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Consumers are becoming increasingly aware of the environmental impacts caused by deforestation and illegal logging and there is an increasing demand for supply chain transparency and traceability of wood products. Many importing and exporting nations have implemented regulations which aim to control the origin and species of traded timbers of high ecological importance and economic value. However, despite growing interest in method development for timber authentication purposes, many studies have been limited by insufficient numbers of authentic timber reference samples. Our aim was to address the differences in stable isotope ratio profile of bulk, homogenized wood samples collected from living or recently felled trees in two FSC concessions in Gabon, which are approximately 240 km apart, for the purposes of origin classification and protecting valuable forest commodities. Forty-seven timber samples comprising 10 genera of tropical trees were obtained using a Pickering Punch sampling device or chainsaw from two forest concessions in Gabon (Precious Woods Group and Compagnie des Bois du Gabon) during July 2019. Samples were subject to δ18O, δ2H, δ13C, δ15N, and δ34S stable isotope analysis using elemental analysis-isotope ratio mass spectrometry (EA-IRMS). Results show that significant differences are evident in the stable isotope ratios of Aucoumea klaineana between Precious Woods Group and Compagnie des Bois du Gabon forest concessions. Relationships are evident between climatic and geological variables and the stable isotope ratios of the samples suggesting that further degrees of origin classification may be achievable in Gabon. For other species, insufficient numbers meant the possibility to determine discriminating factors between the two concessions was limited though data from these samples may prove useful to contribute to the understanding of stable isotope variability in tropical timber. The data presented establish a basis for evaluating origin claims of forest products and timber from the Compagnie des Bois du Gabon and Precious Woods Group concessions and lay a foundation for future development of timber tracking technologies in Gabon. The technique can be used for purposes of due diligence or forensic investigation by law enforcement as part of demand-side regulations such as the EU Timber Regulation, Illegal Logging Prevention Act, or the Lacey Act.
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INTRODUCTION

Consumers are becoming increasingly aware of the environmental impacts caused by deforestation and illegal logging and there is an increasing demand for supply chain transparency and traceability of wood products. Many importing and exporting nations have implemented regulations which aim to control the origin and species of traded timbers of high ecological importance and economic value. One of the earliest regulations (US Lacey Act, 2008) saw the world’s first ban on trade in illegally sourced wood products, and in March 2013, the European Union (EU) implemented the EU timber regulation (EUTR) which prohibits illegally sourced timber from entering EU markets. A handful of scientific methods ranging from light microscopy to DNA analysis and mass spectrometry, are being developed in laboratories around the world to help verify the legal status of traded timbers. However, despite growing interest in method development for timber authentication purposes, many studies have been limited by insufficient numbers of authentic timber reference samples. To overcome these limitations, World Forest ID was established through the collaboration of several key organizations including Defra, Royal Botanic Gardens, Kew, Forest Stewardship Council (FSC), Agroisolab and the United States Forest Service, with the aim of carrying out large scale collections of timber reference samples from some of the world’s most endangered forests (Gasson et al., 2020)1.

Gabon is a West African nation located on the Gulf of Guinea and Atlantic Ocean, bordering Cameroon, Equatorial Guinea, and the Republic of Congo. Its land mass is approximately 85% forested with deforestation rates of approximately 0.1% occurring annually (NEPcon, 2017). The timber industry in Gabon accounts for nearly 20,000 jobs (EIA, 2019) and is the country’s most important export (5% of GDP) after oil (Bayol, 2002; NEPcon, 2017). Of the 22–23 million ha of forested area, about 4 million ha is protected and 14 million ha are allocated for forestry (EIA, 2019). All Gabon’s forests are managed by the Ministry of Forest, Environment and Natural Resource Protection which oversees the monitoring of forest resources, including the allocation of forest concessions. Two types of permits are issued by the ministry: Concession Forestière sous Aménagement Durable (CFAD), and Permis Forestier Associé (PFA). CFAD, allows for logging by corporations in land areas of between 50,000 and 200,000 ha, whereas PFA – (which is reserved exclusively for Gabonese nationals) has a maximum size of 50,000 ha (NEPcon, 2017). As of 2017, China, followed by France, Belgium, and Italy were the largest export markets for timber sourced from Gabon (EIA, 2019).

The most important species for the Gabonese timber industry is Okoumé (Aucoumea klaineana) which accounts for most of the country’s timber exports. The timber is commonly manufactured into plywood and veneers at plants within Gabon and Asia (EIA, 2019). A 4-year investigation by the EIA established that illegally sourced timber from Gabon has routinely entered the United States (US) for over a decade and made its way to thousands of United States consumers. An in-depth analysis of the Okoumé (Aucoumea klaineana) veneer imported directly into the United States from Gabon highlights the lax attitude toward legality and the complicity of United States importers (EIA, 2019). Following a corruption scandal in 2010, Gabon moved to ban the export of logs and switched to the export of sawn logs and plywood as a means of stimulating the domestic economy (Karsenty, 2019). Other economically important species for the Gabonese timber industry include Azobé, Bongossi (Lophira alata), Okan (Cylicodiscus gabunensis), Padouk d’Afrique (Pterocarpus soyauxii), Beli (Julbernardia pellegriniana), Tali (Erythrophleum ivorense), Missanda (Erythrophleum suaveolens). These timber species, and forest products derivatives, are in great need of protection.

