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Abstract

Using chemical fingerprints for timber species identification is a relatively new, but
promising technique. However, little is known about the effect of pre-processing
spectral data parameter settings on the timber species classification accuracy. There-
fore, this study presents an extensive and automated analysis method using the ran-
dom forest machine learning algorithm on a set of highly valuable timber species
from the Meliaceae family. Metabolome profiles were collected using direct analy-
sis in real-time (DART™) ionisation coupled with time-of-flight mass spectrometry
(TOFMS) analysis of heartwood specimens for 175 individuals (representing 10
species). In order to analyse variability in classification accuracy, 110 sets of data
pre-processing parameter combinations consisting of mass tolerance for binning
and relative abundance cut-off thresholds were tested. Furthermore, for each set of
parameters (designated “binning/threshold setting”), a random search for one hyper-
parameter of interest was performed, i.e. the number of variables (in this case ions)
drawn randomly for each random forest analysis. The best classification accuracy
(82.2%) was achieved with 47 variables and a binning and threshold combination
of 40 mDa and 4%, respectively. Entandrophragma angolense is mostly confused
with Entandrophragma candollei and Khaya anthotheca, and several Swietenia
species are confused with each other due to the high similarity of their chemical
fingerprints. Entandrophragma cylindricum, Entandrophragma utile, Khaya ivo-
rensis, Lovoa trichilioides and Swietenia macrophylla are easy to discriminate and
show less misclassifications. The choice of parameter settings, whether it is in the
data pre-processing (binning and threshold) or classification algorithm (hyperpa-
rameters), results in variability in classification accuracy. Therefore, a preliminary
parameter screening is proposed before constructing the final model when using the
random forest algorithm for classification. Overall, DART-TOFMS in combination
with random forest is a powerful tool for species identification.
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Introduction

The trade in illegal timber species is still problematic and results in economic
and ecological problems (Jolivet and Degen 2012). Vlam et al. (2018) state that
trade from illegal harvesting leads to detrimental effects on the rich and biodi-
verse tropical forests and hurts the local economy through tax evasion practices.
A first indication of illegal timber trade is often inconsistent paperwork; however,
this might not be sufficient to prove illegal trade, and timber species identifica-
tion might be required. Dormontt et al. (2015) report that for screening suspect
material and identification of illegally sourced timber, there is currently a lack
of forensic identification tools. Although several techniques exist to identify or
determine the origin of the timber, these techniques lack the harmonious collabo-
ration to support legal timber trade (Dormontt et al. 2015).

Traditional wood anatomy, for example, focuses on the anatomical features,
such as parenchyma, vessels, rays and fibres to identify a species. Although wood
identification using conventional optical light microscopy is usually sufficient to
identify a wood sample to genus level, the technique sometimes fails to determine
the species (Dormontt et al. 2015; Gasson 2011) and separating closely related
taxa can be problematic as well (Deklerck et al. 2017). Automated classification
techniques based on imagery transverse cross-sections are increasingly investi-
gated and show promising results (Hermanson and Wiedenhoeft 2011; Ravindran
et al. 2018; Rosa da Silva et al. 2017). However, such techniques depend on the
availability of wood transverse cross-sections and these are not always easy to
obtain. The application of near infrared (NIR) spectroscopy is less common but
has shown success for discriminating between different species or even determin-
ing the provenance of a limited number of species (Brunner et al. 1996; Tsuchi-
kawa et al. 2003; Pastore et al. 2011). DNA analysis is successful in identifying
the species, however, at the expense of increased time (several days) and cost
(Dormontt et al. 2015). In addition, analysing DNA sequences from wood sam-
ples for genetic differentiation is challenging due to the difficulties in isolating
DNA from dried and processed wood (Holtken et al. 2012). Yet, DNA microsatel-
lites have been used successfully for tropical timber tracing (Degen et al. 2013;
Jolivet and Degen 2012; Tnah et al. 2010). Alternatively, stable isotope analysis
can be used, but it is only capable, to a certain extent, to determine the origin
of the traded timber, not the species (Dormontt et al. 2015; Kagawa and Leavitt
2010).

