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A B S T R A C T   

Illegal logging and trafficking of endangered timber species has attracted the world’s major organized crime 
groups, with associated deforestation and serious social damage. The inability of traditional methodologies and 
DNA analysis to readily perform wood identification to the species level for monitoring has stimulated research 
on chemotyping techniques. In this study, simple wood extraction of endangered rosewoods (Dalbergia spp), 
amenable to use in the field, produced colorful hues that were suggestive of wood species. A more definitive 
study was conducted to develop wood species identification procedures using high-resolution quadrupole time- 
of-flight (QTOF) mass spectrometers interfaced with liquid chromatography (LC), gas chromatography (GC), and 
Direct Analysis in Real Time (DART). The time consuming process of extracting “identifying” mass spectral ions 
for species identification, contentious due to their ubiquitous nature, was supplanted by application of machine 
learning processes. The unbiased software mining of raw data from multiple analytical batches, followed by 
statistical Random Forest analysis, enabled discrimination between both anatomically and chemotypically 
similar Dalbergia species. Statistical Principal Component Analysis (PCA) scatterplots with 95% confidence el-
lipses were visually compelling in showing a differential clustering of Dalbergia from other commonly traded and 
lookalike wood species. The information rich raw data from GC or LC analyses offered a corroborative, legally 
defensible, and widely available confirmatory tool in the identification of timber species.   

1. Introduction 

Environmental trading has become a sophisticated web of organized 
crime involving bribery, corruption, and computer hacking for permits 
(Nellemann, 2012), with a reported USD 152 billion a year in timber 
trafficking (INTERPOL, 2020). Worldwide, the illegal logging and traf-
ficking leaves behind social damage, while opening up sensitive areas to 
disease potential and further climate change (Tollefson, 2020). Inter-
nationally, the Convention on International Trade in Endangered 

Species of Wild Fauna and Flora (CITES) provides a framework around 
which countries can develop effective laws and enforcement. CITES 
Appendix I includes species threatened with extinction, Appendix II, 
those likely to become threatened with extinction without reduced 
trade, and Appendix III, additional species under special watch. 
Enforcement of trade surrounding these species is the backbone of the 
fight against deforestation and promotion of sustainable forestry prac-
tices. Consequently, border and port enforcement requires the tools to 
identify timber and wood products down to the species level listed under 
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CITES. Traditional taxonomic approaches and infra-red spectroscopy 
generally identify to the level of genus rather than species and are no 
longer solely adequate (Gasson, 2011; Pastore et al., 2011; Dormontt et 
al., 2015). Portable machine vision systems show potential for rapid 
screening to genus level but are currently in the early stages of 
anatomical variability capture (Hermanson and Wiedenhoeft, 2011; 
Ravindran et al., 2020). The ability of DNA fingerprinting is complicated 
by limited databases and poor extraction quality from wood products 
(Meyer and Paulay, 2005; Lowe and Cross, 2011; Jiao et al., 2015), with 
a more promising alternative being bar coding, constrained again by the 
need for encompassing the taxonomic diversity of each species (He et al., 
2018). 

The most promising tools for forensic wood species identification 
currently rely on chemotyping. Various types of mass spectrometry (MS) 
have been applied to this end, including Fourier transform ion cyclotron 
resonance (FTICR-MS) (Zhang et al., 2019), LC/MS (Kite et al., 2010), 
and GC/MS (Yin et al., 2018; Shang et al., 2020), although the method 
with most momentum is direct analysis in real time with time-of-flight 
mass spectrometry (DART/TOF-MS). The U.S. Fish & Wildlife Service 
Forensics Laboratory (USFWSFL) have led the way in this technique, 
with their remarkable accomplishment in collating a DART/TOF-MS 
mass spectral library from thousands of wood species (Lancaster and 
Espinoza, 2012a; Lancaster and Espinoza, 2012b; Espinoza, et al. 2014, 
Espinoza et al., 2015; McClure et al., 2015; Musah et al., 2015; Evans et 
al., 2017; Wiemann and Espinoza, 2017; Paredes-Villanueva et al., 
2018). One aim of the present study was to determine the compatibility 
of DART, and associated Mass Mountaineer statistical software (Diablo 
Analytical), with an alternative quadrupole time-of-flight mass spec-
trometer (QTOF). A further aim of the study was to determine how other 
non-dedicated, high-resolution MS instruments, in conjunction with 
compatible machine learning processes and statistical analysis software, 
could complement DART analysis by providing recognized and legally 
defensible procedures for routine wood species identification. 