Aucoumea klaineana is a long-lived pioneer species capable of converting savannah into rainforest (White et al., 1996; Born et al., 2006) and is the only species in its genus. It grows relatively quickly and makes up a large proportion of the trees within Gabon. The natural range of Aucoumea klaineana includes Gabon but also extends into Equatorial Guinea, southern Cameroon, and parts of the Republic of Congo (Born et al., 2010). Despite its relatively wide distribution in Gabon, Aucoumea klaineana can be difficult to grow in plantations. One study into the silviculture of young Aucoumea klaineana trees found that saplings grew best in the soil of their original population. The growth of the saplings could be described in terms of a function of the distance from the sites where their seeds were harvested to the research site (Koumba Zaou et al., 1998). This means that if Aucoumea klaineana is harvested to the point of exhaustion in one region of Gabon, it will not be a straightforward task to simply replant the trees from another region. Genotypic mechanisms were proposed as a potential explanation for this phenomenon. However, phenotypes are ultimately the product of genetic expression, of which, the available genetic sequences are only part of the story; the mechanism phenotypic variation can also be considered in terms of epigenetics or other genetic regulatory mechanisms. Even so, there are clear examples of distinct genetic populations of Aucoumea klaineana within Gabon; Muloko-Ntoutoume et al. (2000) revealed population differences in chloroplast DNA (cDNA), and differences in polymorphic microsatellites have also been identified (Born et al., 2006, 2008).

Humans are not the only great apes that rely on Aucoumea klaineana for survival; western lowland Gorillas have been observed eating the flowers of on Aucoumea klaineana. Though it is not a main food source for Gorillas, the availability of Aucoumea klaineana during times of famine caused by shortages of other food sources may ensure that Gorillas survive (Williamson et al., 1990). Nevertheless, in research where Gorillas have been observed, logging did not appear to have affected the local population at the time meaning that logging the trees can still be acceptable if done in a sustainable manner. Although Gabon constitutes a fraction of the Congo Basin, the country also shelters approximately 45,000 forest elephants, representing nearly 60% of Africa’s remaining population (EIA, 2019). Protection of natural forest is vital for the survival of forest elephants.

Aucoumea klaineana is most commonly traded as plywood and is often used for boatbuilding due to its excellent properties (Negro et al., 2011). Plywood is produced from the layering of multiple sheets (veneers) of rotary-peeled logs which are held together with thermosetting formaldehyde-urea-based resins (Desch and Dinwoodie, 1996; Negro et al., 2011). Typically, heartwood is used for veneer making. Heartwood can be defined as “the inner layers of the wood, which, in the growing tree, have ceased to contain living cells, and in which the reserve materials (e.g., starch) have been removed or converted into heartwood substance” (Hillis, 1987). The process of heartwood formation does not always lend itself to the preservation of genetic material either in plant cell nuclei, mitochondria, or chloroplasts. The process of veneer-making involves boiling the wood, applying steam and hot-pressing at over 100°C to cure the thermosetting resin. Though population genetics is an excellent method for timber tracking (Jolivet and Degen, 2012) and is highly suitable for verifying the origin of logs, the manufacturing process of plywood does not lend itself to ideal preservation of genetic material for later analysis and may present limitations for this technique in demand-side regulatory scenarios. Therefore, there needs to be a method capable of evaluating the origin of the veneers in plywood so supply chain stakeholders, enforcement and concerned parties can be assured of its legal origin as part of demand-side authentication. Nevertheless, population genetics is a vital technique and is suitable for addressing the origin of timber within Gabon where genetic material can be accessed for analysis.

Stable isotope ratio analysis (SIRA) is a widely accepted analytical technique, and since the beginning of the 21st century, has become established as a means of verifying the origin of food and drink (Kelly et al., 2002; Boner and Förstel, 2004; Heaton et al., 2008; Pilgrim et al., 2010; Li et al., 2015). The same principles used to authenticate food were later applied to timber provenance research (Boner et al., 2007; Keppler et al., 2007; Kagawa et al., 2008; Horacek et al., 2009; Kagawa and Leavitt, 2010; Gori et al., 2013, 2018; Rees, 2015; Watkinson et al., 2020, 2021). Verifying the origin of timber involves the comparison of an unknown sample against an authentic reference database for a region or territory. The technique is used routinely to assess legality, compliance with labeling legislation, and its use to conduct due diligence is advocated by EUTR (Regulation (EU) No 995/2010, 2010).

The ambitions of this project were to define the ranges of stable isotope ratios from multiple species of trees from two FSC forest concessions in Gabon by analyzing timber samples extracted from living trees. Our aims were to:


1.Collect and perform stable isotope analysis of authentic geo-referenced timber such as: Okoumé/Aucoumea klaineana (Burseraceae), Moabi/Baillonella toxisperma (Sapotaceae), Ebiara/Berlinia confusa (Leguminosae-Caesalpinioideae), Okan/Cylicodiscus gabunensis (Leguminosae-Caesalpinioideae), Ozigo/Dacryodes buettneri (Burseraceae; synonym of Pachylobus buettneri), Gombe/Didelotia africana (Leguminosae-Detarioideae), Kevazingo/Guibourtia tessmannii (Leguminosae-Detarioideae), Azobe/Lophira alata (Ochnaceae), Bilinga/Nauclea diderrichii (Rubiaceae), and Padouk d’Afrique/Pterocarpus soyauxii (Leguminosae-Papilionoideae).

2.Assess what differences occur in the stable isotope ratios of trees between and within different forest concessions within Gabon.

3.Use the data produced from samples as a baseline for evaluating the origin of timber from the two sampled concessions if the data characterize the concession well. In cases where data are insufficient to characterize the concession, the data will remain available to build data for later use.



