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Robin Doucet, Gaël Bibang Bengono, Marius Ruwet, Isabelle Van De Vreken, Brieuc Lecart,
Jean-Louis Doucet, et al.
Highlighting a New Morphospecies within the Dialium Genus Using Leaves and Wood Traits
Reprinted from: Forests 2022, 13, 1339, doi:10.3390/f13081339 . . . . . . . . . . . . . . . . . . . . . 31

Rita Simões, Manuela Branco, Carla Nogueira, Carolina Carvalho, Conceição Santos-Silva,
Suzana Ferreira-Dias, et al.
Phytochemical Composition of Extractives in the Inner Cork Layer of Cork Oaks with Low and
Moderate Coraebus undatus Attack
Reprinted from: Forests 2022, 13, 1517 , doi:10.3390/f13091517 . . . . . . . . . . . . . . . . . . . . 53

Fernanda Bessa, Vicelina Sousa, Teresa Quilhó and Helena Pereira
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Preface

A present and urgent challenge is to follow the major guidelines set out for forest resource

sustainability management in the context of both ecosystem-related global warming threats and

green economy needs. For instance, we may need to pay special attention to threatened species

and lesser-known endemic species, as well as to invasive species that may be profitable when

managed, so as to avoid the overexploitation of current forest species. Additionally, the full resource

use approach requires consideration of the residual materials from forest management and related

industries, taking into account different tree components and non-wood products that present

enormous diversity.

Specific knowledge on these diverse materials regarding their structure, anatomy and properties

is, therefore, an essential tool in assessing the potential and suitability of these different forest

resources. For the most profitable forest species, research over the years has produced a number

of studies related to general wood growth tendencies and characteristics. However, different species

might need to be involved in the framework of new ecosystem-oriented approaches for sustainable

resource management. The high diversity within and between species also requires careful study of

their variability, which may contribute toward a better understanding their properties and potential

applications, thereby supporting improved tree selection and breeding programs.

This Special Issue aims to gather research-based data on wood and on non-wood forest products,

with a special emphasis on bark—specifically, its anatomical, physical and chemical properties

and their relationships—to provide tools and background information to assess the forest resource

potential of different species. Our aim is twofold, as we look to contribute to efforts to increase forest

sustainability and diversity through preserving species with potential for high-quality end use and

to diversify wood supply using knowledge related to wood and non-wood characteristics and their

diversity.

Vicelina Sousa, Helena Pereira, Teresa Quilhó, and Isabel Miranda

Editors
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Editorial

The Diversity of Wood and Non-Wood Forest Products:
Anatomical, Physical, and Chemical Properties,
and Potential Applications
Vicelina Sousa *, Isabel Miranda, Teresa Quilhó and Helena Pereira

Centro de Estudos Florestais, Laboratório Associado TERRA, Instituto Superior de Agronomia, Universidade de
Lisboa, 1349-017 Lisboa, Portugal; imiranda@isa.ulisboa.pt (I.M.); terisantos@isa.ulisboa.pt (T.Q.);
hpereira@isa.ulisboa.pt (H.P.)
* Correspondence: vsousa@isa.ulisboa.pt

Forests are continuously changing, as is the related gap in our understanding. The
resources diversity of forests is enormous because of the existence of temperate, boreal,
and tropical forests. Before the implementation of any forest or agroforestry practices, the
resources were mainly used based only on resource proximity and availability. Systematic
forestry knowledge allows us to increase wood production and ensure species conservation.
The present and urgent challenge is to follow the major guidelines set out for forest resources
sustainability management in the context of both ecosystem-related global warming threats
and green-economy needs. Yet, there are several forest resources that are not well known,
and specific knowledge regarding the structure, anatomy, and properties is therefore an
essential tool in assessing the potential and suitability of these different forest resources.
Understanding and predicting effects on the growth and quality of each forest resource
due to abiotic and biotic factors and conditions is complex and of crucial importance for
sustainable forest resources management.

This Special Issue, “The Diversity of Wood and Non-Wood Forest Products: Anatomi-
cal, Physical, and Chemical Properties, and Potential Applications”, features a collection
of articles on diverse species ranging from temperate to tropical regions (endemic species,
lesser-known timber species, invasive species, and non-woody species), highlighting their
potential as wood and non-wood forest products. The research findings contained herein
fulfill the Special Issue’s proposed aim, i.e., to contribute to diversifying the lignocellu-
losic supply and to preserve species with the potential for high-quality end use, thereby
increasing forest sustainability and diversity.

Rattan are monocotyledonous plants, also known as palms, mainly distributed in
tropical forests in Southeast Asia and in West and Central Africa, with a high economic
value due to their use in furniture production [1]. Rattan species are considered alternatives
to timber species. However, studies on rattan species belonging to the Calamus genus, the
most rich and traded genus, are still quite scarce [1]. Addressing this research gap, Ahmed
et al. [1] studied the within-stem variability of two rattan species, Calamus zollingeri Beccari
and Calamus ornatus Blume, growing in Indonesia, to analyse the potential of lignocellulosic
material based on its biological durability and anatomical/physical properties.

Mediterranean oaks, and in particular the cork oak, Quercus suber L., even if well-
adapted to the adverse conditions of the Mediterranean climate, are considered to be under
threat due to climate change and pests [2,3]. Simões et al. [2] studied the seasonal variation
of the chemical composition of cuticular waxes in cork oak leaves due to their ability to
control water loss during abiotic stresses such as drought and high temperatures in an
effort to contribute to climate change adaptation measures. Moreover, the major biotic
threats are related to the cork borer, Coraebus undatus Fabricius (Coleoptera, Buprestidae),
named “cobrilha da cortiça” in Portugal and “culebrilla” in Spain, the impact of which on
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cork quality was also studied by Simões et al. [3], analysing the cork chemical profile of
secondary metabolites.

Another species considered a source of cork is the Chinese cork oak, Quercus variabilis
Blume, also distributed in Korea, even if there is no reproduction cork from this species yet
available for industrial use [4]. With the aim of exploring the further utilization of domestic
cork resources in Korean cork industries, Prasetia et al. [4] presented and discussed the
quantitative anatomical characteristics of virgin cork from Quercus variabilis growing in
Korea and compared it to the reproductive cork from Quercus suber from Portugal. The
authors suggest processing treatments and applications for the virgin cork based on its
structural characteristics.

In the tropical forests of Gabon, a new morphospecies within the Dialium genus was
introduced for the first time and studied by Doucet et al. [5], focusing on its discriminant
leaf and wood composition traits. Since a limited number of timber species are presently
used, the newly presented species, as well as other species such as Dialium pachyphyllum
Harms and Dialium lopense Breteler, are important alternative species [5]. However, the
authors mention the need to implement strategies for the sustainable wood production and
conservation of these species.

The variability in the wood properties of several tropical species from India, East-
Timor, and Mozambique, including important commercial species, such as Tectona grandis L.
as well as lesser-known species have been studied by Bessa et al. [6], aiming to contribute
to design targeted production and increase wood tropical resources diversity. Species with
different geographical origins were grouped based on anatomical and physical similarities,
describing the main wood characteristics and properties responsible for the wood variability,
and referring to lesser-known species as alternatives for CITES-listed species such as
Cedrela odorata and Dalbergia melanoxylon.

The eco-valorization of the renewable resources based on invasive species such as
the Scotch broom, Cytisus scoparius (L.) Link, was addressed by Cruz-Lopes et al. [7],
who studied the chemical composition of the branches from shrubs growing in Portugal
to evaluate the potential for liquid mixture conversion and improvement regarding the
further manufacture of valuable products, namely, as suggested by the authors, alterna-
tives for petroleum-derived fuels. According to the authors, the results were promising
for industry processing; they exclude the time-consuming and complex transformation
of the shrubs to dust, in contrast to what is typically expected of these heterogenous
lignocellulosic materials.

The chemical and anatomical characterization of stems from Asparagaceae species, com-
prising Agave spp., Beaucarnea gracilis Lem., Furcraea longaeva Karw. and Zucc., Nolina excelsa
García-Mend. and E. Solano, and Yucca spp., widely distributed in Mexico, have not yet
been studied, as indicated by Maceda et al. [8], despite the potential of these succulent
species suggested by their resistance to drought and extreme temperatures. Structural
heterogeneity was found between the different species but above all, the findings related
to tissue distribution, fiber characteristics, and crystallinity indices suggest a potential for
biofuel and lignocellulosic materials production [8].

Temperate species such as Tilia amurensis Rupr., Tilia mandshurica Rupr., and Maxim.
have garnered significant commercial interest in China owing to their stemwood, while
less interest has been given to their branchwood’s potential, which could play a crucial role
as sustainable forest resources in light of the current wood shortage in the country [9]. The
authors found different degrees of suitability for each species, noting the high potential of
branchwood from Tilia amurensis in mechanical pulp yield with specific requirements.

Four tropical timber wood species (Daniellia oliveri, Isoberlinia doka, Khaya senegalensis,
and Pterocarpus erinaceus) from Mali, Africa, were studied by Traoré and Cortizas [10] in
an effort to further our understanding of the effects of environmental factors on wood
characteristics and chemical properties, including wood colour, which is less studied in
comparison with tree growth markers. The results showed that tree species were not
equally affected by the different local environmental conditions, and extractive compounds
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potential as markers by which wood from different provenance areas may be differenti-
ated [10].

The Chinese weeping cypress (Cupressus funebris Endl.) is one of the representative ev-
ergreen coniferous species in China’s subtropics under wood production management [11].
The effects of different type of knots, live and dead, on the physical properties and colour
of this wood were discussed by Lyu et al. [11], and different commercial applications
were suggested for clear wood and for wood with different knot presences. Moreover, the
use of colorimetry methods allowed for the differentiation of different knot presences in
wood [11].

Our hope is that this Special Issue will be of interest not only to researchers but also to
students, forest managers, industrial practitioners, and society in general.
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Article

Anatomical, Physical, Chemical, and Biological Durability
Properties of Two Rattan Species of Different Diameter Classes
Sheikh Ali Ahmed 1, Reza Hosseinpourpia 1, Christian Brischke 2 and Stergios Adamopoulos 3,*

1 Department of Forestry and Wood Technology, Faculty of Technology, Linnaeus University,
Georg Lückligs Plats 1, 351 95 Växjö, Sweden; sheikh.ahmed@lnu.se (S.A.A.);
reza.hosseinpourpia@lnu.se (R.H.)

2 Wood Biology and Wood Products, University of Goettingen, Buesgenweg 4, 37077 Goettingen, Germany;
christian.brischke@uni-goettingen.de

3 Department of Forest Biomaterials and Technology, Division of Wood Science and Technology, Swedish
University of Agricultural Sciences, Vallvägen 9C, 750 07 Uppsala, Sweden

* Correspondence: stergios.adamopoulos@slu.se; Tel.: +46-018-67-2474

Abstract: Rattan cane is an important forest product with economic value. Its anatomical, physical,
and biological properties vary with the cane height. This makes it difficult to select the appropriate
cane diameter for harvesting. Understanding the material properties of rattan cane with different
diameter sizes is important to enhance its utilization and performance for different end uses. Thus,
the present study was performed on two rattan species, Calamus zollingeri and Calamus ornatus, at
two different cane heights (bottom/mature and top/juvenile). Calamus zollingeri was studied at
diameter classes of 20 mm and 30 mm, while Calamus ornatus was analyzed at a diameter class of
15 mm. The anatomical properties, basic density, volumetric swelling, dynamic moisture sorption,
and biological durability of rattan samples were studied. The results showed that C. zollingeri with
a 20 mm diameter exhibited the highest basic density, hydrophobicity, dimensional stability, and
durability against mold and white-rot (Trametes versicolor) fungi. As confirmed by anatomical studies,
this could be due to the higher vascular bundle frequency and longer thick-walled fibers that led to a
denser structure than in the other categories. In addition, the lignin content might have a positive
effect on the mass loss of different rattan canes caused by white-rot decay.

Keywords: Calamus zollingeri; Calamus ornatus; dynamic vapor sorption; basic density; volumetric
swelling; white rot; mold

1. Introduction

Rattan are spiny and climbing palms mainly distributed in Southeast Asia and in West
and Central Africa [1]. With diverse uses, rattan have a high economic value and the most
popular use is in furniture production. Depending on the stem diameter, rattan canes are
generally classified into three categories: i.e., large (>18 mm), medium (10–18 mm), and
small (<10 mm) diameter rattan. The medium and large diameter canes are used for furni-
ture frames, walking sticks, sporting goods, and rural bridges, while small diameter canes
are used either in round or split form, in basket making, chair seats, lampshades, and a vari-
ety of handicraft items [2]. Rattan canes are also widely used as excellent natural materials
for ropes, decorative items, housing, craft products, umbrella handles, sporting goods, hats,
cordage, birdcages, matting, baskets, hoops, and as implant materials [3,4]. In addition,
other parts of the rattan, such as roots, fruits, and leaves, are used in folk medicines, while
the shoots are edible because of the presence of high amounts of proteins, carbohydrates,
vitamins, and other nutrients [5]. There are 12 different genera of rattan, which include
more than 550 species [6], and only four of the genera are traded commercially, i.e., Calamus,
Daemonorops, Korthalsia, and Plectocomia [7]. Among them, Calamus is the most species-rich
genus of all palms with an estimated 374 species. Calamus grows over a large area and has
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excellent properties and extensive commercial uses. However, studies on this genus are still
quite scarce. Commercially harvested rattan undergoes physico-chemical treatment and
mechanical processing. Physico-chemical treatment involves seasoning or curing, which
is boiling in oil, followed by drying, fumigation, bleaching, and deglazing. Deglazing or
polishing is the mechanical removal of the highly silicified epidermis, enabling an easy
bending of the cane to desired shapes [1]. Furthermore, scraping and polishing are used to
smoothen the surfaces. Semi- or full polishing is done at various stages of the workflow
and can be done after cutting, bending, molding, or assembling, and during the finishing
process [8].

Rattan are monocotyledonous plants, and their stems are composed of vascular bun-
dles embedded in the parenchymatous tissue. Rattan lacks the necessary lateral meristems
to undergo secondary growth and thus only limited diameter growth is possible through
ground parenchyma cell enlargement. Properties of the vascular bundle, such as the cell
wall thickness of fibers, fiber ratio, and diameter of vessel elements in metaxylem, affect
the moisture properties and volumetric shrinkage of rattan [9]. Vascular bundles in rat-
tan canes provide the main reinforcing elements, together with their surrounding fiber
sheaths. Remarkably, these reinforcing elements are densely distributed in the outer region
and sparsely in the inner region [10]. Like other lignocellulosic materials, the physico-
mechanical properties of rattan are the most important factors for determination of cane
processing and utilization. Those properties are influenced by the species, stem position,
diameter, internode length, and density [5]. Different properties of rattan have previously
been investigated, including moisture content (MC), density, bending modulus of elasticity,
modulus of rupture, axial compression strength, and tensile strength [11]. Also, the factors
influencing mechanical properties, such as species [12], microfibril angle [13], anatomical
characteristics, temperature, MC, and test methods [14,15], have been discussed. However,
it is hardly possible to make a comprehensive conclusion since the properties of rattan
canes vary considerably with plant height [11,16]. Trees undergo secondary growth and
age-related variability in wood properties is evident, but such variability is not apparent in
rattan canes because of the absence of secondary growth [17].

Rattan canes have long been used in different applications; however, they exhibit the
typical drawbacks of lignocellulosic materials, i.e., dimensional instability, low resistance
against mold and rot fungi decay, and strength loss with increasing moisture content [18,19].
It is therefore required to complete our knowledge of those fundamental properties as they
vary with cane diameter and vertical position. Thus, the aim of this study is to analyze
the anatomical variations, basic density, volumetric swelling, chemical composition, vapor
sorption, and resistance against mold and fungal decay of two rattan species, Calamus
zollingeri and Calamus ornatus, in two different heights (bottom/mature and top/juvenile),
and three diameter classes. The results of this study will provide the scientific basis for
a wiser utilization of rattan canes, such as allocating the right parts and dimensions for
specific final products.

2. Materials and Methods
2.1. Source of Material

Rattan canes of Calamus zollingeri Beccari and Calamus ornatus Blume grown in Su-
lawesi, Indonesia were collected from local suppliers for this study. Those canes were
commercially polished using a custom-made sanding machine upon which sandpaper
was used with a grit size of 220. The canes were 3000 mm long and belonged to three
diameter classes, viz. 30, 20, and 15 mm. Both semi- and fully polished samples were used
for C. zollingeri while only fully polished samples were used for C. ornatus. Samples of
about 400 mm long were cut from the bottom and top ends of rattan canes to separate the
mature and juvenile portions, respectively. Working samples for physical and anatomical
studies were converted from these 400 mm internode samples (Figure 1). Only fully pol-
ished samples were used for testing anatomical characteristics and vapor sorption as no

6



Forests 2022, 13, 132

differences were expected between semi- and fully polished samples, except from removal
of the epidermis and some part of the cortex tissues, as seen in Figure 1.

Figure 1. Schematic diagram of sample preparation and analyses. AVS: automated vapor sorption.
Arrowheads in semi-polished sample show some cortex tissues. Cane length and diameter are not
true to scale.

The number of samples used in this experiment per rattan species and diameter classes
are shown in Table 1.

Table 1. Number of samples used per rattan species and diameter classes. Values in parentheses are
standard deviations.

Sample Diameter Class Mean Diameter mm
Semi-Polished Fully-Polished

Bottom Top Bottom Top

C. zollingeri 30 30.33 (±1.41) 8 8 8 8

C. zollingeri 20 18.62 (±1.29) 8 8 8 8

C. ornatus 15 14.76 (±0.29) - - 8 8

2.2. Frequency of Vascular Bundles and Fiber Length

For analyzing the frequency of vascular bundles, 20 mm thick discs were cut from the
cane and then blocks about 10 mm wide along the diameter were prepared. Sample blocks
were then soaked in water for 8 h for softening. Cross-sections of 15–20 µm thick strips
from periphery to periphery were prepared from the bottom and top samples of C. zollingeri
and C. ornatus using a sledge microtome (WSL, Birmensdorf, Switzerland). One (1) sample
per rattan species and portion (bottom and top) was used, i.e., a total of six randomly
selected samples. The sections were stained with 1:1 solution of 1% Safranin O (Merck
KGaA, Darmstadt, Germany) and Astra blue (Carl Roth GmbH, Karlsruhe, Germany)
solution, washed with a series of alcohol solutions, and finally fixed on glass slides with
EntellanTM mounting agent (Merck KGaA, Darmstadt, Germany). The glass slides were
observed under a motorized Olympus BX63F light microscope (Tokyo, Japan) equipped
with a DP73 color CCD cooled camera (max. 17.28 megapixel) and software program
OLYMPUS cellSens Dimension, version 1.18 (Olympus, Tokyo, Japan). For every sample,
the numbers of vascular bundles/mm2 area were counted from periphery to periphery.
The vascular bundle consists of the conducting tissue, phloem, and xylem with fibers that
provide structural support. Vascular bundles were counted in one mm2 rectangle area.
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Those vascular bundles were also counted as one when at least 50% of the area fell in one
mm2 rectangle.

For analyzing the rattan fiber length, matchstick-sized samples were cut with a razor
blade and put in glass vials containing 50:50 solutions by volume of hydrogen peroxide
20% and glacial acetic acid. The vials were placed in an oven at 60 ◦C for 2 days to macerate
the material. After that period, the macerations were washed with de-ionized water and
were stored in small glass containers with ethanol absolute. One droplet of the suspension
containing rattan cells was placed on a slide and was observed under the microscope. Fifty
intact fibers per sample (duplicate) were randomly selected to measure the length.

2.3. Density and Volumetric Swelling

Basic density values were measured for 80 rattan samples (400 mm long with dimeters
of 15, 20, and 30 mm). Samples corresponded to the bottom (mature) and top (juvenile)
parts of the canes.

Discs about 20 mm thick were cut from the middle of the original samples to obtain
representative values of these cane portions (bottom and top). Samples were weighed
on a balance with 0.001 g accuracy, put in an oven at 103 ± 2 ◦C until constant masses
were attained and then the oven-dry masses were recorded. After that, all samples were
submerged in a water bath for 14 days for complete saturation of the cell walls [20]. The
samples’ green volumes were recorded by the water-displacement method. Basic density (R)
and volumetric swelling (S) determinations were performed using the following equations:

R (g/cm3) =
Mo

V2
(1)

S (%) =
V2 −V1

V1
× 100 (2)

where Mo is the oven-dry mass of each sample in g, V2 is the fully saturated (maximum),
and V1 is the oven-dried volume in cm3.

2.4. Chemical Composition Analysis

Fully polished samples of 30 (length) × 10 (width) × 5 (thickness) mm3 each from
the bottom and top of rattan canes were used. The chemical composition of the rattan
samples was analyzed according to Ghavidel et al. 2021 [21] by grinding them in a Willey
mill through a No. 40 mesh sieve (0.425 mm). Ground powder from the bottom and top
samples were mixed homogenously and then analyzed for chemical compositions. The
extractive content was determined on 2–3 g of oven-dried samples (at 103 ◦C for 24 h)
using cyclohexane-ethanol (50:50 v/v) solution for 4 h. Then, the samples were oven-dried
again and used for the assessment of holocellulose content by transferring to an Erlenmeyer
flask, adding 80 mL of hot water (70 ◦C), 1 g of sodium chlorite, and 0.5 mL of acetic acid,
keeping it for 6 h in a water bath at 70 ◦C. Ash content was determined according to the
standard EN 15403 [22]. The lignin amount was assessed by subtracting the sum of all
other components, i.e., holocellulose, ash, and extractive contents, from 100 wt%. Samples
were measured in duplicate to calculate average values.

2.5. Vapor Sorption Analysis

The water vapor sorption behaviors of the bottom and top rattan samples were deter-
mined using an automated vapor sorption (AVS) apparatus (Q5000 SA, TA Instruments,
New Castle, USA) following the procedure described in Hosseinpourpia et al. [23]. Ap-
proximately 8 mg of rattan powder (as made for chemical composition analysis) were used
for each measurement. The samples were exposed to relative humidity (RH) that was
increased from 0% to 90% in stepped sequences of 15% and of 5% from 90% to 95% RH,
decreasing to 0% RH in a reverse order, at a constant temperature of 25 ◦C. The instrument
maintained a constant target RH until the mass change in the sample (dm/dt) was less
than 0.01% per min over a 10 min period. The equilibrium moisture content (EMC) of the
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rattan samples was calculated based on their equilibrium weight at each given RH step
throughout the sorption run measured by a micro balance.

2.6. Durability Tests
2.6.1. Mold

Fully polished samples of 30 (length) × 10 (width) × 5 (thickness) mm3 were used for
both mold and decay tests. All samples were conditioned at 20 ◦C and 65% RH in a climate
chamber for three weeks before testing. An accelerated laboratory mold test was performed
in a Memmert HCP 246 humidity chamber (Memmert GmbH, Germany), according to a
previous study [24]. Five replications from each group giving a total of 30 samples were
used for the accelerated mold test. Samples were suspended from the top of the chamber’s
support bars with the flat surface set vertical and parallel to the other sample surfaces
with a 10 mm gap between in a randomly ordered fashion. The temperature and RH were
then set to be 27 ◦C and 95%, respectively. Three Scots pine sapwood (Pinus sylvestris L.)
samples infested mainly with Aspergillus, Rhizopus, and Penicillium genera were placed
on the bottom of the climate chamber to be the sources of mold inocula. After 10 days of
incubation, the experiment was stopped because of abundant mold growth on some of the
sample surfaces. Both flat surfaces of the samples were evaluated visually and graded on a
scale of 0 (no infestation) to 6 (extremely heavy infestation). More about the grading and
method can be found in Sehlstedt-Persson et al. [25].

2.6.2. Basidiomycete Decay Test

The resistance of the two rattan species against white-rot fungi decay was evaluated
with a malt agar incubation test according to EN 113-2 [26]. Deviating from the standard,
mini-block specimens of 30 (length) × 10 (width) × 5 (thickness) mm3 [27] were used and
incubated for 8 weeks. Fifteen to 25 replicates per group were oven-dried at 103 ± 2 ◦C till
constant mass and weighed to the nearest 0.001 g to determine the oven-dry mass.

After steam sterilization in an autoclave at 120 ◦C for 30 min, sets of two specimens
of the same group were placed on fungal mycelium in Kolle flasks (100 ml malt extract
agar, 4%). The white-rot fungus Trametes versicolor (L.) Lloyd. F strain was used for the tests.
Furthermore, 10 replicates made from Scots pine sapwood and beech (Fagus sylvatica L.)
were used as virulence controls. All specimens were incubated for 8 weeks at 22 ◦C and
70% RH.

After incubation, specimens were cleansed of adhering fungal mycelium, weighed to
the nearest to 0.001 g, oven-dried at 103 ± 2 ◦C, and weighed again to the nearest 0.001 g to
determine mass loss through wood-destroying basidiomycetes as follows:

MLF =
M0 −M0, inc

M0
× 100 (3)

where MLF is the mass loss by fungal decay (%), M0,inc is the oven-dry mass after incubation
(g), and M0 is the oven-dry mass before incubation (g).

2.7. Statistical Analysis

To determine any statistically significant differences between the bottom and top
samples, mean values were compared by a two-tailed group t-test at a 0.05 significance level
(Excel 2016 program, Microsoft, Redmond, WA, USA). F-tests for mean fiber length, number
of vascular bundles, basic density, volumetric swelling, and mold grades were performed
using the IBM SPSS Statistics statistical software package, Version 24 (IBM Corporation,
New York, USA). One-way analysis of variance (ANOVA) at a 0.05 significance level
was applied to determine significant differences among rattan samples. When significant
differences were found, Duncan’s multiple-range test was performed.

9



Forests 2022, 13, 132

3. Results and Discussion
3.1. Anatomical and Physical Properties

The anatomical characteristics of rattan samples were studied using light microscopy
(Figure 2). The vascular bundles in rattan are scattered and embedded in the ground
parenchymatous tissues. They are present just below the single layered epidermis and are
small and incomplete, consisting of either clusters of fibers or a few phloem and vessel
elements with fibers [28]. Vascular bundles present in the center are well developed. In
both rattan species, vascular bundles consisted of two phloem fields and one metaxylem
vessel and had horseshoe-shaped fibrous tissues. The ground tissue is parenchyma cells.
According to Weiner and Liese [28], three forms of parenchyma cells are distinguished in
cross sections, i.e., Type A: weakly branched with regular rounded intercellular spaces,
Type B: small and rounded cells with irregular shaped intercellular spaces, and Type C: thin-
walled, large, and round. The species showed the Type A parenchyma cell arrangement.
During processing (polishing), the epidermis and some parts of the cortex were removed
(Figure 1).
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The mean values of fiber length ranged from 1008 µm to 1329 µm, which were in
accordance with a previous study [18]. Fiber length and number of vascular bundles of
the rattan samples clearly decreased from the bottom to the top (Table 2). A similar trend
was also reported in previous findings [5,16,18,29]. When all values were considered from
the bottom and top of the canes, mean fiber length and number of vascular bundles were
found to be significantly higher in C. zollingeri than in C. ornatus. Except for the C. zollingeri
that had a 30 mm diameter, fiber length and number of vascular bundles were significantly
higher in the bottom than in the top samples. The number of vascular bundles increased
significantly with a decrease in stem diameter (Table 2). Similar results were reported by
Bhat et al. [16] with a less consistent longitudinal variation.

Table 2. Mean values of fiber length and number of vascular bundles of different fully polished rattan
samples. Mean values (± standard deviations) of n = 100 per sample type for fiber length.

Sample
Diameter

Class
Fiber Length (µm) Number of Vascular Bundles/mm2

Bottom Top t-Value Mean Bottom Top t-Value Mean

C. zollingeri 30 1221 (±261) b 1219 (±309) a –0.14 1220 (±285) a 2.05 (±0.32) b 1.72 (±0.36) c –1.22 1.89 (±0.37) b

C. zollingeri 20 1329 (±390) a 1102 (±254) b –4.96 * 1216 (±348) a 3.40 (±0.63) a 3.17 (±0.60) a –4.38 * 3.30 (±0.61) a

C. ornatus 15 1209 (±297) a 1008 (±289) c 5.00 * 1109 (±309) b 3.20 (±0.50) a 2.85 (±0.32) b –2.62 * 3.02 (±0.44) a

F-value 26.31 * 5.06 * 7.99 * 76.10 * 90.64 * 148.31 *

Mean values followed by different letters within a column indicate that there is a significant difference (p ≤ 0.05)
as determined by ANOVA and Duncan’s multiple range test. * Significant differences at the 0.05 level.

The higher frequency of vascular bundles could result in higher basic density. Besides,
compression strength and the apparent Young’s modulus increases with an increase in
the number of vascular bundles [30,31]. It is thus expected that the outer part of rattan
cane with densely distributed vascular bundles would have better mechanical strength
than the core part with sparse distribution [15]. Anatomical investigations on C. zollingeri
and C. ornatus with different diameter classes demonstrate that the fiber length and the
number of vascular bundles per unit area varied significantly. Those properties decreased
consistently in cane height from bottom to top. As mentioned above, the increase of basic
density is dependent on the increase of cell wall thickness. The increase of fiber wall
thickness with age is more pronounced than in cortical and ground parenchyma tissues,
and the thickening of the fiber wall with increasing stem density results from fibers forming
polylamellate walls [32]. Basic density values were positively correlated with the frequency
of vascular bundles; however, the correlation was poor (r = 0.39). This could be attributed
to the differences of share and thickness of fiber cells in rattan samples [16].

The physical properties, i.e., basic density and volumetric swelling, of rattan samples
from different diameter classes are shown in Table 3. The top samples of fully polished
C. zollingeri with a 20 mm diameter exhibited the highest basic density. This density was
about 32% higher than in the bottom and top samples of C. ornatus with 15 mm diameters.
Those differences were found to be statistically significant. No significant differences were
observed in semi- and fully polished C. zollingeri samples between diameter classes (20 and
30 mm) and cane height (bottom and top). The density of semi-polished samples was higher
than fully polished ones, except for the top samples of C. zollingeri with 20 mm diameters.
However, such differences were not evaluated from a statistical point of view. Those density
differences could be explained by the fact that semi-polished samples had some remaining
cortex. The cortex between epidermis (single cell layer) and the vascular system consists of
parenchyma cells, fibers, and incomplete vascular bundles. Higher frequency of vascular
bundles, thicker fiber cell walls, and smaller cell sizes in the cortex contribute to higher
basic density than in the core [11,30]. The basic density tends to decrease with cane height
from the basal to the top portion of the cane [5,29,33]. This could be attributed to the steady
decrease of fiber cells from base to top [15]. However, diverged results of density with cane
heights are also reported [5,11]. In this study, for both semi- and fully polished samples, no
statistical differences of basic density were found between the bottom and top parts. Basic
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density values are the result of various factors, such as the numerous fiber cells with thicker
walls, higher vascular bundle frequency, narrower metaxylem vessel elements, and more
lignified cells distributed in the cane. In particular, the higher percentage of fibers that
constitute the total stem tissue considerably influences the density, and thus proportionally
affects the strength properties of rattan cane [2,15].

Table 3. Mean basic density and volumetric swelling values of semi- and fully polished rattan
samples in different diameter classes. Mean values (± standard deviations) of n = 8 per sample type.

