in 
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cadaver detection dogs [28]. This precedent supports the use of BVOC 
biomarker detection as an avenue for exposing other illicit activities, 
including the illegal wildlife trade (IWT). 

The illegal wildlife trade encompasses crimes relating to the un
lawful harvesting, poaching, killing and trafficking wild flora and fauna 
from their respective native habitats. It is sustained through demand for 
numerous wild animal and plant species, with perceived (but not always 
scientifically supported) medical benefits, enhanced social status 
through luxury foods or ornaments and as exotic pets [29,30]. In order 
to prosecute crimes related to the IWT, criminal acts must first be 
detected and then relevant evidence (e.g. species identification, 
geographic origin, pedigree [31]) must be collected and forensically 
analysed. The burden of proof required to prosecute suspected perpe
trators continues to be a significant hurdle for law enforcement agencies 
due to the diverse array of species with differing levels of protections as 
well as the available validated analytical methods for evidentiary pur
poses [32]. 

Volatilome assessments could be a relevant and effective tool in the 
detection of illegally trafficked wildlife in transit (e.g. post, air and 
shipping routes) through the detection of BVOCs that are specific to 
wildlife targets. Additionally, total volatilome assessments may be 
informative for the determination of geographic origin(s) of targeted 
wildlife post confiscation. It has been established that volatilomes are 
influenced by dietary, genetic and environmental factors, hence making 
them suitable targets for investigations of geographic origin, [33-35]. In 
order to determine whether volatilome assessment can be used to detect 
targeted wildlife species, or to identify the geographic origin of the 
species of interest, the chemical differences in volatilomes across the 
geographic distribution of the targeted species must be adequately 
assessed. Similar to other “-omic” studies, adequate sample sizes are 
required to capture the diversity and variability of compounds found 
within a population before other statistical judgements are made [36, 
37]. Large enough sample sizes must be collected from each known 
habitat of the targeted species to evaluate the potential volatilome 
variability associated with the unique environmental characteristics 
from where the animals are sourced. Instances of intra-species vola
tilome investigations have been limited, especially in species whose 
distributions extend across large geographic ranges that include a range 
of different habitat types. Thus, guidance with regards to sufficient 
volatilome sample sizes for live animals have not been defined. 

The highly trafficked shingleback lizard (Tiliqua rugosa) serves as an 
appropriate candidate for assessment of volatilomes across a species 
range. The shingleback is a mid-sized, blue-tongued squamate lizard 
that is endemic to Australia and is one of the most illegally trafficked live 
animals from this country [38]. The shingleback distribution extends 
over one million square kilometres [39,40] ranging from the east coast 
Australia states (Queensland, New South Wales, and Victoria) through 
South Australia, to the barrier islands off the coast of Western Australia. 
They are habitat generalists and can be found inhabiting diverse envi
ronments, including deserts, saltbush, grasslands, mallee, shrublands, 
coastal dunes and woodlands [41,42]. Despite their wide distributions, 
shinglebacks have limited, but stable, home ranges which are driven by 
the availabilities of both food and water [43]. Shinglebacks are omni
vores who primarily eat vegetation but have been reported to oppor
tunistically scavenge carrion and invertebrates [43-45]. As with other 
opportunistic scavenging lizards [46] shinglebacks have varied diets 
which are expected to change seasonally [43]. As volatilomes are 
impacted by both metabolic status and changes in diet, access to 
different food items is suspected to influence BVOC profiles. In addition 
to wild poached individuals, captive bred, or housed shinglebacks are 
also found to be illegally trafficked [38]. To date, no study has deter
mined the volatilome profile differences between captive and wild 
members of the same species, warranting further investigation. 

It was the aim of this study to use optimised reptile volatilome 
collection [47] and comprehensive two-dimensional gas chromatog
raphy coupled with time-of-flight mass spectrometry analysis methods 

to assess volatilome diversity across the shingleback’s species range. 
This work investigated the required sample sizes to capture volatilome 
chemical diversity and how volatilome profiles differed across different 
habitats. This work set the foundation for future shingleback volatilome 
statistical analysis and the determination of shingleback BVOC bio
markers that can be used for detection purposes. 