If significant differences in the stable isotope ratios of trees from within different concessions in Gabon are evident, this may be of great benefit to audit teams wanting to meet due diligence requirements and demonstrate sustainable practices by using analysis to verify origin declarations. If the isotope ratios of trees from within different forest concessions in Gabon are relatively homogenous, this would mean that it may not be necessary to collect reference samples from all concessions to verify that the timber is from Gabon.



MATERIALS AND METHODS

During planning, Agroisolab liaised with several organizations including FSC, Royal Botanic Gardens, Kew, United States Fish and Wildlife Service, World Resource Institute (WRI) and United States Forest Service to establish a taxa priority list and reach a consensus on which locations within Gabon should be sampled. It was agreed that two forest concessions; Compagnie des Bois du Gabon (C.B.G) and Precious Woods (P.W.G) would be selected for reference sample collection. The concessions are separated by approximately 240 km and presented an opportunity to assess the variability in stable isotope ratios at higher resolution and the viability of stable isotope data to differentiate several taxa at concession level resolution.

Samples were taken from 47 trees in two forest concessions (C.B.G, n = 33 and P.W.G, n = 14) in Gabon during June 2019 (Figure 1). Between 2 and 4 pieces of timber (heartwood and sapwood) were collected from each tree. In most cases three samples were taken per tree as well as leaf and twig samples to act as herbarium vouchers. Samples of heartwood/sapwood were submitted to Agroisolab for stable isotope ratio analysis whereas the remaining material was distributed between Conservation of Biodiversity at IRET/CENAREST in Gabon and the World Forest ID collection at the Royal Botanic Gardens, Kew. A Pickering Punch (Agroisolab UK, Welburn, United Kingdom), a type of hammer-driven bore, was used to collect 45 of the 47 cores of timber 9–11 cm in length and 1.5 cm wide. One sample (Berlinia confusa) was smaller than the recommended size due to the hardness of the tree. Samples were then transferred from the Pickering Punch into cardboard tubes which were sealed inside 500 mL evacuated bags with silica gel to aid drying. Additionally, 2 of the 47 samples were collected with a chainsaw. Samples were dried in-transit to Conservation of Biodiversity at IRET/CENAREST using 30 g silica gel per plug/core. No perforations were made in the acid-free cardboard tubes; field tests found this did not adequately facilitate drying and some cores presented with mold growth upon receipt at the Plant Quarantine Unit, Royal Botanic Gardens, Kew. To eliminate the risk of pathogenic fungi entering the United Kingdom, samples were subjected to 121°C heat at 15 psi in an autoclave for 30 min before they were dried and released into the WFID collection for analysis and storage. Prior to routine preparation mold was manually removed as it is considered that it may be source of variability for stable isotope analysis (Horacek et al., 2018; Beeckman et al., 2020).
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FIGURE 1. Locations and taxa of samples collected in the C.B.G and P.W.G concessions in Gabon. The positioning of location markers is displayed using point displacement. The black dots represent the centroid of the sample cluster.


GPS data, photographs of the trees and leaves, descriptions and comments about the sampled trees were recorded in a mobile phone application named TreeSnap (Crocker et al., 2019; TreeSnap version 1.15.3 Department of Entomology and Plant Pathology, University of Tennessee, Institute of Agriculture, Knoxville, TN, United States). The data from this collection have since been moved to the World Forest ID application (World Forest ID version 1.2.0, Knoxville, TN, United States).

There are clear environmental differences between the two concessions (Table 1) that may influence isotope ratios in timber. These are in addition to differences in elevation and distance to the sea. The C.B.G concession is situated next to a lagoon and approximately 20 km from the Atlantic Ocean at its closest point. P.W.G concession is approximately 380 km from the ocean at its nearest. The two concessions are approximately 240 km apart.


TABLE 1. Environmental differences between the P.W.G and C.B.G concessions.
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Measurement

Samples that presented with hyphae upon receipt at Kew had any mold physically removed as part of preparation in accordance with advice from Beeckman et al. (2020). Samples were dried at 103°C before being coarsely ground and placed into a ball-mill (Retsch MM220, Haan, Germany). The resulting fine powder was extracted in a soxhlet apparatus for 6 h with non-polar (dichloromethane) and polar (methanol) solvents which were then dried in a laboratory drying cabinet for at least 1 h. Finally, the samples were stored in air-tight sample vials and weighed for analysis.

The method chosen to isolate non-exchangeable hydrogen in cellulose is outlined by Cheung (2014). Homogenized samples were nitrated using 4 mL HNO3 (90%) and 4 mL of glacial H2SO4 (96%) in falcon tubes with 35 mL distilled water. As the reaction is exothermic, the solution was refrigerated for 2 h during the digest. The sample solution was agitated using an automatic shaker for 2 h allowing the cellulose to precipitate. Precipitated cellulose was then separated from the solution with an initial centrifugation for 1 min at 3,000 rpm. The supernatant was then discarded, and the precipitate was resuspended using 40 mL distilled water and subjected to another centrifugation for 1 min at 3,000 rpm. This process was repeated until a pH of 6–7 was achieved. Finally, precipitated cellulose was resuspended in 2–3 mL of distilled water, transferred to a glass vial and water decanted following centrifugation. Residual water was removed by gentle heating.

To avoid equilibration or humidity effects in the oxygen and hydrogen analysis, the weighed-in samples were equilibrated overnight in desiccators with a defined humidity of 10.6%. Afterward the samples were vacuum dried for at least 2 h.