Sample Diameter Class

Basic Density (g/cm3) Volumetric Swelling (%)

Fully-Polished

Bottom Top t-Value Bottom Top t-Value

C. zollingeri 30 0.348 (±0.051) b 0.335 (±0.057) b −0.76 17.39 (±2.40) b 19.06 (±6.55) b −0.59

C. zollingeri 20 0.496 (±0.036) a 0.435 (±0.076) a −1.92 15.80 (±2.30) b 13.79 (±1.13) b 1.78

C. ornatus 15 0.289 (±0.078) b 0.314 (±0.051) b −0.61 27.30 (±6.13) a 27.39 (±5.64) a -0.03

F-value 22.77 * 7.46 * 14.03 * 6.69 *

Semi-polished

C. zollingeri 30 0.438 (±0.050) 0.412 (±0.052) 0.97 15.79 (±1.99) 17.82 (±3.32) −1.36

C. zollingeri 20 0.458 (±0.059) 0.460 (±0.069) –0.08 15.88 (±2.00) 16.22 (±1.99) −0.26

t-value −0.69 −1.49 –0.08 0.89

Mean values followed by different letters within a column indicate that there is a significant difference (p ≤ 0.05)
as determined by ANOVA and Duncan’s multiple range test. * Significant differences at the 0.05 level.

For fully polished samples, C. ornatus had the highest volumetric swelling, and differ-
ences were statistically significant from the other samples (Table 3). In bottom samples with
30 and 20 mm diameters, C. ornatus demonstrated about 46% and 42% higher volumetric
swelling than C. zollingeri, respectively. These values were about 31% and 41% higher in the
top samples of C. ornatus than in the top samples of C. zollingeri. No significant differences
were observed in semi- and fully polished C. zollingeri samples between diameter classes
(20 and 30 mm) and cane height (bottom and top). These results are in line with previous
findings on other species of Calamus [34], although a significant increase of volumetric
shrinkage from the bottom to the top of rattan cane is also reported [35]. The higher volu-
metric swelling values of C. ornatus could be caused by its lower basic density. Low basic
density implies small cell wall thickness, and this in turn results in higher swelling [36].

Vascular bundles are scattered in the ground tissues (Figure 2). Just below the epider-
mis, vascular bundles are small and incomplete, consisting of either clusters of fibers or a
few phloem and vessel elements with fibers. They are well-developed in the center of the
stem cross-section. That implies a within-cane variation of density in the radial direction,
i.e., a low-density core with large-diameter and low-frequency vascular bundles that is
surrounded by a high-density outer zone with small-diameter and high-frequency vascular
bundles [30].

Based on the anatomical and physical properties studied in rattan samples with
different diameter classes, C. zollingeri with a 20 mm diameter showed longer fibers, higher
basic density, and the lowest volumetric swelling in both the bottom and top of the canes.
Therefore, we anticipate that C. zollingeri illustrates a more dimensional-stable character
than the other rattan types.

3.2. Chemical Composition Analysis

The chemical composition of rattan samples in different diameter classes is shown
in Table 4. The holocellulose content, which was about 78%, was identical in all rattan
samples. This value agrees with previous studies [18,37]. The highest lignin content of
17.9% was obtained in C. zollingeri with a 30 mm diameter, while the C. ornatus exhibited
the lowest lignin content of 9.1%. This might be related to the age of the rattan cane in that
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the cambial cells produce more mature cells with progressing cane age [17]. The content
of alcohol-benzene solubles in different rattan species shows a non-specific trend from
the bottom to top samples [18,34]. C. ornatus was found to have higher extractive and ash
contents compared with other rattan types. C. zollingeri with a 20 mm diameter had higher
extractive content than that of C. zollingeri with a 30 mm diameter. The high ash content in
material like rattan is generally attributed to the high silica content, which can affect its
working properties for some specific applications [34].

Table 4. Chemical composition of rattan samples in different diameter classes (wt%).

Sample Diameter Class Holocellulose Lignin Extractives Ash

C. zollingeri 30 78.5 17.9 1.5 2.0

C. zollingeri 20 78.9 13.6 2.8 4.6

C. ornatus 15 78.0 9.1 5.1 7.7

3.3. Vapor Sorption Analysis

The MC of rattan is a very important factor as it affects the mechanical properties.
Water is a good plasticizer and acts as a softener. Uptake of water loosens the bonds
between the structural polymers within the lignocellulosic materials, i.e., lignin, cellulose,
and hemicelluloses [38,39]. During vapor sorption analysis, the rattan samples showed the
typical sigmoidal character of cellulosic materials (Figure 3). Different moisture sorption
behavior was observed in rattan samples at various relative humidities (RHs) during
adsorption and desorption processes.
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Figure 3. Equilibrium moisture content (EMC) of bottom/mature and top/juvenile rattan samples of
different diameter classes (30, 20, and 15 mm) during the adsorption and desorption runs.

The EMC of rattan samples increased with increasing RH from 0 to 95%. Identical EMC
values were observed in the top and bottom samples within the same species. There were
no differences in the EMC values of the samples at RHs below 60% during both adsorption
and desorption runs. The moisture adsorption isotherms are similar to the one reported
by Yang et al. [36]. The highest EMC value was obtained at 95% RH for sample C. ornatus,
which was ca. 27%. The sharp upward bend above 70% RH is generally accepted to be
related to the softening point of hemicelluloses [40]. Removal of the lignin increased the
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moisture sorption capacity of holocellulose micro-veneers at RH above 75% [40]. Although
the sorption mechanism of the rattan cell wall could be slightly different than wood, it is
thus assumed that the higher EMC value of the C. ornatus samples could be mainly related
to the lower lignin content as compared to other rattan samples, as indicated in chemical
composition analysis (Table 4). As expected, at RHs above 75%, C. zollingeri with a 20 mm
diameter demonstrated lower moisture sorption in comparison with C. zollingeri with a
30 mm diameter and C. ornatus in the top and bottom parts during both adsorption and
desorption runs. The effect of high lignin content in rattan with a 30 mm diameter on
moisture sorption might be offset by higher extractive and ash contents in C. zollingeri with
a 20 mm diameter. The moisture sorption results are in accordance with the volumetric
swelling values and confirmed a better hydrophobicity of C. zollingeri with a 20 mm
diameter as compared with the other rattan samples.

The EMC values vary a lot in rattan age and the length of cane [2]. The results from
dynamic moisture sorption analysis imply that the cane type and diameter should be
considered when using rattan products for applications in high humidity conditions. The
rattan-water vapor interaction study also helps to understand the material properties of
rattan canes before harvesting. For instance, a young rattan could have similar or higher
strength properties than a mature one because the plant produces an over-built stem that
could withstand future load requirements [41]. In all aspects of properties, consideration of
diameter class before harvesting is very important because it can lead to the shortening of
the plantation and harvesting processes.

3.4. Mold and Decay Tests

After 10 days of incubation, mold growth was visually evaluated and graded on rattan
samples of different diameter classes (Figure 4). The highest average mold rating was
found on C. ornatus and the bottom sample of the 30 mm C. zollingeri. For C. zollingeri,
statistically significant differences were neither observed between the bottom and top of
the canes nor between the 30 mm and 20 mm diameter classes. Rattan hemicelluloses are
partly composed of water-soluble polysaccharides, such as arabinogalactan, and partly of
galactoglucomannan [18]. The sugar and acid units of hemicelluloses, such as arabinopyra-
nose, arabinofuranose, galactose, methylglucuronic acid, and galacturonic acid are types of
sugars and acids that are a source of fungal food. The chemical composition of the rattan
samples illustrated a considerably lower lignin content in C. ornatus. This could be the
reason for the higher mold infestation of this rattan type. However, differences in mold
infestation between the bottom and top samples did not differ significantly.
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Figure 4. Mold grading of rattan samples for different diameter classes. Error bars show standard
deviations. Bars with different letters indicate that there is a significant difference (p ≤ 0.05), as
determined by ANOVA and Duncan’s multiple range test.

The decay resistance of rattan samples against the white-rot fungus Trametes versicolor
is shown in Figure 5. To validate the results, beech and pine sapwood samples were selected
as controls. Among all rattan samples of different diameter classes, the C. ornatus illustrated
the highest mass loss. These results are in accordance with the ones from mold test and
dynamic vapor sorption analysis. The differences of mass loss between the top and bottom
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samples of each diameter class were statistically insignificant. Among the three diameter
classes, C. zollingeri of 20 mm diameter showed the lowest mass loss for both the bottom
and top samples (Figure 5). However, no obvious trend was observed for mass loss of both
the top and bottom samples in all diameter classes.
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Figure 5. Mass loss of bottom/mature (B) and top/juvenile (T) rattan samples of different diameter
classes (30, 20, and 15 mm) after decay test with the white-rot fungus Trametes versicolor.

As white-rot decay has a common feature of degrading lignin, cellulose, and hemi-
celluloses, the resistance of lignocellulosic material to this fungus highly depends on the
relative proportion of their compositional polymers, i.e., it depends on the lignin content,
carbohydrate ratio, and lignin monomer composition (mainly guiaicyl lignin) [42–44]. High
mass loss of C. ornatus samples compared with the other rattan samples could be related to
their considerably low lignin content, as demonstrated in chemical composition analysis
(Table 4).

4. Conclusions

This study showed that C. zollingeri with a 20 mm diameter had the highest basic
density in both bottom and top samples compared to C. zollingeri with a 30 mm diameter
and C. ornatus with a 15 mm diameter. The reasoning for such higher density was supported
by the anatomical features of higher vascular bundle frequency and longer thick-walled
fibers. In addition, C. zollingeri with a 20 mm diameter exhibited the lowest volumetric
swelling from an oven-dry condition to complete saturation. When water vapor sorption
analysis was performed, this diameter class showed the lowest EMC at 95% RH, which
verified its better dimensional stability even at high humidity levels. In addition, better
resistance against mold and mass loss from white-rot fungal decay were also observed.
Those properties followed a statistically similar pattern with sample height (bottom and
top). From these findings, we conclude that C. zollingeri with a 20 mm diameter class
exhibited better stability, moisture properties, and durability from older rattan with a 30
mm diameter class. On the contrary, C. ornatus with a 15 mm diameter showed inferior
properties. Further research work needs to be extended to the evaluation of different
mechanical properties.
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Abstract: Quercus suber L. (cork oak) leaves were analyzed along one annual cycle for cuticular wax
content and chemical composition. This species, well adapted to the long dry summer conditions
prevailing in the Mediterranean, has a leaf life span of about one year. The cuticular wax revealed a
seasonal variation with a coverage increase from the newly expanded leaves (115.7 µg/cm2 in spring)
to a maximum value in fully expanded leaves (235.6 µg/cm2 after summer). Triterpenoids dominated
the wax composition throughout the leaf life cycle, corresponding in young leaves to 26 µg/cm2

(22.6% of the total wax) and 116.0 µg/cm2 (49% of the total wax) in mature leaves, with lupeol
constituting about 70% of this fraction. The total aliphatic compounds increased from 39 µg/cm2

(young leaves) to 71 µg/cm2 (mature leaves) and then decreased to 22 µg/cm2 and slightly increased
during the remaining period. The major aliphatic compounds were fatty acids, mostly with C16

(hexadecanoic acid) and C28 (octacosanoic acid) chain lengths. Since pentacyclic triterpenoids are
located almost exclusively within the cutin matrix (intracuticular wax), the increase in the cyclic-
to-acyclic component ratio after summer shows an extensive deposition of intracuticular waxes in
association with the establishment of mechanical and thermal stability and of water barrier properties
in the mature leaf cuticle.

Keywords: Quercus suber L.; seasonal variation; cuticular waxes; leaves

1. Introduction

The plant cuticle is a continuous extracellular hydrophobic membrane that forms a
primary barrier between the plant’s air-exposed surfaces and the external environment and
also plays important functions in organ growth and development. Particularly in leaves,
the cuticle plays a key role in limiting uncontrolled water loss and provides protection from
biotic or abiotic stresses such as drought and high temperatures.

The cuticle is a heterogeneous membrane consisting of a matrix of polymeric cutin and
cuticular waxes [1–3]. Cutin is a polyester formed by C16 and C18 hydroxy fatty acids and
their derivatives and glycerol. Cuticular waxes predominantly comprise very long-chain
fatty acids and their derivatives (including aldehydes, primary alcohols, and alkanes), as
well as, in some species, cyclic molecules especially pentacyclic triterpenoids, sterols, and
aromatics (e.g., Ficus elastica Roxb.) [1–3]. Cuticular waxes are distinguished according to
their location in an intracuticular layer within the cutin matrix and an epicuticular layer
deposited on the outer surface of the cutin [2].

The functional properties of the cuticle are largely related to the structural arrangement
of the cuticular waxes’ layers and their chemical compositions [1–3]. The limitation of
the non-stomatal water loss is one of the most important features and has therefore been
analyzed in terms of both the role of intracuticular and epicuticular waxes and the role of the
different cuticular wax components. The functional barrier against water diffusion through
the cuticle is preferentially established by the intracuticular wax, while the epicuticular
wax does not contribute to the transpiration barrier [4]. Regarding the contribution of the
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chemical wax components, it was shown that it is the very long-chain aliphatic fraction of
the wax that establishes the transpiration barrier [1,2,5], whereas the triterpenoids provide
mechanical and thermal stability to the plant cuticle [6,7]. For instance, the triterpenoids
deposited within the cutin matrix restrict the polymer’s thermal expansion and thus prevent
thermal damage to the highly ordered aliphatic wax barrier, even at high temperatures [7].

The cork oak (Quercus suber L.) is one of the most important evergreen species in the
western Mediterranean Basin, with important economic value because of the production
of cork that feeds a dedicated industrial chain [8]. This species is well-adapted to the
adverse conditions of the Mediterranean, that is, to the long, dry summer conditions
with high solar irradiances, air temperatures and vapor pressure deficit, and little or no
precipitation, as well as moderately cold winters. The leaves are sclerophilic, oval in shape
with a dark green color on the adaxial face and without epidermal hairs (trichomes), and
the abaxial face is lighter with numerous stomata and densely covered with trichomes
in the form of starry multicellular hairs [8,9]. The leaf’s cuticular membrane contains
substantial amounts of cuticular wax (154.3–235.1 µg/cm2) composed largely of pentacyclic
triterpenoid compounds (61%–72% of the identified compounds, with lupeol as the main
component), while long-chain aliphatic components are mainly fatty acids (mainly in
C30, C28, and C16) (17%–23% of the identified compounds) that contribute to building
a nearly impermeable membrane [8]. Cutin is present in high amounts (518 µg/cm2 of
leaf area) and has as major monomeric constituents 10,16-dihydroxyhexadecanoic and
9,10,18-trihydroxyoctadecanoic acids [10].

Cork oak has a specific foliage phenology, characterized by short-lived leaves that
usually fall within one year concurrently with spring growth, with a cycle that is much
shorter than that of other evergreen oaks, such as the Iberian holm oak (Quercus rotun-
difolia Lam.= Q. ilex L. subsp. ballota), whose leaves last 1–3 years, or the kermes oak
(Q. coccifera L.), whose leaves can last 5–6 years [11–13]. In Q. suber, physiological activity
starts in February/March with bud development and shoot growth, and the development
of new foliage begins in April and is terminated by June. Most leaves emerge and ex-
pand within 1 month. The leaf life duration is approximately 14 months, with a range
of 11–18 months [12,14,15]. Most of the older leaves (1-year-old) fall in spring during the
early part of shoot growth [11].

The present work addresses the study of the seasonal variation of the chemical compo-
sition of cuticular waxes in cork oak (Quercus suber L.) leaves in the Mediterranean climate.
It is hypothesized that the content and composition of the leaf cuticular waxes depend
on the seasonally related leaf development stage and on the prevailing climatic variables.
The results aim at understanding the role of cuticular wax components of sclerophilic
leaves and their protective role regarding biotic and abiotic stresses in association with leaf
development, thereby contributing to climate change adaptation measures.

2. Material and Methods
2.1. Sampling

The study was carried out on a provenance trial of 21-year-old Quercus suber L. trees at
Herdade Monte Fava, Santiago do Cacém, in central Portugal (38◦00′ N, 08◦70′ W, altitude
79 m). This trial was established with seedlings of cork oak trees raised from seeds of
different provenances: Portugal (PT35), Spain (ES11), Italy (IT13), France (FR3), Morocco
(MA27), and Tunisia (TU32). A more detailed trial and site description is given in Sampaio
et al. [16] and Varela [17]. The sampling included the collection of leaves from two trees
from each of the six provenances. The first sampling was in May 2019 on fully expanded
leaves from the current year’s spring flushing followed by samplings, in the same trees, in
September 2019, December 2019, January 2020, and March 2020. The leaves were collected
randomly from different branches on the south-exposed crown side, in the lower part of
the canopy up to a height of approximately 2 m, making up a total sample per tree of about
100 leaves. A composite leaf sample per provenance was prepared with the leaves of the
two trees.
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2.2. Morphological Variables

The morphological variables leaf area and specific leaf area were measured in 40 leaves
that were randomly selected from the leaves sampled for each provenance. Leaf area was
measured by digitalizing and calculated with Leica Qwin vs. 3.0 Image Analysis Software.
The leaves were oven-dried at 70 ◦C until no change in mass was detected, and the total dry
mass per leaf was determined. Specific leaf area (SLA, cm2/g) was calculated as the ratio
between the measured leaf area and the dry weight and used to describe the sclerophyllous
nature of leaves.

2.3. Extraction of Cuticular Waxes

Cuticular wax was extracted from whole fresh leaves with dichloromethane over 6 h
in a Soxhlet apparatus [9]. This extraction method yields a solution containing both the
epicuticular and intracuticular waxes from both leaf sides. The amount of the soluble
cuticular compounds was determined from the mass difference of the extracted leaves
after drying at 105 ◦C and was expressed on a leaf surface area and dry weight basis
(the ratio between wax in µg and the two-sided leaf surface area in cm2, obtained by
digitalization) [9].

2.4. Cuticular Wax Composition

The cuticular wax, obtained as dichloromethane extracts, was analyzed using gas
chromatography–mass spectrometry (GC-MS). Two milligrams of each leaf extract was
taken and derivatized in 120 µL of pyridine; the compounds with hydroxyl and carboxyl
groups were trimethylsilylated into trimethylsilyl (TMS) ethers and esters, respectively,
by adding 80 µL of bis(trimethylsily)-trifluoroacetamide (BSTFA) and reacting at 60 ◦C
for 30 min. The derivatized extracts (1 µL) were immediately analyzed by GC-MS (EMIS,
Agilent 5973 MSD, Palo Alto, CA, USA). The detailed experimental conditions are given
elsewhere [9]. The compounds were identified as TMS derivatives by matching with
GC-MS spectral libraries (Wiley, NIST) and published fragmentation profiles [18,19]. Two
replicates were made per extract.

2.5. Statistical Analysis

Data are presented as the means ± standard deviation of the six independent prove-
nances’ samples analyzed in duplicate. To compare data along the leaf cycle, one-way
analysis of variance (ANOVA) was performed. Duncan’s post hoc tests were used to ana-
lyze pairwise differences between provenances. Statistical significance was set at p < 0.05.
All statistical analyses were performed using the Sigmaplot® (Version 11.0, Systat Software,
Inc., Chicago, IL, USA).

3. Results

The seasonal changes in Q. suber leaves regarding leaf size, specific leaf area, and
cuticular wax content and composition were followed throughout the first year, beginning
with the newly expanded leaves in late spring (May) and ending with one-year-old leaves
in the early spring (March) of the following year.

3.1. Leaf Area and SLA

In May, the newly developed leaves had a leaf size of 5.8 ± 1.7 cm2, which increased
through summer to a maximum size of 6.5 ± 1.4 cm2 in September (corresponding to the
fully expanded mature leaves) that remained unchanged throughout the winter months
(6.5 ± 2.3 cm2 in December and 6.5 ± 1.4 cm2 in January). In March, when the 1-year-old
leaves began to fall, the average leaf size decreased to 5.7± 1.7 cm2 (Figure 1). Although dif-
ferences in leaf size occurred during the study period, they were not statistically significant
(p = 0.449).
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Figure 1. Seasonal variation in specific leaf area (SLA) and leaf area in Quercus suber L. (mean and
standard deviation).

Specific leaf area (SLA), i.e., leaf surface per unit leaf dry mass, varied significantly
throughout the study period (p < 0.001), with the values of May and January significantly
different from those of September, December, and March (Figure 1). In May, the SLA of the
young leaves was high (81.4 cm2/g) and declined with time to a mean value of 61.0 cm2/g,
after the summer. SLA remained unchanged from September to December at a mean value
of 63.2 cm2/g and increased in January (82.3 cm2/g). In March, the remaining one-year-old
leaves were on average smaller, and the SLA was 61.1 cm2/g.

3.2. Cuticular Wax Content

Our results revealed a seasonal variation in total wax quantity deposited in the cuticle
of the cork oak leaves (p < 0.001), with the May value significantly different from the
other ones (Figure 2). In May, the newly developed leaves exhibited the lowest value
of total wax coverage over the annual cycle (115.7 µg/cm2 on average, ranging between
68.9 and 172.5 µg/cm2). In the next three months—within June, July and August —and
until September, the biosynthesis of leaf wax lipids was very dynamic, doubling up to
235.6 µg/cm2 (ranging from 173.7 to 267.4 µg/cm2). Wax content decreased afterwards to
182.1 µg/cm2 in December (ranging 151.0 and 208.0 µg/cm2). The cuticular wax content in
January and March (193.6 µg/cm2 and 220.3 µg/cm2, respectively) increased, although not
significantly, due to sample variation.
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Figure 2. Seasonal variation of cuticular wax (µg/cm2) in Quercus suber leaves (mean and
standard deviation).

3.3. Cuticular Wax Composition

The seasonal changes in the composition of the leaf cuticular waxes grouped by major
chemical families (µg/cm2) are presented in Figure 3. The composition and the relative
abundances of individual components are shown in Table 1.
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Figure 3. Seasonal variation in the cuticular wax chemical families (µg/cm2) of Quercus suber leaves.
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Table 1. Seasonal variation in the leaf cuticular waxes composition in cork oak (Quercus suber) (mean
of six provenances), as determined by GC-MS, as a % of total peak area (only compounds with over
0.10% are shown).

May 2019 September 2019 December 2019 January 2020 March 2020

Wax Content (µg/cm2) 115.7 ± 52.6 235.6 ± 33.6 182.1 ± 31.6 215.1 ± 48.5 220.3 ± 56.0

n-Alkanes
Hexacosane (C26) - 0.16 ± 0.04 0.13 ± 0.15 0.13 ± 0.05 0.15 ± 0.17
Heptacosane (C27) 0.63 ± 0.24 1.06 ± 0.45 0.55 ± 0.45 0.68 ± 0.30 0.70 ± 0.17
Octacosane (C28) 0.21 ± 0.07 0.72 ± 0.20 0.46 ± 0.12 0.60 ± 0.19 0.46 ± 0.14
Nonacosane (C29) 4.75 ± 0.94 8.69 ± 3.38 7.23 ± 3.45 5.07 ± 2.61 5.24 ± 2.21
Triacontane (C30) 1.43 ± 0.54 1.38 ± 0.32 0.84 ± 0.40 0.93 ± 0.40 1.13 ± 0.29

n-Alkanols
Hexadecan-1-ol (C16OH) 0.10 ± 0.03 0.15 ± 0.05 0.14 ± 0.10 0.11 ± 0.09 0.12 ± 0.06

Docosan-1-ol (C22OH) 0.89 ± 0.29 0.21 ± 0.10 0.12 ± 0.02 0.25 ± 0.10 0.18 ± 0.14
Tretracosan-1-ol (C24OH) 9.92 ± 6.1 1.80 ± 0.89 1.14 ± 0.68 2.23 ± 1.05 1.84 ± 0.46
Pentacosan-1-ol (C25OH 0.11 ± 0.07 - - - -
Hexacosan-1-ol (C26OH) 0.35 ± 0.30 - - - -
Octacosn-1-ol (C28OH) - - - 0.32 ± 0.22 0.25 ± 0.26

Dotriacontan-1-ol (C32OH) - 0.11 ± 0.10 - - -

Fatty acids
Saturated

Decanoic acid (C10:0) - - - - 0.21 ± 0.07
Dodecanoic acid (C12:0) 0.10 ± 0.03 - - 0.10 ± 0.07 0.22 ± 0.04

Tetradecanoic acid (C14:0) 0.30 ± 0.16 0.12 ± 0.07 0.22 ± 0.11 0.15 ± 0.14 0.19 ± 0.23
Hexadecanoic acid (C16:0) 4.97 ± 2.76 1.32 ± 0.65 4.31 ± 2.62 2.07 ± 0.60 2.02 ± 0.42
Octadecanoic acid (C18:0) 0.51 ± 0.14 0.23 ± 0.09 0.17 ± 0.05 0.26 ± 0.14 0.20 ± 0.08

Eicosanoic acid (C20:0) 0.20 ± 0.05 0.21 ± 0.11 - 0.18 ± 0.04 0.17 ± 0.08
Docosanoic acid (C22:0) 0.32 ± 0.10 0.21 ± 0.17 - 0.26 ± 0.07 0.30 ± 0.17

Tetracosanoic acid (C24:0) 0.80 ± 0.24 0.24 ± 0.15 - 0.24 ± 0.08 0.20 ± 0.17
Hexacosanoic acid (C26:0) 0.71 ± 0.34 1.01 ± 0.43 - 0.56 ± 0.19 0.45 ± 0.16
Octacosanoic acid (C28:0) 1.49 ± 1.09 4.65 ± 2.89 0.18 ± 0.09 1.46 ± 0.44 1.69 ± 0.36
Triacontanoic acid (C30:0) 0.95 ± 1.01 8.15 ± 6.18 0.96 ± 0.74 2.28 ± 1.23 2.37 ± 0.61

Dotriacontanoic acid (C32:0) 0.13 ± 0.09 0.41 ± 0.15 0.10 ± 0.7 0.32 ± 0.07 0.31 ± 0.12
Unsaturated

9,12-Octadecadienoic acid (C18:2) 1.42 ± 1.14 0.10 ± 0.05 - - 0.15 ± 0.08
9,12,15-Octadecatrienoic acid (C18:3) 2.54 ± 2.19 0.26 ± 0.16 0.24 ± 0.12 0.17 ± 0.12 0.51 ± 0.14

Glycerides
Glycerol 3.52 ± 1.32 0.12 ± 0.05 0.16 ± 0.07 0.33 ± 0.38 1.03 ± 0.39

4-Hydroxyphenylglycolic acid 0.19 ± 0.21 0.35 ± 0.40 1.01 ± 0.45 1.18 ± 0.71 -
2-Palmitoglycerol 0.63 ± 0.09 0.21 ± 0.10 - 0.21 ± 0.26 -.

Glycerol monostearate 0.17 ± 0.07 - - - -
1-Monolinoleate Glycerol 0.33 ±0.15 - - - -

Linolenoylglycerol 0.13 ± 0.07 - - - 0.18 ± 0.12

Sterols
β-Systosterol 11.94 ± 5.28 6.29 ± 1.86 9.64 ± 4.26 4.01 ± 1.11 4.91 ± 1.03
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Table 1. Cont.

May 2019 September 2019 December 2019 January 2020 March 2020

Terpenes
Diterpenes

Phytol 4.00 ± 2.40 0.61 ± 0.28 0.35 ± 0.39 0.49 ± 0.36 1.01 ±0.23
Pentacylic triperpenes

α-Amyrin 1.61 ± 0.53 1.34 ± 0.40 0.72 ± 0.47 0.76 ± 0.29 0.64 ± 0.21
β-Amyrin 2.33 ± 0.95 3.98 ± 1.38 4.90 ± 2.74 3.50 ± 1.32 3.97 ± 1.25

Germanicol 0.27 ± 0.42 8.16 ± 1.69 8.10 ± 6.50 8.40 ± 2.47 6.38 ± 1.49
Lupeol 7.38 ± 5.71 28.20 ± 10.41 36.59 ± 11.13 27.75 ± 7.06 24.11 ± 6.81

Epifriedelanol 0.43 ± 0.32 2.38 ± 2.26 3.75 ± 3.25 1.92 ± 2.22 3.12 ± 2.38
Erythrodiol 0.21 ± 0.17 - 0.14 ± 0.12 1.62 ± 1.27 0.39 ± 0.30

Friedelin 1.14 ±0.96 2.47 ± 2.73 2.82 ± 2.82 2.16 ± 2.00 2.38 ±1.85
Betulin 0.40 ± 1.09 0.36 ± 0.10 0.80 ± 0.63 1.09 ± 0.81 1.46 ± 0.71

Betulinic acid 0.46 ± 0.25 0.42 ± 0.15 0.75 ± 0.63- 0.98 ± 0.38 1.21 ± 0.53
Ursolic acid 0.44 ± 0.16 0.27 ± 0.10 0.24 ± 0.19 0.27 ± 0.16 0.28 ± 0.15

Aromatic compounds
Benzoic acid 0.33 ± 0.29 0.16 ± 0.07 0.33 ± 0.09 0.27 ± 0.05 0.36 ± 0.06

Hexadecy-(E)-p-coumarate 4.93 ± 2.87 - 0.20 ± 0.09 - -
Vanillin acid 0.47 ± 0.17 0.11 ± 0.06 0.11 ± 0.06 0.40 ± 0.49 0.16 ± 0.15

4-(Hydroxymethyl)phenol 0.66 ± 0.31 0.10 ± 0.08 0.51 ± 0.54 - 1.36 ± 0.24

Other compounds
Myo-inositol 1.35 ± 0.99 0.34 ± 0.18 0.10 ± 0.09 1.35 ± 2.31 1.18 ±1.27
D-Fructose 0.67 ± 0.20 0.32 ± 0.09 - 3.31 ± 2.80 1.04 ±1.36

α-Tocopherol 1.62 ±1.11 - - - 1.04 ± 1.36
β-Tocopherol 0.33 ± 0.13 0.95 ± 0.50 - - -
γ-Tocopherol - - 0.55 ± 0.62 - -

α-Tocopherolquinone 0.19 ± 0.17 0.13 ± 0.10 0.10 ± 0.16 0.40 ± 0.46 2.05 ± 2.1
Erythrono-1,4-lactone 0.33 ± 0.14 - - 0.37 ± 0.22 -

Ribonic acid, 1,4-lactone 0.33 ± 0.13 0.10 ± 0.06 - 0.51 ± 0.34 0.31 ± 0.22
Quinic acid - - - 1.93 ± 0.76 -

In the new expanding spring leaves in May, the cuticular wax was mainly composed
of cyclic terpene compounds and linear long-chain aliphatic molecules. Pentacyclic triter-
penoids were abundant, accounting for 26 µg/cm2 of the leaf wax coverage (22.6% of the
total wax). The major component was lupeol (7.4% of all compounds, 32% of the triterpenic
fraction), with β-amyrin (2.3% of all compounds) and betulin (2% of all compounds) as
other important constituents. Sterols amounted to 14 µg/cm2 (12.2% of the wax), mainly
β-systosterol (12.0% of the compounds). Aromatics comprised 8.7% of all compounds
(10 µg/cm2), with hexadecy-(E)-p-coumarate as the major compound. The linear long
aliphatic molecules of acids, alcohols, and alkanes together represented 39.1 µg/cm2 (33.9%
of the total wax) and were the most abundant wax components. Fatty acids were the
main compounds (17.3 µg/cm2, 15% of total wax), mostly C16 (hexadecanoic acid) and C28
(octacosanoic acid) fatty acids, which together accounted for 59% of the total fatty acids.
The aliphatic alcohols contributed to 11.4 µg/cm2 of leaf surface coverage (12% of total
wax), mostly C24 (tretracosan-1-ol), with 85% of total aliphatic alcohols. Alkanes accounted
for 7.2% of the wax, with C29 (nonacosane, 4.8% of all compounds) and C30 (triacontane,
1.4%) as predominant molecular species.

