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Summary – Illegal logging and illegal timber trade is a global problem. Anatomical, genetic, and chemical techniques support
illegal logging legislation by verifying the species and geographic origin of timber. In principle, these methods can be used
to identify timber species and the origin of harvest, however, the availability of specific tests for important timber species is
unclear. We review the status of these methods for the top 322 global priority timber taxa. Our results show that for species
identification, reference data exist for 100% of taxa using wood anatomy, 86% using genetics, 41% for using DART TOFMS, and
6% using NIRS. For origin identification, data exist for 24% of taxa, with most studies applying genetic approaches (23%). No
studies have developed forensic-ready tests for the global priority timber taxa. The review highlights that the current potential
for identifying species is greater than for geographic origin and more research focused on determining the geographical origin
of timber is required. Based on the current rate, it will take approx. 27 years to generate geographic data for all 322 priority taxa.
Finally,we identify researchopportunities to improve global timber tracing efforts. Our findings indicatemore research is needed,
and quickly so that scientific verification can support regulators to combat illegal logging.
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Introduction

Illegal logging is a major global issue that has negative environmental, economic, and social impacts including
deforestation and loss of biodiversity (Nellemann & INTERPOL 2012; Hoare 2015; Kleinschmit et al. 2016; Vijay et
al. 2016). In this review, the term illegal logging encompasses ‘all practices relating to the harvesting, processing,
and trading of timber inconsistent with national and sub-national law’ as per the definition given by Kleinschmit
et al. (2016). It has been estimated that illegally logged products may account for 15–30% of the total global trade in
timber (Nellemann & INTERPOL 2012) and is worth tens of billions of dollars per year (Hoare 2015; Jianbang 2016).
For example, in 2014 illegal logging was considered more profitable than any other natural resource crime, including
wildlife trafficking, illegal fishing, illegal mining, and crude oil theft (May 2017). Illegal logging is most problematic in
the tropical forests of Southeast Asia, Central Africa, and SouthAmerica, where, depending on country, illegal logging
accounts for 50–90% of the volume of all forestry (Nellemann & INTERPOL 2012), the boreal forests of Russia’s Far
East are also a hot spot where up to 50% of logging is illegal in some regions (Wyatt 2014).
In response to the mounting threat and activity surrounding illegal logging, several countries have introduced, or

are in the process of developing, legislation aimed at eliminating, or at least reducing, the trade of illegally harvested
timber and timber products. For example, Canada (WildAnimal andPlant Protection andRegulation of International
and Interprovincial Trade Act 1992), the United States (Lacey Act 2008), Australia (Illegal Logging Prohibition Act
2012), the European Union (European Union Timber Regulation 2013), Japan (Japanese Clean Wood Act 2017) and
the United Kingdom (United Kingdom Timber Regulation 2021) have implemented legislative measures to combat
the trade in illegally logged timber andwoodproducts (Lowe et al. 2016).More recently Indonesia, Japan, SouthKorea,
Malaysia, and China have taken steps to develop laws to prevent the import of illegally logged timber, and combined
with the US, EU, and Australia these markets represent approximately 90% of the internationally traded timber
in 2016 (Norman & Saunders 2017). Along with forest management measures such as selective logging (Edwards &
Laurance 2013) and plantation forestry (Bremer & Farley 2010), legislation developed to combat illegal logging and
the illegal timber trade is fundamental in the plight to preserve biodiversity worldwide.

Scientific verification techniques for tracing timber

The accurate determination of species and timber origin are key to both demonstrating compliance in timber
supply chains and policing illegal logging practices where a perpetrator is not ‘caught in the act’ of cutting down
a tree (Dormontt et al. 2015). The taxonomic identification of timber products is often challenging as timber lacks
the diagnostic features required for plant identification such as leaves, flowers, and fruits. To ascertain legality or
compliance, however, identifying or verifying the species or genus of the timber is required. Under national laws
or international agreements such as the Convention on International Trade in Endangered Species of Wild Fauna
and Flora (CITES), some but not all species in a genus may be protected and hence need to be differentiated. The
determination of timber origin is called for where timber species are protected or trade-restricted, in the case of
some species in CITES Appendix III, from certain areas (e.g., country, state, logging concession, plantation) of their
geographic range. There are several common methods used to incorporate illegally sourced timber into otherwise
legal supply chains, including forgery of compliance documentation presented at customs inspections, audits, or
required by certification schemes; and mixing of illegal timber with legal timber (INTERPOL 2016). The ability to
use characteristics inherent in the timber itself to accurately trace back through the supply chain to the geographic
origin of timber (e.g., region, country, plantation, or even to a specific tree from which timber has come) enables the
verification of claimsmade by compliance documentation and hence the legality of timber supply chains (Dormontt
et al. 2015; Lowe et al. 2016).
Scientific techniques for timber tracking based on inherent characteristics (as opposed to externally introduced

markers) include structural (wood anatomy, manual or machine vision), chemical (mass spectrometry and near-
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infrared spectroscopy), and genetic methods (DNA barcoding, population genetics, and phylogeographic studies
and DNA profiling). These techniques vary in (i) what they can identify (i.e., species, genus, geographical origin,
individual), (ii) their potential to be used for screening on the front-line (in the field or at customs) or as diagnostic
laboratory methods, and (iii) logistics such as cost, processing speed, equipment, and technical expertise required
and have been reviewed and compared by Dormontt et al. (2015), Schmitz et al. (2020) and Schmitz (2020). The
identification of species and geographical origin may be used to verify compliance documentation and the integrity
of timber supply chains or, if the impetus exists, as forensic evidence in a court of law. To be used as forensic tools,
techniques need to have undergone the rigorous process of forensic validation (seeGlossary), e.g., Best PracticeGuide
for Forensic Timber Identification by the United Nations Office on Drugs and Crime (UNODC 2016). In addition to its
value as a forensic tool used to curb the illegal logging and trade of timber, the forensic identification of timber can
be useful in biosecurity and pest management control across borders.
The application of scientific techniques to support the legal timber trade has been gaining increased attention

in the last five years, with reviews on timber identification and illegal logging published (Dormontt et al. 2015),
the release of a Best Practice Guide for Forensic Timber Identification by the United Nations Office on Drugs and
Crime (UNODC) in 2016 and a guide for different timber tracking methods (Schmitz et al. 2020). In addition, several
initiatives exist to bring together scientists, policy makers, and industry stakeholders who work on technologies and
policies to reduce illegal logging, including the Forest Legality Alliance (FLA, forestlegality.org) andWorld Forest ID
(Gasson et al. 2021); worldforestid.org). World Forest ID aims at creating extensive global reference databases for the
techniques discussed here.
Reviewing the global capacity to trace timber is pertinent as legislation increases worldwide. In the present review,

we comprehensively assess the current status, and success to date, of genetic, chemical, and anatomical techniques
for species identification and determining the geographic origin of tree species that are widely traded and/or highly
vulnerable to illegal trade. For species identification, we use reference databases to determine if the capacity to
identify species exists and for the determination of geographic origin, we interrogate the scientific literature to
determine for which species geographic origin can be identified or have the potential to be identified.