Sample measurements were corrected against in-house standards at the beginning, middle and end of each measurement run. In-house standards are traceable back to certified reference materials enabling measurements to be reported relative to an internationally defined standard; for hydrogen and oxygen isotope ratio analysis, Vienna Standard Mean Ocean Water (VSMOW) is used. For carbon isotope ratio analysis, Vienna Pee Dee Belemnite (VPDB) is used. For sulfur isotope ratio analysis Vienna Canyon Diablo Troilite (VCDT) is used. The in-house standards used were 1,4-dihydroxyanthraquinone (Merck Schuchardt) for δ18O and δ2H, L-leucine (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) for δ13C and δ15N, and L-cysteine (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) for δ34S. In-house standards are also controlled in Agroisolab’s free intercomparison testing platform “Agroisolab-KPT” which routinely operates with over 20 isotope laboratories. Measurements are reported in per mil (‰) and were made in accordance with processes outlined in Boner et al. (2007).

δ18O and δ2H measurement was performed using two Isotope Ratio Mass Spectrometers (IRMS) in a master/slave configuration (Isoprime, Elementar, Cheadle, United Kingdom) with each IRMS measuring one isotope ratio; δ18O or δ2H. This configuration provides excellent stability because the magnetic field and accelerating voltage remain constant on each IRMS. The working temperature for pyrolysis is >1530°C and HT-PyrOH is performed with a covalently bonded silicon carbide tube (patented by Agroisolab GmbH, Jülich, Germany) filled with glassy carbon chips and coal powder.

δ13C measurement was performed using an Elemental Analyzer (EA3000, Eurovector, Milan, Italy) in combination with IRMS (Nu Horizon, NU-Instruments, Wrexham, United Kingdom). The working temperatures are 1,021°C for oxidation and 600°C for reduction. Reduction is carried out in the presence of copper.

δ34S measurement was performed using an Elemental Analyzer (EA3000, Eurovector, Milan, Italy) with IRMS (Isoprime, Cheadle, United Kingdom). A one tube combustion (oxidation and reduction in one tube) is used to solve issues caused by SO3. Combustion water is directly trapped with magnesium perchlorate at the end of the tube. The working temperature is 1,000°C.

Typical values for Combined Uncertainty (uc) measurement in timber is 0.2‰ for δ18O, 1.3‰ for δ2H, 0.1‰ for δ13C, and 0.2 for δ34S.



Data Analysis

Due to the low number of samples representing many taxa, multivariate analysis methods were not considered ideal to draw conclusions from the data but were still performed to at least make inferences. Particular attention was given to Aucoumea klaineana which had high enough sample numbers from both concessions. Univariate analyses were performed to show differences between distributions of means such as Student’s t-test and ANOVA, or to assess co-variance such as regression as well as boxplot visualizations (Orange 3.24, University of Ljubljana, Slovenia; Microsoft Excel 2019 ver. 16.0.6742.2048, Redmond, WA, United States). Aucoumea klaineana and Dacryodes buettneri were assessed in SAGA GIS 2.3.2 (Departments for Physical Geography, Hamburg and Göttingen, Germany) for spatially related patterns using Inverse Distance Weighting (IDW) to the 2nd order power and weighting was applied using all sampling points in the area. IDW is an exact spatial interpolator, therefore, isoscapes generated in this way are useful to visualize consistencies, differences, and outliers within defined areas such as forest concessions. However, IDW is not an ideal method to generate isoscapes as statistical models due to the fact it always generates an “overfit” model. We do not recommend IDW’s use as a method of evaluating the authenticity of test samples.




RESULTS

Nauclea diderrichii (n = 5) was remarkably consistent in terms of its δ18O isotopic composition relative to other sampled taxa, and it also has the least positive δ18O on average (mean) by group. Lophira alata (n = 4) has the most positive and widest range of δ18O (2.6‰). This seems unusual because the range δ18O for Aucoumea klaineana was 1.1‰ in the C.B.G concession and 0.8‰ in the P.W.G concession, and the range of Dacryodes buettneri was 0.7‰ in C.B.G and 0.5‰ in P.W.G, yet these species were sampled in greater quantities (Table 2). The reason for the wide range in δ18O for Lophira alata can be attributed to a single sample which was far more depleted in 18O than others. Of the four samples of Lophira alata that were collected, the sample in question was the only one collected with a chainsaw as opposed to a Pickering Punch. The samplers were contacted about the result and were able to provide further corroborating information about the authenticity of the sample. We cannot explain this outlier result, but outliers exist in the dataset and must be included. There are significant differences between the δ18O isotope ratios of the different taxa across the two locations (p = 0.002) as judged by ANOVA. For the interpretation of this result, it should be considered that the Aucoumea and Dacryodes were collected in two sites, whereas the other taxa were collected in just one. Based on the data from samples collected in this study, there is no strong relationship between the oxygen stable isotope ratios and the elevation of each sample. Aucoumea klaineana has the strongest relationship with elevation (R2 = 0.2) although this value lacks explanatory power to be used as a sole predictor of δ18O isotopic composition in Aucoumea klaineana.


TABLE 2. Stable isotope data from taxa sampled from the two concessions in Gabon.
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Nauclea diderrichii has the narrowest range of δ2H isotope ratios in comparison to other taxa that were analyzed in this study. Contrary to the trend between taxa having the most positive δ18O, Nauclea shows the least positive δ2H (Table 2). The differences in the mean δ2H of the taxa are significant (ANOVA, p = 0.009), however, there is a lot of overlap in the ranges. The range of all taxa is approximately 20‰ (between −62 and −42‰). The typical range of δ2H in each concession is around 10‰, however, Pterocarpus (five samples collected in C.B.G concession, one sample collected in P.W.G concession) shows a range of 18‰ (Table 2). Nauclea diderrichii and Pterocarpus soyauxii appear to have strong, positive relationships with elevation (R2 s of 0.79 and 0.55, respectively). This positive proportionality suggests that their δ2H should increase with increasing elevation if the trend can be extrapolated. Dacryodes buettneri, Lophira alata, and Aucoumea klaineana do not show strong relationships between their δ2H and elevation.