2. Materials and methods 

2.1. Sampling areas 

Volatilome samples were collected from across the shingleback 
species range, including New South Wales (NSW), South Australia and 
Western Australia (Fig. 1) as well as from captive animals located at 
Featherdale Wildlife Park (FWP; Sydney, Australia). Samples were 
collected in the Australian spring (September – November), summer 
(December – February) and autumn (March – May) when shinglebacks 
are most active. Bioregions from each sampling location were deter
mined using the SEED Central Resource for Sharing and Enabling 
Environmental Data in NSW [48]. When sampling occurred on Biore
gion borders, the Bioregion was selected by visual assessment of both 
vegetation and soil composition from photos captured during each 
sample collection point. All GPS data points from sampling locations 
were plotted using ArcGIS online 2.21 (ESRI; Redlands, California). 

2.2. Shingleback sampling 

Wild shinglebacks were searched for visually on roadside verges 
from a car, or on foot in suitable habitat. All individuals (wild and 
captive) were caught by hand while wearing powder free latex gloves 
(Premier examination gloves, USA) and placed in new 300 x 450 mm 
draw string calico bags (Prospectors Supplies, Sydney, Australia). A 
blood sample was then taken from the ventral tail vein of each captured 
shingleback after the respective area was sanitized with an alcohol spray 
(Isocol, Australia) and dried using generic cotton swabs for future DNA 
analysis. Shinglebacks were then placed in the sampling container for 
volatilome sample collection. 

2.3. Volatilome collection 

Volatilomes were collected through optimised methods as described 
in [47] using a purpose-built aluminium container (60 cm(length) 
× 50 cm(width) × 50 cm(height)) aluminium sampling container with a 
polycarbonate viewing window and a side vent (Fig. S1). Prior to the 
capture of each individual shingleback, the sampling container was 
sterilised with acetone and dried to mitigate persistent VOCs and a 
sample blank of the container was taken to determine VOCs present in 
the environment that could later be removed. Individual shinglebacks 
were acclimated for 20 min. Following, a pre-conditioned dual sorbent 
tube (Tenax® and Carbograph 5DT Markes International Ltd, UK; parts 
number C2-AAXX-5149) was then connected to a sampling port located 
at the top of the box following acclimation. Two 15-minute sampling 
replicates were taken in tandem at a flow rate of 100 ml/min using an 
ACTI-VOC pump (Markes International Ltd., UK). Volatilomes were only 
collected if the internal sampling container temperature could be 
maintained below 30̊C for the safety of the animal. If escape behaviour, 
such as persistent gaping or climbing on the viewing window was 
observed, sampling was abandoned, and the animal was released. 

2.4. Volatilome analysis 

2.4.1. Sample desorption 
Samples were analysed using optimised reptile volatilome analysis 

methods as described in [47]. Prior to analysis, 0.2 µl solution of 10 ppm 
d5-chlorobenzene (CAS number 3114–55–4; Merck, AUS) was injected 
into each sorbent tube to serve as an internal standard to assess 
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instrument reproducibility and to serve as a reference for compound 
normalisation [49]. Samples were desorbed using Markes Unity 2 
Thermal Desorber and Series 2 ULTRA multi-tube autosampler (Markes 
International Ltd, UK) with a Markes General Purpose Carbon 
C4/5-C30/32 cold trap (parts number U-T11GPC-2S). The samples were 
desorbed using the following parameters: the pre-desorption pre-purge 
time was set to 2 min, the flow path temperature was 150̊C, the tube 
desorption time was 3 min with a flow rate of 20 ml/min, the desorption 
temperature was 300̊C, the maximum trap temperature was 300̊C, the 
minimum trap temp was − 15 ̊C, the trap hold was 4 min and the trap 
flow was 25 ml/min. 