Materials andmethods

Reviewing the global capacity to trace timber

We assessed the current capacity for identifying species and geographic origin using genetic, chemical, and
anatomical techniques in August 2021. For our target taxa, we used theGTTNTree Species Priority List 2019 (hereafter
‘GTTN list’) (Cramm & Van Brusselen 2019). The priority species list includes 322 taxa susceptible to, or already
impacted by, illegal logging and trade across the world (36 genera, 286 species).

Species identification: reviewmethodology
For species identification, we searched reference databases to give us a snapshot of the current status of reference

data for genetic (DNA barcoding), chemical (Direct Analysis in Real-Time Time-Of-Flight Mass Spectrometry, DART
TOFMS), Near-Infrared Spectroscopy (NIRS) and microscopic wood anatomy methods. There is no NIRS database
available at the time of this writing so we relied on the literature to establish which species can be identified
using this method. Stable isotope ratio analysis is not considered here as this technique has not been used yet
for species identification (Dormontt et al. 2015). When searching reference databases we relied on the presence of
genetic markers, DART TOFMS spectra, or wood anatomical descriptions for the target taxa as indicators of the
potential for species identification.This approach assumes that the existence of reference data for a species, in a given
database, is sufficient to allow species-level identification of timber samples using the respective method. In reality,
this assumption is not alwaysmet.Woodanatomy is generally conservedbetween species of the samegenus,making it
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difficult to tell themapart, howeverwood anatomy is the onlymethod forwhich this discrepancy iswell characterised
and it is clear for each species whether the identification is to species or genus. For DNA barcodes and DARTTOFMS,
the situation is less clear. DNA barcodes are often shared between closely related species and the likelihood of
between species discrimination is increased with the inclusion of additional loci. It has been reported that for plants
species discrimination success of less than 70% is not uncommon with the standard barcoding loci (Hollingsworth
et al. 2011). DART TOFMS success at distinguishing closely related, or look-a-like, species varies depending on the
species group inquestion. Classification accuracies ranging from50%(dependingon the species;Deklerck et al., 2019)
to 100% (Cody et al. 2012) have been reported for DART TOFMS. NIRS has shown success for timber identification
but only on a select group of species (see further). Despite these complexities, the existence of reference data for a
given species does allow verification of whether the timber sampled is consistent with the claim, even if it cannot be
ruled out that there may have been a substitution for a closely related species. Therefore, we have chosen to use the
presence of genetic markers, DART TOFMS spectra, NIRS literature, and wood anatomical descriptions as proxies for
species identification capacity.
The genetic referencedatabaseGenBank (Sayers et al. 2020)was searched for keyDNAbarcodingmarkers. Searches

were carried out using the Matrix Maker script (Freyman & Thornhill 2016) in August 2021. For DART TOFMS we
searched the Forensic Spectra of Trees (ForeST©) database (curated by the US Fish andWildlife Forensic Laboratory,
Ashland, Oregon) which contains DART TOFMS spectra that have been used, or have the potential to be used,
for species-level identification (search undertaken in July 2021). For wood anatomy, we focused on microscopic
wood anatomy methods. The diagnostic identification of timber using wood anatomy, particularly to the species
level, is usually only achieved through microscopic as opposed to macroscopic examination (Schmitz et al. 2020).
We searched three databases and computerized identification keys that provide wood anatomical descriptions
according to the terminology of the International Association of Wood Anatomists (IAWA) (Richter et al. 2004). The
databases Commercial Timbers (Richter & Dallwitz 2000 onwards) and InsideWood (Wheeler 2011) were searched
for hardwoods and Softwood ID (Richter & Dallwitz 2016 onwards) for softwoods (searches undertaken July 2021).

Geographic origin determination: reviewmethodology

We assessed the current status and potential of scientific verification techniques for determining the geographic
origin of the priority taxa on the GTTN list. We surveyed the peer-reviewed scientific literature that demonstrate the
use, or the potential for use, of genetic (population genetics and phylogeography) and chemical (DARTTOFMS, NIRS,
and stable isotopes) methods for determining geographic origin for the target taxa. In particular, for the priority taxa
wewanted to know (i) if geographical differences between geneticmarkers, DARTTOFMSmass spectra, NIRS spectra,
or isotopic signatures have been investigated, (ii) if assignment analyses (e.g., samples assigned to their geographic
region of origin) have been undertaken, and (iii) if tests for determining geographic origin have been forensically
validated.
We searched the literature using a search string and the snowball method. The search string was developed and

refined in an iterative process based on its ability to capture several key journal articles and the quantity of non-target
studies in the search results. The search string had three sections to retrieve studies that (i) included the priority taxa
on theGTTN list, (ii) were relevant to the determination of geographic origin, and, (iii) contained search terms related
to genetics, DART TOFMS, NIRS or stable isotopes. Wood anatomy was not included in the literature search as it is
most commonly used for taxonomic identification and only occasionally used for geographic origin determination,
where restricted distributions mean that a species ID also confers information on geographic origin (Dormontt et al.
2015). Separate literature searcheswereundertaken for eachmethod. Literature searcheswere carriedout for genetics,
DART TOFMS, NIRS, and stable isotopes between June and September 2021 (see Appendix A at 10.6084/m9.figshare.
20268018 for a detailed description of the literature search methods).
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Fig. 1. Number and percentage of priority taxa for which species identification reference data exists in the genetic, DART
TOFMS, and wood anatomy databases surveyed (i.e., presence of genetic markers in Genbank (presence of at least one of the
nine barcoding markers: ITS, matK, psbA, rbcL, trnL, trnF, trnL-trnF, rpoB, and rpoC1), DART TOFMS spectra in ForeST and/or
anatomical descriptions in Commercial Timbers, InsideWood or Softwood ID) or in the NIRS literature.

Results

The following sections summarise our findings regarding the status of genetic, chemical, and microscopic wood
anatomy verification techniques for species identification and geographic origin determination. See Appendix B at
10.6084/m9.figshare.20268018 for taxa-specific results.