After the summer, the cuticular wax on the mature leaves increased significantly,
mainly by pentacylic triperpenes, which reached 116.0 µg/cm2 (49% of the total wax)
(five times more than in spring leaves). Lupeol was the major constituent, followed
by smaller amounts of epifriedelanol and friedelin. Pentacylic triterpenes were always
the main wax components during the following months until the end of the annual cycle
(March, with 12-month-old leaves), with a constant amount and composition (109.4 µg/cm2,
111.8 µg/cm2, and 106.3 µg/cm2, respectively, in December, January, and March). The
statistical analysis showed a significant difference (p < 0.001) in the time-related chemical
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composition in the amount of terpenes (Figure 3), with the May value different from the
other ones.

Sterols were relatively constant over time (8% of the wax compounds in September
and 5% in March) and composed exclusively of β-systosterol. Aromatic compounds were
present in minor amounts.

Fatty acids showed the highest variability in concentration, with a maximum in
September (75.6 µg/cm2, 17.1% of all compounds), decreasing to 28.7 µg/cm2 in December
and slightly increasing during the remaining period. The statistical analysis showed a
significant difference (p < 0.001) in the amount of fatty acids (Figure 3), with the September
value different from the other ones. Fatty acids were composed of a homologous series of
even and saturated components from C16 to C30, mostly including octacosanoic (C28) and
triacontanoic (C30) acids, followed by hexadecanoic (C16) acid.

The aliphatic alcohols, including mainly tretracosan-1-ol, were highest in spring but
remained rather constant throughout the period.

n-Alkanes, including only nonacosane and triacontane, were highest in September
(28.5 µg/cm2) and then decreased and remained relatively constant (between 13.6 and
17.0 µg/cm2).

4. Discussion
4.1. Leaf Area and SLA

In Q. suber, the shoot growth and the development of new foliage occur during the late
spring and early summer, most likely reaching a maximum enlargement rate in summer
(June/August) [11,20,21]. This was confirmed in the present study. The leaf size increased
through summer to a maximum in September corresponding to the fully expanded mature
leaves, which remained unchanged throughout the winter. The smaller leaf size measured
in March is probably related to a canopy change related to leaf fall. In fact, the longevity
of cork oak leaves is about one year, much shorter than other evergreen oaks; e.g., leaves
last 1–3 years in Quercus rotundifolia and 5–6 years in Q. coccifera [13,14,22]. The leaf size
measured in the present study matches the few available reports for mature Q. suber leaves.
Mediavilla et al. [23] reported values between 5.5 ± 0.3 and 7.4 ± 0.5 cm2 in leaves taken
from different orientations in the canopy, and Prats et al. [21] observed 7.1 ± 1.5 cm2 for
full expanded leaves.

Specific leaf area (SLA) was the highest for the young leaves in May (Figure 1), when
leaves were expanding and growing quickly, with the tree investing less in dry matter
per leaf [24]. SLA declined after the summer as a result of the increase in leaf mass by
the retention of the photosynthetic compounds produced during the late spring and early
summer period, when the mature leaves were totally expanded. SLA changes resulting
from leaf structure modification are an underlying mechanism facilitating acclimatization
to a drought that increases with declining rainfall [25,26]. SLA increased in January when
low temperatures limited photosynthesis and reflect the remobilization or loss of resources,
namely, before leaf abcission [22]. In March, the remaining one-year-old leaves were on
average smaller and maintained their loss of photosynthetic capacity. Photosynthetic
activity has been shown to decrease with leaf age in other sclerophylls, and this strategy
fits expectations for drought-tolerant species such as evergreen Mediterranean oaks [27].

The seasonal leaf variation in Q. suber was previously reported by Passarinho et al. [28]
for three periods, spring to early summer, summer, and autumn–winter; the dry matter con-
tent of new leaves was low, increased with age to the maximum level in August/September,
with SLA values of 85.0 ± 39 cm2/g (April–July), 74.4 ± 41 cm2/g (July–September), and
89.9 ± 37 cm2/g (September–February). The findings of the present study accord with
these reported results.

4.2. Cuticular Wax Content

The occurrence of cuticular waxes in the leaves revealed a significant seasonal variation
in total wax quantity, as expressed by the unit area of the leaf surface, as shown in Figure 2.
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The lowest value was found in May, in the newly developed cork oak leaves, suggesting
that leaf growth was more efficient than the wax lipids biosynthesis during this spring
period, when the environmental conditions are mild in terms of temperature and water
availability, and therefore, the leaves did not require special protection. This changed
drastically during the summer months, when biosynthesis of leaf wax lipids was very
dynamic, doubling from May to September. This is in line with the need to provide efficient
protection to minimize water loss through the cuticular layer when all stomata are closed
due to the summer abiotic stress [24,29–32]. In fact, one of the leaf-related strategies that
plants may adopt to cope with drought conditions is increasing wax accumulation on
the leaf surface [33,34]. In winter, wax content decreased, likely because of natural wax
erosion and evaporation due to environmental factors such as light, temperature, rain, and
wind [29,31,35,36] and then increased slightly during the remaining period.There are no
previous studies on the variation in the cuticular waxes along the development of Q. suber
leaves, and the results reported here are the first for this species. They accord with the few
available studies on leaves of several species that showed that the cuticular wax content
in the early development stage is lower than that observed in mature leaves, reaching
maximum values after full leaf expansion, e.g., on the leaves of Quercus robur L. [30], Fagus
sylvatica L. [29], three Hosta genotypes (Hosta plantaginea (Lam) Asch., H. lancifolia Engl.
and H. ‘Krossa Regal’) [31], Hedera helix L. [35], and Actinidia deliciosa (A.Chev.) C.F.Liang &
A.R.Ferguson [36].

The importance of a steadily present continuous outer leaf coverage as a protective
strategy is shown by the self-healing of voids in the epicuticular wax layer on living plants,
which is a dynamic process, at least in the early stages of leaf development [37–39]. Wax re-
generation after removing the original epicuticular wax layer by peeling with a water-based
glue applied to the leaf surface was observed on young leaves of Prunus laurocerasus L. [40]
and on leaves with different ages of diverse species [37,39,41].

4.3. Cuticular Wax Composition

To our knowledge, no previous studies have been made on the seasonal changes in the
composition of the cuticular waxes of Q. suber leaves. In this work, we have found a clear
compositional variation, namely between the young and the mature leaves, i.e., between
May and September (Figure 3), regarding the proportion of each chemical family. The
cuticular wax composition of the young leaves (Table 1) included terpenes, sterols, linear
long aliphatics (fatty acids, alcohols, and alkanes), and aromatics representing a proportion
in the wax of 22.6%, 12.2%, 33.9%, and 8.7%, respectively. After the summer, the cuticular
wax on the mature leaves increased significantly, mainly by pentacylic triperpenes, which
represented nearly half of the total wax and about five times more than in spring leaves.
The proportion of the four wax chemical classes of terpenes, sterols, linear long aliphatics,
and aromatics in the mature leaves was, respectively, 60.5%, 9.6%, 15.7%, and 1.9%. Within
each chemical family, the composition did not vary over time (Table 1).

In general, the Q. suber cuticular wax compositions found in this study were similar to
that previously identified in 1-year-old Q. suber mature leaves sampled in March showing
predominantly pentacyclic triterpenoids (61%–72% of the identified compounds, mainly
lupeol) and aliphatic compounds (17%–23% of the identified compounds, mainly fatty
acids (C30, C28, and C16)) [9].

A similar wax composition is found in other oaks. For instance, Quercus coccifera leaf
wax contains pentacyclic triterpenoids as the most abundant class (49% and 61%), with
germanicol and lupeol as major constituents, and very-long-chain aliphatic compounds
from C20 to C51 (25%–34%) with n-alkanes as the main class comprising a homologous
series from C25 to C32 [42]. The cuticular wax composition from the adaxial surface of
fully expanded olive tree leaves (Olea europaea L.) was also mainly composed of pentacyclic
triterpenoids (83% of total wax, with oleanolic acid as the major triterpenoid) with a ratio
between the very long chain acyclic and the cyclic wax of 0.04 with n-alkanes as the main
compound class (3% of the total wax) of the long-chain aliphatic fraction [43]. A high
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proportion of pentacyclic triterpenoids is found in the leaf cuticles of desert plants, for
instance, in Rhazya stricta Decne., for which pentacyclic triterpenoids make up 85.2% of
the total cuticle wax, while long-chain aliphatics with chain lengths ranging from C20 to
C33 represent only 3.4% with alkanes as the main class (2.5% of the total wax, 73.6% of the
aliphatics) [7].

In the present study, the solubilized cuticular waxes were not differentiated into the
epicuticular waxes, deposited on cutin, and the intracuticular waxes found within the cutin
matrix, since the extraction method was aimed at the total removal of the lipophilic soluble
components [9,10].

Recent studies revealed a substantial compositional gradient between the epicuticular
wax and the intracuticular wax: while epicuticular wax is only composed of very-long-
chain fatty acid derivatives (e.g., alkanes, primary alcohols, fatty acids), intracuticular
wax is composed of alicyclic compounds (e.g., triterpenoids and steroids) and long-chain
aliphatic molecules [4,44]. The wax compositional differences between the cork oak leaves
throughout their development cycle may be linked to the proportional occurrence of
epicuticular and intracuticular waxes over time, which can be estimated by analyzing
the ratio between cyclic compounds and linear-chain compounds. In the young leaves
from May, the pentacyclic triterpenoids (26 µg/cm2) in the wax mixture were less than
aliphatic compounds (39 µg/cm2), with a cyclic-to-acyclic component ratio of 0.7, while
in the mature leaves, this ratio was 1.6 in September, 3.8 in December, and 2.4 in March.
Since the pentacyclic triterpenoids are located almost exclusively in the intracuticular
wax compartment, the increase in the ratio after summer shows an extensive deposition
of intracuticular waxes. This is in association with the establishment of mechanical and
thermal stability given by the triterpenoids [6] and the water loss barrier in the mature leaf
cuticle as given by the intracuticular waxes [7]; however, a natural effect of wax weathering
with leaf age and with environmental factors was superimposed on the seasonal pattern of
variation. This was detected by comparing the lowest ratio value from September with the
highest value from December.

5. Conclusions

The seasonal dynamics of cuticular waxes in the cuticle of cork oak leaves were charac-
terized for the first time, and the initial investigation hypothesis of an effect of seasonality
on leaf wax coverage and composition was confirmed. There was an increase in wax
coverage on the newly expanded leaves to a maximum value in the fully expanded leaves,
and a decline after the summer as a result of the natural weathering of the cuticular waxes
with leaf age and with environmental factors. A subsequent renewal of the external layer
followed, thereby reflecting the importance of a steadily present continuous outer leaf
coverage in such harsh climatic conditions. The leaf cuticular wax layer was mainly com-
posed of cyclic terpene compounds and linear long-chain aliphatic molecules. Triterpenoids
dominated the wax mixture throughout the leaf life cycle, with a high proportion of lupeol.
In the very long-chain aliphatic wax fraction, fatty acids showed the highest concentration
variability along the leaf-development cycle, with a decrease in autumn but an increasing
trend in the next spring. The results on the chemical dynamics of the cuticular waxes along
the leaf cycle support the role of the intracuticular layer and the long-chain lipids as a
transpiration barrier during the summer drought in the Mediterranean climate.
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Abstract: During inventories of lesser-known timber species in eastern Gabon, a new Dialium
morphospecies was discovered. To discriminate it from the two other 2–5 leaflets Dialium species,
25 leaf traits were measured on 45 trees (16 Dialium pachyphyllum, 14 Dialium lopense, 15 Dialium sp.
nov.). Nine wood chemical traits, as well as infrared spectra, were also examined on harvestable trees
(four Dialium pachyphyllum and four Dialium sp. nov.). This study revealed seven discriminant leaf
traits that allowed to create a field identification key. Nine significant differences (five in sapwood
and four in heartwood) in terms of wood composition were highlighted. The use of the PLS-DA
technique on FT-IR wood spectra allowed to accurately identify the new morphospecies. These
results provide strong support for describing a new species in this genus. Implications for sustainable
management of its populations are also discussed.

Keywords: new species; leaves; morphology; wood; properties; chemical composition; spectroscopy;
chemometrics; unconventional species

1. Introduction

Despite efforts implemented by Central African countries in sustainable forest man-
agement, a progressive depletion of some timber flagship species has been observed [1,2].
This is mainly due to an extremely selective exploitation that focuses on a dozen species [3].
Most of them are light-demanding and logging impacts (canopy openness of less than 10%
every cutting cycle of 25 years) are too small to positively influence their regeneration [4,5].
This depletion of species jeopardizes forest biodiversity and the future of productive forests.

The timber sector that covers 53 million ha (29 million with sustainable management
plan) contributes significantly to employment and to the Gross National Product (GNP),
4% on average [3]. Apart from conservation areas, legal selective logging appears to be
the least degrading use of forest ecosystems [6,7]. Moreover, some certified companies
(totaling five million ha for the label Forest Stewardship Council, FSC [3]) go further
by bringing significant improvement to life condition of workers, implementing Reduce
Impact Logging (RIL) techniques, regulating hunting or enriching the forest [8–10]. By
assigning an economic value to a forest, while having a limited impact on it, production
forests can strengthen the network of 18 million hectares of protected area [6,7,11] and thus
prevent land-use conversion.

Central African states plan to increase areas allocated to timber production and the
intensity of logging by 50% by 2030 [3], with a an average logging intensity of 8.7–9.5 m3/ha.
In order to avoid depleting those forests, it is more necessary than ever to reduce the
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pressure on traditional species and to redirect the exploitation towards lesser-known timber
species [2,10,12] with: (i) a high wood quality, (ii) lower light requirements, and thus, a
better regeneration than traditional light-demanding timber species.

Some species of the genus Dialium could meet such requirements [13]. They reach
high densities in evergreen forests, have sustained regeneration, and very durable wood.
However, the systematics of the genus remains unclear [14]. In the forests of central and
eastern Gabon, two species of Dialium can reach large dimensions and could interest the
logging industry: Dialium pachyphyllum Harms and Dialium lopense Breteler [14]. In the
FSC-certified concession of Precious Woods operating in this region, a group of similar indi-
viduals appears to have differences in morphological traits from previously known species,
especially on the leaves. [15]. Those morphological distinctions suggest the presence of an
undescribed Dialium morphospecies [16].

The species identification issue is not a recent topic and many tree species continue
to be discovered in Central Africa [17–19]. Recently, a species from the same genus,
Dialium heterophyllum M. J. Falção & Mansano, was discovered in the South Amazonian
Basin [20]. An accurate identification of species is crucial to understand their ecology and
their timber properties. Therefore, the aim of this study is to evaluate the feasibility of
differentiation between closely related species based on vegetative characteristics. More
specifically, it aims to: (i) objectify morphological leave traits that discriminate the new
morphospecies from the others, (ii) to determine chemical composition variation in the
wood of harvestable species, and (iii) to verify whether this chemical composition, using
Fourier Transformed Infrared (FT-IR) Spectra and chemometrics, can allow discriminating
this new morphospecies.

2. Materials and Methods
2.1. Study Genus

Although there is no consensus among botanists, the Dialium genus (Fabaceae, Dialioideae)
could include 44 species, 22 of which are endemic to the Guinean-Congolese region. The
differences between species are sometimes tenuous, and descriptions are based on a limited
number of individuals. All are hermaphroditic and dispersed by animals with abundant
regeneration in the understory of evergreen forests [14]. Some species can reach 40 m in
height and a meter in diameter. These species are generally grouped in Gabon under the
name of “omvong” and typically have 3–5 leaflets. They have durable woods, resistant
to fungi, termites, marine borers, and insects [13,21]. The wood can be used in parquetry,
cabinetry, for exterior cladding, bridge construction and other heavy industrial uses [14].

2.2. Study Area

The study was performed in in the logging concession granted to Precious Woods-
Compagnie Equatoriale des Bois A.S. (PW-CEB). This FSC-certified logging company is
located in Bambidie, Lastoursville (Gabon) (0◦41.65′ S–12◦59.01′ E). The average tempera-
ture and precipitation are 25 ◦C and 1700 mm, respectively [22]. The forest is evergreen
and its canopy is dominated by Aucoumea klaineana Pierre, Scyphocephalium mannii (Benth.)
Warb., and Julbernardia pellegriniana Troupin. PW-CEB wishes to diversify its production
to guarantee the maintenance of these activities in the long term. From this perspective,
the possibility of valorizing Dialium wood has been analyzed. During field inventories,
3 morphospecies of “omvong” have been observed: Dialium pachyphyllum, Dialium lopense,
and a new one Dialium sp. nov. All are present in the dynamic observation permanent plots
set up by the Dynafac network (https://www.dynafac.org (accessed on 1 July 2022)).

2.3. Herbarium Collection and Description

Samples (Figure 1) of D. pachyphyllum, D. lopense, and D. sp. nov. were collected in
the field. In addition, reference herbaria from the botanical garden of Meise (Belgium)
were studied (Appendix A). They were selected based on the quality of their identification
by botanists specialized in the Fabaceae family. A total of 45 individuals were analyzed,
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including 29 individuals (diameter measured at 1.3 m, height >10 cm) collected in the
field and 16 individuals from the Meise collection. For each sample, 25 leaf morphological
traits were observed (Table 1). All traits were not systematically visible and/or available
(e.g., absence of basal leaflet).

Figure 1. Field herbarium examples of Dialium pachyphullum Harms (a), Dialium sp. nov. (b) and
Dialium lopense Breteler (c).

Table 1. Leaf morphological traits investigated.

Trait Units/Modalities

Petiole type “cylindrical”; “bulged”;
“canaliculated”

Petiole length mm

Rachis length mm

Foliole number -

Pilosity on the upper face “pubescent”; “glabrous”

Pilosity on the above face “pubescent”; “glabrous”

Curved margin “yes”; “no”

Acumen shape “oblong”; “elliptical”; “lanceolate”; “ovate”; “obovate”; “oblanceolate”; “falciform”

Asymmetric leaflet base “yes”; “no”

Tertiary venation “tight and prominent”; “discrete”

Translucent dots “yes”; “no”

Terminal leaflet lamina shape “no acumen”; “sharp”; “tapered”; “retuse”; “obtuse”; “truncated”; “emarginated”

Terminal leaflet lamina length Mm

Terminal leaflet lamina width mm

Basal leaflet lamina shape “no acumen”; “sharp”; “tapered”; “retuse”; “obtuse”; “truncated”; “emarginated”

Basal leaflet lamina length Mm

Basal leaflet lamina width Mm

Coriaceous lamina “yes”; “no”

Twisted lamina “yes”; “no”

Petiolule length mm

Ratio petiole/rachis -

Ratio length/width of terminal leaflet -

Ratio length/width of basal leaflet -

Ratio basal leaflet length/terminal leaflet length -

Ratio terminal leaflet length/petiolule length -
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2.4. Wood Material

For each of the studied species, D. pachyphyllum and D. sp. nov., four trees were
cut following national regulations. Observed stems of D. lopense did not reach the legal
minimum cutting diameter of 70 cm. Its wood properties were therefore not investigated.
For each tree, altitude, floor slope, stem perimeter at the base of the log (measured at 1.3 m
height when possible or above buttresses), position in the stand, and tree height were
recorded (Table 2). Tree position in the stand was assessed from the ground. A tree with a
completely shaded crown was considered as “dominated”, a crown situated in the canopy
and partially lit as “canopy”, and a fully sunny crown above the canopy as “emergent”.
Wood disk samples, 10 cm thick, were collected at two different heights: at the bottom of the
stem, corresponding to base of the log after felling and removing buttresses which are too
important for the sawing or rotten heart (h1), and at the top of the stem corresponding to
the first living branch (h2). To avoid sample contamination by fuel and oil of the chainsaw,
wooden disk faces were planned in the society carpentry. Finally, 100 g of both sapwood
and heartwood (taken at least 15 cm away from the pith and 10 cm away from sapwood, to
avoid both juvenile wood and potential transition wood) were cut in each disk.

Table 2. Dendrometric and environmental parameters of selected trees. Position: Em = “Emergent”
and Can = “Canopy”; altitude (m); slope (◦); p is stem perimeter (m); hp is the height at which the
perimeter was measured (m); h1 is the sampling height at the base of the stem (m); h2 is the sampling
height at the top of the stem (m); ht is the total tree height (m).

Species Tree Position Altitude Slope p hp h1 h2 ht

D. pachyphyllum

1 Em 369 0 3.30 2.2 1.3 12.0 43.0

2 Can 358 5 3.10 3.1 1.6 10.2 41.0

3 Em 360 0 2.90 6.1 2.0 17.1 42.0

4 Em 365 0 2.86 1.3 1.7 14.0 46.5

D. sp. nov.

1 Can 348 0 3.60 5.1 2.7 18.9 43.0

2 Em 343 0 2.60 3.3 1.9 19.6 39.0

3 Em 347 30 2.65 2.4 2.5 21.0 42.0

4 Can 345 0 2.55 2.8 1.8 16.7 44.5

2.5. Wood Sample Preparation
2.5.1. For Chemical Analyses and Moisture Content

Wood samples were first planed using an electric hand planer Black et Decker© DN 710
and shavings were collected by a dust collector. Shavings were then ground into <1 mm
powder using a Fritsch Pulverisette universal cutting mill and stored at −18 ◦C before
extraction. Moisture Content (MC) was assessed before each experiment by measuring the
mass loss of 1 g of powder drying at 105 ◦C; this loss of mass was expressed as a percentage
of initial mass.

2.5.2. For FTIR Measurements

For each of the 8 trees (4 D. pachyphyllum and 4 D. sp. nov.) described in Table 1, thin
shavings were collected on 5 radially distributed heartwood strips (section 15 × 25 mm).
Those strips were cut at the lower sampling height (h1). Shavings were produced using a
Veritas© low-angle jack plane and a shooting board. Those thin shavings were then stored
in a standard atmosphere of 20 ± 2 ◦C and 65 ± 5% air relative moisture.

2.6. Wood Primary Metabolites Content and Mineral

For each morphospecies, the variation of primary metabolites was investigated be-
tween heartwood and sapwood. Samples were collected at two heights h1 and h2 (Table 2).
For each species, wood and sampling height combinations, experimental repetitions are
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presented in Table 3. All metabolites are expressed as a percentage of wood dry matter
(DM). DM was calculated by subtraction of MC.

Table 3. Experimental iterations on the four selected trees for each species and each modality
combination of the studied variables, i.e., wood and sampling height.

Experimental Repetition (n)
Tree Hemicellulose Cellulose Lignin Nitrogen Ash

1 2 2 2 3 3

2 2 2 2 3 3

3 2 2 2 - -

4 2 2 2 - -

2.6.1. Cellulose, Hemicellulose and Lignin Content

Fibers and lignin content were assessed following the Van Soest method [23–25] using
a FOSS© FT 122 FiberTech tm. This method consists in successive matter treatments to
remove sequentially soluble hemicellulose, cellulose, and lignin.

2.6.2. Ash Content

Ash content was determined as the mass residue of 1 g wood anhydrous powder after
calcining. The calcining was processed according to [26]. It consisted in a first ramp from
21 ◦C to 575 ◦C within 2 h, including two temperature stages (102 ◦C for 12 min and 250 ◦C
for 30 min). Then, a constant heating was processed at the reached temperature during 3 h.

2.6.3. Nitrogen Content

Wood nitrogen content was measured with the Kjeldahl method [27]. A hundred mg of
wood powder was weighted on a Nitrogen-free paper and placed into the test tube FOSS Tecator
digester for the mineralization. The digestion took place during 2 h, at 360 ◦C with 7.2 mL of
concentrate H2SO4 and a Kjeltabs tablette (1.5 g K2SO4 + 0.045 g CuSO4.5H2O + 0.045 g TiO2).
Tubes were then cooled and titrated with H2SO4 0.02 N in a FOSS© Kjeltec 2300.

2.6.4. Silica Content

The silica content was measured on 1 g of wood ash (see the Ash content protocol)
by the gravimetric measure after hydrofluoric acid (HF) attack on HClO4/HNO3 acid-
insoluble compounds [28]. Due to economic issues, this test was only applied on 3 samples
(from 3 different trees) of sapwood and heartwood, at the lowest sample height (h1), for
both D. sp. nov. and D. pachyphyllum.

2.7. Ethanol-Water Extracts Charaterisation

Extracts were prepared by maceration. After a preliminary test based on the Ore-
opoulou et al., (2019) review [29], the following extraction parameters were used: five
grams of wood powder (WM) (with a known MC) were incorporated into 100 mL of an
ethanol-water (70–30, v/v) solution. Extraction was processed at 50 ◦C, using a rotary
table for 2 h. Extracts were then vacuum filtered using a Büchner funnel and a Whatman©
cellulose filter, 11 µm pore size. The ethanol was then evaporated using a rotary evaporator
and the filtrate was finally freeze-dried and the dry mass of extracts was recorded (EDM).
The extraction yields were finally measured using EDM. All extractions were processed
once for each combination of variables modalities (species, heartwood and sapwood, and
sampling height) for each tree.

2.7.1. Phenolic Content

The Phenolic Content (PC) was measured using the Folin–Ciocalteu method [30] with
some modifications. The tested solution was prepared by dissolving 50 µg of dry extracts
into 10 mL of a methanol-water (70–30, v/v) solution. A volume of 100 µL of the tested
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solution was added into 500 µL of the Folin–Ciocalteau diluted in water (1:10, v/v). After
2 min, 2 mL of a 20% Na2CO3 solution was added. The mixture was then stirred and kept in
a dark place at local temperature for 30 min. Finally, the mixture absorbance was recorded
at 750 nm. The PC is expressed as mg gallic acid equivalent per g of dry extract (GAE). The
GAE was obtained from a calibration curve of standard gallic acid dilution (from 0.5 g/L
to 0.05 g/L). The PC determination was processed in triplicate for each extract.

2.7.2. Condensed Tannins Content

The Condensed Tannins Content (CTC) was measured using the Vanillin assay as
mentioned by [31] with some modifications. The tested solution was prepared by dissolving
50 µg of dry extract into 10 mL of a methanol-water solution (70–30, v/v). In a cuvette,
500 µL of tested solution was added to 1500 µL of a vanillin-methanol solution (4–96, m–v).
Then, 750 µL of HCl 37% was added. After stirring the mixture, the reaction took place in
a dark place at 20 ◦C for 20 min. Finally, the absorbance of the solution was recorded at
550 nm. The CTC is expressed as mg catechin Equivalent per g of dry extract (CE). The
CE was obtained from a calibration curve of standard catechin dilution (from 0.5 g/L to
0.05 g/L). The CTC determination was processed in triplicate for each extract.

2.8. FT-IR Acquisition

FT-IR spectra acquisition was processed using a Bruker VERTEX 70 paired to a Bruker
Platinum Attenuated Total Reflectance (ATR) accessory. ATR principle is based on a re-
flectance measurement; then, roughly prepared samples such as wood transversal shavings
can be used. These have been therefore directly pressed under the crystal diamond of the de-
vice for the scans. Spectra were obtained by averaging 32 scans with a resolution of 2 cm−1

in a range of 4000 cm−1 to 400 cm−1. For each tested heartwood strip, 3 different wood
shavings were scanned and considered as 3 repetitions. Spectra were then preprocessed
using first a standard normal variate and, then, the first derivative with the Savitzky–Golay
algorithm (polynomic order = 1; window = 7) using the mdatools package [32]. Regions
of 800–1775 and 2810–3000 cm−1 were chosen to focus the analyses on relevant spectral
information [33,34]. Average preprocessed spectra were calculated for each species and,
then, D. sp. nov. spectra were subtracted from that of D. pachyphyllum to highlight the
average differences between species.

2.9. Statistical Analyses

All statistical analyses and graphics were produced using RStudio (v 1.2.5001) [35]. Be-
fore the analyses, aberrant values (5 for lignin and 2 for hemicellulose) due to manipulation
errors were removed from the datasets.

2.9.1. Conditional Inference Tree

To highlight most discriminant leaf morphological traits that allow morphospecies
identification, the Conditional Inference Tree (CIT) was used (ctree function from the partykit
package [36]). This recursive partitioning method consists in testing the independence
of all explicative variables (25 measured leaf traits) and the response variable (species
determination) at each partitioning step. The variable that had the strongest association to
the response value, and an association test p-value lower than the selected alpha (0.05), was
selected and the population was segmented. Each subpopulation was submitted to the same
procedure until getting homogenous populations (null hypothesis of the independence
test accepted for all variables in each subpopulation). To counteract the negative effect
of the “multiple comparisons problem” due to inferences, the Bonferroni correction was
systematically applied.

2.9.2. PLS-DA

The Partial Least Square Regression Discriminant Analysis (PLS-DA) was used to
discriminate D. pachyphyllum and D. sp. nov. based on their wood shaving FT-IR spectra.
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The outlier detection was carried out using Principal Component Analysis (PCA). Spectra
were projected on PCs, score distance, and orthogonal distance were measured on the
5 first PCs accounting for 81.5% of the total variance. The region of acceptance proposed
by [37] was used on distances and no outliers were found. Then, the dataset was divided
into a training set (containing all preprocessed spectra from 3 trees of each species) and a
validation set (containing the remaining spectra from the last trees of each species). Each
set was composed by an explicative X matrix (FT-IR spectra) and a response Y matrix
(species affiliation). To process PLS on a categorical Y, the matrix was first coded as
dummy blocks. Then, using plsda and perf functions from the mixomics package [38], a
PLS-DA model was fitted. The PLS-DA procedure aims to create a linear combination
of variable from X, called Latent Variables (LVs), that maximize the covariance with Y.
Scores of samples are calculated for those new variables and projected on the new LVs
n-dimensional space, where n corresponds to the number of LVs. For each Y modality
(D. sp. nov. and D. pachyphyllum) parameter (such as centroids) of the n-dimensional
scores, a distribution is calculated. Using those parameters and a distance metric, it is
possible to measure the distribution proximity of a new sample projected in the LVs space.
Those distances to distributions are finally used to classify the samples. In this study, the
Mahalanobis distance metric, which takes into account the shape of the distribution [39],
was chosen. The optimal number of LVs to select (that explain most of the Y variance
while avoiding overfitting) was assessed using a k-fold (fold = 5) cross-validation repeated
a hundred times. This cross-validation processed tree operations for a hundred times:
(i) five samples were randomly selected in the training set, (ii) the PLS-DA model was
fitted on the remaining dataset for 20 LVs, (iii) the five samples were predicted by the
model and the Overall Classification Error rate (OCE) is computed for each LVs of the
model. After all repetitions, mean and standard deviation of OCE were measured for each
LV. The lowest LV number that minimized the OCE was selected. During this procedure,
the Variable Importance in Projection score (VIP score) confidence interval (α = 0.05) was
calculated from its distribution for each variable on each selected LV. This interval was
used to verify whether variable VIP scores were significantly higher than 1, the commonly
used threshold to assess the importance of a variable in prediction [40]. Within LVs, VIP
scores’ 95th percentile were also measured to identify variables that were situated among
the 5% most important in the considered LV. After fitting the model on the training dataset,
the validation set was predicted by it and a confusion matrix has been built. A confusion
matrix allows to measure model accuracy and classes sensitivity/specificity.