Recently, another technique has been developed using direct analysis in
real-time (DART) (Cody and Laramée 2005) time-of-flight mass spectrometry
(TOFMS). Wood slivers are placed in a heated helium gas stream for an average
of eight seconds, which leads to thermal desorption and ionisation of the mol-
ecules. This results in a unique chemical pattern based on secondary metabolites
(metabolic or chemical fingerprint), which is used to identify the species in ques-
tion. DART-TOFMS has proven to be successful to discern between several tim-
ber species (Deklerck et al. 2017; Espinoza et al. 2014; Lancaster and Espinoza
2012; McClure et al. 2015; Musah et al. 2015) or even keratin types (Price et al.
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2018). However, little is known about the effect of parameter settings in the data
processing on species classification accuracy.

In this study, the focus was on assessing the variability in classification accuracy
using DART-TOFMS and different parameter settings employing the random for-
est algorithm on species from the Meliaceae family: Entandrophragma angolense
(Welw.) C. DC., E. candollei Harms, E. cylindricum (Sprague) Sprague, E. utile
(Dawe & Sprague) Sprague, Khaya anthotheca (Welw.) C. DC., K. ivorensis A.
Chec., Swietenia macrophylla King, S. mahagonie (L.) Jacq. and S. humilis Zucc.
species and Lovoa trichilioides Pierre ex Sprague. The Entandrophragma species,
together with the Swietenia’s and Khaya species, are generally referred to as the
mahoganies or the acajous from Africa (Beeckman 2003; Kasongo et al. 2019). The
mahogany group is still one of the most highly valued and traded timber families
(Gasson 2011), and it is vital to identify the species within the Meliaceae. Monthe
et al. (2017) also state that the Entandrophragma genus is one of the most economi-
cally important genera in Africa. However, the four Entandrophragma species dis-
cussed in this paper are currently listed as vulnerable by the IUCN red list (www.
iucnredlist.org). L. trichilioides, K. anthotheca, K. ivorensis, S. macrophylla and
S. humilis are also listed as vulnerable. S. mahagoni is currently endangered and
the entire S. genus is protected by the Convention on International Trade in Endan-
gered Species (CITES, UNEP-WCMC). The popularity and threat of selective log-
ging for Swietenia macrophylla justify its inclusion in CITES Appendix II (Braga
et al. 2011; Gillies et al. 1999; Lemes et al. 2003, 2010; Novick et al. 2003). As
Gasson (2011) indicated, custom officers could have trouble identifying a shipment
of reddish brown wood and mark it as Swietenia sp., Khaya or Entandrophragma
from Africa or a dipterocarp from SE Asia. Other than through wood anatomical
descriptions and conventional optical light microscopy (for a full description see
Electronic Supplementary Materials), several techniques have been used to identify
timbers from the Meliaceae family. Holtken et al. (2012) developed DNA markers
for the identification of several Cedrela, Entandrophragma, Khaya and Swietenia
species in the Meliaceae family. Monthe et al. (2018) showed that E. congoense and
E. angolense are distinct species based on their morphological traits and genetics.
Rosa da Silva et al. (2017) identified and classified wood species, including several
species from the Meliaceae family, using pattern recognition and anatomical charac-
teristics of transverse cross-sections. Ravindran et al. (2018) identified 10 species in
the Meliaceae family using transverse cross-sections and deep convolutional neural
networks. Braga et al. (2011), Pastore et al. (2011) and Bergo et al. (2016) applied
near infrared spectroscopy (NIR) for the identification of S. macrophylla.