Species identification: status

Reference data with the potential for species identification exists for 100% of the priority taxa on the GTTN list
(Fig. 1). Wood anatomy data was available for all but one priority taxa (99.7%), with 283 (88%) reliably identified to
genus level and 38 (12%) to species level. One species,Widdringtonia whytei, could only be identified to family level.
Genetic reference data exists for 277 priority taxa (86%), DARTTOFMS reference data for 133 priority taxa (41%), and
NIRS studies for 18 priority taxa (6%). The extent of species and/or genus level identification is unknown for genetic,
DART TOFMS, and NIRS data (see Species identification: reviewmethodology for further explanation).
All taxa on theGTTN list fromEurope andNorthAmerica had either genetic, DARTTOFMS, orNIRS reference data,

with the next highest number of taxa with reference data found in the Asia, Pacific, and Oceania region, followed by
Africa and Central and South America (Fig. 2). A total of 12 priority taxa (23%) in Central and South America, nine
priority taxa (17%) in Asia, Pacific and Oceania and six priority taxa (11%) in Africa had no genetic or DART TOFMS
reference data.

Studies using genetic methods
Examples of studies retrieved from the literature that demonstrate the utility of genetic barcoding markers to

identify and discriminate timber species on the GTTN list are as follows. The gene region ITS was used to identify
species in the mahogany family (Muellner et al. 2011) and Araucaria tree species (Bolson et al. 2015). It is often the
case with plants that a combination of markers is required to discriminate between species (Lowe & Cross 2011).
The rbcL + matK barcode was used to discriminate among Dalbergia species (Hartvig et al. 2015) and among 136
species in a tropical dry evergreen forest in India (Nithaniyal et al. 2014). Other studies have used ITS2 + trnH-psbA to
resolve Dalbergia species (He et al. 2019). The trnL-trnF and ITS1 regions were used to discriminate Aquilaria species
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Fig. 2. Number of priority taxa in Africa; Asia, Pacific and Oceania, Central and South America, Europe, and North America
for which species identification reference data exists in the genetic (G), DART TOFMS (D), and wood anatomy (A) databases
surveyed and the NIRS (N) literature (i.e., presence of geneticmarkers in Genbank (presence of at least one of the nine barcoding
markers: ITS, matK, rbcL, trnL, trnF, trnL-trnF, psbA-trnH, rpoB, and rpoC1), DART TOFMS spectra in ForeST and/or anatomical
descriptions in Commercial Timbers, InsideWood or Softwood ID). Forest biomass figure published online at OurWorldInData.
org. Retrieved from https://ourworldindata.org/grapher/above-ground-biomass-in-forest-per-hectare.

from other closely related species (Jiao et al. 2014; Lee et al. 2019). The combination of psbA-trnH + trnK was able
to discriminate between five Santalum species with 100% success (Jiao et al. 2019). Ng et al. (2016) achieved species-
level identification of Gonystylus using ITS2, trnh-psbA, and trnL regions with a 90% success rate. The applicability
of genetic barcoding markers to identify and discriminate timber will increase immensely with the application
of cutting-edge hybrid capture technologies. Hybrid capture is a targeted approach that can identify 100s of DNA
markers that can be recovered for approximately 90% of samples, compared to othermethods which rely on random
loci that are not guaranteed for all samples (Waycott et al. 2021).

Studies using chemical methods – DART TOFMS
Similarly, here we discuss some of the studies that use DART TOFMS spectra to discriminate among timber

species on the GTTN list. Cody et al. (2012) discerned Quercus alba and Quercus rubra with a 100% classification
accuracy based on Linear Discriminant Analysis (LDA) with Leave-One-Out Cross-Validation (LOOCV). Lancaster
and Espinoza (2012) differentiated several Dalbergia species and achieved a 91.2% accuracy using LDA with LOOCV.
In addition, 15 out of 16 blind samples were correctly identified. McClure et al. (2015) also differentiated between
several Dalbergia species and achieved a classification accuracy of 97.2% using Kernel Discriminant Analysis (KDA)
and LOOCV. Musah et al. (2015) hypothesized that Dalbergia granadillo and Dalbergia retusa were synonyms of the
same species due to the similarities in their chemotypes, and by grouping the two species into a single class were
able to separate them from species of Platymiscium and Caesalpinia using KDA and LOOCV (98.98%). Evans et al.
(2017) differentiated several Araucaria species and achieved a 94.8% accuracy using KDA with LOOCV. Pericopsis
species and their look-alikes were differentiated byDeklerck et al. (2017). The accuracy ranged from88.89% to 95.79%
depending on species, via either KDA with LOOCV or random forest. Paredes-Villanueva et al. (2018) differentiated
between Cedrela angustifolia, C. balansae, C. fissilis, C. odorata and C. saltensis. The success rate (KDA or random
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forest) varied between 53.9% and 95.6%. Deklerck et al. (2019) differentiated between several Meliaceaea species
using DART TOFMS data and achieved an accuracy of 82.2% using random forest with cross-validation. Zhang et
al. (2019) differentiated between Pterocarpus tinctorius and P. santalinus wherein a 100% classification accuracy
was achieved using Orthogonal Partial Least Squares-Discriminant Analysis (OPLS-DA). Deklerck and Price et al.
(2021) showed that Baillonella toxisperma can be separated from other Sapotaceae species (Autranella congolensis,
Tieghemella africana and T. heckelii) via DART TOFMS data and Discriminant Analysis of Principal Components
(DAPC) (LOOCV = 96.61%). Kitin et al. (2021) utilized DAPC to separate Afzelia bipindensis from A. pachyloba with
a LOOCV accuracy of 78%; the low accuracy of the model was linked to the variability of mass spectra within each
species group. Finally, Price et al. (2021) separated seven species of Pterocarpus including P. erinaceus, P. soyauxii, P.
santalinus,P. dalbergioides,P. indicus,P.macrocarpus andP. tinctoriususing support vectormachine (SVM) andDAPC;
LOOCV accuracy of the models was 94% and 95%, respectively, and blind test accuracy was 100% for both models.
These studies have shown that wood analysis using DART TOFMS allows for rapid and reliable identification to

genus or species level, and, once initial equipment costs are met, analysis is relatively straightforward and cheap
(Dormontt et al. 2015; Kitin et al. 2021). DARTTOFMShas beenproven tobe a clear contender as ameans of supporting
law enforcement agencies in the US, with leading Customs and Border Protection (CBP) to procure three of the
instruments for testing different substances and materials including wood (Clark 2017).

Studies using chemical methods: NIRS
NIRS has shown promise in identifying some species or even varieties of species (Bergo et al. 2016; Pastore et al.