2.4.2. GC×GC-ToFMS analysis 
Comprehensive two-dimensional gas chromatography coupled with 

time-of-flight mass spectrometry (Pegasus 4D GC×GC-ToFMS (LECO 
Australia Pty Ltd, Australia)) was used to analyse all samples. Samples 
were analysed using both optimised column and separation methods 
described in [47]. A 30 m Rxi-624 Sil MS (Restek, Catalog number 
13868) primary column and a 2 m Stabilwax secondary column (Restek, 
Catalog number 10623) were used for analysis. The carrier gas was high 
purity helium at a flow rate of 1 ml/ min for the entire run. The initial 
oven temperature was set to 35̊C and held for 2 min. The temperature 
was then ramped at 7̊C/ min until the temperature reached 80̊C. 
Following, the temperature was ramped at 10̊C/ min until a maximum 
temperature of 240̊C was reached with a 5 min hold. The secondary 
oven was offset 10̊C relative to the GC oven and the modulator was offset 
30̊C to the secondary oven temperature. There was a 5 s modulation 
period with a 1 s hot pulse time and a cooling time of 1.5 s between 
stages. The transfer line to the ion source was held at 250̊C and the ion 
source was held at 200̊C with an electron ionisation energy at 70 eV. The 
acquisition rate was 100 spectra/ s with a target mass range of 
29–550 amu. The detector voltage was offset 200 V to the optimised 
detector voltage. Alkane standards and purified isomers (e.g. p-xylene, 
o-xylene, m-xylene) were run periodically to assess separation and 
detection quality. 

2.5. Data processing 

ChromaTOF (version 4.51.6.0; LECO) was used to analyse and align 

the resulting chromatograms. A signal-to-noise ratio of 150 with a 0.8 
baseline offset was used to align samples. A 30 s first dimension peak 
width and a 0.15 s second dimension peak width were required for peak 
identification and sub-peaks required a minimum S/N of 6 for identifi
cation. Compound identification was completed using a minimum sim
ilarity match of 75 % in The National Institute of Standards and 
Technology (NIST) Mass Spectral Library [32,47]. Compounds with a 
below 80 % similarity matches (but above 75 %) were manually 
compared to histograms where compounds had a high match similarity 
to tentatively identify, or reject, compound assignment. The Chroma
TOF Statistical Compare function was used to align peaks across samples 
from the same region using a 60 % match threshold. The data was then 
exported to Microsoft Excel (2010), where it was manually filtered to 
remove contaminants (i.e. column bleeds, internal standard, alcohol 
spray and solvents). Container blanks were removed from each shin
gleback sample using a peak area threshold value of 50 % [47]. Un
identified analytes were included in downstream analysis. 

2.6. Chemical diversity assessment 

Chemical richness and diversity were determined through methods 
defined in Baeckens et al., [50]. Chemical richness was defined as the 
average number, with standard deviation, of compounds found within a 
geographic locale. Chemical diversity was calculated using chemical 
classes as described Baeckens et al. [50] and using the Shannon-Weiner 
Diversity Index [51]. This calculates the diversity of compounds within a 
chemical class for each Bioregion. A species accumulation curve was 
adapted to “chemical abundance curves” where incidences of new 
compounds were recorded per Bioregion. For this analysis, each shin
gleback volatilome replicate was treated as an independent sample. This 
analysis was completed to determine the benefit of additional sampling 
efforts for each Bioregion. Volatilome profiles were graphed as the 
average summed peak area from each represented chemical class for 
visualization purposes. Additionally, compounds that were shared 
across all Bioregions, or that were found to be unique to a certain 
Bioregion, were also assessed. 

Fig. 1. GPS locations of volatilome samples collected from individual wild shinglebacks across mainland Australia. Each colour represents the Bioregion from where 
that sample was sourced, and n represents the number of individuals sampled from each Bioregion. Paired animals shared the same GPS location and were rep
resented by one circle. 

A.O. Brown et al.                                                                                                                                                                                                                               



Forensic Science International: Animals and Environments 4 (2023) 100071

4

2.7. Impacts of bioregion and captivity 

Unique compounds specific to Bioregions or captivity were identified 
and their potential origin was determined through a literature search. 
Compounds that were shared across all Bioregions were also defined and 
the strength of their odours [52] were determined to assess for their 
potential as shingleback BVOC biomarkers for detection. 