2. Materials and methods 

2.1. Materials 

Wood specimens used are listed in Supplementary Information (SI) 
Table 1 and SI Table 2, with sources of the specimens listed in SI 
Table 3. There was limited availability of anatomically verified wood 
reference specimens available for this study. 

Acetic acid (≥98% purity), daidzein, and poly(ethylene glycol) av. 
Mn 380-420 (PEG400) were supplied by Sigma-Aldrich (Oakville, 
Ontario, Canada), LC/MS grade acetonitrile and methanol from Fisher 
Scientific (Ottawa, Ontario) and HPLC grade 2-propanol from Caledon 
Laboratories (Georgetown, Ontario). Aqueous reagents were prepared in 
ultra-high purity water (MilliQ Plus). 

2.2. Wood sample preparation 

Thin slivers (<2 to 3 mm thickness) of heartwood specimens were 
extracted in 1% v/v formic acid in methanol. The weight of wood was 
varied by coloration; ~50-100 mg for darker, ~75-150 mg for medium, 
and ~100-200 mg for lighter colored woods. An initial 2 mL of solution 
was adjusted depending upon initial coloration, with darker extracts 
diluted further to 3 – 15 mL total volume. Extraction occurred at room 
temperature, with optimal recovery after overnight storage. Final sam-
ples were vortexed, centrifuged at 4645 x g for ~5 min, and the super-
natant transferred via glass pipettes to vials for storage at -20 ± 5◦C. All 
containers were glass with Teflon lined lids. 

2.3. DART/Ion funnel-QTOF instrument and conditions 

A DART-SVP-201 ion source (IonSense, Saugus, MA, USA) was con-
nected via an IonSense Vapur Interface (SVPS-200) to an Agilent 6550 

iFunnel Series Quadrupole Mass Spectrometer with Time of Flight de-
tector (QTOF) controlled by MassHunter software. DART conditions 
were those recommended by the manufacturer (IonSense) for the pur-
pose of wood analysis (SI Table 4) and similar to published parameters 
(McClure, 2015). QTOF calibration was confirmed in electrospray pos-
itive mode (ES+) prior to DART connection with intermittent calibration 
checks using poly(ethylene glycol) (PEG) during sample analysis in 
positive mode. Background subtracted mass spectra (Agilent Mass-
Hunter Qualitative software) were individually converted to .txt format 
for compatibility with Mass Mountaineer (Diablo Analytical), 

2.4. GC/QTOF instrument and conditions 

GC/QTOF analysis was performed using an Agilent 7890B GC system 
interfaced with an Agilent 7250 in EI+ mode controlled by MassHunter 
software. General operating conditions are summarized in SI Table 5. To 
assist in batch-to-batch alignment, a quality control (QC) Dalbergia lat-
ifolia extract peak at 268.073 m/z was used for retention time locking. 
Caffeine-d9 was used to confirm system suitability prior to analysis and 
perfluorotributylamine (PFTBA) mass calibration was included 
randomly within each analytical sequence. 

2.5. LC/QTOF instrument and conditions 

LC/QTOF analysis was performed using an Agilent Infinity 1290 LC 
system interfaced with an Agilent 6550 iFunnel QTOF Mass Spectrom-
eter with an Agilent Jetstream Ion Source (AJS) controlled by Mass-
Hunter software. MS detection (SI Table 6) employed either ES+ or 
electrospray negative (ES-) mode ionization and daidzein was used to 
confirm system performance prior to analysis. Conditions for the reverse 
phase separation are provided in SI Table 7 and SI Table 8. Following 
observation of the total ion count chromatography (TIC) profiles in ES+
mode, the elution gradient was optimized for ES- mode scans. 