There are two main objectives: (1) to provide an automated protocol to optimise
timber identification using DART-TOFMS by determining the optimal parameter
settings combined with random forest analysis and (2) to determine which species in
the Meliaceae family are most often misclassified and as such pinpointing confound-
ing species in timber trade.
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Materials and methods
Sample collection and DART-TOFMS

Heartwood specimens of all species, E. angolense, E. candollei, E. cylindricum, E.
utile, K. anthotheca, K. ivorensis, L. trichilioides, S. macrophylla, S. humilis and S.
mahagoni were collected from different institutions and xylaria (see Supplementary
Materials). Slivers (+2 to 3 cm long, max 4 mm wide) were sampled from these
specimens and analysed using a DART-SVP ion source (IonSense, Saugus, MA,
USA) coupled to a AccuTOF 4G time-of-flight mass spectrometer (JEOL USA, Pea-
body, MA, USA). The slivers were placed in the heated gas stream containing elec-
tronically excited helium atoms produced by the DART ion source. Spectra were
obtained in positive ion mode, with the DART ion source parameters and mass spec-
trometer settings as defined in Evans et al. (2017), Lancaster and Espinoza (2012)
and McClure et al. (2015) over a mass range of m/z 60 — 1100. A mass calibration
standard (poly(ethylene glycol) 600 (Ultra, Kingstown, RI, USA)) was measured
between every 5th sample. TSS Unity (Shrader Software Solutions, Inc., Grosse
Pointe Park, MI, USA) data reduction software was used to export the txt-files of the
mass-calibrated, centroided mass spectra.

Species classification analysis and settings optimisation

A heatmap of the spectra was constructed using Mass Mountaineer Mass Spec-
tral Interpretation Tools software (massmountaineer.com). It shows the variation
in intensity of ions within the samples and serves as a first visual check for dif-
ferences between species. Random forest is a well-known machine learning tech-
nique and has been used in previous studies concerning timber identification using
DART-TOFMS data (Deklerck et al. 2017; Finch et al. 2017; Paredes-Villanueva
et al. 2018). It is important to obtain the optimal parameter settings for the model
before concluding on species classification accuracy. Most algorithms using DART-
TOFMS data require the use of a data frame, or matrix, where the columns and rows
correspond to the ions (predictors, variables) and samples, respectively. Moreover,
this requires binning ions with the same integer m/z values (“isobaric ions”) based
on the size of a mass tolerance expressed as milliDaltons (mDa) or millimass units
(mmu). The minimum mass tolerance for discriminating between isobaric ions is
related to the mass spectrometer resolving power (which is 10,000 using the full
width at half maximum definition for this mass spectrometer) and mass accuracy
(2-3 mDa). The larger the mDa tolerance level, the more isobaric ions are binned
together and the fewer columns will be included in the data frame. Smaller mDa
tolerance levels lead to less binning and more columns. This binning is required to
have the same basis for comparison between samples. The abundance cut-off thresh-
old setting determines which ion intensities will be included in the analysis. If, for a
given sample, a certain intensity of an ion falls below the threshold that ion will not
be included for that sample. Even though previous DART-TOFMS studies achieved
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high classification accuracy, the majority of these reports relied upon chemometric
methods that require selection of specific feature masses, either manually by inspec-
tion or by using mathematical methods such as Fisher ratio analysis (see Deklerck
et al. 2017; Price et al. 2018). Little is known about the effect of choosing differ-
ent binning and abundance parameters for data pre-processing with methods such
as hierarchical clustering or random forest that do not rely upon feature selection.
There are two steps in which parameters need to be optimised: first, the combination
of an mDa binning and thresholding; second, the hyperparameters corresponding to
the random forest model. In the latter case, the focus was on the number of variables
drawn randomly for each random forest model, denoted by mtry.