2.9.3. Variance Analyses

Analysis of variance (ANOVA) was used to investigate leave trait differences between
morphospecies but also the influence of wood (sapwood and heartwood) and sampling
height (h1 and h2) on wood chemical properties. To confirm ANOVA preconditions, nor-
mality and homoscedasticity, the Ryan–Joiner and the Levene tests were used, respectively.
If means were unequal, they were compared by using the post-HOC t-test (t). If the ho-
moscedasticity precondition was not met, the non-parametric test of Kruskall–Wallis (χ2)
was used and medians were compared by using the Wilcoxson–Mann–Whitney (W) test.
The selected α was 0.05 for all analyses excepted when variable modalities to compare were
superior to two. In this case, the Bonferroni correction was applied to limit the family-wise
error rate. Those analyses were conducted using the rstatix package [41].

3. Results
3.1. Leaf Morphological Traits
3.1.1. Conditional Inference Tree

The algorithm only selected qualitative variables for the CIT construction (Figure 2).
The first partition, based on venation type (variable independence test: p < 0.001) allowed
discriminating all 15 D. pachyphyllum individuals that had a discrete tertiary venation
from the 25 other trees. The second partition, based on terminal leaflet’s acumen shape
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(variable independence test: p = 0.024) produced a pure node with only D. lopense and a
node with 68% of D. sp. and 32% of D. lopense. All individuals that presented leaves with a
tight, prominent tertiary nervation and an obtuse/no acumen can therefore be predicted as
D. lopense. However, trees which presented leaves with tight, prominent tertiary venation
and a sharp, tapered or retuse acumen had 68% probability to belong to the D. sp. and 32%
to D. lopense.

Figure 2. Conditional inference tree using the 25 leaf morphological variables to discriminate the
40 individuals for which all leaf traits could be measured.

3.1.2. Variance Analyses

Variance analyses on quantitative variables highlighted many significant differences
between D. lopense and D. sp. nov. (Figure 3). The mean width/length ratio of the basal
leaflet was the most significant (t = 3.31, p = 0.0043), with 0.54 ± 0.08 and 0.45 ± 0.06
for D. lopense and D. sp. nov., respectively. The mean terminal leaflet width also differed
(t = 2.96, p = 0.0073) between the two morphospecies, 51.93± 13.48 mm and 39.4± 8.63 mm
respectively. The mean width/length ratio on terminal leaflet is higher (t = 2.64, p= 0.015)
for D. lopense (0.44 ± 0.084) than for D. sp. nov. (0.37 ± 0.05). The median petiole/rachis
ratio is lower (W = 38, p = 0.01) for D. lopense (0.25 ± 0.24) than for D. sp. nov. (0.49 ± 0.44).
The mean length of terminal petiolule/length of terminal leaflet ratio is lower (t= −2.68,
p = 0.012) for D. lopense (0.06 ± 0.02) than for D. sp. nov. (0.07 ± 0.02).

D. pachyphyllum only differed significantly (W = 59.5, p = 0.018) from D. sp. nov. based
on a lower petiole/rachis ratio median (0.22 ±0.18 for D. pachyphyllum). It however varied
from D. lopense in two traits. D. pachyphyllum had a higher (t =−2.24, p = 0.034) mean length
of the terminal petiolule/length of terminal leaflet ratio (0.072 ± 0.022 and 0.057 ± 0.016,
respectively, for D. pachyphyllum and D. lopense) and a higher (W = 35, p =0.013) basal leaflet
length/terminal leaflet length ratio median (0.67 ± 0.11 and 0.58 ± 0.08, respectively, for
D. pachyphyllum and D. lopense).
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Figure 3. Significant leaf morphological trait variations between Dialium pachyphyllum,
Dialium sp. nov., and Dialium lopense. p-values for species comparison are related to t-tests (ra-
tio w/l of the basal leaflet, terminal leaflet width, ratio length of terminal leaflet/length of petiolule)
and Wilcoxon tests (ratio petiol/rachis, ratio basal leaflet length/terminal leaflet length).

3.2. Chemical Composition
3.2.1. Primary Metabolites and Minerals

No significant effect of the sampling height was observed on primary metabolites.
The mean cellulose content significantly differed (F = 3.56, p = 0.0014) between sapwood of
D. pachyphyllum (55.4± 2.98%DM) and D. sp. nov. (52.0± 2.52%DM). The mean lignin con-
tent was significantly different between heartwood and sapwood (F = 72.3, p < 0.001) with
a higher content in heartwood (27.9 ± 2.01%DM) than sapwood (23.5 ± 1.93%DM). As for
lignin, the mean hemicellulose content was only significantly different between heartwood
and sapwood (F = 54.4, p < 0.001). However, heartwood had a lower hemicellulose content
(12.4 ± 1.14%DM) than sapwood (14.9 ± 1.4%DM).

The median ash content was significantly different (χ2 = 25.9, p < 0.001) between
species (2.46 ± 0.78%DM and 0.90 ± 0.282%DM for D. sp. nov. and D. pachyphyllum,
respectively). The median nitrogen content was significantly (χ2 = 25.9, p < 0.001) different
within sapwood (0.28 ± 0.04%DM) and heartwood (0.35 ± 0.05%DM). The median of this
metabolite also significantly differed (χ2 = 6.65, p= 0.009) between species: 0.31 ± 0.04%DM

39



Forests 2022, 13, 1339

for D. pachyphyllum and 0.35± 0.07 for D. sp. nov. However, this difference between species
was due to samples from heartwood for which species differentiation (0.32 ± 0.03%DM
for D. pachyphyllum and 0.39 ± 0.05%DM for D. sp. nov.) was very significant (W = −4.53,
p < 0.001) unlike sapwood (Figure 4).

Figure 4. Primary metabolite’s variation in heartwood and sapwood among the different studied
species; p-values concerning heartwood and sapwood are related to ANOVA test (Cellulose, Lignin
and Hemicellulose) and Kruskal–Wallis test (Ash and Nitrogen); p-values that compare species are
related to the t-test (Cellulose, Lignin and Hemicellulose) and Wilcoxon’s test (Ash and Nitrogen).
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The mean silicate content was higher in D. sp. nov. (2.42± 0.57%DM and 2.64 ± 0.59%DM
for sapwood and heartwood, respectively) than D. pachyphyllum (1.23 ± 0.39%DM and
0.92 ± 0.22%DM for sapwood and heartwood, respectively).

3.2.2. Ethanol Extracts

Median extraction yields differed significantly (W = 698, p < 0.001) with the sampling
height. Samples from the top of the stem had higher extraction yields (2.6 ± 1.0%DM) than
samples at the bottom (2.2 ± 0.6%DM). D. sp. nov. sapwood (2.7 ± 0.7%DM) had a higher
extraction yield (W = 158, p = 0.007) than D. pachyphyllum sapwood (2.13 ± 0.36%DM).

The mean PC was significantly affected by the three studied variables: for sam-
pling height (F = 5.0, p = 0.028), for heartwood and sapwood (F = 77.4, p < 0.001), and
for the species (F = 37.5, p < 0.001). The mean PC was lower at the lower sampling
height (330 ± 84 GAE) than top of the stem (359 ± 11 GAE). The mean PC was higher
for heartwood (402 ± 82 GAE) than sapwood (280 ± 72 GAE). Finally, it was lower for
D. pachyphyllum (304 ± 93 GAE) than D. sp. nov. (384 ± 82 GAE). Figure 5 emphasizes the
significant difference of mean PC between the two species for both sapwood (253 ± 72 GAE
for D. pachyphyllum; 320 ± 57 GAE for D. sp. nov.) and heartwood (355 ± 83 GAE for
D. pachyphyllum; 448 ± 4.6 GAE for D. sp. nov.).

Figure 5. Extract yields and extract composition variation in heartwood and sapwood among the
different studied species. p-values concerning heartwood and sapwood are related to ANOVA test
(Phenolic content and Condensed tannin content) and Kruskal–Wallis test (Extraction yields); p-values
that compare species are related to the t-test (Phenolic content and Condensed tannin content) and
Wilcoxon’s test (Extraction yields).

The three variables also induced a significant variation of mean CTC: for sampling
height (F = 4.5, p = 0.037), for heartwood and sapwood (F = 22.3, p < 0.001), and for species
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(F = 35.3, p < 0.001). The same PC variation pattern was observed: the mean CTC was
lower at the lower sampling height (585 ± 265 CE and 677 ± 275 CE for lower and higher
sampling height, respectively), higher for the heartwood (733 ± 248 CE and 528 ± 259 CE
for heartwood and sapwood, respectively), and lower for D. pachyphyllum (502 ± 287 CE
and 760 ± 185 CE for D. pachyphyllum and D. sp. nov., respectively). Figure 5 highlights
the difference of mean CTC between the two species for both sapwood (385 ± 241 CE
for D. pachyphyllum; 672 ± 190 CE for D. sp. nov.) and heartwood (619 ± 285 CE for
D. pachyphyllum; 848 ± 132 CE for D. sp. nov.).

3.2.3. Wood FT-IR Distinction

Average preprocessed spectra for each species are presented in Figure 6. The spectral
differences (∆) highlight 15 wavenumbers that present high peaks. The PLS-DA model was
fitted using 7 LVs which reached an average OCE of 2% during the cross-validation proce-
dure (Figure 7). After predicting the validation set, composed with an independent tree of
each species, the accuracy (29/30) of 96.6% is close to cross-validation (Table 4). The sensi-
tivity and specificity of D. pachyphyllum are, respectively, 93.8% and 100%. For D. sp. nov.,
specificity and sensitivity are 100% and 87.5%, respectively. Those results highlight a high
accuracy of the model and a low risk of predicting D. sp. nov. as D. pachyphyllum.

Figure 6. Upper plot presents average preprocessed (SNV + first derivatitive) spectrum of each
species. The lower graph represents the difference (D. pachyphyllum-D. sp. nov.) between the average
spectra. The 15 wavenumbers correspond to 15 high peaks of difference between the species.
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Figure 7. Overall classification error rate from the cross-validation procedure. The number of LVs
selected is red-circled.

Table 4. Confusion matrix obtained by predicting the independent validation dataset.

D. pachyphyllum D. sp. nov.

D. pachyphyllum 15 0
Predicted

D. sp. nov. 1 14

Table 5 compares the wavenumbers identified by the spectral difference (∆) and their
importance in the prediction model. The 1051 cm−1 shows the largest peak difference and
reaches the top 5% of VIP scores for each LV. This variable therefore highly participated
to species distinction. According to the literature, this band can be attributed to the
C-H stretching bond from tannins (Terminalia chebula (Gaertner) Retz., Caesalpinia spinosa
(Molina) Kuntze, and Schinopsis lorentzii Engl. tannin extracts in their study [42]). The
1114 cm−1 peak, although not the highest ∆, reaches top 5% VIP scores of 6 LVs and
strongly contributes to the predictive model. As for the previous band, this wavenumber
can be attributed to tannins (C-H bending observed in S. lorentzii and Castanea sativa
Mill. extracts [42]). In opposition, the 1253 cm−1 and 1270 cm−1 peaks did not show VIP
scores significantly higher than 1, except for LV1 and 2, respectively. Those wavenumbers,
assigned to lignin bonds, are not important in the discriminant model. Wavenumbers
from 1714 cm−1 to 1511 cm−1 were assigned to bonds in lignin or phenols. Except the
1511 cm−1 band for LV5 and LV6, this range presents a significant importance in species
differentiation. Peaks at 1413, 1471, and 1494 cm−1 had VIP scores higher than 1 and
reached the top 5% for 1413 cm−1 on LV1 and 1471 cm−1 on LV1 and LV2. Those bands are
associated to lignin bonds. The 1209 band, assigned to a cellulose bond, has a high ∆ and
a significant importance in all LVs. The two last bands investigated, 1133 and 958 cm−1,
are less important in the model (VIP scores around 1 or not higher) while presenting a
medium ∆.
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Table 5. Wavenumbers (W), expressed in cm−1, that present 15 large peak differences (×10−3)
between average species spectrum (∆); Mean VIP scores from of PLS-DA model, shaded scores are
upper to the 95th percentile of vip score within the LV, scores with n are not significantly higher
than 1 according to the confidence interval from the cross-validation process; Bond: chemical bond
assignement to the wavenumber; Mol corresponds to the molecular class in which the chemical
bonds are found (L = Lignin, H = Hemicellulose, C = Cellulose, P = Polyphenol, T = Tannin); Ref.
corresponds to references that mention the bond assignment.

VIP Scores
W ∆

LV1 LV2 LV3 LV4 LV5 LV6 LV7
Chemical Bond Assignment Mol Ref.

1714 38 1.47 1.19 1.14 1.12 1.10 1.08 1.09 1712 cm−1: C=O groups L [43]

1585 45 1.62 1.28 1.25 1.22 1.21 1.20 1.18 1585 cm−1: Aromatic ring stretching L [44]

1519 41 1.56 1.29 1.22 1.20 1.19 1.16 1.15 1517 cm−1: Aromatic skeletal
vibration L [43]

1511 44 1.37 1.13 1.07 1.05 1.04 n 1.02 n 1.05 1508–1513 cm−1: Aromatic skeletal
vibration

L,
T [42,43]

1494 40 1.60 1.31 1.24 1.23 1.22 1.19 1.19 1495 cm−1: aromatic vibration P,
T [45]

1471 58 1.77 1.40 1.33 1.32 1.30 1.28 1.26 1460–1470 cm−1: C-H vibration L [46,47]

1413 83 1.93 1.53 1.46 1.43 1.41 1.38 1.37 1413 cm−1: C=C aromatic L [48]

1384 31 1.49 1.20 1.14 1.13 1.14 1.11 1.10 1384 cm−1: -OH bending of phenolic
bond L [49]

1270 32 1.09 n 1.14 1.09 1.07 1.05 n 1.03 n 1.01 n 1265 cm−1: C-O vibration L [50,51]

1253 33 1.07 0.89 n 0.85 n 0.84 n 0.83 n 0.82 n 0.81 n 1250 cm−1: C-O-C asymmetric stretch L [34]

1209 62 1.50 1.21 1.15 1.13 1.11 1.10 1.09 1203–1210 cm−1: O-H bending C [52]

1133 57 1.18 0.94 n 1.07 n 1.11 1.10 1.09 1.08 1134 cm−1: C-O-C glycosidic
vibration of xylan H [50]

1114 37 1.54 1.64 1.63 1.62 1.60 1.56 1.54 1112–1113 cm−1: C-H bending in
plane T [42]

1051 98 1.73 1.64 1.56 1.53 1.51 1.50 1.48 1050 cm−1: C-H stretching in plane T [42]

958 42 1.33 1.12 n 1.12 1.13 1.11 1.09 1.08 n 957–961 cm−1: C-H aromatic out of
plane deformation - [45]

4. Discussion
4.1. Species Distinction in Forest Inventories

Species discrimination criteria based on leaf morphology is frequently used in the
Fabaceae family [53,54] and, particularly in the Dialium genus [55]. Furthermore, during
field surveys, reproductive characteristics are generally not visible and only trunks and
leaves can be observed. Leaves in Dialium can contribute to distinguishing species from
each other [56]. For example, distinction of Dialium heterophyllum from other species in the
Amazonian Basin is done by its reduced rachis and unifoliate to trifoliate leaves [20]. Using
the 7 significant leaf traits to classify this species seems therefore relevant. Table 6 presents
the identification key for the 3–5 leaflets Dialium species that occur in the study area.

4.2. Wood Chemical Properties and Their Variation
4.2.1. Primary Metabolites and Minerals

As Mbagou (2017) already observed, sampling height has no influence on structural
primary metabolites [57]. However, many differences can be observed considering the
radial position of the sample. Indeed, considering both species, the lignin content was
4.4%DM higher in heartwood than sapwood. This pattern was already observed by many
authors [58–60]. Hemicellulose varies oppositely and, considering both species, is on
average 2.5%DM lower in heartwood than sapwood. The difference is less pronounced but
remains encountered in the literature [60].
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Table 6. Identification key for 3–5 leaflets Dialium species present in PW-CEB forests; on the left
side of the table, the sections with the observable traits are presented; on the right side is either the
species classification corresponding to the observed trait, or the reference of the section to continue
the identification key; the range of values presented for the quantitative variables, in the third section,
corresponds to the interval in which 50% of the observations made during this study occurs for
each species.

1.
- Tight and prominent tertiary venation

2.
- Discrete tertiary venation

D. pachyphyllum

2.
- Sharp, tapered or retuse terminal leaflet acumen

3.
- No terminal leaflet acumen or obtuse acumen

D. lopense

3.

- Ratio width/length of the basal leaflet: [0.42–0.48]
- Terminal leaflet width: [33–44] mm
- Ratio width/length of the terminal leaflet: [0.33–0.40]
- Ratio petiole/rachis: [0.39–0.67]
- Length of terminal leaflet/length of petiolule: [0.06–0.08]

D. sp. nov.

- Ratio width/length of the basal leaflet: [0.49–0.57]
- Terminal leaflet width: [42–62] mm
- Ratio width/length of the terminal leaflet: [0.38–0.49]
- Ratio petiole/rachis: [0.22–0.30]
- Length of terminal leaflet/length of petiolule: [0.05–0.07]

D. lopense

The highest cellulose content (55.4%DM) was obtained from the sapwood of D. pachyphyllum
which appears to reach higher values than generally observed in African tropical woods.
According to Gérard et al., (2019), the average is 42.2%DM, and the maximum observed is
58.1%DM [28]. For instance, Aucoumea klaineana present a cellulose content of 46.1%DM [61],
Lophira alata Banks ex C.F. Gaertn. of 40.0%DM [28]. This difference could be explained by
the cellulose determination method. Heartwood lignin content (27.9%DM in average) did
not significantly differ between species and was a bit lower than in other tropical woods
for both species. Gérard et al., (2019) measured an average lignin content of 29.2%DM
for 549 tropical species tested [28]. Nuopponen et al., (2006) reported that the lignin con-
tent of tropical hardwoods can exceed that of softwoods and reach between 29%DM and
41%DM [62]. Hemicellulose did not differ between species. Heartwood hemicellulose
content seems comparable to the average pentosane content (major constituent of hemicel-
lulose) for tropical hardwood of 15.9%DM [28]. Ash content was significantly higher in
D. sp. nov. which had a high value (2.46%DM) compared to other tropical species that, on
average, have 1.1%DM [28]. Concerning nitrogen content, D. sp. nov. heartwood has the
highest value which is almost twice the average of 0.24%DM observed for 59 Panamanian
tree species [63]. Results about silica content follow the same pattern. D. sp. nov. has
twice more silica content in sapwood (2.42%DM) and nearly three times more in heartwood
(2.64%DM) than D. pachyphyllum. Both species had a very high silica content according to
the 0.1%DM average silica content of 599 hardwoods [28].

4.2.2. Ethanol-Water Extracts

Extract yields were higher at the top of the stem for both species. Gérardin et al., (2020)
also obtained higher yields for water-ethanol extracts at the top of the trees [64]. Concerning
species distinction, extracts yields were higher in D. sp. nov. sapwood. However, using
the same extraction method, several authors obtained higher yields than observed for both
species. Saha Tchinda (2015), using hot water as solvent, obtained 8.4%DM from Baillonella
toxisperma Pierre heartwood and 3.8%DM for Distemonanthus benthamianus Baill. heartwood.
PC and CTC are significantly higher in the heartwood than sapwood. Those results are
probably species-dependent since Engozogho et al., (2020) reported higher polyphenol
and tannin levels in sapwood (2 ± 0.8%DM) than heartwood (0.7 ± 0.1%DM) of Aucoumea
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klaineana, whereas Mbagou et al., (2017) bring out significant higher PC in heartwood than
sapwood for Tessmania Africana Harms, and Bikoro et al., (2018) had significantly more
PC in sapwood but significantly more CTC in heartwood of Khaya ivorensis A. Chev. [65].
Considering species variation, D. sp. nov. has higher PC and CTC than D. pachyphyllum.
According to Nisca et al., (2021), those metabolite are interesting to discriminate species [66].
D. sp. nov. heartwood PC is comparable to Pterocarpus soyauxii Hooker acetone extract
(430 GAE) and both species have higher PC than Baillonella toxisperma for the acetone
extract [67].

4.3. FT-IR Wood Distinction

The high accuracy of the PLS-DA model (96.6%) on two independent trees of the
training set added to the significant differences in analytical metabolite measurements,
and proves the difference in wood composition between the two species. As already
highlighted by Wang et al., (2016), spectroscopy is an adapted tool to discriminate closely
related species as Dalbergia spp. [34]. However, the interpretation of the spectra without
the use of statistical techniques can be hazardous. Indeed, as it has been shown, the peak
differences observed on the average spectra are not always associated to discriminant
bands. This can come from a high intra-species variation being greater than inter-species
variation. Knowing this, it is likely that the peaks at 1270 and 1253 cm−1, despite a high
∆, present a large inter-species variation that do not allow discrimination. The peak at
1114 cm−1 assigned to tannin bonds, has the same delta but its importance in the predictive
model might be due to low intra-species variations. The higher ∆ peak at 1051 cm−1 is the
most interesting because it represents the greatest average difference between the species
and participates very strongly in the PLS-DA model. Added to the significant difference in
CTC between Dialium species, those results are in lines with Nisca et al., (2021) to highlight
the efficiency of this class of molecule in the distinction of closely related species.

4.4. Impacts on Tree Ecology, Forest Management, and Wood Production

Leaf traits are highly correlated to tree ecology [68]. For instance, venation density
significantly influences water management [69] and, therefore, tree light strategy. According
to Martin A. et al., (2014), wood nitrogen content is negatively correlated to the relative
growth rate and higher values could correspond to late successional species [63]. As those
two traits significantly discriminate the studied Dialium species, their ecology might differ.
Consequently, D. sp. nov. should be discriminated in annual monitoring plots on the study
site and its population dynamic should be separately modelled from the other species.
Once population dynamic parameters will be known, management practices should be
adapted. Moreover, before any valuation of the wood, the conservation status of the species,
in relation to its distribution area, should be specified.

Wood properties are directly related to chemical composition [70]. The cellulose
proportion variation between D. sp. nov. and D. pachyphyllum could therefore lead to
differences in mechanical properties [71]. The silica content increases resistance to marine
borers [72] while PC, CTC, and suberin increase durability against fungi [73–75]. However,
silica content is highly abrasive and increases sawing difficulties [14]. To know if the species
should be promoted to a different timber sector, it will be interesting to check whether
the difference in chemical properties induces a significant difference in wood properties
and processing.

Dialium pachyphyllum has a wide distribution in Central Africa while Dialium lopense
is restricted to Gabon [14]. As this new species has not yet been described, its area of
occurrence as well as its exploitation potential are not known. If those are restricted, it may
be interesting to control the production of this species. This control can be done through
customs checks before export. In view of the ease of preparation of shavings chips and the
accuracy of the model, these techniques could be used routinely to identify wood packages.
However, this requires a large increase in the number of individuals to train the model to
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capture inter-specific variation. In addition, the model should favor a sensibility of 100%
for D. sp. nov. to avoid classifying the samples into another species.

5. Conclusions

This study brought out many results that support the existence of a new Dialium
species. Using 7 significant leaf traits to discriminate D. sp. nov. from other 3–5 Dialium
leaflets, an identification key was proposed for forest inventories. A total of nine signif-
icant differences in chemicals properties were highlighted (five in sapwood and four in
heartwood). The PLS-DA model trained on heartwood shavings FT-IR spectra accurately
discriminate D. sp. nov. from D. pachyphyllum. Those outcomes may have consequences
on the newly discovered morphospecies ecology, population dynamic, wood properties,
and timber production potential. It is therefore advisable to investigate those aspects along
with the study of its reproductive system before considering its large-scale logging.
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Appendix A

Table A1. Herbarium information. Herbarium reference that mentions the “BR00000” prefix comes
from the botanical garden of Meise (Belgium), “field” corresponds to the herbarium collected in
PW-CEB forest for this study.

Harvester Herbaria Reference Date Identification Country
de Wilde BR0000016564503 19-12-96 Dialium lopense Gabon

Breteler BR0000016564534 23-01-99 Dialium lopense Gabon

Wieringa BR0000016564589 17-11-94 Dialium lopense Gabon

Wieringa BR0000016564572 02-04-04 Dialium lopense Gabon

Breteler BR0000016564527 05-02-99 Dialium lopense Gabon

Breteler BR0000016564541 17-02-99 Dialium lopense Gabon

Doucet J-L BR0000016564558 01-05-96 Dialium lopense Gabon

Wilk BR0000016564565 17-05-87 Dialium lopense Gabon

McPherson BR0000016564596 22-11-93 Dialium lopense Gabon

McPherson BR0000016564602 18-05-92 Dialium lopense Gabon

McPherson BR0000016564626 15-05-92 Dialium lopense Gabon

Bibang & Doucet J-L. field 30-03-21 Dialium lopense Gabon

Doucet R. field 17-06-21 Dialium lopense Gabon

Doucet R. field May 2019 Dialium lopense Gabon

McPherson BR0000013636012 04-05-92 Dialium pachyphyllum DRC

Tshibamba BR0000013639617 01-07-11 Dialium pachyphyllum DRC

van de Burgt BR0000013639631 12-09-11 Dialium pachyphyllum Gabon

Wieringa BR0000013635824 16-11-94 Dialium pachyphyllum Gabon

Wieringa BR0000013635916 31-10-03 Dialium pachyphyllum Gabon

Doucet R. field May 2019 Dialium pachyphyllum Gabon

Doucet R. field May 2019 Dialium pachyphyllum Gabon

Doucet R. field 16-06-21 Dialium pachyphyllum Gabon

Doucet R. field 16-06-21 Dialium pachyphyllum Gabon

Doucet R. field 16-06-21 Dialium pachyphyllum Gabon

Doucet R. field 16-06-21 Dialium pachyphyllum Gabon

Doucet R. field 17-06-21 Dialium pachyphyllum Gabon

Doucet R. field 17-06-21 Dialium pachyphyllum Gabon

Doucet R. field 17-06-21 Dialium pachyphyllum Gabon

Doucet R. field 19-06-21 Dialium pachyphyllum Gabon

Doucet R. field 19-06-21 Dialium pachyphyllum Gabon

Bibang & Doucet J-L. field 30-03-21 Dialium sp. nov. Gabon

Bibang & Doucet J-L. field 30-03-21 Dialium sp. nov. Gabon

Bibang & Doucet J-L. field 31-03-21 Dialium sp. nov. Gabon

Bibang & Doucet J-L. field 31-03-21 Dialium sp. nov. Gabon

Bibang & Doucet J-L. field 31-03-21 Dialium sp. nov. Gabon

48



Forests 2022, 13, 1339

Table A1. Cont.

Harvester Herbaria Reference Date Identification Country
Bibang & Doucet J-L. field 31-03-21 Dialium sp. nov. Gabon

Bibang & Doucet J-L. field 31-03-21 Dialium sp. nov. Gabon

Doucet R. field May 2019 Dialium sp. nov. Gabon

Doucet R. field May 2019 Dialium sp. nov. Gabon

Doucet R. field May 2019 Dialium sp. nov. Gabon

Doucet R. field May 2019 Dialium sp. nov. Gabon

Doucet R. field 17-06-21 Dialium sp. nov. Gabon

Doucet R. field 19-06-21 Dialium sp. nov. Gabon

Doucet R. field 19-06-21 Dialium sp. nov. Gabon

Doucet R. field 19-06-21 Dialium sp. nov. Gabon
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Abstract: The beetle Coraebus undatus, during its larval stage feeds, and excavates galleries on the
cork-generating layer of Quercus suber L. trees, seriously affecting the cork quality with significant
economic losses for the cork industry. This work compared the composition of the extracts present
in the innermost cork layers (the belly) of cork planks from Q. suber trees with low and moderate
C. undatus attack in one stand. The total extractives in the inner cork layer from trees with moderate
and low C. undatus attacks were similar (on average 22% of the cork mass) with a high proportion
of polar compounds (91% of the total extractives). The chemical composition of the inner cork
lipophilic extractives was the same in trees infested and free of larvae, with triterpenes as the most
abundant family accounting for 77% of all the compounds, predominantly friedeline. The hydrophilic
extractives differed on the levels of phenolic compounds, with higher levels in the inner cork extracts
of samples from trees with low attack (90.0 mg GAE g−1 vs. 59.0 mg GAE g−1 of inner cork mass)
The potential toxic activity of phenolic compounds may have a role in decreasing the larval feeding.

Keywords: Quercus suber; cork borer; cork; chemical composition; phenolics

1. Introduction

The cork oak (Quercus suber L.) is an evergreen oak species adapted to dry and warm
regions, distributed along the western Mediterranean basin, covering an area of approxi-
mately 2.1 million ha, in agro-forestry systems with high ecological and socio-economic
importance [1,2]. Cork oak management is oriented towards the production of cork. This
is one of the most important non-wood forest products that feeds a dedicated industrial
chain, with wine cork stoppers as its worldwide famous product [3]. The world cork leader
is Portugal, with an annual production of 100 thousand tonnes of raw cork, and second is
Spain, with 62 thousand tonnes in 2010 [4].

Biotic threats to cork oak forests are a major concern since they may affect tree vitality
and survival, as well as cork quality. One such biotic threat is related to infestations by
the cork beetle Coraebus undatus Fabricius (Coleoptera, Buprestidae), named “cobrilha da
cortiça” in Portugal and “culebrilla” in Spain, which negatively impacts the cork value for
industrial processing [3] and, to a smaller extent, may induce stem wounds. Several reports
indicated high infestation intensity in several regions of southern Spain and southern
France [5,6]. Coraebus. undatus females lay their eggs on the surface or in cracks of the cork
back (i.e., the external surface of the cork layer covering the stem) about 4 years after the
previous cork extraction [7,8]. The hatched larvae perforate the layers of the cork tissue
underneath the cork back to the phellogen, where they feed and grow, excavating long,
sinuous galleries reaching 2 m in length and 3–4 mm in width, with a higher incidence in
the stem region at a height between 0.5 m and 1.5 m [9]. Larval development lasts from
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1 to 2 years, after which, the larva builds a pupal chamber within the cork layers, where it
matures until the adult insect is formed and perforates the cork, emerging to the outside.