2.6. GC/QTOF and LC/QTOF statistical analysis 

Raw QTOF data were imported into Agilent’s Unknowns Analysis 
software, deconvoluted using the SureMass Algorithm, and converted to 
.cef files for import to Mass Profiler Professional (MPP). MPP performed 
preliminary alignment, frequency filtering retaining compounds, and 
ANOVA analysis. For Random Forest analysis of GC/QTOF data only, the 
MPP selected peaks were exported to MassHunter Quantitative Analysis 
to allow peak review. Results were reimported into MPP for final 
filtering, statistical analysis (ANOVA p>0.001), and Random Forest 
model creation. The predictive accuracy of the Random Forest models 
was validated internally using Out of Bag Error Estimates for 500 trees 
and externally by testing the model with 2 naïve specimens of each 
species that the model had not seen during its creation. 

Large LC/QTOF datasets for Random Forest analysis employed Agi-
lent Profinder for recursive feature detection and alignment. Grouped 
multiple peak entities defined by their mass-to-charge ion ratios, 
retention time, adducts and peak intensity were then exported to MPP 
for analysis. In MPP the data was frequency filtered, subjected to 
ANOVA (p >0.05) and Fold Change (FC>10) analysis. As with the GC/ 
QTOF data, Random Forest models were built and validated internally 
with Out of Bag Error. External validation of the Random Forest model 
was performed in the Agilent Classifier program, again with naïve 
samples. PCA scatter plots were also created to help visualize the output 
of the algorithms. 

3. Results and discussion 

3.1. DART/QTOF 

An Agilent iFunnel-QTOF (QTOF) was re-purposed for wood species 
identification in combination with a DART module. The simplicity of the 
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DART technique, holding a sliver of wood in a stream of heated helium 
vaporizing wood chemicals directly into the mass spectrometer, is 
appealing to environmental regulatory laboratories worldwide. A source 
of strength for the published DART/TOF-MS method is the extensive 
mass spectral library compiled by the USFWSFL (ForeST Database) and 
its integration with a commercial statistical software (Mass Moun-
taineer, Diablo Analytical). USFWSFL has worked with several interna-
tional agencies to apply their technique against illegal logging (Evans et 
al., 2017; Paredes-Villanueva et al., 2018). 

Dalbergia rosewoods were chosen for this study, based on their CITES 
I and II listings and the available scattering of published data (Lancaster 
et al., 2012a; Espinoza et al., 2015; McClure et al., 2015). Our 
DART/QTOF raw data files required manual processing for compati-
bility with Mass Mountaineer software but, while initial results were 
promising (SI Figure 1), the mass spectra showed dramatically more 
response for the major ions in relation to the minor ions compared with 
the DART/JEOL-TOF-MS ForeST Database (Figure 1). 

This was not an issue with certain species but was problematic for 
others. Repeated attempts to increase the lower mass ions by fragmen-
tation led to decreases in responses and poor spectral matching (SI 
Figure 2 and SI Figure 3). These differences in ion response ratio sug-
gested that direct application of the available ForeST Database may be 
limited to a specific hardware configuration, supporting a similar 
conclusion noted in a Global Timber Tracking Network document 
(Beeckman et al., 2020). 

Considering the world prevalence of GC and LC based mass spec-
trometers, a way forward would be to consider adding ForeST Database 

sub-sets to correspond with this prevalent instrumentation. It was 
further noted that application of the Mass Mountaineer ForeST Database 
depended upon the selection of DART ions representative of a particular 
species from collated heat maps. The acceptance or rejection of ions left 
the process open to individual selection. Future consideration could be 
given to reduce individual bias in this process. At this point in the cur-
rent study, the collation of an in-house spectral library was began but 
was interrupted by consistent carryover materials from the DART 
interface ceramic tube (instrument specific) reaching the MS (SI 
Figure 4). Together with the inability of the set-up to allow infusion of 
reference solution for continuous mass correction, the collection of 
DART/QTOF data was deferred. 