3. Results and discussion 

3.1. Sampling 

A total of 72 wild shinglebacks were sampled from 15 locations 
across 10 Bioregions for a total of 127 volatilome sample replicates 
(Fig. 1). Sample sizes from each Bioregion ranged from 4 to 54 sample 
replicates. Twelve captive shinglebacks were sampled from the FWP 
collection for a total of 28 sample replicates. 

3.2. Compound classification 

1407 unique compounds were tentatively identified across all sam
ples (n = 155). Of those, 153 compounds were removed from analysis 
either due to them being known contaminants or due to them being 
tentatively identified as a hormone. This work focused on determining 
biomarkers that could be produced and released metabolically by the 
animals, and did not target compounds that are generated as a response 
to a stimulus. As hormones are signalling molecules related to devel
opment or behaviour, it is unlikely that they will be produced in stressful 
trafficking scenarios. Additionally, because the production of hormones 
is highly variable, they are not likely to be relevant for biomarker 
detection nor aid in determining the geographic origin of trafficked 
shinglebacks. For these reasons, potential hormones were not included 
in volatilome analysis for either potential BVOC biomarkers for detec
tion purposes or for the assessment of geographic origin. 

3.3. Chemical richness and chemical diversity 

The Riverina Bioregion (Fig. 1) exhibited the highest chemical 
richness (Fig. 2), while the lowest chemical richness was observed in the 
South Eastern Highlands, Bringalow Belt South and NSW SW Slopes 
Bioregions. The disparity in chemical richness may be partially 
explained by the environmental conditions present while sampling. 
Numerous samples in the NSW SW Slopes and in the South Eastern 
Highlands Bioregions were taken during the coldest temperatures 
experienced during field collection (average sampling temperatures 19̊C 
and 23.3̊C respectively), with overnight temperatures averaging 3.5̊C 

and 6.3̊C, respectively (Table S1). These shinglebacks likely had reduced 
metabolic states, as they are likely in torpor under 17̊C [53] and will 
have reduced glucose metabolism [54]. Furthermore, as BVOC dispersal 
is facilitated by increased temperature, the lower temperatures could 
indicate a slower dispersal of BVOCs within the container. Some of the 
warmest average sampling temperatures were recorded in the Cool
gardie (27.3̊C), Mulga Lands (30.7̊C), Riverina (26.5̊C) and the 
Murray-Darling Depression (27.2̊C) Bioregions (Table S1). These regions 
exhibited two of the highest overnight minimum temperatures (River
ina: 21.8̊C, Coolgardie: 18.1̊C) and two mid-range overnight minimum 
temperatures (Mulga Lands: 11.8̊C, Murray Darling Depression 11̊C) 
(Table S1). The high average sampling temperatures coincided with 
some of the highest averages of chemical richness, which may be in part 
due to increased BVOC volatility. In physiological studies, it was 
determined that shinglebacks record the most water loss, and are thus 
most metabolically active, in the first two hours of exposure periods with 
temperatures ranging from 30 to 37̊C [55] and are most active between 
24 and 34̊C [53]. As these animals were sampled at temperatures within 
this range, it is likely that they were more metabolically active, which 
contributed to the disparity in chemical richness. A comparison of 
chemical richness in Bioregions and captivity between areas where 
average sampling temperatures were above 25̊C and below 25̊C were 
compared, confirming that environmental temperature did significantly 
impact the average number of BVOC samples recovered (Fig. S2). BVOC 
sampling of wild animals will always be subject to changing environ
mental conditions that will impact certain data analyses, especially for 
ectothermic taxa. However, trafficking scenarios will also present the 
same challenge of unstable thermal conditions. Although changes in 
environmental temperature may impact chemical richness and diversity 
assessments, analysing shinglebacks in different metabolic states is 
relevant in identifying compounds that will be present in a diverse range 
of trafficking scenarios. As one of the aims of this study was to identify 
compounds that are shared across all Bioregions, sampling shinglebacks 
in different metabolic states also allows for the identification of com
pounds shared across a majority of metabolic states. The captive shin
glebacks had the largest standard deviation in chemical richness, despite 
their controlled diets. This variability may be attributed to the varied life 
histories of the sampled animals (i.e. captive bred versus wild caught) or 
transition into captivity as some had been in captivity for shorter periods 
of time. 