The occurrence of C. undatus attacks is rather elusive since the galleries are only visible
when the cork is removed at the phellogen region at the end of one production cycle (on
average 9 years) and appear as ribbon-like scars marked on the stem and on the inner
part (i.e., the belly) of the cork plank, often showing dark fillings of larval feed excrements
(Figure 1). Galleries may also be detected within the cork planks during cork processing
and quality evaluation since they become embedded in the cork tissue during growth, and
this constitutes a major devaluation of the cork plank [3,10,11]. Given the C. undatus cycle
(egg laying starting in 4-year-old cork back and 2-year larval development) and the most
common 9-year cork production cycle that prevails in the most important cork regions [12],
it is to be expected that two to four attacks may occur during one cork production cycle. In
addition to the decrease in cork quality, C. undatus attacks may also negatively impact tree
health since, during the cork extraction, a localized phloem tearing may originate in the
regions of the galleries, causing irreversible damage to the tree in that area with response
to wounding and the risk for potential biological attacks.
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Figure 1. Galleries of Coraebus undatus larvae at the time of cork extraction (left) on Q. suber trunk
(right) showing a larva and an excrement-filled gallery on the inner side (belly) of cork planks.

Although a few studies on C. undatus attacks have tried to link infestation and the
intensity of attacks to stand characteristics, e.g., tree density, the presence of understory,
solar orientation, drought stress, or tree parameters, e.g., age, diameter, height, or health
status [8,9], a clear pattern has not been obtained, in part due to a high degree between tree
variation regarding attack levels: For instance, in one study in eight cork oak forest plots
exploited for cork production in southern Spain (Natural Park “Los Alcornocales”; Sierra
Morena, Huelva), the infestation index ranged from 0.40 to 2.32 [8].

To the best of our knowledge, no studies have related the presence of C. undatus with
the chemical characteristics of the cork in the phellogenic region. The chemical composition
of cork has been studied in detail, given its importance on the material’s properties that are
at the base of its applications [13], and it is known that there is a large natural variability
regarding its most relevant components, namely in the content of extractives, suberin, and
lignin [13,14].

Extractives are small molecules non-linked to the cell wall structural components
that are soluble in the appropriate solvents. They are of particular importance since resis-
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tance against pests and pathogens usually relies on high concentrations of a diverse array
of plant secondary metabolites [15,16]. Secondary metabolites are essential for reducing
plant palatability and affect pest growth, development, and digestion, as shown in various
examples. The activity of triterpenic compounds (betulinic and ursolic acids) on insect
feeding was observed against the third instar larvae of castor semi-looper (Achoea janata
(Linnaeus) (Lepidoptera: Noctuidae)) [17]. The triterpenoid fridelin isolated from Azima
tetracantha Lam. (Salvadoraceae) leaves showed anti-food, larvicidal, and pupicidal activi-
ties against Helicoverpa armigera (Hübner) (Lepidoptera: Noctuidae) and Spodoptera litura
(Fabricius) (Lepidoptera: Noctuidae) [18]. Phenolics can also be toxic to insects, for exam-
ple, to the larvae of Spodoptera litura and its parasitoid Bracon hebetor (Say) (Hymenoptera:
Braconidae) [19], and to the southern armyworm Spodoptera eridania (Cramer) (Lepidoptera:
Noctuidae) [20].

Cork possesses significant amounts of secondary metabolites that are soluble com-
pounds not chemically linked to the structural polymers of the cell walls, mainly composed
of aliphatic, triterpenic, and phenolic compounds. The relative abundance and chemical
composition of these compounds show a very high natural variability, even among trees
of the same species and forest [21–28]. This work focuses on the content and chemical
composition of the extractives present in the innermost cork layers of the cork planks,
where larvae feed and excavate their galleries, taken from trees with very low C. undatus
attack and from trees with moderate attack, as assessed at the time of cork extraction. The
objective was to analyze the chemical profile of these secondary metabolites in cork in
relation to the presence of the cork borer.

2. Material and Methods
2.1. Sampling

Cork planks were collected from Q. suber mature trees under exploitation (i.e., cork
extraction) in one cork oak forest (montado), located in central western Portugal in the
Coruche municipality (38◦57′ N, 8◦37′ W). The region has a Mediterranean-type climate
with Atlantic influence, with its highest temperatures in summer (June to September) when
precipitation is lowest: a mean average annual rainfall of 775 mm, 83.0% of precipitation
concentrated from October to April, an average annual maximum temperature of 21 ◦C,
and an average annual minimum temperature of 14 ◦C. The sampling took place in July
and August during the period of cork stripping. A total of 97 cork oak trees were randomly
selected from 11 five-tree plots scattered and covering all of the area of the cork oak stand
and measured regarding d.b.h. (diameter at 1.30 m from the ground and cork stripping
height). The mean d.b.h. was 39.4 ± 6.2 cm, and the debarking height of the cork stripping
ranged from 1.2 m to 2.7 m with an average of 1.9 m ± 0.51 m.

The presence of C. undatus galleries was identified by visual observation of the
decorked stems and the inner side (belly) of the cork planks. The classification of the
intensity of attack (damage index) was based on the visual observation of the debarked
stem after cork removal following the methodology used by Du Merle and Attié [29] and
applied in C. undatus assessments [8,9]. On each tree, four vertical lines oriented to the
north, east, south, and west sides of the stripped part of the stem were divided into 50 cm
long sections from the soil surface to a maximum height of four levels (200 cm). The crosses
between galleries and each of these lines were counted and the tree damage intensity (AI)
was calculated as AI = total number of gallery intersections/4 × number of vertical levels
occupied (4 is the number of orientation sections; N, S, E, and W). The plot infestation
index was calculated as IP = ∑ AI/N, where N is the number of trees per plot. The cork
samples (20 cm × 20 cm) for chemical analysis were taken from a subset of 22 Q. suber trees
with different attack intensities that were grouped as (a) trees with very low C. undatus
attack, corresponding to trees with a damage index between 0 and 0.06 (mean 0.03); and (b)
infested trees with C. undatus attack corresponding to a damage index between 0.13 and
0.38 (mean 0.25). For the sake of simplicity, the two groups of samples were coded as “low
attack” and “moderate attack”.
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The innermost cork layers of the cork plank (the belly side) were manually separated
with a chisel corresponding to a removal of approximately 2 mm of thickness. This sample
comprises the first few layers of phellem (cork tissue) adjacent to the phellogen and some
remains of the phellogen tissue. The samples were ground individually in a Retsch (SM2000,
Retsch GmbH, Haan, Germany) cutting mill, passing through a 1 mm × 1 mm sieve. The
milled cork samples were dried in an oven at 60 ◦C and kept for analysis.

2.2. Lipophilic Compounds Extraction

The milled cork samples were Soxhlet extracted for 6 h with dichloromethane (Sigma-
Aldrich, ≥99.8% purity, St. Louis, MO, USA) to recover the soluble lipophilic compounds.
The extraction yield was determined by the mass difference of the solid residue after drying
at 60 ◦C overnight and for 1 h at 105 ◦C and reported as a percent of the original sample.
The extract was used for gas chromatography–mass spectrometry (GC–MS) qualitative and
quantitative analysis.

2.3. Hydrophilic Compounds Extraction

The dichloromethane extracted samples were suspended in a 50:50 (v/v) ethanol/water
mixture in an ultrasonic bath at room temperature for 16 h. The suspension was filtered
through glass filter crucible G3 (pore size 15 to 30 µm) and the resulting solution was
used for the quantitative analysis of total phenols, flavonoids, proanthocyanidins, and
antioxidant activity. The yield of extractives solubilized by the ethanol–water mixture was
determined by the mass difference of the solid residue after drying at 60 ◦C overnight and
for 1 h at 105 ◦C and reported as a percent of the original sample.

2.4. Chemical Characterization of the Lipophilic Extract

The lipophilic extracts solubilized by dichloromethane were recovered as a solid
residue after solvent evaporation under N2 flow and dried overnight under vacuum at
room temperature. A 2 mg extract sample was derivatized in 100 µL of pyridine (Sigma-
Aldrich, ≥99.8% purity, St. Louis, MO, USA) by adding 100 µL of bis(trimethylsilyl)-
trifluoroacetamide (BSTFA, Sigma-Aldrich, ≥99.0% purity, St. Louis, MO, USA) and kept
for 30 min in an oven at 60 ◦C, by which the compounds with hydroxyl and carboxyl
groups were trimethylsilylated into trimethylsilyl (TMS) ethers and esters, respectively.

The derivatized extracts were immediately injected in a GC–MS Agilent 5973 MSD
with the following GC conditions: Zebron 7HG-G015-02 column (30 m, 0.25 mm; ID, 0.1 µm
film thickness), flow 1 mL/min, injector 280 ◦C, oven temperature program, 100 ◦C (1 min),
rate of 10 ◦C/min up to 150 ◦C, rate of 4 ◦C/min up to 300 ◦C, rate of 5 ◦C/min up to
370 ◦C, rate of 8 ◦C/min up to 380 ◦C (5 min). The MS source was kept at 220 ◦C, and
the electron impact mass spectra (EIMS) were taken at 70 eV of energy. The compounds
were identified as TMS derivatives by comparing their mass spectra with a GC–MS spectral
library database (Wiley, NIST Mass Spectral Library) with over 90% similarity and by
comparing their fragmentation profiles with published data [30–32]. For semi-quantitative
analysis, the area of peaks in the total ion chromatograms of the GC–MS analysis was
integrated, and their relative proportions were expressed as the area proportion of the total
chromatogram area. Each aliquot was injected in triplicate, and the mean results are given
(only a standard deviation inferior to 5% was considered).

2.5. Ethanol-Water Extract Composition

The ethanol–water extracts obtained from the dichloromethane-extracted samples
were analyzed in terms of total phenolics, flavonoids, and condensed tannins. The total
phenolic content (TPC) was determined according to the Folin–Ciocalteu method [33].
Briefly, 100 µL of the extract sample was added to 4 mL of diluted Folin–Ciocalteu reagent
(Sigma-Aldrich, ≥99.8% purity, St. Louis, MO, USA) (1:10 v/v) and afterwards to 4 mL of
aqueous sodium carbonate (Sigma-Aldrich, ≥99.9% purity, St. Louis, MO, USA) (7.5 g/L).
The mixture was incubated for 30 min in the dark and was recorded with a spectropho-
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tometer UV/Vis V-530 spectrophotometer (Jasco, Tokyo, Japan) at 750 nm against a blank
containing only water. The TPC was calculated from a standard curve with gallic acid
(Sigma-Aldrich, ≥99% purity, St. Louis, MO, USA) (range 0.014–0.762 mg/mL) and ex-
pressed as the mg of gallic acid equivalents (GAE) per gram of extract. The analyses were
carried out in triplicate, and the average value was calculated.

The total flavonoid content was determined using the aluminum chloride colorimetric
assay with catechin (CA) as standard [34]. Briefly, 1 mL of the extract sample was added
with 0.3 mL NaNO2 (Sigma-Aldrich, ≥99% purity, St. Louis, MO, USA) solution (5%
w/v) and 0.3 mL AlCl3 (Sigma-Aldrich, ≥ 99% purity, St. Louis, MO, USA) solution (10%
w/v). The mixture was then allowed to stand for 6 min. Afterwards, 2 mL of sodium
hydroxide (1 M) and 2.4 mL of water were added sequentially and vigorously shaken. The
absorbance was recorded at 510 nm after 30 min of incubation against water (UV/Vis V-530
spectrophotometer). The results were calculated according to the calibration curve for
catechin (Sigma-Aldrich, ≥99% purity, St. Louis, MO, USA) (0.10–1.0 mg/mL). The total
flavonoid content was expressed as the mg of catechin (CE) equivalent/g of the extract.
Triplicate measurements were carried out.

The total proanthocyanidin content (condensed tannins) was determined according
to the vanillin-sulfuric acid method [35]. Briefly, a volume of 100 µL of the extract was
mixed with 2.5 mL of 1.0% (w/v) vanillin (Sigma-Aldrich, ≥99% purity, St. Louis, MO,
USA) methanolic solution and 2.5 mL of 25% (v/v) sulfuric acid in absolute methanol. The
blank solution was prepared with the same procedure without vanillin. The absorbances of
the extract samples and blanks were recorded at 500 nm after 15 min. Catechin standard
solutions (0.1–0.6 mg/mL) were used for constructing the calibration curve, and the amount
of total condensed tannins was expressed as the mg of catechin (CE) equivalent/g of the
extract. Triplicate measurements were carried out.

2.6. Antioxidant Activity of Ethanol–Water Extracts

The antioxidant activity of the ethanol–water extracts was determined by the 2,2-
diphenyl-1-picrylhydrazyl (DPPH) (DPPH, Sigma-Aldrich, ≥99.0% purity, St. Louis, MO,
USA), which measures the free radical scavenging capacity [35]. Different dilutions of the
extract were prepared and an aliquot of 100 µL of each solution was added to 3.9 mL of
a DPPH methanolic solution (24 µg/mL). A control was prepared by adding 100 µL of
methanol to 3.9 mL of a DPPH methanolic solution (24 µg/mL). The mixtures were shaken
vigorously and left to stand in the dark for 30 min. The absorbance at 517 nm was measured
using a UV/Vis V-530 spectrophotometer and compared to the initial absorbance of the
DPPH solution using methanol as blank. The scavenging activity was estimated based
on the percentage of the DPPH radical scavenged. Trolox (Sigma-Aldrich, ≥97% purity,
St. Louis, MO, USA), and (+)-catechin were used as reference compounds. The IC50 values
were determined from the plotted graphs of scavenging activity against the concentration
extracts and represent the amount of extract necessary to decrease the initial DPPH con-
centration by 50%. Low IC50 values indicate high free-radical scavenging activities. The
scavenging effect on the DPPH radical of the extract was also expressed as the mg of Trolox
equivalent/g of the extract. All analyses were run with three replicates and averaged.

2.7. Statistical Analysis

The data were analyzed using the Sigmaplot statistical software (version 11.0, Systat
Software Inc., San Jose, CA, USA). The normality of each distribution was analyzed by the
Shapiro–Wilk test and the homogeneity of variances by Levene’s test. Student’s t test or
the Mann–Whitney U test, depending, respectively, on the presence or absence of a normal
distribution with equal variances. Principal component analysis (PCA) and cluster analysis
(CA) were performed in order to evaluate the presence of an eventual relationship between
chemical compounds present in the inner cork layer and the C. undatus intensity attack
level and the presence of sample groups [36,37]. Samples 1 to 10 correspond to very low
attack samples; sample codes from 11 to 22 correspond to moderate attack. In CA, the
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Euclidean distance and single linkage methods were used. PCA and CA were performed
with the StatisticaTM software, version 7, from Statsoft (Tulsa, OK, USA).

3. Results and Discussion
3.1. Incidence of C. undatus

Previous studies showed that C. undatus is a very common phytophagous insect in
cork oak forests in the Mediterranean region, in some sites affecting more than 90% of the
sampled forests and over 70% of trees, although in many other sites, the levels of damage
fluctuate from low to moderate [5,8,9]. Nonetheless, IA and IP values may underestimate
the damage associated with C. undatus [8]. The reason for this is that the damage observed
when the cork is removed (i.e., the larval paths on the phellogenic region by which the
cork plank was torn away) results from the galleries of the last brood of C. undatus, which
are observable in the decorked stem. This does not mean that older galleries generated
by previous broods (from the years preceding the cork extraction) may not be present and
unseen because they were incorporated into the cork tissue. However, the mere presence of
one gallery highly devaluates a cork plank.

Of the 97 observed trees, 43% were affected by C. undatus. However, the mean stand
infestation index (IP) value was very low with an IP = 0.17 ± 0.09, thereby revealing low
C. undatus population levels. This agrees with Branco et al. [38] who reported that the
percentage of trees attacked by C. undatus in cork oak forests in Portugal varies between 0%
and 50%.

3.2. Extractable Components in the “Inner Cork”

The extraction yields of the belly of cork planks (“inner cork”) from cork oak trees
with low and moderate damage from C. undatus are shown in Table 1. The total content
was similar for the two groups of cork oaks, corresponding on average to 22% of the cork
mass. The difference between the two groups of samples was not statistically significant
(t = 0.479; p = 0.637).

Table 1. Extractives (% of the dry mass) of the inner cork layer of cork planks extracted from trees
with low attack and with moderate attack from Coraebus undatus (mean and standard deviation).

Low Attack Moderate Attack

Total extractives 21.6 a ± 2.7 22.0 a ± 1.7
Dichloromethane extractives 2.3 a ± 1.2 1.7 a ± 1.5

Ethanol-water extractives 19.3 a ± 3.3 20.3 a ± 2.5
Different letters indicate significant differences at p < 0.05.

In both groups of cork oaks, a striking chemical feature of the inner cork extracts was
the high proportion of polar compounds soluble in ethanol–water, which accounted for
91% of the total extractives (20% of the oven dry cork mass). The lipophilic compounds
soluble in dichloromethane corresponded to only 9% of the total cork extractives (2% of
the cork mass). The differences between the two groups of samples with different damage
indexes were not statistically significant for lipophilic (t = 0.955; p= 0.351) and hydrophilic
extractives (t = −0.0443; p = 0.965).

Overall, the content in extractives of the inner cork layer is well above the average
value of 16.2% reported for Q. suber cork, although within the range of values for the
species (8.6%–32.9%) [13]. There is also a difference in the chemical profile of the inner cork
extractives in relation to that of the complete cork layer since the polar extractives represent
only 42%–70% of the total extractives in the complete cork layer, while 91% is in the inner
cork region [13,14,39]. The inner cork region close to the phellogen contains young cellular
material, some of which is still in metabolic processing, and this explains the high content
in polar compounds which comprise phenolic compounds, as reported further on, and also
soluble carbohydrates.
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Only very few studies have addressed the radial variation of cork chemical composi-
tion across the cork plank thickness. Jové et al. [40] analyzed the cork chemical composition
in three radial positions near the back, mid-cork, and belly, and observed differences with
the highest extractives content in the belly layer.

3.3. Lipophilic Extractives Composition

The identified compounds in lipophilic extracts of the inner cork layer from samples
with low and moderate C. undatus attack are given in Table 2 in proportion to the total
chromatogram area grouped by chemical family.

Table 2. Chemical composition (% of all chromatogram peak areas) of the lipophilic extract of the inner
cork layer of cork planks extracted from trees with very low and moderate attack from Coraebus undatus.

Low Attack Moderate Attack

Dichloromethane Extractives, % Dry Mass 2.31 a ± 1.2 1.65 a ± 1.5

Alkanols 1.48 a ± 0.14 1.91 a ± 0.35
Hexadecan-1-ol 0.01 ± 0.01 0.04 ± 0.03
Octadecan-1-ol 0.04 ± 0.05 0.03 ± 0.05

Eicosan-1-ol 0.16 ± 0.11 0.23 ± 0.14
Docosan1-ol 0.67 ± 0.39 0.97 ± 1.07

Tetracosan-1-ol 0.53 ± 0.25 0.60 ± 0.74
Hexacosan-1-ol 0.07 ± 0.04 0.04 ± 0.06

Alkanoic acids 6.05 a ± 0.43 8.82 b ± 0.49
Saturated fatty acids 2.80 a ± 0.36 4.57 b ± 0.37
Hexadecanoic acid 1.45 ± 0.67 2.62 ± 0.87
Heptadecanoic acid 0.07 ± 0.03 0.08 ± 0.02
Octadecanoic acid 0.96 ± 0.85 1.47 ± 0.73

Eicosanoic acid 0.14 ± 0.16 0.19 ± 0.09
Docosanoic acid 0.18 ± 0.07 0.21 ± 0.05

Unsaturated fatty acids 3.30 a ± 0.60 4.35 a ± 0.64
9-cis-Hexadecenoic acid 0.53 ± 0.01 0.58 ± 0.25

9,12-Octadecadienoic acid 0.52 ± 0.51 1.34 ± 1.87
9,12,15-Octadecatrienoic acid 0.07 ± 0.09 0.37 ± 0.52

9-Octadecenoic acid 1.78 ± 2.03 1.89 ± 0.51
13-Octadecenoic acid 0.35 ± 0.38 0.09 ± 0.03

Substituted fatty acids 0.93 a ± 0.19 1.24 a ± 0.37
2-Hydroxy-2-methylpropanoic acid 0.76 ± 0.09 0.84 ± 0.57
2-Hydroxy-4-methylpentanoic acid 0.17 ± 0.29 0.39 ± 0.17

Dicarboxylic acids 0.27 a ± 0.13 0.3 a ± 0.20
Saturated dicarboxylic acid 0.17 a ± 0.20 0.21 a ± 0.19

Propanedioic acid 0.04 ± 0.06 0.03 ± 0.05
Nonanedioic acid 0.13 ± 0.25 0.18 ± 0.32

Substituted dicarboxylic acid 0.10 a ± 0.08 0.13 a ± 0.22
2-Hydroxydecanedioic acid 0.10 ± 0.08 0.13 ± 0.22

Glycerol derivatives 1.90 a ± 1.17 1.20 a ±0.21
Glycerol 1.52 ± 0.93 0.91 ± 0.37

2,3-Dihydroxypropyl hexadecanoate 0.27 ± 0.19 0.14 ± 0.07
2,3-Dihydroxypropyl octadecanoate 0.11 ± 0.03 0.15 ± 0.20

Terpenes 77.95 a ± 3.48 76.12 a ± 2.29
Squalene 0.72 ± 0.95 0.62 ± 0.60
Lupeol 0.65 ± 0.15 0.74 ± 0.42

Friedelane-1-ene-3-one 17.56 ± 9.18 16.92 ± 10.06
Erythrodiol 0.28 ± 0.17 0.40 ± 0.34

Friedelin 37.56 ± 14.41 36.59 ± 5.03
Lup-20(29)-en-3-one 0.24 ± 0.19 0.19 ± 0.24

Betulin 0.97 ± 0.00 1.13 ±0.55
Betulinic acid 15.71 ± 15.3 16.43 ± 10.21

Betulinaldehyde 0.32 ± 0.30 0.21 ± 0.15
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Table 2. Cont.

Low Attack Moderate Attack

D:A-Friedooleanan-28-al, 3 oxo (Canophyllal) 0.63 ± 0.22 0.87 ± 0.27
D:A-Friedooleanan-3-one, 28-hydroxy- 1.06 ± 1.28 0.68 ± 0.63

D:A-Friedo-2,3-secooleanane-2,3-dioic acid,
dimethyl ester, (4R)- 2.25 ± 2.53 1.33 ± 1.18

Sterols 3.19 a ± 0.37 4.32 a ± 0.22
β-Sitosterol 1.86 ± 1.00 3.05 ± 0.62
Lanosterol 0.42 ± 0.04 0.34 ± 0.09

Cycloartenol 0.30 ± 0.14 0.30 ± 0.25
Cycloeucalenol 0.39 ± 0.00 0.50 ± 0.10

Sitosteryl-3beta-D-Glucopiranoside 0.22 ± 0.28 0.13 ± 0.17

Aromatic compounds 1.90 a ± 0.17 1.54 a ± 0.13
Benzoic acid 0.19 ± 0.11 0.21 ± 0.11
Salicylic acid 0.08 ± 0.11 0.11 ± 0.14

Vanillin 0.49 ± 0.28 0.31 ± 0.20
Vanillin acid 0.18 ± 0.08 0.18 ± 0.07
Caffeic acid 0.01 ± 0.01 0.04 ± 0.06

Caffeic acids derivatives 0.72 a ± 0.14 0.50 b ± 0.12
Caffeic acid + Triacontanoic acid 0.42 ± 0.24 0.21 ± 0.11

Caffeic acid + Dotriacontanoic acid 0.22 ± 0.18 0.17 ± 0.25
Caffeic acid + Tetratiacontanoic acid 0.08 ± 0.00 0.12 ± 0.00

Others 6.84 ± 1.53 1.94 ± 0.29
Levoglucosan 1.11 ± 2.06 0.70 ± 0.61

Quinic acid 4.68 ± 3.98 -
Myo-inositol 0.51 ± 0.00 0.66 ± 0.00

(7E,11E,15E)-3-(methoxymethoxy)-3,7,16,20-
tetramethylhenicosa-1,7,11,15,19-pentaene 0.43 ± 0.06 0.45 ± 0.19

Octacosahydro-9,9′-biphenanthrene 0.11 ± 0.01 0.13 ± 0.05

Identified 96.96 ± 7.90 92.04 ± 7.27
Different letters indicate significant differences at p < 0.05.

The lipophilic fraction in the inner cork layer contains essentially the same compounds
and in a similar proportion in samples with C. undatus damage. Triterpenes represented the
most abundant family, accounting for 77% of all the compounds (77.95 % and 76.12%), in-
cluding predominantly friedelin (37.56 and 36.59%), friedelane-1-en-3-one (17.56%–16.92%),
and betulinic acid (15.71%–16.43%) that together constitute about 93% of all the identified
triterpenes and triterpenoids. Other triterpenoids such as betuline and lupeol, as well as
β-sitosterol were also identified in small amounts.

The long-chain lipids represented only 6.05% and 8.82% of all the compounds, in-
cluding mainly fatty acids with hexadecanoic (palmitic acid) and octadecanoic (stearic
acid) acids as the most abundant saturated fatty acids, and octadec-9-enoic acid (oleic
acid) as the most abundant unsaturated fatty acid. Long-chain aliphatic alcohols were
present in the inner cork dichloromethane extract in small amounts (1.48% and 1.91%,
respectively) with docosan-1-ol and tetracosan-1-ol as the major fatty alcohols. Glycerol
and two monoglycerides (monopalmitin and monostearin) were also found, representing
together 1.90 and 1.20 % of the total identified compounds, respectively.

Aromatic compounds were found in minor concentrations (1.3% of total compounds),
mostly vanillin and vanillinic acid. Other compounds, such as quinic acid, were iden-
tified only in the inner cork layer from trees with low C. undatus galleries (4.68% of all
compounds).

Overall, all of the identified lipophilic compounds have been previously reported
in cork extractives with small differences in composition: lipophilic extracts of corks
from Q. suber from Bulgaria and Turkey [38] showed the dominance of triterpenoids with
betulinic acid and friedelan-3-one as the main components. The inner cork compared
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to the complete cork had a lower proportion of alkanoic acids (6.8% vs. 14.2% in re-
production cork) and a higher proportion of triterpenes (77% vs. 50% in reproduction
cork) [23,25,26,28].

The insecticidal and phytotoxic potential against plant-pathogens of these lipophilic
compounds has been reported, e.g., pentacyclic triterpenes have anti-insect properties [41]
as well as friedelane triterpenes derived from the byproducts of cork processing [42]. Such
compounds exist in the inner cork layer (Table 2) but in amounts without difference between
trees with low and moderate C. undatus attacks. Therefore, the main terpenes in the inner
cork layer (e.g., friedeli, friedelane-1-ene-3-one, and betulinic acid, Table 2) do not seem
to have anti-food and anti-larvicidal properties against the larvae of C. undatus, at least
in the present amounts since overall, the content of lipophilic compounds was very small
(Table 1).

3.4. Composition of Hydrophilic Extractives

The composition of the hydrophilic extractives from the inner cork layer from samples
with low and moderate C. undatus attack are presented in Table 3 regarding the content in
phenolic compounds.

Table 3. Composition and antioxidant capacity of ethanol–water extracts of the inner cork layer of
cork planks extracted from trees with very low and moderate attack from Coraebus undatus (mean
and standard deviation).

Low Attack Moderate Attack

Total phenolics (mg GAE g−1 extract) 448.6 a ± 101.6 296.41 b± 78.1
Total flavonoids (mg CE g−1 extract) 41.5 a ± 9.4 36.7 a ± 6.2

Proanthocyanidins (mg CE g−1 extract) 10.1 a ± 3.1 10.6 a ± 2.7
IC50 (µg extract mL−1) 13.4 a ± 3.5 16.0 a ± 3.6

Different letters indicate significant differences at p < 0.05.

There was a clear difference in the levels of phenolic compounds with higher lev-
els in extracts of inner cork from trees with low attack (448.6 mg GAE g−1 extract or
90.0 mg GAE g−1 of inner cork) as compared with samples with low attack intensity
(296.4 mg GAE g−1 extract and 59.0 mg GAE g−1 of inner cork)(t = 3.773; p = 0.001).

No differences were found between the two groups of samples (from trees with low
and moderate C. undatus attack) regarding the content of flavonoids (t = 1.333; p = 0.198) or
proanthocyanidins (t = −0.345; p = 0.734) nor regarding the antioxidant properties of the
extract (t = −1.035; p = 0.313).

The comparison of the results obtained here for the inner-cork region with the literature
data for the complete cork layer of reproduction cork shows some differences. The levels of
phenolic compounds found in the inner cork layer were higher when compared to those
found in extracts of reproduction cork (336.3 mg GAE g−1 of extract or 19.9 mg GAE g−1

dry cork) [43], or the mean values of 196.4 mg GAE g−1 of extract for ethanol–water extracts
from cork [24]. The total flavonoid contents (36.7 mg and 41.5 mg CE g−1 extract in the inner
cork layer) were lower compared with the values obtained for cork by Ferreira et al. [24].
As regards the antioxidant properties, the ethanol–water extracts of the inner cork revealed
very low antioxidant activity with IC50 values of 13.4 and 16.0 µg extract mL−1, which is
lower than previously reported for different cork extracts, namely 2.79 µg mL−1 in water
extract, 3.58 µg mL−1 in methanol extract, and 5.84 µg mL−1 in methanol-water 50:50
extract [44] and for cork (3.2 µg mL−1) [24]. The fact that inner cork extracts contain higher
amounts of phenolics but have less antioxidant properties than complete cork extracts
suggests that the antioxidant activity of the cork extracts is not directly related to the
concentration of total phenolics and should result from specific phenolic compounds or
from other compounds with antioxidant activity [26].

The main differences among the cork samples taken from trees with very low and
moderate C. undatus attack are in the content of phenolic compounds (Table 3). Phe-
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nolics are frequently implicated in chemical defense mechanisms against pathogens in
woody plants [45] that act as anti-nutritive agents or exert toxic effects on phytophagous
insects [19,46,47]. Specifically for pine species, recent studies showed that phloem chem-
ical composition, namely, the content in phenolic compounds was negatively related to
pine nematode susceptibility [48,49]. The negative impact of specific phenolic compounds
against some insect pests has been reported, for instance, of ellagic acid on the larvae
of Spodoptera litura and its parasitoid Bracon hebetor [19] and on the southern armyworm
Spodoptera eridania [20]. The predominant compounds detected in Q. suber reproduction
cork extracts are ellagic, gallic, and protocatechuic acids [26–28,43], thus supporting their
role in biotic defense.

Therefore, further studies targeted to analyze the phytochemical impact on cork borers’
resistance should consider a detailed analysis of the phenolic and polyphenolic composition
of the metabolites present in the inner cork extracts, including their bioactive properties
that could be involved in protective functions, as well as a larger sampling of trees with
differing C. undatus attacks.

Figure 2 shows the projection of variable loads (Figure 2A) and samples (Figure 2B)
on the plane defined by the two first principal components (factors 1 and 2). This plane
accounts for 69.5% of the variance of original data. PCA did not differentiate the two groups
of samples with different C. undatus attack intensities since the projection of samples on
this plane did not show any defined group. The PCA only showed that contents in
dichloromethane extractives, condensed tannins, and flavonoids increase along the first
PC while the content of ethanol–water extractives increase in the opposite sense (along
the negative part of PC1) and IC50 increases along the second PC, opposite to the total
phenol content. A CA was carried out to assess the presence of groups not detected by PCA
(Figure 3). The groups formed are not related to the attack level. For instance, at a distance
linkage of 50, we have three clusters where low-attacked samples and attacked samples are
mixed.
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Figure 2. Principal components analysis of the chemical compounds present in the inner cork layer
from tree samples with different C. undatus attack intensity levels: (A) score plots of the original
variables; (B) samples (Samples 1 to 10 correspond to very low attack samples; sample codes from 11
to 22 correspond to moderate attack).
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Figure 3. Dendrogram of the chemical compounds present in the inner cork layer from tree samples
with different C. undatus attack intensity level.