3.2. Wood extracts and GC/QTOF 

Methanol acidified with 1% v/v formic acid, used to extract heart-
wood in the present study, was chosen for its direct applicability to both 
LC and GC analysis. Other researchers have employed alternative 
matrices, including two-phase chloroform/methanol/water extraction 
for separation of polar and non-polar metabolites by LC (Creydt et al., 
2021) and acidified polar solvents for GC chemotyping (Yin et al., 2018; 
Shang et al., 2020). In the current study, the chosen matrix resulted in 
colorful hued extracts (Figure 2), currently being explored by PYLET as a 
rapid field screening aid for frontline enforcement. Rosewoods can be 
distinguishable from lookalikes that exhibit little extract coloration, 
such as Diospyros spp. and Swartzia cubensis (UNODC, 2016), however, 
while the color can be suggestive of Dalbergia spp., it was not definitive 

Fig. 1. DART/ Ion Funnel-QTOF for Dalbergia melanoxylon using two fragmentor settings (200V top; 300V middle) versus Mass Mountaineer DART/JEOL-TOF-MS 
database (bottom). 
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of individual species (SI Figure 5). 
A confirmatory GC/QTOF and LC/QTOF approach to wood species 

identification was initiated with the intention of adding the dimension 
of chromatographic compound separation. Initial studies focused on 
GC/MS instrumentation, a staple in most analytical laboratories, with its 
readily repeatable EI+ mass spectra and available NIST database library. 
A qualitative visual overview of GC/QTOF data showed distinctive total 
ion chromatography (TIC) for different wood species (Figure 3; SI 
Figure 6 through SI Figure 14). The close chemical profiles reported 
between D. tucurensis and D. stevensonii analyzed by DART/TOF (Espi-
noza et al., 2015) were not a limitation with the added dimension of 

chromatographic separation (SI Figure 8 and SI Figure 12). 
Many Dalbergia specimens showed remarkable repeatability of TIC 

pattern that was immediately indicative of species, eg. D. latifolia and 
D. sissoo (SI Figure 7 and SI Figure 9), while others exhibited more 
variation. For example, D. nigra intra-species variation was apparent (SI 
Figure 6), although this did not prevent its visual differentiation from 
the anatomically similar D. spruceana (Figure 3). The diversity, phylo-
geographic structure and demographic history of D. nigra has previously 
been recognized (Ribeiro et al., 2011). Overall, visual TIC assessment 
was often informative but not always straightforward, with random 
peaks caused by natural wood variation, wood processing, and common 
GC column bleed causing variation (SI Figure 13). 

Since the CITES I listed D. nigra was of particular concern environ-
mentally, specimens of this species and the close lookalike, D. spruceana, 
were reviewed by published identifying ion extraction. For D. nigra, the 
reported dalnigrin identifier (Kite et al., 2010) was likely the peak 
observed at 298.0836 m/z by GC/QTOF and spectral peak formula 
identification supported this conclusion for all D. nigra specimens (SI 
Figure 15 and SI Figure 16). The anatomically similar D. spruceana 
samples all showed pseudobaptigenin identifier (Kite et al., 2010) 
confirmed by NIST library search (SI Figure 17). D. spruceana specimens 
also showed a distinctive early eluting strong response peak (Rt ~11.5 
min) for which the EI+ GC/QTOF showed a [M+] at m/z 208.1084 
(C12H16O3+). This likely corresponded to an ion observed at 209.12 
m/z [M+*] or [M+H]+ by Lancaster et al. (2012a) using DART/TOFMS. 
A NIST search of the spectrum suggested the compound was elemicin (SI 
Figure 17), corresponding with Proton Nuclear Magnetic Resonance 
(PMR) MS analysis (Cook et al., 1978) and DART/TOF-MS spectra 
(Wiemann and Espinoza, 2017). While the authors suggested this com-
pound as an identifier for D. spruceana, it is noted that elemicin is a 
constituent of several plant species, including Canarium luzonicum 
(Mogana and Wiart, 2011), D. bariensis (Yang et al., 2015) and D. latifolia 
(Ni et al., 2019). In fact, a number of the wood compounds previously 
cited as species “identifiers” were observed to be present to variable 
degrees in other genera and species, hence these compounds would be 
better termed “indicators”. 