A similar, but less apparent, pattern was observed in chemical di
versity (Table 1). Chemical diversity is a measure of compound diversity 
that is found within each chemical class within each Bioregion. This 
analysis demonstrated that although the number of compounds differ 
per region, the number of compounds detected within each chemical 
class do not vary significantly. The only notable exceptions to this 

Fig. 2. Average Chemical Richness with standard deviations retrieved per Bioregion. Sample replicates are denoted beneath each Bioregion.  
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observation occurred in the Bringalow Belt South Bioregion and captive 
animals as compared to the Riverina Bioregion. The consistency in 
chemical diversity may indicate that shinglebacks share similar biogenic 
pathways [56] and that the diversity of compounds within each chem
ical class may instead be impacted by access to varieties or diversities of 
food sources. 

The differences in chemical richness may not be directly associated 
with sample size. Chemical abundance curves, which measure chemical 
diversity through the accumulation of newly observed compounds be
tween samples, demonstrate that chemical diversity begins to plateau 
from biotypes which had greater than seven replicates (Fig. 3). Chemical 
diversity appears to have been captured from five of the 10 bioregions 
sampled: the Murray Darling Depression, Mulga Lands, Cobar Pene
plain, Riverina and South Eastern Highlands Bioregions. This may 
indicate that biotypes have innate differences in chemical diversities due 
to environmental, dietary and physiological factors which respond to 
differing climates. Sample sizes should be increased from other Bio
regions to ensure that the sampling asymptote is reached. As this was a 
foundational and exploratory study, the data from each Bioregion was 
analysed in the same manner, even if chemical abundance curves did not 
plateau. Samples taken from captive animals were not included due to 
the diverse life histories of the animals found within this group. 

The visualisations of average summed peak area per compound class 
demonstrated that the Murray Darling Depression, Cobar Peneplain and 
Riverina Bioregions were dominated (42–52 %) by N-containing com
pounds (Fig. 4). The other two regions whose volatilome profile was 
dominated by one chemical class were the NSW SW Slopes (Unidentified 
- 62 %) and the Mulga lands (ketones – 47 %) Bioregions (Fig. 4). The 
NSW SW Slopes Bioregion exhibited the lowest summed peak areas per 
compound that could have contributed to the limited compound 

identification by the mass spectrometer. This could be attributed to the 
air temperature and reduced metabolic status and BVOC diffusion 
associated with the lower temperatures observed when sampling in this 
region (Table S1). It is not immediately clear the origin of the ketone 
compounds found in shingleback volatilome profiles from the Mulga 
Lands. However, it is likely that dietary preferences for these shingle
backs differ due to availability of differing vegetation types in this area 
(Table S2). The captive profiles, when presented collectively, shared the 
most similarities to the Bringalow Belt South and Darling Riverine Plain 
Bioregions (Fig. 4). The most distinct differences between these three 
sample groups were the lower abundance of ester, acid, and alcohol 
compounds found in captive profiles. Interestingly, the genetic lineages 
(data not shown) of the captive animals supported the premise that a 
majority of the captive shinglebacks did originate from the North 
Eastern (n = 6) lineages [57], which can be distributed across the 
Bringalow Belt South and Darling Riverine Plains Bioregions. The 
captive animal group also had the presence of a manganese-based 
compound that was not found in either Bioregion, which may be 
attributed to the controlled diet of captive animals (Supplemental data). 
The profile of one confiscated captive individual was analysed to 
determine whether the volatilome profile of this animal more resembled 
a captive profile or the profile from the Bioregion where it was confis
cated from (Fig. S3). This animal was selected as its precise Bioregion of 
origin was known due to the animal’s distinctive morphological features 
(i.e. orange coloration; Coolgardie). This shinglebacks’ profile was found 
to more closely resemble the averaged captive profile as compared to the 
averaged Bioregion profile from which it originated (Fig. S3). At the 
time of analysis, this individual had been in captivity for over a year, 
indicating that a change in diet and habitat influenced the total vola
tilome profiles. However, larger sample sizes and finer scale in
vestigations of individuals that transition from a known wild Bioregion 
into captivity are required before definitive conclusions are drawn. 