Relative to the δ2H ratios of the extracted wood, analysis of the non-exchangeable δ2H isotope ratios show some interesting patterns: Aucoumea klaineana has the most negative δ2H isotope ratios in both cases, the remainder of the sampled taxa seemed to have switched places entirely. Table 2 shows that the typical ranges observed in the taxa are approximately 10‰ for δ2H from extracted wood, whereas the ranges in the δ2H isotope ratios for the non-exchangeable δ2H are all greater than 10‰ for all well-sampled taxa. Nauclea diderrichii, Pterocarpus soyauxii, and Lophira alata appear to have positive relationships between their non-exchangeable δ2H from cellulose and elevation with R2 s of 0.26, 0.73, and 0.31, respectively. This positive proportionality suggests that their δ2H isotope ratios should increase with increasing elevation if this trend persists. Aucoumea klaineana has a negative relationship between its non-exchangeable δ2H from cellulose and elevation with an R of −0.43. Dacryodes buettneri was the only taxon without a strong relationship between its δ2H and elevation.

Carbon isotope ratios have a range that varies between 1.5 and 4.0‰. The carbon isotope ratios of all species vary between −27 and −30.2‰ (Table 2). The widest range evident in this study exists in Pterocarpus (4‰ range).

The range of nitrogen isotope ratios in all sampled taxa was approximately between −2‰ to +8.5‰. The least positive δ15N belongs to a Pterocarpus sample, whereas the most positive δ15N belong to a Nauclea sample. The nitrogen isotope ratios of each taxa had an individual range of around 1–4‰. There are significant differences in the mean nitrogen isotope ratios of the taxa sampled (ANOVA, p = 0.000) implying a strong taxonomically related effect in the data for δ15N.

All taxa were enriched in 34S with δ34S greater than +6‰. The range of sulfur isotope ratios in all taxa range between +6 and +13.5‰ and have per-taxon ranges of approximately 2–3‰ in each concession (Table 2). The broadest range per taxon was evident in the Aucoumea samples which were collected in two concessions and were the most well-sampled timbers in this project. There are significant differences between the taxa (ANOVA, p = 0.001) suggesting a strong taxonomically related effect in sulfur stable isotope ratio profile. All analyzed taxa show negative relationships between sulfur isotope ratio and elevation meaning that, with increasing elevation, a decreasing sulfur isotope ratio would be expected if this trend can be extrapolated. The strongest relationship was evident in Aucoumea klaineana with an R of −0.79 (Figure 2).
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FIGURE 2. Relationship between elevation and the δ34S of Aucoumea klaineana sampled in the P.W.G and C.B.G concessions from Gabon.



Aucoumea klaineana (Okoumé)

Significant differences are evident in the mean values of non-exchangeable δ2H (Student’s t, p = 0.036), and the δ34S (Student’s t, p = 0.000) of the Aucoumea klaineana samples between the C.B.G and P.W.G concessions. Figure 3 show that there is very little overlap between the two concessions in the sulfur isotope ratios from the two concessions.
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FIGURE 3. Boxplots of (A) δ18O, (B) δ2H, (C) δ2H (non-exchangeable), (D) δ13C, (E) δ15N, and (F) δ34S of the different genera from each concession (C.B.G. and P.W.G.).


Linear Projection (Figure 4) of the stable isotope ratios of Aucoumea from the two concession shows the two concessions are well-separated. The k-means silhouette scores from the Principal Components of the stable isotope data show that it is most likely that the data have two clusters (48% probability), but it is also possible that there are more (3 clusters = 36.5%, 4 clusters 37.3%). There is one sample of Aucoumea from the C.B.G concession that has stable isotope ratios that are in the range of reference samples from the P.W.G concession.
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FIGURE 4. Linear projection of the stable isotope ratios of Aucoumea klaineana samples from the C.B.G (n = 9) and P.W.G (n = 7) concessions.


The Inverse Distance Weighting isoscape (Figure 5) highlights the spatial patterns in the stable isotope ratios in Aucoumea between and within the C.B.G and Precious Woods concessions. The color scales of the figures are set to maximize the visual differentiation in values rather than to reflect whether differences are significant or not. For example, there are no significant differences between the oxygen, hydrogen (extracted), carbon and nitrogen stable isotope ratios of Aucoumea between the two concessions. The scale for Figure 5A shows insignificant differentiation in the oxygen isotope ratios, however, the scales of the isotope ratios of carbon (B), extracted hydrogen (C), non-exchangeable δ2H from cellulose (D), nitrogen (E), and sulfur (F) all show good ranges in their respective values. Figure 5B shows that carbon isotope ratios may have been a more useful classifier to each concession were it not for a single sample in the northwest of the main portion of the P.W.G concession having such an enriched carbon isotope ratio. Figures 5C,D do not show comparable spatial patterns in hydrogen isotope ratios, Figure 5C shows that, generally, the hydrogen isotope ratios of Aucoumea are enriched in the C.B.G concession and depleted in the Precious Woods Group concession, whereas Figure 5D seems to show the opposite, discounting one sample in the C.B.G concession that has an enriched hydrogen isotope ratio in both situations. Figure 5E shows that the C.B.G concession has some populations of δ15N enriched Aucoumea close to δ15N depleted Aucoumea, whereas most of the samples collected in the Precious Woods Group concession are relatively depleted in δ15N with the exception of a sample in the northwest of the main body of the concession. This same sample had an enriched carbon isotope ratio. Figure 5F shows that the sulfur isotope ratios of Aucoumea within each concession are consistent. The C.B.G concession shows enriched sulfur isotope ratios whereas the P.W.G shows depleted. Only one sample in the C.B.G concession shows a relatively depleted sulfur isotope ratio.
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FIGURE 5. Inverse distance weighting (global) isoscapes of Aucoumea klaineana stable isotope data from samples collected in the C.B.G and P.W.G concessions. (A) δ18O, (B) δ13C, (C) δ2H, (D) non-exchangeable δ2H from cellulose, (E) δ15N, (F) δ34S.