2011; Snel et al. 2018). It should be noted, however, that the identification potential has to be seen within the species
group that is used, and the ability to identify a species could changewhen other species are compared against. One of
the earliest NIRS papers on timber identification is Brunner et al. (1996), where species are discriminated in two series
of species groups, with series 1: Andira inermis, Liriodendron tulipifera,Manilkara bidentata, Sextonia rubra, Pouteria
guianensis andTrattinickia rhoifolia and series 2:Carapaguianensis,Cedrelaodorata, Jacarandacopaia,Laetiaprocera,
Pinus ponderosa and Pinus sylvestris. The study indicates a high potential for differentiating the species within
their series. Tsuchikawa et al. (2003) used NIR and Mahalanobis’ generalized distance to discriminate between the
following species: Cryptomeria japonica, Pseudotsugamenziesii, Picea sitchensis, Tectona grandis, Quercus mongolica,
Paulownia tomentosa, Quercus gilva and Fagus crenata. When using the second derivative spectra ranging from 800
to 2500 nm in the discriminant analysis, their results seemed most promising. The highest number of publications
on NIRS for timber identification is on the same species group. Pastore et al. (2011) investigated the feasibility of NIRS
in combination with Partial Least Squares for Discriminant Analysis (PLS-DA) for wood discrimination of Swietenia
macrophylla,Carapa guianensis,Cedrela odorata andMicropholismelinoniana. The observed rootmean square errors
of predictionswere 86%, 91%, 88%, and94%fordiscriminationsof Swieteniamacrophylla,Carapaguianensis,Cedrela
odorata and Micropholis melinoniana, respectively. The study by Braga et al. (2011) explored the efficacy of a fibre
optic NIRS scan of solid wood surfaces (transverse, radial, and tangential) to separate the same species as Pastore et
al. (2011). The PLS discriminant models showed small errors for each species. Bergo et al. (2016) discriminated the
same species as Pastore et al. (2011) and Braga et al. (2011) using NIRS and PLS-DA on solid block and mill samples.
The correct classification rate was higher than 96.8%. Ma et al. (2019) used NIR spatially resolved spectroscopy (SRS)
based on hyperspectral imaging (HIS) for the rapid identification of 15 species (five softwoods and 10 hardwoods).
The species were: Agathis alba, Araucaria heterophylla, Thuja plicata, Chamaecyparis obtusa, Cryptomeria japonica,
Triplochiton scleroxylon, Ochroma pyramidale, Hevea brasiliensis, Liriodendron tulipifera, Cercidiphyllum japonicum,
Paulownia tomentosa, Kalopanax pictus, Fraxinus mandshurica, Eusideroxylon zwageri and Fagus sylvatica. The
identification accuracy of the quadratic discriminant analysis (QDA) under the five-fold cross-validationmethodwas
94.1%. We should note here that four subsamples coming from one sample were allocated to the training set while
one subsample from the same sample was allocated to the testing set; this process was then repeated five times. In
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summary, subsamples coming from the same specimenwere used both in the training and in the test set. The highest
misclassification was between Chamaecyparis obtusa and Ochroma pyramidale (22%).
There are some developments recently that could aid in field identifications. Soares et al. (2017) evaluated a NIR

handheld device for the discrimination of the following species: Swietenia macrophylla, Cedrela odorata, Carapa
guianensis, Erisma uncinatum, Micropholis melinoniana, and Hymenaea coubaril. The efficiency rates were higher
than90%for all species, showing that thehandheldNIRcombinedwithPLS-DAsucceeded indiscriminatingbetween
species. Snel et al. (2018) explored the option of hand-held NIRS technology to discriminate between different high-
valueDalbergia species in combinationwith either PLS-DAor soft independentmodelling of class analogies (SIMCA).
Overall PLS-DA performed better compared to SIMCA with efficiency rates of over 90%. The main success was in
discriminatingDalbergia nigra fromotherDalbergia species. Law enforcement agents could nowbe trained to use the
device to identifyDalbergia nigra, without having to study the spectra or develop themodel as it will be implemented
in the device (Snel et al. 2018).

Studies using wood anatomymethods
Since wood anatomy has been routinely described and applied for more than 100 years a substantial amount

of literature in the field of microscopic wood identification is available (Wheeler & Gasson 1989; Wheeler et al.
1989; Wheeler 2011). Despite wood anatomy being the most frequently used method for taxonomic identification,
for many taxa, it can only achieve genus-level identification with misidentifications common at the species level
(Schmitz et al. 2020). Fundamental developments in the field of wood anatomy will be forthcoming through the
design of digital computerized/automated identification systems (deep learning or machine learning). The first
portable digital systems are currently available such as Xylotron (http://xylotron.org/), Xylorix (https://www.xylorix.
com/), andMyWood-ID (http://mywoodid.frim.gov.my/), and several basic studies havebeenpublished in this rapidly
moving field of computer-assistedwood identification using neural networkmethods (Ravindran et al. 2018, 2020; He
et al. 2020; Lens et al. 2020;). However, more sophisticated systems, based on morphometric analyses of cell shapes
and mathematical analysis of texture patterns based on an extensive worldwide wood image reference dataset must
be further developed to allow global species identification in ways unavailable so far (Lens et al. 2020). Important to
note here is that XyloTron is also part of theWorld Forest ID initiative, so we expect to see that database expand soon.
For the development of automated image identification systems, different methodological approaches can be

applied, which have to be specifically adapted for the individual requirements.

(i) Deep learning (often synonymously referred to as artificial intelligence): based on the generation of annotated
training images, a “black box procedure” learnswhich images belong to a definedwood species or not. Therefore,
an (extremely) large number of images is required and a human must train the algorithms.

(ii) Classification: here, the developer predetermines specific characters for the learning procedure to distinguish
individual wood species. This method requires much less image material but is not easy to implement due to
the manifold (diverse) anatomical structures on a macroscopic and microscopic level.

(iii) Stochastic structural models describe material properties based on “few” defined parameters. By comparing
these parameters, similar materials or material types can be recognized.

The current (practical) experiences show that a combination of the described approaches offer the best solution
for the development of machine learning systems (Sun et al. 2021). The advantages of “classification” and “structural
model” are based on a direct calculation of why an image is assigned to a certain class. This is not possible in “deep-
learning”, but this method allows a better (targeted) application with sufficiently secured image material.
The very dynamic progress in the field of automated machine learning offers also a high potential for the

identification of pulp and paper components as well as those of fibreboards which are also subject to the controls
of timber regulations (Koch et al. 2015). The identification of the macerated cell elements requires special expertise
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due to the restricted number of available characters (Helmling et al. 2016, 2018) and is currently limited to genus and
family level (Schmitz et al. 2020).
In conclusion, these new developments in the field of automated machine learning do not eliminate the need for

wood anatomical experts but provide alternative methods of identification in the current reality of the declining
population of expert anatomists despite the increased global trade in wood products (Gasson et al. 2021).