Overall, the time consuming and potentially impossible nature of 
determining specific ”identifier” ions for every species was a daunting 
prospect, especially considering observed chemotype similarity between 
some species eg. D. stevensonii and D. oliveri (Figure 3). This obstacle 
prompted us to explore the application of data mining, using the readily 
compatible Agilent Unknowns Analysis and MPP statistical analysis 
software. An advantage was the unbiased nature of the machine learning 
process, in comparison to the subjective manual selection of mass ions 
used by other procedures for wood identification. Deconvolution of 
complex chromatographic data, followed by frequency filtering and 
statistical analysis, enabled efficient software selection of the most sta-
ble and discriminating entities from the thousands present. Resulting 
two-dimensional (2D) PCA plots visually showed the variability within a 
species group and 95% confidence intervals between groups, readily 
distinguishing between clusters of the two chemotypically similar 
D. stevensonii and D. oliveri species (Figure 4). 

Variability in GC/QTOF data collated over multiple analysis batches 
was reduced by the retention time locking feature of the GC. In this way, 
endangered rosewoods Dalbergia latifolia and Dalbergia oliveri were 
screened against a lookalike genus, Guibourtia spp., which itself includes 
three CITES Appendix II listed species (G. demeusii, G. pellegriniana & 
G. tessmannii). Visual inspection of TICs readily distinguished between 
these specimens (SI Figure 7 , SI Figure 11, SI Figure 14) and the result 
was substantiated by PCA scatterplot (SI Figure 18). Similarly, three 
Dalbergia species formed distinct clusters statistically separate from 
lookalike Pterocarpus spp. and Millettia leucantha (Figure 4). For com-
parison with published data (Deklerck et al., 2017), D. melanoxylon was 
successfully differentiated from Milicia excelsa and Dalbergia lookalike 
genus Platymiscium spp. (Figure 4). Furthermore, despite the wide che-
motype variability in Dalbergia, a PCA scatterplot was able to 

Fig. 2. Example Dalbergia latifolia extract colors.  

Fig. 3. EI+ GC/QTOF example TIC chromatograms for D. nigra, D. retusa, D. 
tucurensis, D. sissoo, D. melanoxylon, D. latifolia, D. stevensonii, D. oliveri, 
and D. spruceana. 

P. Brunswick et al.                                                                                                                                                                                                                              



Environmental Advances 5 (2021) 100089

5

collectively group seven Dalbergia species, namely D. latifolia, D. mela-
noxylon, D. nigra, D. oliveri, D. retusa, D. sissoo, and D. stevensonii, and 
distinguish the whole group from the lookalike Platymiscium spp. 
(Figure 4). 

In consequence of justified restrictions on the trade of the endan-
gered Brazilian rosewood Dalbergia nigra (CITES Appendix I), other 
Dalbergia species with similar strength, hardness, color, esthetic 
appearance, and acoustic properties, have become substitutes. Of these, 

Fig. 4. Principal Component Analysis 2D scatterplots of EI+ GC/QTOF data showing 95% confidence limits for data from distinct sample sources. Top left, 
D. stevensonii and D. oliveri; Top right, D. melanoxylon, Milicia excelsa, Platymiscium spp.; Bottom left, Dalbergia spp. (latifolia, melanoxylon, nigra, oliveri, retusa, sissoo, 
stevensonii) and Platymiscium spp. Bottom right, Dalbergia spp. (latifolia, nigra, stevensonii), Milettia leucantha and Pterocarpus spp. 