The aforementioned txt-files were exported to Excel-csv files based on different
binning and abundance cut-off threshold settings (mDa: 1-10, 20, 30, 40, 50, 60,
70, 80, 90, 100, 150, 200, 250, threshold: 1-5, 110 combinations) using an in-house
written R-code (RStudio Team 2015) written for automatic binning and thresholding
(Supplementary Materials). When the abundance of an ion falls below the abun-
dance threshold cut-off, it is removed from the txt-file before the data frame crea-
tion. In total, 100 random forest models were built (100 mtry settings, each with 500
decision trees) per mDa-bin/abundance cut-off threshold setting. The number of var-
iables was randomly sampled between one and the maximum amount of variables in
that dataset (depending on the binning, see above). It could be shown that the latter
random grid search achieves better results, compared to standard grid search (Berg-
stra and Bengio 2012). Calculations were done using the caret (Kuhn 2018) and
mlbench (Leisch and Dimitriadou 2010) R packages. Fivefold cross-validation was
used in order to obtain an out-of-sample error estimate of the classification accuracy.
Finally, a confusion matrix was constructed to determine which species were mis-
classified. To obtain a reliable out-of-sample estimate for the confusion matrix, five-
fold cross-validation was performed on the complete dataset based on the best mDa
binning, threshold and mtry settings. Finally, the five confusion matrices obtained
were aggregated via summation.

Results and discussion

Figure 1 shows the chemical fingerprint heatmap for the different samples grouped
by species. The Swietenia species have a very different chemotype compared to the
other species. The ion around 871 m/z is an identifier for this group. Clear differ-
ences between the Swietenia species are not that obvious. L. trichilioides has a clear
presence of ions around 395, 409 and 427 m/z, similar to the Swietenia species, but
it is lacking the ion around 871 m/z. K. ivorensis differs by the high intensity of the
ion around 338 m/z. It is more difficult to differentiate between the remaining spe-
cies based on visual inspection of the heatmap only. E. cylindricum has a more or
less clear presence of ions around 205, 713 and 829 m/z compared to the other spe-
cies, while E. utile only has an ion signal around 829 m/z. There is a range of ions
(429-574 m/z) that is present in E. angolense, but this is not consistent across all the
samples of the species. K. anthotheca and E. candollei have a very similar chemo-
type and no immediate differences are visible.
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Fig. 1 Heatmap showing the presence of the ions for the different specimens per species. Y-axis: speci-
men number with the chemotype grouped per species, x-axis: mass to charge ratio (m/z) for the detected
molecules. The colour intensity of the squares is an indication of the abundance of the ions in the speci-
men. Characteristic ions for each group of species are shown in black squares

Previous studies using DART-TOFMS and the random forest machine learn-
ing algorithm (Deklerck et al. 2017; Finch et al. 2017; Paredes-Villanueva et al.
2018) combined a 250 mDa and 1% threshold for their classification. However,
little is known about the effect of these parameters on the random forest clas-
sification accuracy. Recent research by Beyramysoltan et al. (2018) mentions the
effect of different threshold settings (1%, 2% or 3%) in combination with neural
networks for identification of larva, pupa and adult life stages of carrion insects.
A 2% threshold gave the highest prediction accuracy in their study. However, the
screening space was limited, and the bin-size remained fixed at the resolution of
the instrument (5 mDa). In the present study, the bin-size was varied as well, as
optimising species identification was most important compared to potential com-
pound identification. The heatmap showing the accuracy for the optimal model
in terms of hyperparameters for the random forest, obtained after a random grid
search as explained above, can be seen in Fig. 2. The overall best accuracy was
82.2%, using the 40 mDa binning and the 4% threshold setting combination with
500 trees and 47 variables for the final random forest model. Less optimal results
were achieved when using higher thresholds and lower mDa bin-sizes. The 1 mDa
binning and 5% threshold combination yields particularly inaccurate results. This
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Fig.2 Above: Heatmap showing the random forest classification accuracy for each mDa binning size/
threshold combination. Below: For the best mDa bin/threshold (40-4%) combination, both the effect of
the number of variables on the accuracy and the standard deviation are shown for 100 random forest runs
with a random choice of variable number (mtry). The line represents the LOESS fitted regression curve
with 95% confidence intervals (grey band)