Geographic origin determination: status

The literature searches showed that 78 (24%)of the 322priority taxaon theGTTN list havebeen the focusof genetic,
DART TOFMS, stable isotope, and/or NIRS studies aimed to determine some level of geographical origin, e.g., forest
concession, region within a country, country (Fig. 3). Genetic studies determining geographical origin captured the
highest number of priority taxa (75 taxa, 23%), compared to DART TOFMS (5 taxa, 2%), stable isotopes (5 taxa, 2%)
and NIRS (3 taxa, 1%) (Fig. 3).
Of the 244 taxa for which no geographic origin data could be found (76% of total priority taxa on the GTTN list),

108 taxa (74%) were from the Asia, Pacific, and Oceania region, 84 species (79%) from Central and South America,
42 species (79%) from Africa, 9 species (69%) from North America and 4 species (20%) from Europe (Fig. 4). None
of the priority taxa from the GTTN list identified in studies retrieved in the literature have been the focus of tests
used for forensic purposes, i.e., no tests for determining geographic origin have been forensically validated. A genetic
individualisation test, also known as DNA profiling, which differs from previously mentioned origin determination
as they use genetic markers to trace an unknown sample back to an individual, rather than a geographic location
was validated for Acer macrophyllum and demonstrates validation of individualisation tests for timber is possible
(Dormontt et al. 2020). Cronn et al. (2021) reengineered the SNP-based assay developed by Dormontt et al. (2020) for
individualisation of A. macrophyllum grown in the Pacific Northwest and Northern California using a sample size of
1188. In addition, Cronn et al. (2021) provided a method for geolocalization of A. macrophyllum that resulted in an
error rate of 8.5–11.7% for those trees originating from Southern California, and 36– 80% for trees originating from
the Pacific Northwest. The individualisation method created by Cronn et al. (2021) was used in a law enforcement
case wherein the likelihood of the match being erroneous was one in one undecillion (1036) (Peiser in press).

Fig. 3. Number and percentage of priority taxa for which genetic, DART TOFMS, NIRS, and/or stable isotope studies relevant to
the determination of geographic origin were retrieved in the literature search results.
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Fig. 4. The number of priority taxa in Africa; Asia, Pacific and Oceania, Central and South America, Europe, and North America
for which genetic (G), DART TOFMS (D), NIRS (N), and/or stable isotope (S) studies relevant to the determination of geographic
origin were retrieved in the literature search results. Forest biomass figure published online at OurWorldInData.org. Retrieved
from https://ourworldindata.org/grapher/above-ground-biomass-in-forest-per-hectare.

Studies using genetic methods
Of the 75 priority taxa on theGTTN list that were the focus of genetic studies, 14 were subject to genetic assignment

tests to determine the geographic region of origin with varying levels of success (Cedrela ordorata, Dipteryx odorata,
Dipteryx spp., Entandrophragma cylindricum, Erythrophleum ivorense, Gonystylus spp., Hymenaea courbaril, Intsia
spp., Larix decidua, Pinus sylvestris, Shorea platyclados, Swietenia macrophylla, Quercus petraea and Quercus robur)
(See Appendix B at 10.6084/m9.figshare.20268018 for species-specific results).
InAfrica, for the highly valuable timberE. cylindricum, nSSRswere used to successfully determine if timber samples

came from within a particular forest concession in Eastern Cameroon or from outside the concession for six out of
seven blind samples (Jolivet & Degen 2012). For S. platyclados in Southeast Asia, Ng et al. (2017) used nSSRs to self-
assign samples to either eastern or western Malaysia with an average success rate of 99.11%. The assignment rate
was lower when attempting to assign samples to populations within these regions (60.6% for populations within
westernMalaysia and 94.95% for populations in easternMalaysia). The authors suggested the continuous topography
in western Malaysia allowed for the dispersal of seeds and pollen of S. platyclados and contributed to weak genetic
differentiation between populations. Ng et al. (2016) used nuclear SSRs and chloroplast DNA to correctly self-assign
individuals of G. bancanus to populations, genetic clusters, and regionswith average percentages of 55, 100 and 100%,
respectively, where regions corresponded to Peninsular Malaysia and Malaysian Borneo.
In Central and South America, Chaves et al. (2018) used nuclear microsatellites (nSSRs; simple sequence repeats)

to self-assign samples of H. courbaril, a high-value timber species from the neotropics, to locations within Bolivia,
Brazil, French Guyana and Peru with success rates of ∼88% depending on the assignment method used (nearest
neighbour, Bayesian method or frequency method). Also using nSSRs, Degen et al. (2013) assigned blind test samples
of S. macrophylla to their country of origin, either Guatemala or Brazil, with a success rate of 100%. For sites in
Bolivia, assignment success rates were reported for C. odorata using nSSRs, 66.3% based on KDA, and 70% using
blind test samples (Paredes-Villanueva et al. 2019). For the one site that corresponded to a genetic cluster in the PCA
an assignment success rate of 91.8% was reported. Degen et al. (2017) used single nucleotide polymorphismmarkers
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(SNPs) to assign individuals of E. cylindricum to five countries in Central Africa with success rates ranging from 66
to 74%, depending on the self-assignment methods used. Blanc-Jolivet et al. (2018) reported self-assignment success
rates to the region of origin ranging from 74 to 88% using 253 SNP loci for L. decidua (larch) in Europe and Russia.
Nowakowska (2011) used individualisation tests They reported individualisation assignment success rates of 97.45 to
98.89% using nSSRs and cpSSRs for the temperate species Pinus sylvestris (scots pine), Quercus robur, and Quercus
petraea (white oaks).
A total of 61 of the priority taxa appeared in genetic studies that did not undertake assignment analyses, but

the results indicated that genetic structure exists at some scale and corresponds to geographical locations (see
Appendix B at 10.6084/m9.figshare.20268018). These studies were undertaken to investigate population structure,
phylogeography, and conservation status, and not to determine geographic origin. The science for these species is
still developing with regard to determining the region of origin, however, these studies prove potential exists.