3.4. Unique geographic compounds 

Compounds that were found to be unique to each specific Bioregion 
were further assessed (Table S3). No tentatively identified compounds 
were unique to the Darling Riverine Plains or to the Murray Darling 
Depression Bioregions. This may be due to the fact that these regions are 
adjacent to one another, and the selected sampling areas were on the 
border of these two regions [48]. Five tentatively identified compounds 
were unique to Bringalow Belt South Bioregion, which were primarily 
related to vegetation [58-61]. Thirty-five tentatively identified com
pounds were unique to the Cobar Peneplain Bioregion. These 

Table 1 
Shannon-Weiner Diversity Index per Bioregion and Captivity.  

Shannon-Weiner Diversity Index 

South Eastern Highlands  2.24 
Murray Darling Depression  2.22 
Bringalow Belt South  2.16 
Cobar Peneplain  2.25 
Coolgardie  2.24 
Mulga Lands  2.25 
Swan Coastal Plain  2.31 
Darling Riverine Plains  2.32 
Riverina  2.35 
NSW SW Slopes  2.21 
Captives  2.16  

Fig. 3. Chemical abundance curve from each sampling location. Abundances were scaled to 4000 on the x-axis due to sample size disparity.  
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compounds included VOCs related to vegetation, fruits, fungi, larvae 
and meats [62-67] with the most significant classes represented being 
esters (n = 8); and N-containing compounds (n = 7) which suggest a 
more variable diet in this region. There were ten tentatively identified 
compounds unique to the Coolgardie Bioregion. The most represented 
unique compounds were alcohols (n = 3) and alkanes (n = 3), which 
included compounds that have been detected both from meat, plant oils 
and seeds [68-72]. The Mulga lands Bioregion had two tentatively 
identified unique alcohols which have been previously attributed to 
fruits [73,74]. The NSW SW Slopes Bioregion had three tentatively 
identified unique compounds potentially related to volatiles released by 
fruit and fungi [75-77]. The Riverina Bioregion had 22 tentatively 
identified unique compounds, most of which were acids (n = 5) that 
have been attributed to fruit [78-80] and N-containing compounds 
(n = 4) from vegetation and unknown origin [81,82]. Although the 
Riverina and Cobar Peneplain all had high proportions of N-containing 
compounds in their volatilome profiles (Fig. 4), the individual com
pound constituents differed (Table S3). This may indicate dietary dif
ferences, as two N-containing compounds appeared to have originated 
from meat in the Cobar Peneplain Bioregion. The remaining unique 
N-containing compounds appear to have originated from differing 
flowering plants. The South Eastern Highlands Bioregion had 19 unique 
tentatively identified compounds that potentially originated from in
sects, cyanobacteria and raw meats [70,83-85], with the predominate 
chemical class of the unique compounds being alkanes (n = 6). The 
Swan Coastal Plain Bioregion had 32 tentatively identified compounds, 
ten of which were esters related to tropical fruits such as bananas, 
mangos, plums and starfruit [86-90]. that differentiated it from other 
regions. These shinglebacks were sampled on the popular tourist 

destination, Rottnest Island, and were found in close proximity to the 
main tourist infrastructure on the island. This may have provided access 
to a range of different fruits via intentional feeding by tourists or disposal 
of waste. Finally, captive animals had the highest number of tentatively 
identified compounds (n = 39) that were unique to captivity. A majority 
of these compounds were unique ketones (n = 8) associated with 
plant-based dietary compounds, including banana flowers [91-93], that 
distinguished captive animals from their wild counterparts. This finding 
may suggest that changes in the captive diet, including access to chicory, 
kale, endive, carrots, sweet potatoes, zucchini, apples, pears, grapes and 
strawberries (FWP, personal comm) distinguishes them from their wild 
counterparts. 

The investigation into potential BVOC origins was high-level and 
preliminary with the main purpose being to determine whether these 
compounds were naturally occurring or synthetic. The origins of these 
compounds could potentially be misconstrued, as VOC profiling for most 
Australian flora and fauna has not been conducted, which limits the 
interpretation of potential dietary origination. Further shingleback diet 
analysis is required to determine the potential origin dietary origins of 
these BVOCs. The compounds identified from potential dietary sources 
should be interpreted as naturally occurring compounds that could have 
also been generated from native plants and fruits. 