Dacryodes buettneri (Synonym of Pachylobus buettneri)

Significant differences in the oxygen, hydrogen, non-exchangeable hydrogen, and nitrogen stable isotope ratios were not evident in Dacryodes buettneri between the C.B.G and Precious Woods concessions, however, differences between the mean values of the carbon and sulfur stable isotope ratios between the two concessions were observed. These differences were close to being significant (p = 0.143 for carbon isotope ratios, p = 0.127 for sulfur isotope ratios Figure 3).

Linear projection of the stable isotope ratios of the samples of Dacryodes buettneri (Figure 6) further demonstrate that there is some apparent separation of the stable isotope data between the two concessions, but these differences are not well-defined. This is also evident when observing the k-means silhouette scores of the PCA, there is a 24% probability that there are two clusters in the data, however, there is 24.7% probability that there are 3 clusters or 4 clusters within the data.
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FIGURE 6. Linear projection of Dacryodes buettneri stable isotope data.


The inverse distance weighted (IDW) isoscapes (Figure 7) give insight into the spatial patterns of the Dacryodes data between and within the two concessions. Figure 7A shows that there is more variation of the oxygen stable isotopes of the Dacryodes within each concession than there is between the two. Figure 7B shows that there would be good segregation of the two concessions by the carbon isotope ratios of the Dacryodes were it not for the high variance in the C.B.G concession perhaps explaining why the Student’s t-test shows a nearly significant difference in carbon isotope ratios (P = 0.127). Figures 7C,D show that there are similar spatial patterns in the hydrogen stable isotopes of the extracted wood and of the non-exchangeable hydrogen from cellulose of the Dacryodes. The relatively high variation of hydrogen isotope ratios in the C.B.G concession limit the statistical separation of Dacryodes using the hydrogen isotope ratios alone. Figure 7E shows that Dacryodes buettneri have lower nitrogen isotope ratios in the C.B.G concession relative to the Precious Woods Group concession save for a single sample in C.B.G that was particularly enriched in δ15N. Figure 7F shows that Dacryodes follows a similar pattern to Aucoumea in its sulfur isotope ratios; the samples from the C.B.G concession are more enriched in δ34S than in the Precious Woods concession save for one sample in C.B.G that was depleted in 34S.
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FIGURE 7. Inverse distance weighting (global) isoscapes of Dacryodes buettneri stable isotope data (A) δ18O, (B) δ13C, (C) δ2H, (D) non-exchangeable δ2H from cellulose, (E) δ15N, (F) δ34S.





DISCUSSION


Aucoumea klaineana

Aucoumea klaineana (Okoumé) is a fast-growing, light-demanding pioneer tree (Koumba Zaou et al., 1998). In growing conditions with favorable light, Aucoumea klaineana can develop rapidly. In terms of photosynthesis, it can be considered that the main source of water for incorporation into sugars is likely to be primarily precipitation (Ohashi et al., 2016). It is therefore difficult to understand why there is no strong relationship between the hydrogen and oxygen isotope ratios of Okoumé, and very little trend with respect to elevation and its water hydrogen and oxygen isotope ratios. The lack of a trend may be summarized by the fact there are only relatively small differences in δ18O and δ2H in annual precipitation. This may be due to phenomena that work against each other such as the rainout effect and the continental effect (Ohashi et al., 2016), or that despite the fact there are differences in rainfall and elevation they are not sufficient to make a significant difference. Perhaps there is little meaningful difference in relative humidity between the P.W.G and C.B.G concessions that may also counter the anticipated relationship between δ18O and δ2H (Fritts et al., 1971; Roden et al., 2000).