Studies using chemical methods: DART TOFMS

Five priority taxa from studies retrieved in DART TOFMS literature search were subject to assignment analyses
(Aquilaria spp., Cedrela fissilis, Cedrela ordorata, Dalbergia spp. and Terminalia superba). Paredes-Villanueva et al.
(2018) attempted to identify sampling sites in Bolivia of C. fissilis and C. odorata with limited success using DART
TOFMS. Success rates varied between 19.1 and 60.3% for C. fissilis and 51.5 and 61.6% for C. odorata, depending on
the site and model. Paredes-Villanueva et al. (2018) suggested the influence of local conditions such as climate, soil
characteristics, nutrient availability on the chemical composition of the trees may explain these classification errors.
Espinoza et al. (2014) discerned wild from cultivated agarwood (Aquilaria sinensis, Aquilaria crassna and Aquilaria
beccariana) with inference to country (Borneo, China, Thailand and Vietnam). Eleven of the 13 samples (85%) were
correctly assigned to either cultivated or wild harvested for their respective geographic provenance. McClure et al.
(2015) developed amethod for determining whetherDalbergia specimens originated fromMadagascar. The resulting
model was tested using 10 specimens, not included in the model training, and each spectrum was correctly assigned
toMadagascar. Deklerck et al. (2020) determined the country of origin (Democratic Republic of the Congo and Ivory
Coast) of T. superba stem disc samples using DART TOFMS. The accuracy ranged from 43 to 100%.

Studies using chemical methods: NIRS

For NIRS, few examples exist of its potential to determine the origin. Sandak et al. (2011) used Fourier transform
near-infra-red spectroscopy (FT-NIR) to determine whether there were significant differences in provenance for
Picea abies. They focused on the following provenances: Central Finland, Northern Poland, Southern Poland, and
Northern Italy. In a second test, Sandak et al. (2011) focused on several locations in neighboring forest districts selected
in a narrow area in Trentino (Italy). These sites varied in terms of altitude, soil structure, or silvicultural history.
There were clear differences between samples coming from Central Finland, Northern Poland, Southern Poland and
Northern Italy, and they were able to separate the samples based on their location. Differences were also found when
looking at the narrower regionwithin Italy, although thesewere less straightforward/distinctive. Ramalho et al. (2018)
differentiated Cedrela sp., Apuleia sp., Aspidosperma sp. and Jacaranda sp. belonging to native forests (Brazil) from
two commercial Eucalyptus clones (both hybrids from Eucalyptus grandis × Eucalyptus urophylla) from plantations
(Brazil). In addition, within the native forest species group, they were able to differentiate the species with 86 to
100% accuracy via PLS-DA. The clones were more difficult to differentiate. Silva et al. (2018) investigated the use of
handheld devices to determine the country of origin (either Brazil, Guatemala, Peru, Mexico, or Bolivia) of Swietenia
macrophylla and had promising results. We want to make a special note here on the project NIRWOOD (http://
nirwood.com/), which is funded by the EU Horizon 2020 Framework Program and focuses on the development of
a NIR spectrometer to be able to distinguish wood species and their geographical origin.
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Studies using chemical methods: stable isotopes
For stable isotopes, five priority species occurred in studies retrieved in the literature search (Erythrophleum

ivorense, Shorea leprosula, Shorea pauciflora, Picea abies and Quercus spp.). Assignment tests are only done in two
of the four retrieved studies. The studies use different combinations of stable isotopes, which may influence the
origin determination success. As the variation of stable isotope ratios within the species range depends on natural
variations of the underlyingmechanisms (for examplewater availability or rainwater source; van der Sleen et al. 2017)
some stable isotopes may be more or less discriminative for a certain species and area.
Using stable isotopes for two of the most traded African tree species, Erythrophleum suaveolens and E. ivorense

(both traded as Tali and grouped as one species under E. ivorense in analysis as per the GTTN list), only 35% of
the blind samples were correctly assigned to forest concessions in Cameroon and Congo Republic based on oxygen,
nitrogen, and carbon stable isotopes (Vlam et al. 2018b). In comparison, 92%of blind sampleswere correctly assigned
using nSSRs (Vlam et al. 2018b). The poor results for the stable isotope analysis were attributed to insufficient spatial
variation in environmental conditions that determine isotopic signatures of wood. Several issues with the stable
isotope analysis were identified in a response by Horacek et al. (2018) (and see the response by Vlam et al. (2018a).
Watkinson et al. (2020) used isoscapes to test origin determination accuracy for Quercus spp. in the United States.
Samples were not assigned to a specific location but maps of potential origin were created. Based on a combination
of oxygen, hydrogen, carbon, and sulfur stable isotopes they were able to assign 14/18 test samples to an area that
encompassed the correct origin.
For S. leprosula and S. pauciflora, Kagawa et al. (2007) did not undertake assignment tests but used principal

coordinate analysis to conclude that stable oxygen, carbon, and nitrogen isotope ratios can differentiate timber from
the Philippines and Borneo. Differentiation within Borneo was not possible. Gori et al. (2018) produced isoscapes
for a 600 km2 region in Italy with predicted yearly δ2H and δ18O values for P. abies. They did not do any subsequent
assignment tests to validate the model other than Leave-One-Out Cross-Validation to establish the most accurate
model.
One additional study was included after the literature search, as it is not published in a peer-reviewed journal.

Förstel et al. (2011) is still considered relevant as they conducted an in-depth study on origin identification of Tectona
grandis and Swietenia spp. They were able to successfully assign 10 out of 11 blind samples of T. grandis to the country
of origin, as well as one out of two blind samples of Swietenia spp based on hydrogen, oxygen, carbon, nitrogen,
sulphur and strontium stable isotopes.

Discussion

The potential of scientific verification techniques for species identification and geographic origin
determination

The successful implementation of logging laws, developed to combat the trade in illegal timber and to verify the
legality of timber supply chains globally, is dependent upon accurate identification of species and the geographical
origin of timber. In this review, we surveyed the research undertaken up until August 2021 to gain an understanding of
the capability for identifying species and geographic origin considered by the GTTN to be at risk, or already impacted
by, illegal logging. We compared the capacity to identify species with that for determining geographical origin. The
results of the review demonstrate that a substantial body of work already exists. For wood anatomy, reference data
exist for all taxa on the GTTN list. DNA barcoding loci exist for 277 taxa (86%), DARTTOFMS spectra exist for 133 taxa
(41%), and NIRS spectra for 18 taxa (6%) on the GTTN list. The review highlights the current potential for identifying
species is greater than for geographic originwith only 24%of priority taxa the focus of research identifying geographic
origin or studies creating a starting point fromwhich to do so.More research focused ondetermining the geographical
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Fig. 5. The number of taxa that appeared in studies retrieved in the literature search results and published since 1999 and the
predicted number of years it will take to capture all 322 priority taxa in research determining the geographic origin, determined
using the relationship between the numbers of taxa studied between 1999 and 2021.

origin of timber is required. The greatest number of priority taxa from the GTTN list requiring attention are in the
Asia, Pacific, and Oceania region, particularly Southeast Asia, in addition to Central and South America.
To estimate how long it will take to capture all 322 priority taxa in research determining geographic origin we

applied a trendline to the number of taxa researched per year between 1999 and 2021 (see Appendix C at 10.6084/m9.
figshare.20268018). Using this relationship, we predict it will take until 2048, approx. 27 years, to capture all priority
taxa on the GTTN list (Fig. 5). Approximately 27 years represents a best-case scenario given the number of species on
the GTTN list is expected to increase with the increasing global demand for timber and further depletion of species.
However, we are seeing an increase in the rate of reference database building, both for species identity and origin. See,
for example, the efforts byWorld Forest ID,which aims at creating theworld’s largest georeferenced sample collection
and associated analytical database.