4. Conclusions

This work reports for the first time the composition of extractives in the innermost
cork layers (the belly) of cork planks from cork oak trees with very low and moderate
C. undatus attack. No difference was found between the content of the total extractives, the
proportion of apolar to polar compounds, and the composition of the lipophilic extractives
in the inner cork layer from Q. suber trees with moderate or low C. undatus attack. However,
a significant difference between the trees with moderate or very low attack was observed in
the content of phenolics, which was 1.5 times higher in the trees with very low C. undatus
attack. The potential toxic activity of phenolic compounds may have a role in decreasing
larval feeding and survival. This result points out the need for targeted further research
on a detailed analysis of the phytochemical composition of metabolites in the phellogenic
and inner cork layers of Q. suber trees with differing C. undatus attacks. A relationship
between phenolic contents and tree genome and physiological status should also be further
investigated.
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Abstract: Tropical species are highly valued timber sources showing a large diversity of wood
characteristics. Since there are major concerns regarding the sustainability of these tropical species
in many tropical regions, knowledge of the variability in wood properties is therefore a valuable
tool to design targeted exploitation and to enlarge the wood resources base, namely by identifying
alternatives for CITES-listed species. In this study, 98 tropical wood species belonging to 73 genera
from India, Mozambique, and East Timor were investigated regarding wood anatomy and physical
properties. Numerical taxonomy, by means of cluster analysis and principal component analysis
grouped species with anatomical and physical similarities from different geographical origins. In
addition to wood density, ray and vessel characteristics as well as wood moisture and wood shrinkage
properties explained the main variability of these species. The contribution of wood color patterns
was highlighted as consistently separating the Mozambique woods. A distinct geographical pattern
was not observed, reinforcing that species from India, Mozambique, and East Timor show similar
anatomical and physical wood properties, which could be useful to increase timber trade diversity.
The multivariate analysis showed that species from Mozambique, such as Morus mesozygia, and
Millettia stuhlmannii and Swartzia madagascariensis, could be alternatives for the CITES-listed species
Cedrela odorata and Dalbergia melanoxylon, respectively.

Keywords: tropical species; wood anatomy; wood density; wood color; multivariate analysis;
species diversity

1. Introduction

Tropical species play an important role in world forest diversity as well as in timber
trade. The sustainability of tropical forests is a matter of global concern, and international
conventions have been crucial in controlling illegal wood trade. Wood identification and the
characterization of tropical species are increasingly considered tools for trade monitoring
(e.g., [1–4]). Most commercial tropical woods are mainly appreciated for their high wood
density and aesthetic properties, such as wood color, although a high natural species
variability is found. In fact, wood density varies within species and/or genera, ranging, for
example, from 100 kg/m3 in Ochroma sp. (balsa) and 380 kg/m3 in Triplochiton scleroxylon
K. Schum. (obeche) to over 1000 kg/m3 in Diospyros sp. (ebony), Tamarindus indica L.
(tamarind), and Lophira alata Banks ex Gaertn. (azobé) [5,6]. Wood color variability ranges
from yellowish white in Triplochiton scleroxylon and Turraenthus africana Harms (avodire) to
reddish brown in Pterocarpus soyauxii Taub. (padauk) and black in Diospyrus crassiflora Hiern
and Dalbergia melanoxylon Guill. and Perr. (ebony) [7]. Even if there is this species diversity
and wood properties variability, there are global concerns regarding the sustainability of
the tropical forests for which the contribution of international conventions has been crucial
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by increasing the interest in wood identification and wood characterization of the tropical
species as a tool to control illegal trade.

The anatomical wood characteristics and their interactions across different taxa (genera,
families, and species) and climatic and ecological gradients have been extensively analyzed
and are of great interest for phylogenetic, taxonomic, and wood identification purposes
(e.g., [8–14]). However, tropical species represent important challenges due to their large
diversity and the similarity of anatomical wood patterns in many genera and species
(e.g., [15,16]. Therefore, genetic and chemical data are also being successfully studied to
discriminate between tropical species (e.g., [4,17,18]).

Wood density is of high interest for taxonomic and phylogenetic studies since it
is greatly controlled by genetic factors [19,20]. Thus, the genetic and/or geographical
provenance effects on wood density are often studied for the most valued woods due to
their practical implications for tree breeding and conservation programs (e.g., [21–25]).

The species characterization of the anatomical (e.g., tissue composition, cellular di-
mension and arrangement) and physical wood properties (e.g., wood density) is essential
to analyze the specific wood quality and product suitability [26]. Given the within-species
variability regarding wood properties, interactions across different geographical locations
and ecological gradients are often studied to analyze the potential for wood production
and/or species conservation [27–30].

Compared to temperate forests, less studies are found on the variability in the anatom-
ical and physical wood properties from different tropical species across different geograph-
ical regions. Therefore, the systematic wood characterization of different tropical wood
species is challenging and may allow their better sustainable use, i.e., by highlighting the
importance of valuable secondary species that may increase the number of available timber
species, thereby mitigating the tropical deforestation and species over-exploitation that are
expressed by the endangered timber species listed in the Convention on International Trade
of Endangered Species in Wild Fauna and Flora (CITES). About 25% of the traded timber
in industrial countries in the northern hemisphere comes from tropical forests, namely
from the Asia–Pacific region, followed by South America and Africa [31]. Some of the most
valuable tropical woods, such as Spirostachys africana Sond. (tamboti, African sandalwood)
and Dalbergia melanoxylon, are found in Mozambique; Santalum album L. (sandalwood)
is found in East Timor; and Tectona grandis L. (teak) is found in India and East Timor.
However, in these regions, other lesser-known wood species, such as Pseudolachnostylis
maprounaefolia Pax, Pericopsis angolensis Meeuwen, Sterculia appendiculata K. Schum., and
Sterculia quinqueloba K. Schum. or lesser-known provenances, for instance, of Tectona grandis,
may reveal promising end uses [21,32,33].

In this study, the anatomical and physical wood characteristics from 98 tropical species
from India, Mozambique, and East Timor were analyzed and compared by means of a
multivariate analysis. The overarching goal of this research was to contribute to the better
use of tropical wood resources by obtaining and adding knowledge on these tropical wood
species based on the anatomical and physical wood characterization. The specific aims
were to obtain the species classifications and analyze the similarities in the anatomical and
physical properties of wood between species from different origins.

2. Materials and Methods
2.1. Collections

The data included in this paper are based on original observations of wood samples
and published results [34–38]. The studied samples were selected from wood collections of
the Forest Research Center of the School of Agriculture (Portugal LISFLw xylarium) and
the Tropical Botanical Garden (Portugal LISJCw xylarium), both from the University of
Lisbon (UL) in Portugal and from the University of Eduardo Mondlane (UEM) in Maputo,
Mozambique. The wood samples were obtained from mature trees and correspond to
mature wood. Biometric data and the ages of the trees were often not recorded. A total of
98 wood samples from tropical species were studied: 17 from India (I), corresponding to
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the former “Portuguese India” (Goa); 33 from East Timor (T); and 48 from Mozambique
(M—from the UL or N—from the UEM), as described in Table 1.

Table 1. List of the 98 studied tropical species by code according to each geographical provenance:
India (I), Mozambique (M or N), and East Timor (T). The species with more than one geographical
provenance and the genera with more than one species are marked in bold. Species marked with an
asterisk are listed in the Convention on International Trade in Endangered Species of Wild Fauna and
Flora (CITES) Appendix II.

Code Species Code Species

I1 Acacia catechu Willd. T1 Albizia lebbeckoides (DC) Benth.

I2 Aegle marmelos Corrêa T2 Aleurites moluccana Willd.

I3 Albizia lebbeck Benth. T3 Alstonia scholaris (L.) R. Br.

I4 Artocarpus integrifoliaL. T4 Artocarpus integrifolia L.

I5 Bombax malabaricum DC. T5 Bischofia javanica Blume

I6 Careya arborea Roxb. T6 Calophyllum inophyllum L.

I7 * Dalbergia sissoo Roxb. T7 Canarium commune L.

I8 Eugenia jambolana Lam. T8 Cassia fistula L.

I9 Ficus indica Roxb. T9 Casuarina junghuhniana Miq.

I10 Lagerstroemia parviflora Roxb. T10 * Cedrela toona var australis Roxb. C. DC.

I11 Mangifera indica L. T11 Decaspermum paniculatum Kurz

I12 Polyalthia fragans Benth. and Hook T12 Elaeocarpus sphaericus K. Schum.

I13 Tectona grandisL. T13 Ficus macrophylla Roxb.

I14 Terminalia bellirica Roxb. T14 Ganophyllum falcatum Blume

I15 Terminalia paniculata Roth T15 Hibiscus tiliaceus L.

I16 Terminalia tomentosa W. et Arn. T16 Homalium tomentosum Benth.

I17 Xylia dolabriformis Benth. T17 Intsia bijuga O. K.

M1 Adina microcephala (del.) Hiern T18 Macaranga tanarius Muell.

M2 Afrormosia angolensis (Bak.) Harms T19 Melaleuca leucadendron L.

M3 Afzelia quanzensis Welw. T20 Pometia pinnata Forst.

M4 Albizia adianthifolia W. F. Wight T21 Pterocarpus indicus Willd.

M5 Albizia versicolor Welw. ex Oliv.als T22 Pterospermum acerifolium Will.

M6 Amblygonocarpus obtusangulus Harms T23 Pygeum sp.

M7 Androstachys johnsonii Prain T24 Santalum album L.

M8 Bombax rhodognaphalon K. Schum. ex. Engl. T25 Sarcocephalus cordatus Miq.

M9 Burkea africana Hook. T26 Schleichera oleosa Merr.

M10 Celtis durandii Engl. T27 Sterculia foetida L.

M11 Celtis kraussiana Bernh. T28 Tamarindus indica L.

M12 Chlorophora excelsa (Milicia excelsa) (Welw.)
Benth. Hook T29 Tectona grandis L.

M13 Colophospermum mopane Kirk. T30 Terminalia catappa L.

M14 Combretum imberbe Wawra T31 Thespesia populnea Soland, ex Corrêa

M15 Cordyla africana Lour. T32 Timonius rumphii DC.

M16 * Dalbergia melanoxylon Guill. and Perr T33 Vitex pubescens Vahl

M17 Dialium schlechteri Harms N1 Acacia robusta Burch
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Table 1. Cont.

Code Species Code Species

M18 Diospyros mespiliformis Hochst. ex A. DC. N2 Amblygonocarpus andongensis (Welw. ex
Oliv.) Excell and Torre

M19 Erythrophleum africanum (Benth.) Harms N3 Berchemia discolor (Klotzsch) Hemsl.

M20 Erythrophleum guineense Don N4 * Cedrela odorata L.

M21 Khaya sp. N5 Cleistanthus schlechteri (Pax) Hutch.

M22 Khaya sp. N6 Combretum zeyheri Sond.

M23 Millettia stuhlmannii Taub. N7 Diplorhynchus condylocarpon (Mull. Arg.)
Pichon

M24 Morus lactea Mildbr. (Celtis lactea Sim.) N8 Melaleuca leucadendron(L.) L.

M25 Ostryoderris stuhlmannii Dunn ex Baker f. N9 Morus mesozygia Stapf

M26 Piliostigma thonningii (Schumach.)
Milne-Redhead N10 Pterocarpus antunesii (Tab.) Harms

M27 Piptadenia buchananii Bak. (Newtonia
buchananii) N11 Rhodognaphalon schumannianum A. Robyns

M28 Pteleopsis myrtifolia (Lawson) Engl. and Diels N12 Schrebera trichoclada Welw.

M29 Pterocarpus angolensis DC. N13 Syncarpia glomulifera (Sm.) Wield.

M30 Ricinodendron rautanenii (Schinz) Radcl-Sm N14 Syringa vulgaris L.

M31 Spirostachys africana Sond. N15 Xylia torreana Brenan

M32 Sterculia quinqueloba (Garcke) K. Schum.

M33 Swartzia madagascariensis Desv.

* According Palacio et al. [14], since 2017, all species of the genus Dalbergia have been listed in CITES Appendix II,
except D. nigra, which has been listed in Appendix I since 1992; Cedrela P. Browne comprises 18 species, all of
them listed in CITES Appendix II.

2.2. Wood Characterization
2.2.1. Anatomical Characterization

Microscopic slides were prepared from wood samples following the usual methods
of softening, sectioning, staining, and mounting. The wood samples were softened in
boiling water or in a 50/50 glycerin solution. Sections of 17–20 µm thickness were cut
with a sliding microtome, stained with safranin, and mounted with Euparal. Macerations
were prepared using Jeffrey’s solution and stained with 1% gentian violet. Macro- and mi-
crophotographs were taken for each wood section of each species. Samples were observed
by light microscopy (Leitz Dialux 20EB), and 40 measurements, at least, per feature were
performed using image analysis software (Leica Qwin Standard). The fiber dimensions
were measured in individualized cells (maceration); the vessel diameters were measured in
transverse sections as well as the vessel frequency and the vessel wall thickness; the vessel
element lengths and vessel pits were measured in tangential sections; the ray widths and
ray lengths were measured in tangential sections; the ray frequency was measured in the
tangential; and uniseriate, biseriate, and multiseriate rays were counted as one ray each.
The anatomical descriptions followed the recommendations of the IAWA Committee [39].

2.2.2. Physical Properties Determination

The wood density, moisture content (MC), and wood shrinkage values were deter-
mined according to the following methods. Cubic samples with 30 mm of edge and faces
corresponding to the transverse, tangential, and radial sections were prepared. Volumes
and weights were measured for each sample. Samples were saturated, air-dried, and
oven-dried, first at 60 ◦C and then at 103 ± 2 ◦C to a constant weight for the determination
of wood basic density, referred to here as wood density, calculated on the basis of oven dry
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weight. Moisture content and wood shrinkage determinations were made according to the
Portuguese standards (NP-614 and NP-615), i.e., samples were at 60% relative humidity
and 20 ◦C until they reached a constant mass, and wood density was also assessed.

2.2.3. Color Measurements

Wood color was measured directly on the tangential surface of the standard wood
samples after a fine sanding of the surface to represent the natural wood color. The
CIELab chromatic system from the Commission Internationale d’Eclairage (CIE) was used
to measure lightness (L*), ranging from 0 (black) to 100 (white); redness (a*), from +a*(red)
to –a* (green); and yellowness degree (b*), from +b* (yellow) to –b* (blue), from 0 to
60. Four measurements were performed per each tangential face using a Minolta CM–
3630 Spectrophotometer, and data were analyzed by Papercontrol v. 2. A color intensity
qualitative character ranging from 1 (light) to 27 (black), was conceived using a scale of
33 different wood species and wood textures with an expert-based classification taking into
account the visual observation and comparative analysis.

2.3. Character Selection

A total of 29 variables related to 13 anatomical and 16 physical (including 4 colori-
metric) characteristics were selected and are compiled in Table 2. The mean value for each
wood species was used in the different analyses.

Table 2. Descriptions and codes of the anatomical and physical wood variables.

Code Character Description (Units) Code Character Description (Units)

V1 Mean number (Nr) of vessels/mm2 FIS1 Wood density, 12% MC (g/cm3)
V4 Mean vessel pit diameter (µm) FIS2 Oven-dry wood density (g/cm3)
V5 Mean vessel wall thickness (µm) FIS3 MC, dry basis (%)
V6 Mean vessel element length (µm) FIS4 MC, wet basis (%)
V7 Mean vessel diameter (µm) FIS5 Volumetric shrinkage (%)
R1 Mean Nr of rays/mm FIS6 Tangential shrinkage (%)
R3 Ray height in cell numbers (#) FIS7 Radial shrinkage (%)
R5 Mean ray height (µm) FIS8 Axial shrinkage (%)
R7 Ray width in cell numbers (#) FIS9 Coefficient of volumetric shrinkage (%)
R8 Mean ray width (µm) FIS10 Coefficient of tangential shrinkage (%)
F1 Mean fiber wall thickness (µm) FIS11 Coefficient of radial shrinkage (%)
F2 Mean fiber length (µm) FIS12 Coefficient of axial shrinkage (%)
F4 Mean fiber width (µm) C4 L* polished sample/natural wood

C5 a* polished sample/natural wood
C6 b* polished sample/natural wood
C7 Color intensity

2.4. Data Analysis

The similarity of the anatomical and physical wood characteristics of the different
tropical wood species was quantified by means of cluster analysis (CA) and principal
component analysis (PCA), generating classification systems accordingly [40,41]. The CA
was performed using the UPGMA method (unweighted pair-group average) to express
the relationships existing between taxa based on their pairwise similarities. The distortion
degree of the generated dendrogram was given by the cophenetic correlation coefficient
(c) to measure how faithfully the pairwise distances between the original unmodeled data
points were preserved.

The PCA was conducted to identify directions along which the variance in the data
was maximal. Eigenvalues, eigenvectors, and principal component (PC) axis scores were
produced for the datasets. PCs were plotted against one another to reveal clustering
or structure in the dataset due to similarities between the wood species. The overlap-
ping of PCA projections with MST (minimum spanning tree), also known as the SCN
(shortest connection network) method, resulted in a network of connections between the
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different tropical woods, detecting pairs that, even if they were close within the PC1 and
PC2 plan, were in fact distant, taking into consideration the plan of PC1 and PC3. The
principal component axis scores of PCs 1 vs. 2 and PCs 1 vs. 3 were plotted to identify
clustering patterns.

The number of tropical wood species and the variables included in each analysis are
shown in Table 3. Some species and variables were excluded from the analysis to avoid
biased results, namely species with missing values or highly correlated variables (e.g.,
ratios between variables and standard deviation values), while the variables were set as
equally important, as required by the multivariate analysis criteria.

Table 3. Number and list of the tropical wood species (codes as in Table 1) and variables (codes as in
Table 2) included in each analysis.

Species (#) Tropical Species Code Variable Code

81 I1 to I17, M1 to M33, T1 to T17, T20 to T33 V1, V4, V5, V6, V7, R1, R3, R5, R7, R8, F1, F2, F4, C4, C5,
C6, C7, FIS1, FIS3, FIS5

87 I1 to I17, M1 to M6, M8 to M21, M23 to M29, M31, M33,
T2 to T23, T25, T26, T28 to T33, N2 to N9, N11 to N13 V1, V4, V5, V6, V7, R1, R3, R5, R7, R8, F1, F2, F4

54 I1 to I17, M1 to M6, M8 to M30, M33, T9, T10, T17, T20,
T21, T25, T28 FIS1, FIS4 to FIS12, C4, C5, C6, C7

The statistical analysis was performed using the NTSYSpc (v.2.1, New York, NY, USA)
software program.

3. Results
3.1. Species Variability Based on Anatomical and Physical Wood Characteristics

A high variability was found for the anatomical and physical wood properties, as
observed in the range of values shown in Table 4. For the main anatomical variables, such
as vessel frequency, ray and fiber tissues, wood density, and wood color, the following
were found: the highest vessel frequency was 193 vessels per mm2 in Androstachys jobnsonii
(M7), and the lowest was in Bombax malabaricum (I5); the tallest and largest rays were
1500 µm × 215 µm in Sterculia quinqueloba (M32), and the shortest rays were 101 µm in
Dalbergia sissoo (I7); the longest fibers measured 3780 µm in Syringa vulgaris, and the
widest were 46 µm in Ricinodendron rautanenii (M30); and the highest value of wood
density was 1400 kg/m3 for Tamarindus indica (T28), while the lowest was 230 kg/m3 for
Ricinodendron rautanenii (M30). The wood color varied from the lightest-colored wood in
Aleurites moluccana (T2) to the reddest in Pterocarpus indicus (T21), the yellowest in Morus
lactea (M24), and the darkest wood in Dalbergia melanoxylon (M16). The mean values are
summarized in Table S1.

Table 4. Minimum and maximum values found for each of the studied anatomical or physical
variables and the scientific names and codes of the corresponding species. For code characters and
abbreviations see Table 2.

Character (Units) Min–Max Values/Species Name/Species Code

V1 (Nr vessels/mm2) 1–193/Bombax malabaricum–Androstachys jobnsonii/I5–M7
V4 (µm) 1.16–15.85/Cleistanthus schlechteri–Ricinodendron rautanenii/N5–M30
V5 (µm) 3.1–15.6/Khaya–Xylia torreana/M21–N15
V6 (µm) 150–850/Dalbergia sissoo–Aleurites moluccana/I7–T2
V7 (µm) 45–285/A. jobnsonii–R. rautanenii/M7–M30
V8 (µm) 5–85/Schrebera trichoclata–Sterculia quinqueloba/N12–M32

R1 (Nr of rays/mm) 2–23/Acacia robusta–Pterocarpus antunesii/N1–N10
R3 (#) 5–67/Calophyllum inophyllum–A. robusta/T6–N1
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Table 4. Cont.

Character (Units) Min–Max Values/Species Name/Species Code

R5 (µm) 101–1500/Dalbergia sissoo–S. quinqueloba/I7–M32
R7 (#) 1–11/Lagerstromia parviflora–S. quinqueloba/I10–M32

R8 (µm) 13–215/Ganophyllum falcatum–Albizia lebbeckoides/T14–T1
F1 (µm) 2.4–7.2/Elaeocarpus sphaericus–O. stuhlmannii/T12–M25
F2 (µm) 700–3780/Dalbergia melanoxylon–Syringa vulgaris/M16–N14
F4 (µm) 12–46/Colophospermum mopane–R. rautanenii/M13–M30

C4 25.91–85.11/D. melanoxylon–A. moluccana/M16 –T2
C5 1.86–20.29/D. melanoxylon–P. indicus/M16–T21
C6 0.97–34.89/D. melanoxylon–Morus lactea/M16–M24
C7 1–27/Diospyros mespiliformis–D. melanoxylon/M18–T2

FIS1 (g/cm3) 0.23–1.37/R. rautanenii–Tamarindus indica/M30–T28
FIS2 (g/cm3) 0.21–1.31/R. rautanenii–T. indica/M30–T28

FIS3 (%) 10.0–16.9/P. indicus–Bischofia javanica/T21–T5
FIS4 (%) 9.1–31.0/P. indicus–Ficus indica/T21–I9
FIS5 (%) 3.50–14.33/Cordyla africana–Terminalia tomentosa/M15–I16
FIS6 (%) 1.6–9.17/Cordyla africana–Aegle marmelos/M15–I2
FIS7 (%) 1.20–5.17/Albizia adianthifolia–Terminalia tomentosa/M4–I16
FIS8 (%) 0.01–0.65/Aegle marmelos–Terminalia bellirica/I2–I14
FIS9 (%) 0.26–0.77/R. rautanenii–Casuarina junghuniana/M30–T9
FIS10 (%) 0.14–0.50/R. rautanenii–C. junghuniana/M30–T9
FIS11(%) 0.09–0.30/R. rautanenii–T. indica/M30–T28
FIS12 (%) 0.00–0.04/Eugenia jambolana–P. indicus/I8–T21

The dendrogram based on 13 anatomical and 7 physical wood characteristics of 81
tropical species (listed in Tables 1 and 3) originated several groups and showed that
Androstachys johnsonii (M7) and three groups of species (T5 and T1; M30, T2, and T12; and
I5, M32, and T27) were clearly different from all other sets (Figure 1).

Cumulatively, PCs 1–3 accounted for 49.6% of the total amount of variance in the
overall dataset of 81 species (Tables 5 and S2). From PC axis score plots, the clustering of
wood species was apparent, showing its relative importance (Figure 2a). PC1 explained
23.0% of the variation, and the highest loadings were found for eight anatomical (vessel
element length, V6; vessel diameter, V7; number of rays/mm, R1; ray height, R5 and R7;
ray width, R8; fiber length, F2; and fiber width, F4) and two physical (b* parameter, C6,
and wood density, FIS1) variables. Along PC1, the species showing the highest wood
density (FIS1), shortest vessel elements (V6), thinner fibers (F4), and lowest values of the
b* parameter (C6) were grouped in the right-hand region: Casuarina junghuhniana (T9),
Colophospermum mopane (M13), Dialium schlechteri (M17), Dalbergia sissoo (I7), Tamarindus
indica (T28), and Dalbergia melanoxylon (M16) (Figure 2b). In the left-hand region, the wood
species from India and Mozambique and some from East Timor were grouped, showing
the taller and wider rays (R5, R7, and R8), the yellower colored wood (high values for
the b* parameter) (C6), the longer (F2) and larger (F4) fibers, and the longer (V6) and
wider (V7) vessels. PC2 explained 15.4% of the residual variation, and three color (L*
parameter, C4; a* parameter, C5; and qualitative designation, C7) and two anatomical
(ray height, R3, and fiber wall thickness, F1) variables showed the highest loadings. The
lighter woods (with the highest values for the L* parameter) (C4) were grouped in the
upper region, composed of Aleurites moluccana (T2), Alstonia scholaris (T3), Elaeocarpus
sphaericus (T12), and Ficus macrophylla (T13) from East Timor as well as Ricinodendron
rautanenii (M30) from Mozambique. In the opposite region, the woods correlated with
high values for the cell number of ray height (R3), fiber wall thickness (F1), and color
intensity (C7) were grouped, corresponding to species from Mozambique (darker woods).
The remaining variation (11.2%) was explained by PC3, grouping the species showing high
vessel frequency (V1), in opposition to species showing high values for mean vessel pit
diameter (V4), vessel wall thickness (V5), high moisture content (FIS3), and volumetric
shrinkage (FIS5), corresponding to a high number of species from East Timor (Figure S1).
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Figure 1. Classification of 81 tropical species (listed in Tables 1 and 3) based on 13 anatomical and
7 physical wood characteristics (coded in Table 2), obtained by the UPGMA clustering method
(c = 0.798).

Table 5. Statistics of the principal component analyses (PCA) for the anatomical and physical
wood characteristics (coded in Table 2) of the tropical species sets (as described in Tables 1 and 3).
The contributions of components 1–3 to the wood species variation (eigenvalue (E.V.), proportion
explained (P.E.), and cumulative proportion (C.P.).

81 Species 87 Species 54 Species

Variable PC1 PC2 PC3 PC1 PC2 PC3 PC1 PC2 PC3

E.V. 4.606 3.079 2.240 3.433 2.217 2.065 4.213 3.925 1.992
P.E. (%) 23.0 15.4 11.2 26.7 17.1 15.9 30.1 28.0 14.2
C.P. (%) 23.0 38.4 49.6 26.7 43.8 59.7 30.1 58.1 72.3
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Figure 2. (a) PC1 and PC2 projection plots of the 81 tropical species (as listed in Tables 1 and 3)
based on 20 anatomical and physical wood characteristics (coded in Table 2), overlapped by the
MST method (similarity coefficient of 0.87). (b) The indication of the correlation degree between the
variables based on the position of the vector.

As shown in Figure 2a, the most different wood species formed one group composed
of M30, T2, T3, T12, and T13 (at the top) and a second group of M22, M32, T1, T27, and I5
(on the bottom of the left side), while Androstachys johnsonii (M7) was kept separate from
all sets in accordance with Figure 1.

3.2. Species Variability Based on Anatomical Characteristics

The cluster analysis of the correlation matrix of 87 species (as listed in Tables 1 and 3)
based on 13 anatomical quantitative characteristics showed a low similarity coefficient
(r = 0.695), i.e., the dendrogram was not a good representation of the original distances
(Figure S2).
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The PCA revealed that PCs 1–3 accounted for 59.7% of the total variation of 87 wood
species (Table 5). PC1 explained 26.7% of the variation, and the variables with the highest
loadings were ray frequency (R1), ray height (R3), ray width (R7 and R8), and fiber length
(F2). The variables with the highest loadings for PC2 were the vessel frequency (V1), ray
height (R5), and fiber wall thickness (F1), in opposition to the vessel wall thickness (V5)
and vessel diameter (V7). Along PC2, the wood species with high vessel frequency (V1),
taller rays (R5), and thicker fibers (F1) are found in the upper region, in opposition to
wood species with vessels with thicker walls (V5) and wider vessels (V7) (Figure 3). A
group of wood species composed of Bombax malabaricum (I5), Bombax rhodognaphalon (M8),
Chlorophora excelsa (Milicia excelsa) (M12), Afzelia quanzensis (M3), Careya arborea (I6), and
Ficus indica (I9) is found in the left-hand region and is quite different from all other sets, in
opposition to a group composed of Decaspermum paniculatum (T11), Homalium tomentosum
(T16), Casuarina junghuhniana (T9), Pteleopsis myrtifolia (M28), Spirostachys africana (M31)
Ganophyllum falcatum (T14), Schleichera oleosa (T26), and Melaleuca leucadendron (T19). The
variables with the highest loadings for PC3 were vessel pit diameter (V4), vessel element
length (V6), and fiber width (F4), forming two groups of wood species of East Timor,
one comprising Aleurites moluccana (T2), Bischofia javanica (T5), Artocarpus integrifolia (T4),
Sarcocephalus cordatus (T25), and Timonius rumphii (T32) and the other comprising Macaranga
tanarius (T18), Elaeocarpus sphaericus (T12), and Alstonia scholaris (T3), which were considered
different from all other sets (Figure S3).

A tendency to group tropical wood species from either East Timor or Mozambique
was observed, while wood species from India were found to be more dispersed.

3.3. Species Variability Based on Physical Characteristics

The dendrogram based on 14 physical characteristics of 54 species (listed in Tables 1 and 3)
showed two groups composed of 29 species mostly from Mozambique and a third group of
13 species from India, all of them forming subgroups (Figure 4).