Fig. 5. Partial Least Squares Discrimination preliminary quality assurance testing model limited to D. nigra, D. melanoxylon, and D. spruceana from distinct samples 
sources analyzed by EI+ GC/QTOF. 
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the closest anatomically is Dalbergia spruceana. The ability of a Partial 
Least Squares Discriminant Analysis (PLS-DA) model to distinguish be-
tween these closely related species was initially tested using the 
anatomically similar D. nigra and D. spruceana, together with an addi-
tional lookalike D. melanoxylon. Results accurately predicted the correct 
species of blind quality assurance samples, with a mean 0.954 ±0.03 
confidence for D. spruceana and 0.966 ±0.045 for D. nigra (Figure 5), 
suggesting that GC/QTOF data offered a robust statistical model for 
closely related wood species. To address a larger number of species 
collated from multiple analytical batches, we used a Random Forest 
decision tree approach to handle the highly complex data and uneven 
number of replicates per species. Each feature used to build the model 
was extracted, aligned, and recursively analyzed via Agilent Unknowns 
Analysis and MassHunter Quantitative analysis to ensure the best sta-
tistical reliability of the feature set. To select descriptive features for the 
modeling approach, only features that passed an ANOVA (p<0.05) with 
all species were chosen. Generally, we found the reliable prediction of 
D. spruceana to be challenging due to the high degree of variability 
observed in distinct specimens of the species and the limited number of 
specimens available (SI Table 1). When a Random Forest model was 
built for eight prevalent Dalbergia species, it was able to successfully 
predict wood species after validation, however, the confidence values 
for D. spruceana were much lower than for other species (SI Table 9). The 
decreased confidence for D. spruceana was also reflected in the boot 
strapping of the model, after 200 trees the Out of Bag error was 0.06 but 
D. spruceana was at a 0.3 error rate (Figure 6). When the Random Forest 
model was limited to just D. spruceana and a few morphologically similar 
species (namely D. melanoxylon and D. nigra), the Out of Bag error and 
error for each individual species went to zero in less than 50 trees 
(Figure 6) and validation of the model returned high confidence scores 
of 0.8 or higher (SI Table 10). Results demonstrated that Random Forest 

modelling of GC/QTOF data coupled with machine learning methods 
can be confidently used to predict Dalbergia species when sufficient 
specimens are available. 

3.3. Wood identification by LC/QTOF 

Wood extracts were further analyzed by Agilent Jetstream ES+ and 
ES- modes of LC/QTOF, using the same mass spectrometer instrument as 
for DART analysis. In contrast to GC/QTOF, LC/QTOF provided fewer 
visual TIC features to readily distinguish specific wood species, both in 
ES+ (SI Figure 19, SI Figure 22 to SI Figure 26) and ES- modes (SI 
Figure 20, SI Figure 21, SI Figure 27 to SI Figure 35). 

In support of the previous GC/QTOF results confirming “indicator” 
ions for D. nigra and D. spruceana specimens, LC/QTOF results for 
D. nigra compared well with the in-depth chemotyping reported by Kite 
et al. (2010) using similar conditions but a different mass spectrometer 
(SI Figure 36). D. nigra specimens (CITES Appendix I) exhibited a 
probable dalnigrin component at 299.0914 m/z in ES+ and 297.0768 
m/z in ES- (SI Figure 37 and SI Figure 38). Caviunin, previously re-
ported using two-dimensional (2D) DART/TOF-MS (Lancaster, 2012a; 
Wiemann and Espinoza, 2017), was also observed (SI Figure 39 and SI 
Figure 40). For the anatomically similar D. spruceana (CITES Appendix 
II), pseudobaptigenin was observed at 283.0601 m/z in ES+ (SI 
Figure 41) and 281.0453 m/z in ES- (SI Figure 42). A targeted “Find by 
Formula” algorithm (Agilent MassHunter Qualitative software) found 
these compounds to varying degrees in multiple other Dalbergia species. 
However, while results suggested the presence of these compounds and 
mass spectra were complimentary, further confirmation by fragmenta-
tion pattern was not applied due to time constraints. Further, it had been 
reported that extraction of ions could not be used as a visual indicator of 
D. spruceana without time-consuming individual mass-spectral 