The challenges associated with origin identification

Our review revealed that tests for determining geographic origin have not yet been used for forensic purposes for
any of the priority taxa on the GTTN list. With regards to the readiness of geographic origin tests for use in forensic
cases, relevant preliminary research has been undertaken for 78 (24%) of the priority taxa, with assignment analyses
only undertaken for 19 of these. The only mention of forensic validation for a geographic origin test for timber in
the literature search results was in the study by Ng et al. (2016) who assigned individuals of Gonystylus bancanus to
populations, genetic clusters, and regions and made reference to a full developmental validation study underway to
address the reliability of the STRs being used. However, at the time of writing, this developmental validation study is
yet to be published.
With such a paucity of validated studies, it begs the question; what are the barriers preventing the transition of

tests for determining geographic origin from research to forensic tools? Tests for determining geographic origin pose
unique challenges that may contribute to the differences in capacity when compared to species identification. One
such challenge is that tests for geographic origin determination require extensive sample collections representing
the range of populations within a species (Dormontt et al. 2015). For all methods, reference data are essential,
and collecting samples across a species range is resource intensive. Especially where species span multiple states,
countries, or continents obtaining samples will depend on collaborations.
Another challenge is the mismatch between phylogeographic and political boundaries, i.e., discrete genetic

populations will not always comply with regulatory jurisdictions. The same can be said for the region of origin tests
using DART TOFMS and stable isotopes, trees do not follow political borders, and the country delineation is an
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artificial one (Deklerck et al. 2020). Thus, differences in genetic markers and chemical spectra may not exist between
the regions in question.
Whilst these three barriers are reasonably well recognised and understood in the timber forensic literature

(Dormontt et al. 2015), another issue less commonly addressed is the lack of clarity regarding the acceptable process
for undertaking a robust forensic validationof a geographic origindetermination test.Herewe joinOgdenandLinacre
(2015) in calling for consensus within and between the wildlife forensic and timber tracing scientific communities to
develop robust forensic validation guidelines for geographic origin determination tests.

Limitations of using a predefined species list

The priority species list, developed by the GTTN, captures the majority of species susceptible to, or already
impacted by, illegal logging and trade across the world. Nevertheless, restricting the review to a predefined list of
species results has the potential to underestimate the extent of markers, spectra, or anatomical data that exist for
species not on the GTTN list. Similarly, scientific literature demonstrating the use of genetic and chemical methods
for determining geographic origin for other species can be excluded. Tnah (2010) reported the potential to assign
individuals of Neobalanocarpus heimii to three subregions in Peninsular Malaysia using nSSRs and reported genetic
structure in clumps at distances of 0 to 140 m. Stable isotope analyses of non-target species were similarly excluded
from the review, such as Kagawa and Leavitt (2010) who revealed the geographic origin of pinyon pines (Pinus edulis
andPinusmonophylla) from the southwesternUnited States based on stable carbon isotopes of tree rings, and sulphur
isotopes fromChristmas tree needles distinguished Austrian samples from other European countries (Horacek 2012).
Horikawa et al. (2015) and Hwang et al. (2015) reached 100% accuracy in discriminating between Pinus species, Pinus
densiflora versus Pinus thunbergia and Pinus densiflora Sieb. et Zucc. versus Pinus densiflora for. erecta Uyeki. In both
studies, PLS-DA and PCA were performed and coefficient of determination for calibration (R2c) and the root mean
square error of calibration (RMSEC) were used to assess the calibration performance.

Future directions

We believe four key opportunities exist to improve our capacity for tracing timber and bring us closer to having a
usable system of timber identification for a range of species: (i) research into the barriers to the uptake of scientific
verification tests of timber by law enforcement and the timber industry; (ii) research into the forensic validation
of geographic assignment tests and agreeance among the scientific/forensic community, (iii) the intensification of
sampling effort, across taxa and species distributions, and (iv) the integration of anatomical, genetic and chemical
methods in a nuanced approach for species and origin identification.
Ultimately, the rate of research focusing on the geographic region of origin determination must increase collec-

tively, in particular in the Asia, Pacific, and Oceania region, so that geographic assignment tests exist for all species
considered highly vulnerable or already impacted by illegal trade. There is no point in investing in the further devel-
opment of these tests, however, if we do not simultaneously increase uptake by law enforcement and/or industry.
A lack of test availability is only one dimension; issues of forensic suitability, costs, awareness, infrastructure, and
political will are all potentially impacting on disappointing utilisation of scientific timber verification. A robust qual-
itative exploration of the perspectives of a variety of stakeholders could help to unpick this complexity. Improved
understanding of the barriers to scientific verification uptake will enable more targeted efforts to overcome them
and provide greater assurance and return on research investment.
One major barrier to law enforcement uptake is likely to be the lack of forensically validated timber identification

tests available. Our review revealed that no published literature on the priority species from the GTTN list had
undertaken a forensic validation of their geographic origin assignment tests.Whilst publication of forensic validation
studies is not strictly required for the application of tests to the law, developmental validation studies must be made
available to the court if the results of a test are to be submitted as evidence. The publication of developmental
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validation studies in the peer-reviewed literature has a range of benefits, however, themost important of which is that
other laboratories are then able to utilise the tests without undertaking a full developmental validation (an internal
validation is sufficient), thereby reducing some of the barriers to the broader application of developed forensic tests
across different laboratories. In addition, commercial validation measurement tests are available to check whether
measured values are correct across institutions, e.g., for isotopes ring tests are undertaken regularly to ensure results
are correct and the process is validated. Research providing robust forensic developmental validation of geographic
assignment tests for timber is therefore sorely needed but is reliant upon a consensus within the scientific/forensic
community on what that entails.
The financial cost is another barrier for both species and origin identification and the need for a forensic test