3.5. Tentative biomarker selection 

No compound was shared across every individual shingleback 
sampled. However, 44 tentatively identified compounds were shared 
across all Bioregions and captive shinglebacks (Table 2, Table S4; Sup
plemental data). Of these, 16 are considered to have high odour strength 

Fig. 4. Volatilome profiles of sampled shingleback areas represented by average summed areas per compound class.  
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(recommended smelling in solution of less than 1 %; [52]), 10 have 
medium odour strength, one has low odour strength and 17 are unde
fined (Table 2). The 16 high odour strength compounds are favourable 
odour targets from a biomarker detection perspective. The presence of 
these high odourous compounds are commonly found in natural envi
ronments. The abundance of these compounds was higher in shingle
back volatilome samples as compared to environmental blanks. Thus, 
targeting these compounds, especially in varying concentrations, with a 
wildlife detection dog or electronic nose could be beneficial when trying 
to detect illegally trafficked shinglebacks as they were found across all 
habitats, captivity conditions and metabolic statuses Alternatively, as 
odour strength in this work is defined as it relates to humans as opposed 
to dogs, it may be relevant to analyse all 44 compounds for detection dog 
purposes. This may allow for the most robust detection of illegally 
trafficked shinglebacks with various life histories or geographic origins. 

4. Conclusion 

This study was able to assess shingleback volatilomes across their 
species range and was the largest live animal volatilome study to date. 
No single compound was shared across all sampled shinglebacks. This 
may be due to the increased sample size of animals analysed for this 
study, or the changes in metabolic states from every Bioregion. The 
complexities of volatilome profiling of living biological specimens 

should be thoroughly addressed when developing chemical detection 
methods to ensure adequate biomarkers that represent the majority of 
individuals within a species are targeted. For example, this work 
determined that increased sample sizes are required to capture the 
chemical volatilome diversity within a Bioregion, prior to answering 
questions regarding species identity or geographic origin assessment. 
This discovery is important as volatilome profiling of living animals is 
expanding [109-111]. This work highlights that shingleback volatilome 
profiles naturally differ among Bioregions, potentially due to dietary 
and habitat influences. Despite these changes, shinglebacks had similar 
chemical diversities within each chemical class for each Bioregion. 

Captivity appeared to influence total shingleback volatilome pro
files, as they exhibited the lowest chemical diversity Other variables that 
are not present in wild animals, including the presence different life 
stages (e.g. how long the animal has been in captivity, whether the an
imal was born captive or wild) or the fact that they were sourced from 
different Bioregions require further evaluation of captive profiles. This 
could aid in determining which Bioregions are more targeted in the 
illegal pet trade and build hot spot intelligence and facilitate anti- 
poaching efforts. The volatilome profile of the only captive shingle
back with known origin more closely aligned with the captive profiles 
than the Bioregion from where it was sourced. Identifying captive versus 
wild sourced animals will also help determine whether wild shingle
backs are being illegally sourced for breeding programs, which has been 

Table 2 
Shingleback BVOCs that were found across all Bioregions and Captive shinglebacks ordered by odour strength.  