Cumulatively, PCs 1–3 explained 72.3% of the total variance of 54 wood species
(Table 5). PC1 explained 30.1% of the variation, and the variable with the highest loadings
was the axial shrinkage coefficient (FIS12), in opposition to the other shrinkage characters
(volumetric shrinkage, FIS5; tangential shrinkage, FIS6; radial shrinkage, FIS7; the volu-
metric shrinkage coefficient, FIS9; the tangential shrinkage coefficient, FIS10; and the axial
shrinkage coefficient, FIS11). Along PC1, in the top left-hand quadrant, a group composed
mainly of the species from India (I17, I16, I6, I8, I10, I13, I11, I15, I9, I4, I5, I12, and I2) is
shown to be clearly different from all other sets, showing high values of moisture content
(FIS4) and volumetric, tangential, and axial shrinkage (FIS5, FIS6, and FIS7) while showing
lower axial shrinkage coefficients (FIS12) (Figure 5). Albizia versicolor (M5), Pterocarpus
angolensis (M29), Cordyla africana (M15), and Ricinodendron rautanenii (M30) are found on
the right-hand side, showing lower values for those characteristics. The second component
explained 28.0% of the variation, and the variables of the lightness of the wood (L*, C4) and
the moisture content (FIS4) showed high loadings, in opposition to the wood redness (C5)
and wood density (FIS1). Along PC2, one group of species from India (I8, I10, I11, I15, I9, I4,
I12, I5, and I2) showing high values for those characteristics was formed, while the redder
(higher value of a*, C5) species from Mozambique (M1, M6, M16, M33, M13, M9, M19,
M20, and M2) and some from East Timor (T28, T9, and T21) showing high wood density
(FIS1) were grouped on the bottom side. The species from India showed a mean wood
density of 650 kg/m3, 24.9 % MC, and 10.7 % wood (volumetric) shrinkage, in opposition to
770 kg/m3, 11.3% MC, and 5.9 % mean values obtained for the species from Mozambique.
In the third component, 14.2% of the remaining variation was explained by the yellowness
(C6) and axial shrinkage (FIS8), in opposition to the color intensity (C7). Along PC3, the
wood species Cedrela toona var australis (T10), Ostryoderris stuhlmannii (M25), and Terminalia
bellirica (I14), with yellower woods (high values of b*, C6) and high axial shrinkage (FIS8)
are found in the upper region, in opposition to the darker woods of Dalbergia melanoxylon
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(M16), Ficus indica (I9), and Mangifera indica (I11), which showed the highest color intensity
values (C7) (Figure S4).
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3.4. Similarity within Species and Genus
3.4.1. Similarity Based on Both Anatomical and Physical Wood Characteristics

Similarity based on both anatomical and physical properties within species (specimens
showing more than one geographical provenance) was only observed for Tectona grandis
from India (I13) and East Timor (T29). Four other weaker connections were found for
Tectona grandis from East Timor (T29) with Albizia lebbeckoides (T1), Chlorophora excelsea
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(M12), Albizia versicolor (M5), and Afzelia quanzensis (M3), while Tectona grandis from India
(I13) was only connected to one more species, Terminalia catappa (T30) (Figures 2a and S5).
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Figure 4. Classification of 54 tropical species (listed in Tables 1 and 3) based on 14 physical wood
characteristics (coded in Table 2), obtained by the UPGMA clustering method (c = 0.720).

The Artocarpus integrifolia from India (I4) and East Timor (T4) were found to be con-
nected to species from different genera: Tectona grandis (T29) and Sarcocephalus cordatus
(T25), respectively.

Within the genus, i.e., from the genera showing more than one species (Acacia spp.,
Albizia spp., Ambylognocarpus spp., Bombax spp., Cedrela spp., Celtis spp., Combretum spp.,
Dalbergia spp., Erythroplhleum spp., Ficus spp., Morus spp., Pterocarpus spp., Sterculia spp.,
Terminalia spp., and Xylia spp.), four connections were found: Dalbergia melanoxylon (M16)
with Dalbergia sissoo (I7) and Celtis durandii (M10) with Celtis kraussiana (M11), both from
Mozambique, Sterculia quinqueloba (M32) with Sterculia foetida (T27), Terminalia bellirica (I14)
with Terminalia paniculate (I15), and Terminalia tomentosa (I16) with Terminalia paniculate (I15),
even if a long Euclidean distance was observed that highlighted their differences.
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lettia stuhlmannii (M23) and Burkea africana (M9), Erythrophleum africanum (M19) and Burkea 
africana (M9), Amblygonocarpus obtusangulus (M6) and Erythrophleum africanum (M19), Dal-
bergia sissoo (I7) and Dialium schlechteri (M17), Ganophyllum falcatum (T14) and Santalum 
album (T24), Cordyla africana (M15) and Pterocarpus angolensis (M29), and Pterospermum 
acerifolium (T22) and Canarium commune (T7). 

Figure 5. (a) PC 1 and PC 2 projection plots of the 54 tropical species (listed in Tables 1 and 3) based
on physical wood characteristics (coded in Table 2), overlapped by the MST method (c = 0.92). (b)
The correlation degree between the variables based on the position of the vector.

Stronger similarities were found between different genera compared to the previously
mentioned cases, such as Tectona grandis (I13) and Cedrela toona (T10), Careya arborea (I6)
and Bischofia javanica (T5), Elaeocarpus sphaericus (T12) and Ficus macrophylla (T13), Millettia
stuhlmannii (M23) and Burkea africana (M9), Erythrophleum africanum (M19) and Burkea
africana (M9), Amblygonocarpus obtusangulus (M6) and Erythrophleum africanum (M19), Dal-
bergia sissoo (I7) and Dialium schlechteri (M17), Ganophyllum falcatum (T14) and Santalum
album (T24), Cordyla africana (M15) and Pterocarpus angolensis (M29), and Pterospermum
acerifolium (T22) and Canarium commune (T7).
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The CITES-listed species Dalbergia melanoxylon (M16) from Mozambique showed
both anatomical and physical similarity to the CITES-listed species Dalbergia sissoo from
India (I7).

3.4.2. Similarity Based on Anatomical Characteristics

Within the three cases of species showing more than one geographical origin, only
Tectona grandis from India (I13) and from East Timor (T29) were connected, while Artocarpus
integrifolia from East Timor (I4) was connected to T. grandis (T29), Melaleuca leucadendron
from East Timor (T19) was connected to Schleichera oleosa (T26), and M. leucadendron from
Mozambique (N8) was connected to Pometia pinnata (T20) (Figures 3a and S6).

Within the genus (a total of 15 different genera), i.e., from Acacia spp., Albizia spp.,
Ambylognocarpus spp., Bombax spp., Cedrela spp., Celtis spp., Combretum spp., Dalbergia spp.,
Erythroplhleum spp., Ficus spp., Morus spp., Pterocarpus spp., Sterculia spp., Terminalia spp.,
and Xylia spp.), only Celtis durandii (M10) and Celtis kraussiana (M11), both from Mozam-
bique, were shown to be connected, even if a long Euclidean distance was observed, thereby
highlighting their differences.

In fact, stronger similarities compared to the previously mentioned cases were found,
such as Tectona grandis (I13) and Hibiscus tiliaceus (T15), Tectona grandis (I13) and Cedrela
toona (T10), Tectona grandis (T29) and Artocarpus integrifolia (I4), Melaleuca leucadendron (T19)
and Schleichera oleosa (T26), Terminalia catappa (T30) and Intsia bijuga (T17), and Combretum
imberbe (M14) and Piliostigma thonningii (M26).

Anatomical similarity was also observed for other species from the set, such as Acacia
catechu (I1) and Thespesia populnea (T31), Amblygonocarpus obtusangulus (M6) and Terminalia
bellirica (I14) as well as Xylia dolabriformis (I17), Xylia dolabriformis (I17) and Pometia pinnata
(T20), Melaleuca leucadendron (N8) and Pometia pinnata (T20), Canarium commune (T7) and
Pterospermum acerifolium (T22), Afrormosia angolensis (M2) and Sterculia quinqueloba (M32) as
well as Burkea africana (M9), Ficus indica (I9) and Afzelia quanzensis (M3), and Ostryoderris
stuhlmannii (M25) and Millettia stuhlmannii (M23).

The CITES-listed species Cedrela odorata (N4) and Dalbergia melanoxylon (M16) showed simi-
larity to non-CITES species Morus mesozygia (N9) and Swartzia madagascariensis (M33), respectively.

3.4.3. Similarity Based on Physical Characteristics

No similarity was observed within the genus, i.e., none of Albizia spp. (M4, M5, and
I3), Bombax spp. (I5 and M8), Celtis spp. (M10 and M11), Dalbergia spp. (M16 and I7),
Erythrophleum spp. (M19 and M20), Pterocarpus spp. (M29 and T21), or Terminalia spp. (I14,
I15, and I16) were connected between themselves (other species were not analyzed due to
missing physical data) (Figures 5a and S7).

The species with stronger similarities were: Pteleopsis myrtifolia (M28) and Celtis kraus-
siana (M11), Burkea africana (M9) and Erythrophleum africanum (M19), and Albizia versicolor
(M5) and Pterocarpus angolensis (M29). More distant connections were found between the
species: Burkea africana (M9) and Colophospermum mopane (M13), Erythrophleum guineense
(M20) and Burkea africana (M9), Burkea Africana (M9) and Amblygonocarpus obtusangulus
(M6), and Afrormosia angolensis (M2) and Erythrophleum guineense (M20).

Concerning the CITES-listed species found in the set, physical similarity was observed
for D. melanoxylon (M16) and the non-CITES species Millettia stuhlmannii (M23).

4. Discussion
4.1. Species Clustering

The grouping of species by their geographical location (i.e., India, East Timor, and
Mozambique) based on both anatomical and physical characteristics was more evident for
the 81 species set, with a stronger tendency to group species from Mozambique. The most
dispersed species were Ricinodendron rautanenii (M30), Aleurites moluccana (T2), Alstonia
scholaris (T3), Elaeocarpus sphaericus (T12), Ficus macrophylla (T13), Khaya sp. (M22), Sterculia
quinqueloba (M32), Albizia lebbeckoides (T1), Sterculia foetida (T27), Bombax malabaricum (I5),
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and Androstachys johnsonii (M7). In fact, different geographical distribution trends were
found when separately analyzing the anatomical and physical characteristics, i.e., anatomi-
cal similarity grouped species from East Timor and Mozambique, and dispersed species
from India, while the physical similarity aggregated species from India. The analyses
showed large clusters of species from India, Mozambique, and East Timor, which reflects
their wood properties similarity. The CA clustering was, in general, confirmed by the PCA
results. Thus, wood properties were, in general, of limited value in the delimitation of the
geographical origin of wood species, and specific features should be considered accord-
ing to specific species and each region. In fact, numerical taxonomy methods have been
very useful in many comparative and phylogenetic studies within different taxa and/or
across different ecological gradients, even if they have been mostly based on qualitative
anatomical characters [11,42–46].

4.2. Variability and Interaction of Wood Properties
4.2.1. Both Anatomical and Physical Properties

The diagnostic value of the different wood characters was confirmed by PCA, showing
that the variability of the tropical species, based on both anatomical and physical character-
istics, was mostly explained by wood density (FIS1), ray (height, R5, and width, R7 and
R8), and fiber (length, F2, and width, F4) (Figure 2). Color characteristics (lightness, C4;
redness, C5; and intensity, C7) accounted for the species variability. The diagnostic value of
vessel-related features was less consistent, with the highest values for the vessel element
length (V6) and vessel diameter (V7). Wood density (FIS1) was crucial to grouping wood
species. Those showing high wood density were grouped in opposition to wood species
showing narrow fibers (F4) and longer vessel elements (V6). Other studies highlighted the
relationship between high wood density and longer and thinner fibers in Eucalyptus spp.
in Brazil [47]. Moreover, the wood (twigs) density variation of different tropical species
was more controlled by the wood (fiber and parenchyma) tissues surrounding vessels
rather than the vessel lumen proportion, although ambiguous ecological patterns for fiber–
parenchyma tissues were found [29,48]. However, studies have usually focused on specific
anatomical features, and wood density variability, explained as a function of multiple
anatomical traits, is still not well-understood.

Another relatively consistent distribution pattern was found based on wood color (C4,
C5, and C7), and it was interesting to note the importance of the lightness of the wood
(C4) to forming geographical groups, i.e., the darker woods were mainly from Mozam-
bique (Afrormosia angolensis (M2), Amblygonocarpus obtusangulus (M6), Burkea africana (M9),
Erythrophleum africanum (M19), Millettia stuhlmannii (M23), and Swartzia madagascariensis
(M33)), while the lighter woods were mainly from East Timor (Aleurites moluccana (T2),
Alstonia scholaris (T3), Elaeocarpus sphaericus (T12), and Ficus macrophylla (T13)). The forma-
tion of wood color is associated with several factors, among others, wood density, wood
structure (e.g., growth rings), and anatomy as well as chemical features, namely the content
and composition of extractives [19]. Since edaphoclimatic conditions may influence all
these wood features [19], it is possible to find a wood color range within the same species.
This is certainly a matter where more studies are needed.

The distribution pattern related to vessel features was also observed in wood species
showing wider vessels (V7) in opposition to high vessel frequency (V1). Within the present
study, the explained variance between the two sets was different, and the lowest vessel
frequency (V1) was found for Bombax malabaricum (I5) from India (one vessel per mm2),
showing a vessel diameter of 264 µm. This type of distribution is more studied due
to the importance of the safety and efficiency of the conductive system that is being
reported as habitat and geographically related. The values reported here agree with the
literature values. Species from tropical Africa and America, Southeast Asia, and India
show 5 to 20 vessels per mm2 and diameters over 100 µm, in contrast with species from
Europe, North America, and Temperate Asia that show narrow vessels and more than
40 vessels per mm2 [10,49–52]. In fact, tropical species showing a low frequency of vessels

81



Forests 2022, 13, 1675

and wider vessels are considered safer and more efficient [49,53]. For example, vessel
frequency and vessel diameter as well as wood density were effective for the identification
and delimiting Pterocarpus santalinus L.f. within the genus, including species from different
geographical origins [46]. Moreover, Dalbergia cearensis Ducke could be separated from
D. nigra on the basis of vessel frequency, showing the highest vessel frequency (over
10 vessels per mm2) [11]. Vessel diameter was found to be relevant to differentiating the
wood from the species of the Araucaria Forest in Brazil [54]. Other anatomical characters,
such as the number of rays per mm2 (R1), vessel pit diameter (V4), and fiber wall thickness
(F1), contributed less to the set variability (PC3).

4.2.2. Quantitative Wood Anatomy

The variability exclusively explained by the quantitative wood anatomy was mainly
due to the ray frequency (R1), height (R3), and width (R7 and R8) and the fiber length
(F2). The vessel frequency (V1), vessel wall thickness (V5), vessel diameter (V7), and
fiber wall thickness (F1) were also important, while the vessel pit diameter (V4), vessel
element length (V6), and fiber width (F4) accounted less for the species set variation.
The contributions of vessel frequency, diameter, and element length are consistent with
the analysis discussed above. Species showing longer vessel elements (V6) and high
values for vessel pit diameter (V4) only explained part of the residual variation (PC3) but
made it possible to distinguish some species from East Timor: Aleurites moluccana (T2),
Bischofia javanica (T5), Artocarpus integrifolia (T4), Sarcocephalus cordatus (T25), Timonius
rumphii (T32), Macaranga tanarius (T18), Elaeocarpus sphaericus (T12), and Alstonia scholaris
(T3). The vessel pitting of Lauraceae species allowed their distinction between other
families in Brazilian forests [54]. In fact, the variability in vessel pits is also gaining more
interest to explain species distribution [12,50,51,55,56]. With regards to the fiber-related
geographical pattern, it has been reported that half of the species from tropical and South
Africa show fibers with extremely thick walls [10], while very thin-walled fibers are more
prevalent at higher latitudes and in more humid environments and milder temperatures [8].
In this study, Elaeocarpus sphaericus (T12) from East Timor showed the thinnest fibres
(2.4 µm), in opposition to Ostryoderris stuhlmannii (M25) (7.2 µm) from Mozambique and
Southeast Africa.

Theoretically there is a compromise between mechanical resistance (fiber thickness)
and conductive efficiency (wide vessels) and safety (narrow vessels) [57]. However, most
genera present thinner to thicker fibers as well as all the vessel diameter ranges [10]. The
fiber–parenchyma variation of several species from Australia was poorly correlated with
vessel features and with the climate at different sites [48]. In the present analysis, the fiber
thickness (V4) was less relevant compared to the vessel diameter (V6) for explaining the
species variability, as it was observed in previous analyses, including physical properties.
Ray characters accounted for most of the anatomical variability (PC1) but are considered to
be ecologically or geographically related [8,10]. For instance, uniseriate rays were correlated
with lower latitudes, rays two cells wide were found more often in warmer environments,
and rays three cells wide tended to be found in higher latitudes, but they did not indicate
ecological trends related to ray composition [10]. In contrast, quantitative ray features
such as the number of rays per mm and ray height are established variables in systematic
wood anatomy [39], which might suggest their diagnostic function overlap. For example,
ray frequency was distinct between Dalbergia miscolobium Benth. and Dalbergia nigra [11].
The long and wide rays of Citronella paniculata (Mart.) R. A. Howard and Myrsine coriacea
(Sw.) R.Br. ex Roem. and Schult. allowed their anatomical wood discrimination [54]. With
regards to wood potential, for example, quantitative ray characters were also important
to select Dalbergia nigra as a tropical wood species showing good quality for musical
instruments [58].

The lack of distinct anatomical geographical patterns, as found here, might be related
to the fact that external (e.g., climate and edaphic) and internal (e.g., age and stem sampling
location) factors that account for wood variability within species were not included in the
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analyses. Those influences may overlap the taxonomic value of some anatomical quanti-
tative features of wood [13,43,59]. In addition, the qualitative anatomical features, such
as the type of growth ring porosity, vessel grouping and arrangement, vessel perforation
plates, and parenchyma were also not included and vary by geographic region [8,10,11].

4.2.3. Physical Properties

Despite the wood density (FIS1) importance, the wood shrinkage and wood color,
contributions were highlighted for the species distribution based on physical properties.
In fact, wood density is greatly controlled by genetic factors [19], allowing the study of
the effects of geographical provenance on wood density for a higher number of species
from temperate to tropical regions due to their practical implications for tree improvement
programs (e.g., [22–25,60]). In neotropical species, for example, wood density was found
to be highly phylogenetically conserved [20]. Opposite results showing a small wood
density variation (500 kg/m3 to 800 kg/m3) with no distinct geographical pattern were
found for tropical species from Asia (Malaysia, Sri Lanka, and the east of India), America
(Brazil, Venezuela, Guyana, and Surinam), and Africa (Cameroon and Gabon) [61]. In fact,
factors other than the climate of origin, such as soil fertility, should also be determinant for
the genetic patterns [30]. For example, the wood density variation of T. grandis was high
among different provenances [23], and the wood density of tropical species from Costa
Rica, Panama, and Peru was found to be inversely correlated with site fertility [62].

Due to the stronger genetic control of wood density, wood shrinkage is generally
estimated based on wood density, and a positive and strong correlation is generally ac-
cepted [19]. However, shrinkage genetic control in Calycophyllum spruceanum Benth. has
suggested its potential to improve wood quality [63]. Other wood properties are also of
interest to explain wood shrinkage, such as the high extractives content in Bagassa guianensis
Aubl. (from Africa and French Guinea), even if it is strongly controlled by the wood density
in heartwood [64] and the high resistance of vessel walls in Eucalyptus resinifera Sm. [65].

The geographical wood color pattern found here, i.e., showing Mozambican species
with darker woods and Asian species with lighter woods, could also be explained by the
genetic effects on the lightness of the wood (L*). For instance, the stronger genetic control
on wood lightness (L*) compared to the redness (a*) and yellowness (b*) was reported for
African and Peruvian tropical species [66,67]. Moreover, the climatic conditions explain
more of the color variation compared to the edaphic conditions for T. grandis in Costa
Rica [68] and in African species, for instance, in Mali [67]. The ranges of values were in
agreement with other species from Africa (30.5–72.3) and Asia (48.1–55.1) that are expected
to be lower when compared to the temperate woods (e.g., Europe and North America),
which are known to be lighter (51.1–84.5) [69]. In fact, this color variation is also explained
due to extractives formation during the heartwood development, which is higher in tropical
woods when compared to temperate species [19].

However, there are few multispecies datasets, and analyses and comparisons are
complex due to different wood density determination methods and unaccounted internal
(genetic, phylogenetic, or ontogenetic) or external (climatic) effects [20,70]. Moreover,
internal and external factors, as discussed above, were not included, and their influence
was not accounted for in the species distribution based on the physical characteristics.

4.3. Similarity within Species and Genus

Tectona grandis from India (I13) and from East Timor (T29) showed anatomical and
physical similarity, which is in accordance with previous wood anatomy (macroscopic and
microscopic) and physical descriptions mentioning similar vessel, ray, and fiber charac-
teristics as well as wood density [36,37]. However, tree growth (measured as ring width)
shows considerable variation between regions, even if found comparable between teak
from India and East Timor [71,72]. Moreover, the ring structure, namely the proportion of
fibers and parenchyma cells have been related to have more effects on the wood quality
of teak in India, being influenced by geographical conditions [71]. These aspects were not
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studied here, and a careful interpretation is needed. Moreover, the wood density of teak is
considered to show strong genetic control [23], and it could not be compared here due to
missing values.

The species Albizia adianthifolia (M4), Albizia versicolor (M5), Albizia lebbeck (I3), and
Albizia lebbeckoides (T1), from the same geographical origin, did not show any similarity,
while the species from the genus Cedrela (N4 and T10), Sterculia (T27 and M32), Dalbergia
(M16 and I7), and Terminalia (I14, I15, and I16) showed similarity on 13 anatomical and
7 physical characteristics. In fact, for the Albizia genus, several attempts have been made to
distinguish species based in their anatomical characteristics, such as the seriation of rays
and the presence of septa in fibers, for species in India [73]. Even quantitative characteristics
such as fiber and vessel diameter have shown taxonomic significance in Nigeria species [74].
This high anatomical wood variability might be related to the wide natural distribution
in different continents, such as in the Albizia genus, or due to wide world plantation for
other species, such as Cedrela. Thus, besides the diagnostic value, within the genus, of the
different anatomical characteristics, the physical characteristics such as the color parameters,
wood density, moisture content, and volumetric shrinkage could be also considered, for
example, for wood identification and discrimination analysis.

The species Pterocarpus antunesii (N10), Terminalia paniculata (I15), and Sterculia quin-
queloba (M32) were found to be clearly different from all studied wood species. Few
anatomical comparative studies are found for these species. In fact, due to the general
morphological character variability and overlap in some species such as in Terminalia
spp., other methods have also been applied to species identification [75]. Moreover, the
superficial similarity between species may generate confusion, as seen in the example of
S. quinqueloba and Sterculia appendiculata K. Schum, with the former known essentially for
bark uses and the latter for its soft wood. Nevertheless, species classification based on
anatomical characteristics was found to be reasonable for the CITES-listed species such
as P. santalinus [46]. Descriptions of specific anatomical characters such as chambered
prismatic crystals have also shown value for distinguishing Sterculia comorensis Baill. and
Sterculia appendiculata K.Schum. in Mozambique [33].

The similarity of Cedrela odorata (N4) and Dalbergia melanoxylon (M16), as CITES-listed
species, to non-CITES species is of particular interest. The commercial substitution of
high-value CITES-listed species with alternative species certainly requires a full wood
characterization, including mechanical properties, chemical features, and durability per-
formance. In the present study, we were restricted to the available information and to
nondestructive measurements of the xylarium samples. Wood density and wood shrinkage
were chosen in this study to be indicative of wood quality. Therefore, the proposal made
for the commercial introduction of alternative species into the timber market should be
considered as indicative and as a first step requiring further characterization, including
postharvest processing, namely drying and sawing performance. The similarity found for
Cedrela odorata (N4) and non-CITES Morus mesozygia (N9) was interesting, even if M. mesozy-
gia (N9) showed longer fibers (F2) and narrower and shorter vessels (V6 and V7) compared
to Cedrela odorata [76,77]. Nevertheless, M. mesozygia (N9) is also recommended for sliced
veneer, furniture, flooring, decorative artefacts, and toys [76–79]. For Dalbergia melanoxylon
(M16), the anatomical similarity was found to be discreet for non-CITES Swartzia mada-
gascariensis (M33), while the physical similarity was more evident for non-CITES Millettia
stuhlmannii (M23), even if the physical similarity with Millettia stuhlmannii (M23) was
not observed in the dendrogram, which showed a weaker representation of the original
distances (0.720 vs. 0.920). However, the anatomical similarity between the Dalbergia and
Swartzia genera is also considered for other CITES-listed species such as Dalbergia nigra
and both Swartzia leiocalycina Benth. (Guiana and Suriname) and Swartzia benthamiana Miq.
(Brasil and Colombia), with the latter two Swartzia species frequently being mistaken in
commerce [80]. This genus similarity is confirmed here. Specifically, Swartzia madagas-
cariensis (M33) showed similarity to Dalbergia melanoxylon regarding its wood color, wood
density, and wood moisture content, as non-CITES Swartzia madagascariensis (M33) is also
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endemic to Mozambique, which could increase species diversity. The physical similarity of
Dalbergia melanoxylon and Millettia stuhlmannii (M23) was also interesting, even if Dalbergia
melanoxylon is denser (1250 kg/cm3 vs. 868 kg/m3), being used for wood carving, while
Millettia stuhlmannii is used for construction, ship and boat building, railway sleepers,
flooring, and furniture [7,32,34,38].

Different results were obtained with regards to species similarity, suggesting that
anatomical or physical characteristics may be chosen to be analyzed depending on the
purpose of the study or diagnosis. Thus, the identification of characters with the maximum
variability between different species by PCA might be very useful for wood selection.
However, the cumulative variance found here was not high, and similarities within species
and genera might have been compromised by the constraints discussed above for the lack
of distinct geographical patterns.

5. Conclusions

This was the first insight into an integrated analysis of anatomical and physical
wood characteristics and the potential geographical patterns of tropical species from In-
dia, Mozambique, and East Timor. The anatomical and physical wood characteristics
revealed to be independent, generating different species distributions. No geographical
distribution was found, i.e., species from different origins showed similar wood properties,
and therefore different wood origins may be considered to increase the diversity in the
tropical timber trade. The wood potential of species, such as Millettia stuhlmannii and
Swartzia madagascariensis from Mozambique, as alternatives for the CITES-listed species
Dalbergia melanoxylon were highlighted as well as Morus mesozygia as an alternative for the
CITES-listed Cedrela odorata. The multivariate analyses by PCA may be applied for wood
identification if combined with comparative wood anatomy as well as for the control and
management of sustainable wood production and legal timber trade.

However, this study is a general overview, and information should be taken carefully,
considering the response of a single species to different climatic conditions and its use.
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Abstract: The quantitative anatomical characteristics of Quercus variabilis virgin cork grown in Korea
were observed by scanning electron microscopy and compared with Quercus suber reproduction
cork from Portugal to obtain basic data for further utilization of domestic cork resources in Korean
cork industries. Q. variabilis virgin cork showed a smaller growth ring width and higher latecork
percentage than Q. suber reproduction cork. Q. variabilis showed a smaller proportion of cork cells
and a higher proportion of lenticular channels than Q. suber, whereas sclereid and dark-brown zones
were found only in Q. variabilis. The frequency of pentagonal cork cells in the transverse and radial
sections was higher in the cork of Q. suber than in Q. variabilis. In the tangential section, Q. variabilis
displayed a lower frequency of heptagonal cells and a higher frequency of pentagonal cells than
Q. suber. Q. variabilis cork had a smaller cell width, lumen diameter, cell wall thickness, prism base
edge and area, total cell volume, and solid volume of the cell wall than Q. suber cork. The fractional
solid volume and number of cells per cm3 were higher in Q. variabilis than Q. suber.

Keywords: dark-brown zone; lenticular filling tissue; quantitative anatomical characteristics; Quercus
suber; Quercus variabilis; reproduction cork; scanning electron microscopy; sclereid; virgin cork

1. Introduction

Cork is a non-timber forest product and a part of the periderm in the bark system
that surrounds the stems, branches, and roots of dicotyledonous plants [1]. Cork has high
economic value owing to its remarkable properties, including its impermeability to liquids
and gases, its excellent thermal and sound insulation, shock absorption [2,3], and a high
coefficient of friction and resistance to microbial activity [4]. Therefore, cork is widely used
as a renewable and sustainable raw material in industry, including in wine stoppers [1],
floors and ceilings [5], food product packaging [6], insulation for energy absorption [7],
and the surfacing of walking areas [8].

There are three types of cork in the process of cork production: virgin cork, second
cork, and reproduction cork. Virgin cork is found in the first periderm [9], while second
cork is produced by the regenerated phellogen after removing virgin cork. Successive cork
layers are called reproduction cork and are harvested from trees at nine-year intervals [4].
Virgin and second corks are generally used as triturations for agglomerate production
because of the uneven structure of the cork tissue. In contrast, reproduction cork is the
most essential material in the cork industry owing to its structure for producing solid cork
products, such as wine stoppers [1].

The primary resource of cork in the global industry is that obtained from Q. suber, a
species of plant that is widely distributed in the Western Mediterranean; Southwestern
Europe, including Portugal, Spain, southern France, and Italy; and in North Africa, such
as Morocco, Algeria, and Tunisia [10]. Q. variabilis is another species that contains a large
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amount of cork in its bark periderm, widely found in Eastern Asia, including China, Korea,
and Japan [11]. The cork of Q. variabilis has been cultivated and exploited in China for a
limited scale of cork production [12].

The anatomical characteristics of cork, including growth ring characteristics, cork
element composition, and cork cell structure, are the basis of many properties of the
materials, such as very low permeability, hydrophobic behavior, biological inertia, high
elasticity in compression, and dimensional recovery [1,13–15]. Many studies have reported
on the quantitative aspects of the anatomical characteristics of cork in Q. variabilis grown
in China. According to Yafang et al. [16], the three-dimensional structure of virgin cork
cells in Q. variabilis was a prism, with the cork frequently showing a hexagonal shape in
the transverse, radial, and tangential sections (53.6%, 52.5%, and 52.3% of cells, respec-
tively). These authors also mentioned that cork cells showed a pentagonal shape in the
transverse, radial, and tangential sections (22.6%, 23.4%, and 25.90%, respectively), as well
as a heptagonal shape in the transverse, radial, and tangential sections (19.5%, 14.9%, and
14.3%, respectively). Additionally, the prism height was found to decrease from earlycork
to latecork cells, whereas the radial cell wall thickness increased from earlycork to latecork
cells. The prism base edge of the earlycork cells was 8.0–14.0 µm, with an average base area
of 200–500 µm2. Miranda et al. [12] reported that Q. variabilis reproduction cork frequently
showed a hexagonal shape in the tangential section, which accounted for approximately
60.0% of cork cells. In the non-tangential sections, 39.5% of the cork cells were pentagonal,
while 37.1% were hexagonal. The earlycork cells of Q. variabilis showed a higher prism
height and total cell volume than latecork cells, while the radial cell wall thickness and
solid volume fraction increased from earlycork to latecork cells. Ferreira et al. [13] reported
that 40.5% and 41.2% of the cells in the tangential section of the virgin and reproduction
corks in Q. variabilis were hexagonal, while 31.3% and 32.1% were pentagonal. In the
non-tangential sections, virgin cork dominantly showed a pentagonal shape (44.4% of cells),
while reproduction cork commonly showed a hexagonal shape (46.9% of cells). The prism
height, total cell volume, and solid volume fraction in virgin cork were smaller than in
reproduction cork; however, the prism base edge and average base area in virgin cork were
larger than in reproduction cork. Li et al. [17] reported that the virgin and reproduction
corks of Q. variabilis displayed lenticular channels and sclereids surrounded by dark and
hard layers. In addition, lenticular channels and sclereids surrounded by dark and hard
layers of the reproduction cork were less frequent than those of the virgin cork.

At present, Kim [18] investigated the quantitative anatomical characteristics of Q. vari-
abilis reproduction cork grown in Korea and reported that Q. variabilis reproduction cork
consisted of 87.2% cork cells, 9.0% lenticels, 0.8% sclereids, and 3.0% dark-brown zones.
The growth ring width of Q. variabilis was found to be narrower than Q. suber reproduction
cork (0.82 mm and 2.06 mm, respectively). Earlycork cells showed a higher prism height
than latecork cells, whereas the prism edge length and cell wall thickness were greater in
latecork than in earlycork cells.