needs to be balanced against cost. The process of forensic validation is expensive, and the cost is often prohibitive to
tests being validated and the results being available for use in a court of law. This is particularly true for geographic
assignment techniques, which are specific to the species, resulting in a resource-intensive validation process (Ogden
& Linacre 2015). Financial costs associated with scientific verification techniques for identifying timber have been
addressed by Dormontt et al. (2015) and Schmitz (2019).
The collection of more reference samples is considered one of the greatest obstacles to implementing genetic

and chemical methods for species identification and determining the geographic region of origin (Dormontt et al.
2015; Jiao et al. 2020). TheWorld Forest ID consortium aims to tackle the lack of well-documented reference data by
building the world’s largest collection of forest samples (Gasson et al. (2021). Collecting more samples from across a
species range will enable researchers to establish if genetic and/or chemical structure exists and where geographic
assignment might be applied. Not having samples spanning the species range has been reported as a limitation
in several studies (Degen et al. 2017; Vlam et al. 2018b). In the absence of genetic and chemical data spanning the
species range, it may not be possible to identify the actual geographical origin of timber but rather to demonstrate
timber does not come from a certain location (Lowe&Cross 2011). Theremay bemuch gained from revisiting species
where some relevant preliminarywork has identified genetic structure and then assessing assignment capabilities. By
utilising existing reference sample collections in this way, or through the utilisation of herbaria and xylaria resources,
researchers can avoid some of the major costs and complexities associated with timber research, namely collecting
samples. Existing reference data can be similarly augmentedwith additional sample information to expand the scope
and power of identification tests. This re-purposing however presents its own challenges in terms of standardisation
of laboratory andanalysismethods, andcollaborative agreements to share samples andbenefits arising fromresearch.
The potential of scientific verification methods for timber may be enhanced through the nuanced integration of

methodologies (Dormontt et al. 2015; Jiao et al. 2020; Schmitz et al. 2020). As our results have revealed, there is much
disparity with regard to the scientific verification tests available for timber species. In any given situation, the most
appropriate test will depend on the question to be answered and the availability of scientific verification for that
species. Integration of methods may mean the serial application of different available tests in order to accurately
identify the timber, for example, wood anatomy identification to genus followed by DNA barcoding or DART TOFMS
to determine exact species. In other cases, where reference data exists, it may be preferable to use only DARTTOFMS
for both species and geographic origin identification. As was shown by Vlam et al. (2018), genetic and chemical
methods are based on different principles and rely on different biological processes making each technique more
or less applicable in different circumstances. When an individual method cannot provide high enough assignment
accuracies to trace timber origin, anothermethodmay improve the accuracy. However, the cost of forensic validation
needs to be taken into account, especiallywheremultiplemethods are employed.Most stakeholders needing to verify
the identity or geographic origin of timber cannot afford one, let alone multiple tests. The development of cheaper
versions of tests that are fit-for-purpose in producer country laboratories would help to overcome this limitation. In
addition, theGTTNhas shown that, although varying in capacity, there is a large network of researchers and institutes
capable of undertaking wood identification services alleviating the need for all countries to have their own service
(globaltimbertrackingnetwork.org). As our analyses suggest that at the current rate, it will be approx. 27 years before
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all priority taxaon theGTTN list are the subject of researchongeographic origin identification, theneed tobe strategic
in research priorities is evident. Species for which robust verification tests (spanning highly technical tests through to
methods requiring less equipment e.g., wood anatomy, phone apps) already exist should not be a priority for further
research with different methodologies; resources would be better directed towards priority species for which no fit-
for-purpose test exists.

Conclusions

Here we reviewed the current state-of-the-art for timber tracing using the scientific verification methodologies of
wood anatomy, chemical analysis (stable isotopes, DART TOFMS and NIRS), and genetic analysis (DNA barcoding
and population genetics/phylogeography) for species and geographic origin identification.
Our results indicate that all priority taxa from the GTTN list can be identified at least to genus with wood anatomy

but that finer scale species identification with anatomical, genetic or chemical methods is much more variable.
Studies exploring the capacity to trace timber back to geographic origin have only been completed for 24% of
the priority species and none have been demonstrated as suitable for forensic purposes through developmental
validation.
Based on our findings, we make recommendations for future research directions to help ensure science is best

positioned to support the implementation of logging laws around the world.
Species and origin identification tests are essential to verify claims made in compliance documentation and for

demonstrating legality in timber supply chains. Increasing the investment in scientific verification techniques for
timber is needed to combat the illegal timber trade and protect the world’s forests.
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Glossary

Illegal logging

“All practices related to the harvesting, processing, and trading of timber inconsistent with national and sub-
national law,” as defined by Kleinschmit et al. (2016).

Species identification

Species-level identification of a timber sample. Species-level identification depends upon differences in genetic
markers, chemical fingerprints, or wood anatomical structure among species.
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Geographic origin determination

Within a species, the identification of the geographic region of origin of a timber sample. Geographic origin
determination depends upon the existence of spatial genetic structure or differences in chemical fingerprints, or
stable isotopes among the regions in question. Regions may be populations, concessions, or countries and do not
necessarily conform to political boundaries.

Certification

A voluntary processwhereby an independent third party assesses forestmanagement, production, and the chain of
custody of forest products against a set of principles, criteria, and indicators as defined by a certification scheme, e.g.,
Forest Stewardship Council (FSC); Program for the Endorsement of Forest Certification (PEFC). Certification is a way
that forest managers can inform consumers about their product and may attract better prices, maintain or increase
access to markets, improve public image and achieve social and environmental goals.

Verification

The demonstration that timber products at any point along the timber supply chain (e.g., log yard, sawmill,
processing, export, import, point of sale)match origin claimsmadeon the chain of custody documentationpresented
at customs inspections, audits, or required by certification schemes. Whereas certification schemes provide a
framework for addressing illegal trade, verification is a practical tool used to assess compliance and can be used to
support certification and/or claims of legality (Lowe et al. 2016).

Forensic validation

The process by which a particular test (e.g., species identification or geographic origin determination) is subject to
extensive studies to verify it is fit for purpose. Validation can be “developmental”, where examination of the precision,
accuracy, and sensitivity (which relate to the reliability, reproducibility, and robustness) of the test is initially assessed.
Validation can also be “internal”, where a laboratory demonstrates that a test already developmentally validated,
performs as expected (UNODC 2016).

Forensic tool

Scientific method or technique that has undergone the process of forensic validation and may be used to support
the claims of the prosecution or defense in a court of law.
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