Odour Strength [52] Compound Name Class Potential Origin Citation 

High Benzaldehyde Aldehyde Fruit [78] 
High Benzeneacetaldehyde Aldehyde Meat [94] 
High Butanal Aldehyde Vegetation [95] 
High Decanal Aldehyde Fruit [78] 
High Heptanal Aldehyde Meat [70] 
High Hexanal Aldehyde Fruit [78] 
High Octanal Aldehyde Fruit [78] 
High Pentanal Aldehyde Meat [70] 
High Methyl benzoate Ester Flowers [96] 
High 2-Butanone Ketone Meat [94] 
High 2-Heptanone Ketone Meat [70] 
High 2-Hexanone Ketone Meat, vegetation, fruit [94,97] 
High 2-Pentanone Ketone Meat and Flowers [70,98] 
High Acetophenone Ketone Meat [70] 
High Benzothiazole S-Containing Flowers [98] 
High Carbon disulfide S-Containing Meat [99] 
Medium 1-Butanol Alcohol Fruit [80] 
Medium 1-Propanol Alcohol Meat [94] 
Medium 2-Ethylhexanol Alcohol Fruit [75] 
Medium Furfural Aldehyde Fruit [75] 
Medium 2-Methylfuran Aromatic Fruit [87] 
Medium 2-Pentylfuran Aromatic Fruit [78] 
Medium 6,10-Dimethyl-5,9-undecadien-2-one Ketone Meat [70] 
Medium 6-Methyl-5-hepten-2-one Ketone Fruit [78] 
Medium Benzophenone Ketone Fruit [100] 
Medium Cyclohexanone Ketone Fruit [101] 
Low Tetradecane Alkane Fruit [80] 
Undefined 2-Ethyl hexanal Aldehyde Meat [102] 
Undefined n-Hexane Alkane Fruit [75] 
Undefined Decane Alkane Fruit [80] 
Undefined Hexadecane Alkane Fruit [80] 
Undefined Tridecane Alkane Meat [70] 
Undefined Phenylethyne Alkyne Meat [103] 
Undefined à-Methylstyrene Aromatic Meat [104] 
Undefined (1-Butylhexyl)benzene Aromatic Seed [105] 
Undefined (1-Butyloctyl)benzene Aromatic Meat [106] 
Undefined (1-Propylnonyl)benzene Aromatic Seed [105] 
Undefined Ethylbenzene Aromatic Fruit [65] 
Undefined Hemimellitene Aromatic Flower [97] 
Undefined Propylbenzene Aromatic Animal product [107] 
Undefined 3-Methylheptyl acetate Ester Vegetation [95] 
Undefined Trichloromonofluoromethane Halogenated Fruit [87] 
Undefined 2,4-Dimethyl-3-pentanone Ketone Fruit [108] 
Undefined Benzonitrile N-Containing Meat [94]  
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gaining more focus in wildlife forensic science [112]. Further work 
analysing the transition from the wild to captivity is warranted to 
determine how captivity influences volatilome changes and at what rate. 
This type of work is also warranted to determine how quickly a confis
cated shingleback should be analysed prior to assessing the Bioregion 
origin. 

Shingleback volatilomes appear to be influenced by changes in 
metabolic status as seen in other taxa [110]. However, despite changes 
in metabolomic status, potential BVOC biomarkers can still be defined 
for detection targets. This work highlighted 16 BVOCs that should be 
further investigated for the detection of illegally trafficked shinglebacks. 
These highly odourous compounds were found across animals from all 
Bioregions and captivity status. For this reason, these are better suited 
for the broad detection of illegally trafficked shinglebacks as opposed to 
post-confiscation Bioregion assessment. This study determined that 
most Bioregions had unique BVOCs, with the exception of when sam
pling sites bordered Bioregions. This caveat is shared with other wildlife 
forensic techniques (e.g. genetics) and should be coupled with other 
forensic methods (e.g. morphology) to enhance Bioregion determination 
[113]. 

This study has set the foundation for further statistical and investi
gative work for live animal volatilome analysis. It is recommended that 
future work assess the influences of other biological factors (e.g. sex, age, 
disease status) prior to selecting BVOC detection biomarkers or to using 
volatilome analysis for geographic origin purposes. This is particularly 
important when sample sizes of animals of different classes (e.g. males 
with parasites versus males without parasites) differ. Similar to human 
volatilome research, this investigation supports that large, cross- 
validated and peer-reviewed volatilome databases must be generated 
prior to using animal volatilomes for both detection and evidentiary 
contexts [27]. 
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[100] J.A. Pino, J. Mesa, Y. Muñoz, M.P. Martí, R. Marbot, Volatile components from 
mango (Mangifera indica L.) cultivars: Journal of Agricultural and Food 
Chemistry 53 (6) (2005) 2213–2223. 

[101] E. Alissandrakis, D. Daferera, P.A. Tarantilis, M. Polissiou, P.C. Harizanis, 
Ultrasound-assisted extraction of volatile compounds from citrus flowers and 
citrus honey, Food Chem. 82 (4) (2003) 575–582. 
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