Fig. 6. Out of Bag Error estimates for a Random Forest Model after 200 trees with GC/QTOF data (left) and ES- LC/QTOF (right) from eight prevalent Dalbergia 
species (top) and four prevalent Dalbergia including D. spruceana (bottom left) or seven prevalent Dalbergia excluding D. spruceana (bottom right). 
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assessment to distinguish each from other species (Kite et al., 2010). 
Thus, conclusions drawn based on visual interpretations alone may not 
be rigorous enough for a court of law, leaving results open to challenge. 
Since many of the peaks and ions observed in the chromatography 
appeared to varying degrees in more than one species, or even genus, the 
ability of data mining software to sift through the multiple dimensions of 
information was essential to corroborate visual conclusions. Indeed, a 
very recent publication has emphasized the potential of similar software 
procedures to identify plant geographical source (Creydt et al., 2021). 
With our current LC/QTOF data, application of Agilent Profinder soft-
ware allowed for untargeted peak detection and alignment of peaks 
using accurate mass, retention time, and isotope pattern, thus enabling 
subsequent statistical analysis. Initial tests successfully compared 
several Dalbergia species with another heavily traded precious wood 
genus, Pterocarpus (Figure 7) (Wood Database (The), 2020). Four un-
confirmed specimens of Caesalpinia, a Dalbergia lookalike, were also 
differentiated from the grouped Dalbergia species (Figure 7). 

Dalbergia nigra (CITES Appendix I) remains one of the most restricted 
of the rosewoods, while other Dalbergia substitutes include D. spruceana, 
D. latifolia, D. stevensonii, and D. retusa (Wood Database (The), 2020), all 
currently CITES Appendix II listed. Of these species, a close similarity 
was observed between D. latifolia versus D. sissoo, and D. oliveri versus 
D. stevensonii by both GC/QTOF (Figure 3) and DART/QTOF analysis (SI 
Figure 43). In the current study, PCA and Partial Least Squares Linear 
Discriminant Analysis (PLS-LDA) statistical analysis of LC/QTOF data 
provided a clear visual differentiation between these and other closely 
related Dalbergia spp. (Figure 8) (SI Figure 44, SI Figure 45). The 
D. spruceana were sourced from three independent xylaria and, while it 
is recognized that this initially limited number of specimens (4) could 
not offer a full statistical profile, results demonstrated the potential for 
the predictive capability of the procedure. 

Additionally adding D. spruceana and more Dalbergia species 
(D. melanoxylon, D. sissoo, D. stevensonii, and D. oliveri) together with 
D. nigra, D. latifolia, and D. retusa in the PCA model moved some species 
groups closer with sample groups more diffuse (SI Figure 46). This 
observation may be attributed to individual features being less statisti-
cally indicative of a species overall in a large comparison group. Simi-
larly, when a Random Forest Decision tree was built for all species, it 
confidently predicted the outcome of species during validation predic-
tion, but confidence values were much lower for the D. spruceana sam-
ples (SI Table 11). Additionally, for the tree bootstrapping, the overall 
Out of Bag error was 0.042 after 100 trees but it remained high at 0.5 for 
D. spruceana (Figure 6). Although the prediction of many species under 
this scenario remained highly accurate, given our currently limited 
number of D. spruceana samples, an “all-in one” approach may not work 

for such scenarios. When D. spruceana is left out of the model, prediction 
values remain high (SI Table 12), with the Out of Bag error for the 
Random Forest models at zero after 100 trees (Figure 6). Thus for LC/ 
QTOF data, a two-step approach is recommended, using a larger 
Random Forest model when many species are compared, together with a 
secondary tier PLS-DA sub-models for differentiation of fewer species. 