One of the most important activities of rainforests is regulating the temperature of the atmosphere by removing CO2 and moderating rainfall. Provided that excessive evaporation does not occur, precipitation can be expected to follow the Global Meteoric Water Line (Craig and Boato, 1955; Craig, 1961). Evapotranspiration in rainforests produces rain for the rainforest and contributes to atmospheric cooling. However, this cyclical evapotranspiration may be considered as “excessive evaporation” meaning that the precipitation tropical trees receive is effectively not meteoric precipitation (Marryanna et al., 2017). One idea to investigate this further would be to sample Aucoumea klaineana under very different conditions (i.e., not just within Gabon, but elsewhere in the world), however, this is marred by the fact that Aucoumea klaineana primarily grows in Gabon and Equatorial Guinea with a small extent in Republic of Congo (Born et al., 2010). There are few plantations outside this range. Differences are evident in the nitrogen isotope ratios of the Aucoumea klaineana samples from the P.W.G and C.B.G concessions. Nitrogen isotope ratios are expected to increase with the age of a tree. Hietz et al. (2011) showed that a 2‰ increase in nitrogen isotope ratio was evident over an 80-year chronology of three tropical timbers. Variation in age of trees that were sampled may have played a factor in the nitrogen isotope ratio that was measured. Nitrogen deposition is increasing in the tropics (Högberg and Johannisson, 1993; Hietz et al., 2010), one of the suggested means is by tropospheric NOx deposition. It is not inconceivable that the differences between the two concessions may be partially explained by this, however, there are insufficient samples and conditions to be able to assess if this was the case in this study. Adding nitrogen to trees is associated with losses of NO32– from a tree and is a mechanism by which trees can become more enriched in 15N (Högberg and Johannisson, 1993), this phenomenon is also related to cation loss from soil and increase in soil acidity. Different soils can be more resistant to change perhaps explaining why significant differences were observed in the nitrogen isotope ratios of Aucoumea klaineana on the three different soil types. It also must be considered that segregating the Aucoumea klaineana samples by soil type rather than by concession may, on one hand, suggest that there is a predictable overall pattern within Gabon that may aid the origin classification of unknown samples of Okoumé; on the other, it may be an arbitrary segregation and the significant differences that were observed are the result of the fact that very few samples of Aucoumea klaineana have been examined in this study (n = 16). Though Aucoumea klaineana was the best-sampled species the data only portray a snapshot of reality. Greater sampling of Aucoumea klaineana in the Precious Woods concession would give spatial models more certainty. Sampling other concessions and countries will give a better idea of the differentiation and classification that is possible with Okoumé. One challenge to using nitrogen isotope ratios as an origin classifier is that Aucoumea klaineana exists as plywood in western markets. Veneers in plywood are typically glued using formaldehyde-urea-based resins (Desch and Dinwoodie, 1996; Negro et al., 2011), some also include melamine. Urea and melamine contain nitrogen, this exogenous nitrogen must be removed for the natural nitrogen to be accessed for comparison. The method of sample preparation posed in this study is also intended to mitigate the effect of resins and other secondary metabolic compounds and therefore is a practical solution to the problems that glues present in plywood.

Sulfur isotope ratios were the best discriminator of Aucoumea klaineana between the two concessions. There are clear differences between C.B.G and P.W.G concessions in terms of distance from the sea, tropospheric sulfate deposition (Novák et al., 1996; Global Modeling and Assimilation Office [GMAO], 2015) and elevation that may explain the differences in observed values either individually or in combination. Soil type may also be important in separating ranges of sulfur isotope ratios in Aucoumea klaineana as different soils contain varying concentrations of sulfate (Jones et al., 2013). If this is the case patterns in δ34S in Gabon would follow the patterns in soil type. All these potential predictors suggest that there is a higher spatial structure of sulfur isotope ratios in Aucoumea klaineana across Gabon that is likely to be useful at identifying the origin of Okoumé.

Based on the results, we believe that the ranges of stable isotope ratios for Aucoumea klaineana for the two concessions are defined well-enough. Leavitt (2010) shows that temperate trees growing on the same site may vary between 1 and 4‰ for δ18O, 5 and 30‰ for δ2H, and 1 and 3‰ for δ13C. In the C.B.G concession, Aucoumea klaineana ranged 1.1‰ for δ18O, 10.1‰ for δ2H, 10.5‰ for δ2H (non-exchangeable), and 2.4‰ for δ13C. In the P.W.G concession, Aucoumea klaineana ranged 0.8‰ for δ18O, 10.6‰ for δ2H, 11.9‰ for δ2H (non-exchangeable), and 2.0‰ for δ13C. It is not clear what proportion of sites had greater ranges in δ18O, δ2H, and δ13C in the Leavitt (2010) review or what the concession ranges from Aucoumea klaineana mean in this context, the isotopic ranges recorded in this study are on the lower end of the variability scale. Perhaps this means that Aucoumea klaineana is relatively homogenous in its isotopic composition in its growing sites, and the comparison of tropical trees with temperate trees is not ideal. Van der Sleen et al. (2017) conducted a review of tropical timber stable isotope variability. The review mainly focuses on inter-ring stable isotope variability rather than inter-tree (on the same site) stable isotope variability. The review discusses that inter-ring variation of 1–2‰ for δ13C, in some cases up to 3‰ is often found, and ranges of 1–5‰ for δ18O are not uncommon. The review also demonstrated one extreme case of 9‰δ18O variability within a tree ring. Similar values for inter-ring variability are discussed by Leavitt (2010). Though it may be a bit of leap to try to infer that because inter-ring stable isotope variability is similar in tropical and temperate trees, inter-tree variability should be similar too, the lack of a good comparison shows the importance of publishing stable isotope data for tropical trees so that Reviews and comparisons can be made in future. It is recommended that sample quantity per site should be compared to the range of stable isotope ratios for many species and many origins to observe the relationship between the two variables. We hypothesize that this relationship is horizontal asymptotic where having a small quantity of samples per site gives the greatest uplift in knowledge (from no knowledge) about the variability or range of site initially with the benefit of increased sampling yielding diminishing returns after a certain threshold is reached. This is one of the reasons for analyzing opportunistically collected samples in low quantities (e.g., Baillonella toxisperma, Cylicodiscus gabunensis, Guibourtia tessmannii, Lophira alata, Nauclea diderrichii, Pterocarpus soyauxii, Berlinia confusa, and Didelotia africana).