might be explained by the choice of a narrow (low mDa) binning tolerance that
is smaller than the statistical mass accuracy of the mass spectrometer resulting in
a large number of ions. Further, the high abundance cut-off threshold leads to a
limited selection of classifying ions. Additionally, including the so-called back-
ground or noise ions leads to a higher number of unnecessary variables. High
classification accuracy was also achieved when taking a 40 mDa binning toler-
ance and a 1% threshold. As mentioned, previous studies used a 250 mDa bin-
size, mainly to reduce the number of variables and as such computation time,
combined with a 1% threshold. However, this might lead to non-optimal clas-
sification accuracies as can be seen in Fig. 2. A preliminary screening is pro-
posed to determine the best settings before moving towards the final model con-
struction and validation. Choosing a large mass tolerance for binning increases
the possibility that isobaric interferences and/or contaminants may be confused
with species-specific compounds. For example, a peak at m/z 285.0763 is present
in the DART mass spectra of Dalbergia species corresponding to a protonated
compound with the formula C,cH;05 (see also Lancaster and Espinoza 2012). A
common interference may be observed at m/z 285.2794, corresponding to the for-
mula CgH,0,, for example, protonated octadecanoic acid or protonated methyl
heptadecanoic acid. These species have masses that differ by 203 mDa and
will not be separated with a binning tolerance of 250 mDa. There is a trade-off
between compound selectivity and the number of features (columns) presented
to the classification algorithm. Although the degree to which this influences the
classification performance is beyond the scope of this paper, it is worthy of fur-
ther investigation in future studies.
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The effect of the number of variables for the best binning and threshold com-
bination on the accuracy and standard deviation can also be seen in Fig. 2. Here,
100 random forest models were run (with random number of variables) for the 40
mDa binning and 4% threshold combination. The line represents the LOESS fitted
regression curve with 95% confidence intervals (grey band). When using less than
30 variables, the accuracy is at a minimum, due to insufficient information for the
classification algorithm to discriminate between species. The highest accuracy is
achieved for 47 variables, after which the accuracy decreases with increasing num-
ber of variables. The lowest standard deviation, however, is achieved with 400 vari-
ables, although variation in the results is still observed.

The confusion matrix after fivefold cross-validation using the optimal pre-pro-
cessing parameters and miry settings can be seen in Fig. 3. This allows us to evalu-
ate the results of species identification and understand the correlation with the heat-
map shown in Fig. 1.

Samples from E. angolense are most confused with E. candollei and K.
anthotheca and vice versa. This is in line with what can be noted in the heatmap,
the three species have very similar chemical fingerprints. It has been shown before
that E. angolense and K. anthotheca are difficult to adequately identify using texture
analysis of anatomical transverse cross-sections (Rosa da Silva et al. 2017); how-
ever, there are minor anatomical differences (Supplementary Materials). However,
the classification success in the study by Rosa da Silva et al. (2017) is still higher,
even with more species included, compared to using chemical fingerprints (74.8% to
57.1%). Although there is a group of ions for E. angolense (429 — 574 m/z) that are
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Fig.3 Out-of-sample confusion matrix for the optimal mDa-threshold setting and random forest model
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clearly unique, this is not consistent in all the samples. In the technique described
by Rosa da Silva et al. (2017), E. candollei (97.3%) was very distinguishable from
other Entandrophragma species. However, E. angolense and E. utile were harder to
distinguish between each other, which is not a problem with chemical fingerprinting.

Entandrophragma cylindricum is classified with high accuracy, as expected, since
it has a unique chemical fingerprint showing three identifying ion groups (Fig. 1).
This is different from using conventional light microscopy, where it is hard to distin-
guish between E. cylindricum and E. utile, especially when sampling is suboptimal
(Supplementary Materials).