In summary, data mining combined with statistical analysis tech-
niques offer a powerful visualization tool and understandable confi-
dence limits for large data sets, but there are some limitations. As with 
other published DART/JEOL-TOF statistical analysis (Espinoza et al., 
2015; McClure et al., 2015; Deklerck et al., 2017), results presented are 
dependent upon the comparisons made within each statistical data set. 
Statistical models can become misleading where raw data is poor or, 
where selective comparison of disparate species groups or inappropriate 
sampling features have been manually chosen. Considering these limi-
tations are applicable to all statistical MS analysis techniques, our study 
demonstrated that both the GC/QTOF and LC/QTOF platforms were 
highly capable of generating profiles in which statistical models could be 
built and applied for prediction of Dalbergia species. The versatility of 
the machine learning process further enables its application to unit mass 
resolution data, such as that collected by routine GC/MS instruments. 
These machine learning processes apply algorithms to the mass spectral 
data, enabling a more accurate decision making process. Evidence of the 
software weighting species by neutral mass and retention time can be 
seen in the Variable Importance and Projection (VIP) score plot for our 
model (Figure 9). In this step, the software determined how it should 
appropriately weigh each component in it’s decision making. In fact, 
machine learning software development was initiated using LC/MS data 
and has proven invaluable in areas of scientific identification, such as 
proteomics. There appears to be great potential for these procedures to 
be adopted by the wood species identification response against the 
trafficking of endangered species. 

4. Conclusion 

The current study assessed mass spectrometry procedures in support 
of wood species identification for enforcement purposes. A DART 
module paired with a high-resolution Agilent iFunnel-QTOF mass 
spectrometer produced notably higher response ions for major phyto-
chemicals, while filtering out of the lesser ions in comparison to the 
ForeST Database DART/JEOL-TOF spectra. The observed statistical 
differences in ion response ratio did not allow direct application of the 
ForeST Database, which may be limited to a specific hardware config-
uration. Future potential remains for compiling a DART mass spectral 
database with other compatible mass spectrometer instruments. 

Fig. 7. Principal Component Analysis of ES+ LC/QTOF data for a variety of Dalbergia spp. (n=49) and other genus, Pterocarpus and Caesalpinia from distinct samples 
sources. It is noted that D. latifolia was combined with D. sissoo, and D. stevensonii combined with D. oliveri. 
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Contemporary GC/MS, with peak retention time locking feature to 
compensate for intra-batch variability, produced reliable wood species 
identification results, together with consistent EI+ spectra offering NIST 
library search capability. While such GC based analysis was lengthier in 
comparison to DART analysis, the procedure allowed for unattended 

overnight sequence analysis of hundreds of extracts. Further, the in-
clusion of chromatographic compound separation offered an additional 
dimension, with corresponding ability to avoid wood processing con-
taminants and provide vastly increased minable raw data. Application of 
machine learning processes significantly supplemented basic visual 

Fig. 8. Principal Component Analysis 3D and scatterplot (showing 95% confidence limits) of seven Dalbergia spp (nigra, melanoxylon, sissoo, latifolia, stevensonii, 
oliveri, and retusa) from distinct samples sources by ES- LC/QTOF over multiple analytical batches 

Fig. 9. Variable Importance and Projection (VIP) score plot for Random Forest Model assessing seven Dalbergia species by LC/QTOF.  
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interpretation of both EI+ GC/QTOF and ES+ or ES- LC/QTOF data. 
Software algorithms assessed the mass spectral data by accurate unbi-
ased selection of relevant species, enabling statistical software to 
distinguish between closely related anatomically and chemotypically 
similar Dalbergia species, in addition to their differentiation from other 
genera. It is anticipated that all procedures, including initial screening 
by DART/JEOL-TOF and machine vision systems, together with confir-
matory analysis by the presented advanced machine learning process 
procedures of GC/QTOF and LC/QTOF, and indeed basic GC/MS and 
LC/MS, will form the corroborative basis of future response to illegal 
logging and wood trafficking. 
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