Dacryodes buettneri (Synonym of Pachylobus buettneri)

Eight samples of Dacryodes buettneri were sampled in the Precious Woods (n = 3) and C.B.G (n = 5) concessions. The range of stable isotope variability is well-defined enough for the C.B.G concession, but more samples are needed for the P.W.G concession. Dacryodes ranged 0.7‰ for δ18O, 14.4‰ for δ2H, 14.3‰ for δ2H (non-exchangeable), and 3.3‰ for δ13C in the C.B.G concession which is comparable to the ranges expected on a site as discussed by Leavitt (2010). It is likely collecting more samples of Dacryodes would elucidate the true differentiation possibilities between the two origins. Though multiple multivariate models were attempted with the Dacryodes data, it is statistically inappropriate to attempt to use three to six variables to classify eight samples from two origins. The Principal Component Analysis and the silhouette scores of the data show that there is not any real clustering of the data, this is because there aren’t enough samples to define clusters. Further interpretation of the differentiation possibilities of Dacryodes buettneri using stable isotope ratio measurements is beyond the scope of this paper. Nonetheless, it is interesting that the sulfur isotope ratios of Dacryodes buettneri appear to follow a similar trend to those of the Aucoumea klaineana reference samples. Further collection of this timber should reveal a higher spatial structure within Gabon that can be used to classify the origin of Dacryodes timber.



Baillonella toxisperma, Cylicodiscus gabunensis, Guibourtia tessmannii, Lophira alata, Nauclea diderrichii, Pterocarpus soyauxii, Berlinia confusa, and Didelotia africana

Data presented in this report provide a first glimpse at the stable isotopic variation of the species from the concessions where they were collected from within Gabon. However, little can be stated about what overtly the data means for collections with an n < 3 until a point where collections are large enough to permit thorough analysis and interpretation. Ideally, collections of species/genera from concession areas should be at least five samples and as many as 10–20, perhaps more depending on the size of the concession. There are clear, significant differences between these species even though they were collected mostly on the same sites, suggesting that data from one species cannot easily be applied to another at this stage. As collections of samples and data grow, it is likely that higher-order patterns will become evident and this may permit interpretation of the origin of various species using data from another species such as using Dunbar lines (Dunbar and Wilson, 1983) to convert between datasets, or using mechanistic models to forecast data (Roden et al., 2000; Cueni et al., 2021).

Of all sampled timbers, Pterocarpus soyauxii showed the most negative nitrogen stable isotope ratios. This was expected as Pterocarpus soyauxii is a nitrogen-fixing tree and perhaps acts as a primary nitrogen source in the areas where it was sampled. The results are supported by Hietz et al. (2011) who demonstrated that leaves of leguminous trees had more negative δ15N relative to non-leguminous trees. Variability in nitrogen isotope composition was also demonstrated by Hietz et al. (2011) to be influenced by sun/shade. Results from nitrogen fixers are important from an ecological perspective as they are one of the nitrogen sources for other nearby trees due to the nitrogen they fix in the soil and the distribution of the nitrogen by mycorrhiza. Mycorrhizal type varies with climate, such as arbuscular mycorrhiza which are more abundant in tropical areas such as Gabon. Steidinger et al. (2019) show that varying proportions of these arbuscular mycorrhiza exist across Gabon and between the two concessions that were sampled in this project. This may give rise to geographic variation in nitrogen isotope ratios of Pterocarpus and other flora and fauna that source nitrogen through mycorrhizal networks (Williamson et al., 1990). However, Berlinia confusa and Cylicodiscus gabunensis are also from the Fabaceae family yet have much more positive δ15N than the reference samples of Pterocarpus soyauxii (Figure 3). If the explanation for the δ15N in Fabaceae timbers is a simple as nitrogen fixing trees have lower δ15N then the results from the Berlinia confusa and Cylicodiscus gabunensis suggest there is more to δ15N variance in tropical timber than simply local nitrogen fixation.




CONCLUSION

Despite the limited quantity of samples and species, the data acquired establish a basis of evaluation for assessing geographic origin claims of certain forest products including plywood and veneers from Gabon. The differences in the sulfur isotope ratios of Aucoumea and Dacryodes reference samples from Precious Woods Group (P.W.G) and Compagnie des Bois du Gabon (C.B.G) forest concessions suggest that regional scale origin classification may be realized with high enough frequency of reference sample collection. Furthermore, higher resolution sampling of target species including Aucoumea and Dacryodes will address this much needed comparison as it may enable more efficient allocation of reference sampling resources. Further sampling of Burseraceae family timbers in the tropics may permit a global model for verifying their geographic origin.



FUTURE WORK

Expanding the collection of reference samples will be necessary to investigate regional classification further. More sample data will improve discrimination between concessions or regions, as well as allowing for comparison of stable isotopes both within a single sampling site and single taxa. A higher frequency of reference sample collection will also enable assessment of the suitability of specific taxa to act as isotopic proxies for other species. Natural variability of isotopic distribution within a site is still not fully understood, and it is anticipated that large scale sample collections for specific taxa will also enable a better understanding of this. So far, the study has focused on whole wood and cellulose components of timber reference samples. Several alternative analytical methods detail procedures for analyzing alternative metabolic fractions including lignin and proteins in the form of amino acids. Furthermore, isotope methods are already being used to measure the stable isotopes of position-specific atoms within a selection of molecules such as ethanol, providing higher resolution information on the source water incorporated during metabolism. Analysis of alternative fractions and position-specific isotope ratios within a molecule such as glucose or lignin may yield higher quality results and aid the discrimination of reference samples taken from concessions within the same country.
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