There are some equivocal assignments between the different Swietenia—species,
as their chemical fingerprint is similar. 25% of the S. mahagoni samples and a third
of the S. humilis samples are being classified incorrectly as S. macrophylla (Fig. 3).
The difficulty of separating the Swietenia species was already indicated by Holtken
et al. (2012) using DNA analysis. Although the results are similar, as a technique,
DART-TOFMS shows fewer constraints for obtaining the wood samples, and the
only requirement is the need for heartwood. From the confusion matrix (Fig. 3), it is
clear that the classification of Swietenia macrophylla separately was more success-
ful and similar to the results obtained by Bergo et al. (2016), although in their paper
only four species were considered and species-specific PLS-DA models based on
NIR were used. In addition, the random forest classification accuracy would greatly
increase if only this Swietenia species was considered. The combination of wood
images and convolutional networks achieved high classification success for both
Swietenia macrophylla and mahagoni (100% and 91.4%, respectively), yet Swietenia
humilis was not included in that paper (Ravindran et al. 2018). Identification of spe-
cies within the Swietenia genus using conventional light microscopy is less straight-
forward (Supplementary Materials). It should also be noted here that distinguishing
between the genus Swiefenia and Khaya using conventional light microscopy is not
straightforward, although this is not a problem with DART-TOFMS spectra.

Both K. ivorensis and L. trichilioides perform well with only one sample for each
species misidentified. As shown in Fig. 1, these species have a clear set of unique
ions, which is consistent across all samples. In comparison, the method by Ravin-
dran et al. (2018) to identify K. ivorensis performed poorly (76.1%), however, differ-
ent species from the Meliaceae family were included in that study. DART-TOFMS
could work complementary here, not only as a quick screening technique but also to
help identify difficult species. It should be noted here that the classification success
for the discussed techniques highly depends on the parameters used and which sam-
ples or species are included in the study.

Conventional light microscopy to determine the genus is feasible; however, dif-
ferences on the species level are less obvious and might be challenging (Dormontt
et al. 2015; Gasson 2011). Here, DART-TOFMS might play a role in discriminat-
ing species that are difficult to separate based on wood anatomy (Deklerck et al.
2017). Although the technique is relatively new, there have been studies on the
effectiveness for difficult to identify species using wood anatomy, and satisfactory
classification results were achieved (Deklerck et al. 2017; Lancaster and Espinoza
2012; McClure et al. 2015). The main advantages of DART-TOFMS for timber
identification purposes are, as indicated, the versatility for forensic questions,
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the quick screening time and the small sample size needed (heartwood sliver).
These slivers are easy to obtain from, for example, imported musical instruments
of which the species identity is uncertain. These types of products are harder to
test using DNA analysis. Another difference is that DNA focusses on specific
markers for species identification, where the identification using mass-spec data
is done by classification or matching algorithms (Hartvig et al. 2015; Lancaster
and Espinoza 2012). NIR is promising as well but there are too few studies to be
able to assess the viability as a forensic technique. Deciding on species identifica-
tion, however, should still be done by looking at inconsistencies in the paperwork
together with a combination of different timber identification methods.

Conclusion

Little is known about the effect of pre-processing parameter settings for DART-
TOFMS spectra when the random forest algorithm is used for classification.
There is substantial variability in classification accuracy depending on the selec-
tion of the mass tolerance for binning and the abundance cut-off threshold. To
tackle this problem, a framework is proposed allowing for an automated screening
of the parameter space to retrieve the optimal settings for timber identification.
The optimal combination for the Meliaceae species evaluated in this study is a
mass tolerance bin-size of 40 mDa and a 4% abundance cut-off threshold, leading
to an overall classification accuracy of 82.2%. The optimal number of variables
included in the random forest analysis depends on these pre-processing param-
eters and species included in the analysis. Entandrophragma angolense is poorly
discriminated from Entandrophragma candollei and Khaya anthotheca, and there
is misclassification within the Swietenia genus due to very similar metabolic fin-
gerprints. Entandrophragma cylindricum, Entandrophragma utile, Khaya ivoren-
sis, Lovoa trichilioides and Swietenia macrophylla are easy to discriminate and
show less misclassifications. Combining DART-TOFMS spectra with the prelimi-
nary parameter screening and the random forest algorithm allows for a consistent
illegal timber identification pathway. However, a combination of different timber
identification techniques is still advised for difficult and confounding species.
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