In Korea, Q. variabilis wood has been used historically as a raw material for timber,
firewood, charcoal [19–21], musical instruments, and fuel [22]. Q. variabilis also has a
large amount of cork in its bark, which can be used as a sustainable resource in the cork
industry [13]; nevertheless, no reproduction cork from Q. variabilis is available for industrial
use in Korea. Therefore, Q. suber reproduction cork is largely imported from Portugal.

In Korean cork industry, the main raw material for various products (e.g., wine
stoppers, insulation boards, and surfacing products for pavements and sidewalls) is Q. suber
reproduction cork imported from Portugal; however, with an increasing demand for cork
products, there is a need to identify alternative cork resources from domestic oak species to
ensure the success of the Korean cork industry. In Korea, Q. variabilis is widely distributed,
and virgin cork can be easily obtained from the trees; however, there remains a lack of
information regarding the quality of cork resources produced by this species. Thus, to gain
insights into cork quality and effectively utilize the cork of Q. variabilis as sustainable raw
material for various products, the quantitative anatomical characteristics of Q. variabilis
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virgin cork grown in Korea were investigated and compared with those of commercial cork
(Q. suber reproduction cork from Portugal).

2. Materials and Methods
2.1. Materials

Quercus variabilis virgin cork was collected from three trees at breast height in the
research forest of Kangwon National University, Chuncheon, Korea (37◦77′ N, 127◦81′

E). Two planks of Q. suber reproduction cork from Castelo Branco cork forest of Amorim
Group (Mozelos, Portugal) were provided by FC Korea Land Co., Ltd. (Seoul, Korea).
Photographs of Q. variabilis virgin cork and Q. suber reproduction cork are presented in
Figure 1, and basic information on the cork samples is presented in Table 1.
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Figure 1. Q. variabilis virgin cork (A) and Q. suber reproduction cork (B). Black scale bar represents
20 mm.

Table 1. Basic information of the sample cork.

Species Cork Type Location Cork Thickness (mm)

Q. variabilis Virgin cork Research forest of Kangwon National University,
Chuncheon, Korea (37◦77′ N, 127◦81′ E) 10–30

Q. suber Reproduction cork Castelo Branco cork forest of Amorim Group,
Mozelos, Portugal 30–40

2.2. Measurement of Growth Ring Characteristics

Samples of both species with dimensions of 20–40 (radial) × 20 (tangential) × 20
(longitudinal) mm3 were prepared, and the transverse section was trimmed using a sliding
microtome (MSL-H; Nippon Optical Works, Nagano, Japan). The growth ring charac-
teristics, such as quantity, ring width, and percentage of latecork, in both species were
measured in the transverse section of three samples from each species. The growth ring
number and width were observed using a measuring microscope (MM-40; Nikon, Tokyo,
Japan) connected to an image analysis system (IMT i-solution lite, version 9.1; Burnaby,
British Columbia, Canada). For latecork percentage, the cork samples with dimensions
of 10 (radial) × 10 (tangential) × 10 (longitudinal) mm3 were coated with gold using a
sputter coater (Cressington sputter coater 108; Watford, UK) and observed using a scanning
electron microscope (SEM) (JSM-5510, 15 kV; Tokyo, Japan).

2.3. Cellular Structure Observations

Samples with dimensions of 20 (radial) × 20 (tangential) × 20 (longitudinal) mm3

were prepared, and the transverse, radial, and tangential sections were trimmed using
a sliding microtome (MSL-H; Nippon Optical Works, Nagano, Japan). The cork tissue,
such as cork cells, lenticular channel, sclereid, and dark-brown zone, were determined as
the ratio of the area of each element to the total area of 400 mm2, and the measurements
were performed using 20 samples from each species. The images of the three sections were
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captured using a mobile phone and recorded in digital format of 3024 × 3024 pixels with
a resolution of 72 dpi and 24-bits depth (Samsung Note 20, 12MP with F1.8; Suwon-si,
Gyeonggi-do, Korea). The images were analyzed using ImageJ (version Java 1.80_172,
64 bits; Bethesda, MD, USA).

2.4. Cork cell Dimension

Cork samples with dimensions of 10 (radial) × 10 (tangential) × 10 (longitudinal)
mm3 were used to observe cork cell dimensions. The cork samples were coated with gold
using a sputter coater (Cressington sputter coater 108; Watford, UK) and observed using
SEM (JSM-5510, 15 kV; Tokyo, Japan).

The number of edges and the two- and three-dimensional characteristics were detected
from 400 cork cells in both species.

The frequency of the edge number in a cork cell ( f i) was measured in the transverse,
radial, and tangential sections and calculated using Equation (1). Then, the dispersion
(µ2) of the function in relation to the mean of cell shape (im) was calculated using Equa-
tion (2) [4]. The dispersion value presented homogeneity of the cell shape in each section of
both species. If all cells show one type of cell shape, the dispersion value would be 0 [12].

f i =
(

Ni/ ∑ Ni
)
× 100 (%) (1)

µ2 = ∑(i− im)
2 × f i (%) (2)

where Ni represents the number of cells with i is edges, and ∑ Ni is the total number
of cells.

The two-dimensional characteristics of earlycork and latecork cells, such as radial
width or prism height, radial lumen diameter, radial wall thickness, tangential width,
tangential lumen diameter, and tangential wall thickness, were measured in the transverse
section. In addition, the radial and tangential wall thicknesses of the earlycork and latecork
cells were calculated using Equation (3) [12], as follows:

Cell wall thickness = (cell dimension− lumen dimension)/2 (µm) (3)

A three-dimensional illustration of a cork cell as a hexagonal prism is shown in
Figure 2. The three-dimensional characteristics of earlycork and latecork cells, including
radial width or prism height, total cell volume, solid volume, fractional solid volume of
cell walls, and number of cork cells per cm3, were measured in the transverse section.
Additionally, the prism base edge and base area of earlycork cells were measured in the
tangential section.
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The total volume (V), solid volume (Vs), and lumen volume (Vo) of earlycork and
latecork cells were calculated according to Pereira [1], as shown in Equation (4). The
fractional solid volume (Vsf) was calculated using Equation (5):

V = 3

√
3
2

i2 × h (µm3) (4)

V0 = 3
√

3
2

(
i− e√

3

)2
× (h− e) (µm3)

Vs = 3
√

3
2 i2 × h− 3

√
3
2

(
i− e√

3

)2
× (h− e) (µm3)

Vs f =
Vs
V × 100 (%)

(5)

where i is the base edge, h is the prism height, and e is the wall thickness.
The number of cork cells per cm3 (N) was calculated using Equation (6).

N =
Cork volume of 1 cm3

Average cork cell volume in earlycork and latecork cells
(6)

2.5. Statistical Analysis

Statistical differences in the quantitative anatomical characteristics between species
were analyzed using one-way analysis of variance (ANOVA), followed by post hoc Tukey’s
honestly significant difference (HSD) test (p ≤ 0.05) (SPSS, version 24; IBM Corp., New
York, NY, USA).

3. Results and Discussion
3.1. Growth Ring Characteristics

The growth ring widths in Q. variabilis virgin cork and Q. suber reproduction cork are
shown in Table 2. The growth ring width was 0.54 mm for Q. variabilis cork and 3.07 mm
for Q. suber cork. A significant difference was observed in terms of the width of the growth
ring between the two species.

Table 2. Growth ring widths of Q. variabilis virgin cork and Q. suber reproduction cork.

Q. variabilis (mm) Q. suber (mm)

Tree 1 Tree 2 Tree 3 Average Plank 1 Plank 2 Average

0.58 (0.24) 0.61 (0.2) 0.43 (0.22) 0.54 a (0.10) 3.08 (0.54) 3.05 (0.26) 3.07 b (0.02)

Note: Numbers in parentheses are standard deviations (SD). The listing of the same superscript lowercase
letters beside the mean values in the same row denotes nonsignificant outcomes at the 5% significance level for
comparisons between species.

The radial variation in the growth ring width from the cork back to the phellogen
is shown in Figure 3. Q. variabilis virgin cork had a 48–52 growth ring number, whereas
Q. suber reproduction cork showed 10 to 11 growth rings. The growth ring width of
Q. variabilis virgin cork rapidly decreased from the cork back to the 25th growth ring,
becoming constant after the 25th growth ring. By contrast, the growth ring width of Q. suber
reproduction cork gradually decreased from the cork back to the phellogen. Kim [18,23]
reported that the average growth ring width in Q. variabilis and Q. suber reproduction cork
was 0.82 mm and 2.06 mm, respectively. The growth ring width of Q. variabilis reproduction
cork in previous studies was higher than that of virgin cork in the present study.
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3.2. Cellular Structure Observations 

Figure 3. Variation in growth ring width from the cork back to the phellogen in Q. variabilis virgin
cork and Q. suber reproduction cork.

The latecork percentage and radial variation in the cork of both species are presented
in Table 3 and Figure 4, respectively. The latecork percentages in Q. variabilis virgin cork
and Q. suber reproduction cork were 7.41% and 0.97%, respectively. Both species showed
an increase in the latecork cell percentage from the near cork back to the near phellogen
stage. Kim [18,23] mentioned that the latecork percentage of Q. variabilis was higher than
that of Q. suber, which was 14.00% in Q. variabilis and 10.60% in Q. suber. The latecork
percentage in the previous study was higher than that in the present study. Pereira et al. [4]
also reported that, within a growth ring, Q. suber virgin cork showed a higher proportion
of latecork cells than Q. suber reproduction cork.

Table 3. Latecork percentage in Q. variabilis virgin cork and Q. suber reproduction cork.

Q. variabilis (%) Q. suber (%)

Tree 1 Tree 2 Tree 3 Average Plank 1 Plank 2 Average

7.56 (4.17) 5.55 (2.8) 9.13 (5.3) 7.41 a (1.79) 0.96 (0.25) 0.98 (0.14) 0.97 b (0.01)

Note: Numbers in parentheses are the SD. The listing of the same superscript lowercase letters beside the
mean values in the same row denotes nonsignificant outcomes at the 5% significance level for comparisons
between species.
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3.2. Cellular Structure Observations

SEM images in the transverse, radial, and tangential sections of Q. variabilis virgin
cork and Q. suber reproduction cork are displayed in Figure 5. In the transverse and radial
sections, the earlycork and latecork cells of both species showed a brick wall-type structure.
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In the tangential section, the cork cells of both species showed a honeycomb structure
with various shapes, such as rectangular, pentagonal, hexagonal, heptagonal, octagonal,
and nonagonal.
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100 µm.

The results of previous studies are in line with those reported in the present study.
Q. variabilis and Q. suber corks showed a brick wall-type structure in the transverse and
radial sections and a honeycomb structure in the tangential section [4,12,13,16].

The percentage of cork tissue of Q. variabilis virgin cork and Q. suber reproduction
cork in the three sections are shown in Table 4. Q. variabilis virgin cork consisted of cork
cells, lenticular channels, dark-brown zones, and sclereids, whereas Q. suber reproduction
cork consisted of cork cells and lenticular channels. The proportions of cork cells in the
transverse, radial, and tangential sections of Q. variabilis were 86.85%, 84.06%, and 84.68%,
respectively, whereas those of Q. suber were 95.45%, 91.43%, and 93.03%, respectively. Both
species had a higher proportion of cork cells in the transverse section than in the radial and
tangential sections; however, the proportion of cork cells in all the sections of Q. suber was
significantly higher than that of Q. variabilis.

Table 4. Cork tissue percentages in Q. variabilis virgin cork and Q. suber reproduction cork.

Elements
Q. variabilis (%) Q. suber (%)

Transverse Radial Tangential Transverse Radial Tangential

Cork cell 86.85 abc

(4.39)
84.06 a

(8.92)
84.68 ab

(2.84)
95.45 d

(0.96)
91.43 bcd

(1.09)
93.03 cd

(1.02)

Lenticular channel 10.68 ab

(4.10)
13.00 b

(9.48)
12.01 b

(2.40)
4.55 a

(0.96)
8.57 ab

(1.09)
6.97 ab

(1.02)

Dark-brown zone 2.33 a

(0.30)
2.77 a

(0.79)
2.89 a

(0.33) - - -

Sclereid 0.15 a

(0.03)
0.17 a

(0.06)
0.41 b

(0.10)
- - -

Note: Numbers in parentheses are the SD. The listing of the same superscript lowercase letters beside the mean
values in the same row denotes nonsignificant outcomes at the 5% significance level for comparisons between
sections in both species.
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The lenticular channel proportions in the transverse, radial, and tangential sections of
Q. variabilis cork were 10.68%, 13.00%, and 12.01%, respectively, whereas those of Q. suber
were 4.55%, 8.57%, and 6.97%, respectively. The radial section of both species had the
highest proportion of lenticular channels among the three sections. Additionally, there
was a significant difference in the proportion of lenticular channels in the three sections
between the two species.

The proportions of the dark-brown zones in the transverse, radial, and tangential
sections were 2.33%, 2.77%, and 2.89%, respectively, whereas those of sclereid were 0.15%,
0.17%, and 0.41%, respectively. The highest proportion of dark-brown zones and sclereids in
Q. variabilis virgin cork was observed in the tangential section. Additionally, the proportion
of dark-brown zones and sclereids was the lowest in the transverse section. There was no
significant difference in the proportion of dark-brown zone between sections in Q. variabilis
cork, whereas the proportion of sclereids in the tangential section showed a significant
difference than in the transverse and radial sections.

The results of previous studies are in line with those reported in the present study.
Kim [18,23] reported that Q. variabilis and Q. suber reproduction corks consisted of 87.20%
and 93.00% cork cells, 9.00% and 4.60% lenticels, 0.80% and 0.60% sclereids, and 3.00%
and 1.80% dark-brown zones. The author also reported a significant difference in the
proportion of cork cells and lenticels between the two species. Notwithstanding, no
significant difference was observed in terms of the proportion of sclereids and dark-brown
zones between the two species. Li et al. [17] reported that the virgin and reproduction corks
of Q. variabilis showed lenticular channels and sclereids encircled by dark and hard layers.
Additionally, lenticular channels and sclereids surrounded by the dark and hard layers
were less frequent in reproduction cork compared to virgin cork.

3.3. Cork Cell Dimensions
3.3.1. Number of Edges in a Cork Cell

The frequency of edge numbers in Q. variabilis virgin cork and Q. suber reproduction
cork are presented in Table 5. In the transverse and radial sections, the cork cells in Q. vari-
abilis virgin cork frequently exhibited a hexagonal shape (59.75% and 56.50%, respectively),
while pentagonal shape was observed in 19.00% and 19.75% of cells in the transverse
and radial sections, respectively. Moreover, 16.75% and 18.50% of cork cells showed a
heptagonal shape in the transverse and radial sections, respectively. A small amount of
octagonal and rectangular shapes was observed in the transverse section (2.00% and 2.50%,
respectively) and radial section (3.75% and 1.50%, respectively). In the tangential section,
a hexagonal shape was observed in 50.00% of the cork cells in Q. variabilis virgin cork.
Pentagonal and heptagonal shapes were also observed in the tangential section (34.00%
and 10.75%, respectively). Cork cells also displayed a small percentage of octagonal and
rectangular shapes (1.00% and 4.00%, respectively). In addition, the dispersion of the edge
number in the tangential section was 67.00%, which was higher than that in the transverse
and radial sections (53.75% and 59.25%, respectively).

In Q. suber, cork cells frequently showed a hexagonal shape of 57.00% in the transverse
section and 55.00% in the radial section. Cork cells in the transverse and radial sections also
exhibited pentagonal shape (22.75% and 26.00%, respectively). Moreover, cork cells were
heptagonal in shape in the transverse and radial sections (16.25% and 15.75%, respectively).
In addition, octagonal and rectangular cork cells were observed in the transverse section
(1.75% and 2.25%, respectively) and radial section (1.50% and 1.75%, respectively). In the
tangential section, 48.00% of cork cells were hexagonal cell, 26.75% were pentagonal, 19.00%
were heptagonal, 4.25% were rectangular, and 1.75% were octagonal. Furthermore, both
species showed a small proportion of nonagonal shapes in the tangential section (0.25%).
In addition, the dispersion of the edge number in the tangential section was higher than
those in the transverse and radial sections (72.00%, 55.00%, and 54.75%, respectively).
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Table 5. Frequency of the edge number in Q. variabilis virgin cork and Q. suber reproduction cork.

Shape
Q. variabilis (%) Q. suber (%)

Transverse Radial Tangential Transverse Radial Tangential

Triangular 0.00 0.00 0.00 0.00 0.00 0.00

Rectangular 2.50 1.50 4.00 2.25 1.75 4.25

Pentagonal 19.00 19.75 34.00 22.75 26.00 26.75

Hexagonal 59.75 56.50 50.00 57.00 55.00 48.00

Heptagonal 16.75 18.50 10.75 16.25 15.75 19.00

Octagonal 2.00 3.75 1.00 1.75 1.50 1.75

Nonagonal 0.00 0.00 0.25 0.00 0.00 0.25

µ2 (dispersion) 53.75 59.25 67.00 55.00 54.75 72.00

In the transverse and radial sections, a smaller number of cork cells with a pentagonal
shape was observed in Q. variabilis virgin cork compared to Q. suber. In the tangential
section, Q. variabilis had a higher proportion of pentagonal cells than Q. suber. In addition,
Q. variabilis cork cells also showed a smaller proportion of heptagonal shapes compared
to Q. suber. The dispersion of the edge number in the transverse and tangential sections
in Q. variabilis was smaller than that in Q. suber, whereas that in the radial section was
higher in Q. variabilis than in Q. suber. Overall, both cork species showed a comparable
distribution of cell shapes in the three sections, in line with the results of previous studies.

Pereira et al. [4] reported that 52.60%, 56.20%, and 47.80% of the cork cells in Q. suber
virgin and reproduction corks had a hexagonal shape in the transverse, radial, and tangen-
tial sections, respectively. These authors also reported that pentagonal and heptagonal cork
cells accounted for 22.60% and 17.80% of cork cells in the transverse section, 20.30% and
17.20% in the radial section, and 24.90% and 21.60% in the tangential section, respectively.
The dispersion of the number of sides in the tangential section was 71.00%, which was
higher compared to those in the transverse and radial sections (70.00%, and 62.00%, re-
spectively). Yafang et al. [16] reported that 53.60%, 52.50%, and 52.30% of virgin cork cells
in Q. variabilis were hexagonal in shape in the transverse, radial, and tangential sections,
respectively. The cork cells in the transverse, radial, and tangential sections also exhibited
a pentagonal shape (23.40%, 25.90%, and 22.60%, respectively). The heptagonal shape of
the transverse, radial, and tangential sections accounted for 14.90%, 14.30%, and 19.50%
of cork cells, respectively. The authors also reported that the dispersion of the number of
sides of cork cells in the transverse, radial, and tangential sections were 72.00%, 69.00%,
and 73.00%, respectively, which were higher in the tangential section than in the transverse
and radial sections. Miranda et al. [12] reported that the number of edges in Q. variabilis
reproduction cork frequently showed a hexagonal shape in the tangential section, account-
ing for 60.00% of cork cells. Furthermore, 19.40% and 17.60% of cells exhibited pentagonal
and heptagonal shapes in the tangential section, respectively, while 39.50%, 37.10%, 18.50%,
and 4.80% exhibited pentagonal, hexagonal, rectangular, and heptagonal shapes in the
non-tangential sections, respectively. Additionally, the dispersion of the number of edges in
the non-tangential sections was higher than that in the tangential section (74.80% vs. 49.10%,
respectively). Ferreira et al. [13] reported that there were 40.50% and 41.20% hexagonal
cells, 31.30% and 32.10% pentagonal cells, and 18.20% and 17.70% heptagonal cells in the
tangential section of the virgin and reproduction corks of Q. variabilis, respectively. The
dispersion of the number of cell edges in the tangential section of virgin cork was higher
than that of reproduction cork (91.30% vs. 84.60%, respectively). The authors also reported
that in the non-tangential sections, virgin cork commonly showed a pentagonal shape
(44.40%), whereas reproduction cork generally showed a hexagonal shape (46.90%). The
percentages of hexagonal and rectangular shapes were 32.10% and 21.20%, respectively,
in virgin cork. In reproduction cork, pentagonal and rectangular shapes were observed in
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26.30% and 22.10% of the cork cells, respectively. Virgin cork showed a smaller dispersion
of the number of edges of cells in the non-tangential sections than reproduction cork, which
was 60.20% and 75.90%, respectively.

3.3.2. Two-Dimensional Characteristics of Cork Cells

The two-dimensional characteristics of the earlycork and latecork cells in Q. variabilis
virgin cork and Q. suber reproduction cork are summarized in Table 6.

Table 6. Two-dimensional characteristics of the cork cells in Q. variabilis virgin cork and Q. suber
reproduction cork.

Q. variabilis (µm) Q. suber (µm)

Earlycork Latecork Earlycork Latecork

Radial width 15.81 c (3.11) 7.10 a (2.36) 37.61 d (5.06) 14.33 b (3.35)

Radial lumen diameter 14.59 c (3.10) 5.66 a (2.40) 35.90 d (5.21) 12.17 b (3.27)

Radial cell wall thickness 1.21 a (0.24) 1.45 b (0.32) 1.50 b (0.27) 2.00 c (0.43)

Tangential width 22.78 a (2.78) 22.62 a (3.20) 27.16 c (3.68) 26.16 b (3.83)

Tangential lumen diameter 21.84 b (2.76) 21.10 a (3.13) 25.36 d (3.76) 23.81 c (3.81)

Tangential cell wall thickness 1.14 a (0.22) 1.53 b (0.35) 1.45 b (0.29) 2.31 c (0.50)

Note: Numbers in parentheses are the SD. The listing of the same superscript lowercase letters beside the mean
values in the same row denotes nonsignificant outcomes at the 5% significance level for comparisons between
earlycork and latecork in both species.

In Q. variabilis, the radial and tangential widths of earlycork cells were higher than
those of latecork cells as 15.81 µm and 22.78 µm for earlycork cells and 7.10 µm and
22.62 µm for latecork cells, respectively. There were significant differences in radial width
between earlycork and latecork cells, whereas, in tangential width, there was no significant
difference between earlycork and latecork cells. For the radial and tangential cell walls
thickness: 1.21 µm and 1.14 µm for the earlycork cells and 1.45 µm and 1.53 µm for the
latecork cells. The radial and tangential cell walls were significantly thicker in the latter
than in the earlycork cells. Earlycork and latecork cells showed tangential lumen diameter
of 21.84 µm and 21.10 µm, respectively. The radial lumen diameter was greatly higher in the
earlycork cells than in the latecork cells showing 14.59 µm and 5.66 µm, respectively. The
difference between earlycork and latecork cells in radial and tangential lumen diameters
was statistically confirmed.

In Q. suber, the radial width of earlycork and latecork cells was 37.61 µm and 14.33 µm,
respectively, while the tangential width of earlycork and latecork cells was 27.16 µm and
26.16 µm, respectively. The radial width of the earlycork cells was greater than that of
the latecork cells, while the tangential width of earlycork cells was slightly larger than
that of latecork cells. The difference between earlycork and latecork cells in radial and
tangential widths was statistically significant. The thickness of radial and tangential walls
was 1.50 µm and 1.45 µm for earlycork cells and 2.00 µm and 2.31 µm for latecork cells,
respectively. Both cell walls were significantly thicker in the latecork cells than in the
earlycork cells. The tangential lumen diameter of earlycork cells was slightly larger than
that of latecork cells (25.36 µm and 23.81 µm, respectively), whereas the radial lumen
diameter of earlycork cells was larger than that of latecork cells (35.90 µm and 12.17 µm,
respectively). The difference between earlycork and latecork cells in radial and tangential
lumen diameters was statistically confirmed. Additionally, the earlycork and latecork cells
in Q. suber reproduction cork were significantly larger in cell width and lumen diameter
and thicker in cell wall thickness than those in Q. variabilis virgin cork.

In this study, differences were observed in the two-dimensional characteristics between
species and between the earlycork and latecork cells in each species, in line with previous
studies. Pereira et al. [4] reported that the radial width of the cork cells of Q. suber was
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30.00–40.00 µm in the earlycork cells and 10.00–15.00 µm in the latter. The authors also
mentioned that the radial cell wall thickness in the earlycork cells was 1.00–1.50 µm and
approximately twice as large in the latecork cells (2.00–3.00 µm). Kim [18] found that the
radial width in the reproduction cork cells of Q. variabilis from Korea and Q. suber from
Portugal were 26.30 µm and 44.20 µm in the earlycork cells and 6.90 µm and 10.60 µm in
the latecork cells, accordingly. The author also found that the cork cell walls in Q. variabilis
and Q. suber were 0.60 µm and 1.00 µm in the earlycork cells and 1.00 µm and 1.80 µm in
the latecork cells. Yafang et al. [16] reported that the radial width of Q. variabilis virgin
cork was 15.00–35.00 µm in the earlycork cells and 10.00 µm in the latter. These authors
also mentioned that the earlycork cells showed smaller radial cell walls thickness than the
latecork cells (1.00–1.50 µm vs. 3.00 µm). Miranda et al. [12] reported that earlycork cells in
Q. variabilis reproduction cork from China showed a larger radial width than latecork cells
(21.40 µm vs. 10.40 µm). The authors also reported that the earlycork cells showed smaller
radial cell walls thickness than the latecork cells (1.20 µm vs. 2.80 µm). Ferreira et al. [13]
also reported that the radial width of earlycork cells in Q. variabilis virgin cork was smaller
than that in reproduction cork (19.20 µm vs. 22.70 µm, respectively).

3.3.3. Three-Dimensional Characteristics of Cork Cells

The three-dimensional characteristics of the cork cells in Q. variabilis virgin cork and
Q. suber reproduction cork are presented in Table 7. The prism base edge of the cork cells in
Q. variabilis virgin cork was smaller than that in Q. suber reproduction cork (14.81 µm vs.
15.88 µm). The aspect ratio of prism height to prism base edge in Q. variabilis virgin cork
was 1.07 for earlycork cells and 0.48 for latecork cells, while that in Q. suber reproduction
cork was about 2.37 for earlycork cells and 0.90 for latecork cells. The prism base area in
the earlycork cells of Q. variabilis was smaller than that of Q. suber (623 µm2 vs. 830 µm2).
Significant differences were observed in the prism base edge and area of earlycork cells
between the two species.

Table 7. Three-dimensional characteristics of the cork cells in Q. variabilis virgin cork and Q. suber
reproduction cork.

Q. variabilis Q. suber

Earlycork Latecork Earlycork Latecork

Prism height, µm 15.81 c (3.11) 7.10 a (2.36) 37.61 d (5.06) 14.33 b (3.35)

Prism base edge, µm 14.81 a (2.91) 14.81 a (2.91) 15.88 b (4.12) 15.88 b (4.12)

Prism base area, cm2 6.23 × 10−6 a

(1.64 × 10−6)
6.23 × 10−6 a

(1.64 × 10−6)
8.30 × 10−6b

(2.65 × 10−6)
8.30 × 10−6 b

(2.65 × 10−6)

Cork cell volume, cm3 1.27 × 10−8 b

(0.25 × 10−8)
0.57 × 10−8 a

(0.18 × 10−8)
3.47 × 10−8c

(0.47 × 10−8)
1.32 × 10−8 b

(0.31 × 10−8)

Solid volume, cm3 0.21 × 10−8 b

(0.04 × 10−8)
0.17 × 10−8 a

(0.04 × 10−8)
0.49 × 10−8d

(0.08 × 10−8)
0.34 × 10−8 c

(0.08 × 10−8)

Fractional solid volume, % 16.40 b (3.23) 30.75 d (7.67) 14.29 a (2.51) 26.39 c (4.77)

Number of cells per cm3 7.86 × 107 17.50 × 107 2.88 × 107 7.60 × 107

Note: Numbers in parentheses are the SD. The listing of the same superscript lowercase letters beside the mean
values in the same row denotes nonsignificant outcomes at the 5% significance level for comparisons between
earlycork and latecork in both species.

The cork cell volume in Q. variabilis was 1.27 × 10−8 cm3 for earlycork cells and
0.57 × 10−8 cm3 for latecork cells, while that in Q. suber was 3.47 × 10−8 cm3 for earlycork
cells and 1.32 × 10−8 cm3 for latecork cells. In both species, the cork cell volume of
earlycork cells was larger than that of latecork cells. Additionally, significant differences
were observed in the volume of earlycork and latecork cells between species.
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The solid volume in Q. variabilis was 0.21× 10−8 cm3 for earlycork cells and 0.17× 10−8 cm3

for latecork cells, whereas that in Q. suber was 0.49 × 10−8 cm3 for earlycork cells and
0.34 × 10−8 cm3 for latecork cells, which was significantly bigger than those in Q. variabilis.
The solid volume of latecork cells in both species was smaller than that of earlycork cells,
which was statistically confirmed.

The fractional solid volume of the cork cell in Q. variabilis was 30.75% for latecork
cells and 16.40% for earlycork cells, while that in Q. suber was 26.39% for latecork cells and
14.29% for earlycork cells. The fractional solid volume in Q. suber was significantly smaller
than that in Q. variabilis. The volume of latecork cells in both species was nearly double
that of earlycork cells, showing significant difference between species.

Q. variabilis virgin cork had 7.86 × 107 earlycork cells per cm3 and 17.50 × 107 latecork
cells per cm3, whereas Q. suber reproduction cork had 2.88 × 107 earlycork cells per cm3

and 7.60 × 107 latecork cells per cm3, respectively. Q. variabilis virgin cork had more cork
cells per cm3 than Q. suber reproduction cork.

Kim [18] reported that Q. variabilis and Q. suber reproduction corks showed no differ-
ence in terms of the prism edge length between earlycork and latecork cells. The prism edge
length of Q. variabilis was smaller than that of Q. suber. These results are in line with those
reported in the present study. In a previous study, Yafang et al. [16] reported that the prism
base edge and the average base area of Q. variabilis virgin cork were 8.00–14.00 µm and
200–500 µm2 in the earlycork cells. Miranda et al. [12] reported that the prism base edge
and the average base area of Q. variabilis reproduction cork were 17.20 µm and 764 µm2,
respectively, while the aspect ratio between prism height and prism base edge in early-
cork cells was approximately 1:10. The authors also reported that the total cell volume
of the earlycork cells was 1.60 × 10−8 cm3, which was higher than that of the latecork
cells (0.80 × 10−8 cm3). Earlycork cells showed a much smaller solid volume fraction than
latecork cells (13.10% vs. 40.00%). Ferreira et al. [13] examined earlycork cells in the virgin
and reproduction corks of Q. variabilis and found that the prism base edge in virgin cork
was higher than that in reproduction cork (14.30 µm vs. 13.60 µm). Virgin cork also had
a higher average base area than reproduction cork (532 µm2 vs. 477 µm2). In contrast,
reproduction cork had a higher total cell volume than virgin cork (1.08 × 10−8 cm3 vs.
1.02 × 10−8 cm3). The solid volume fraction of reproduction cork was 14.70%, while that of
virgin cork was 11.50%. The three-dimensional characteristics of Q. variabilis virgin cork
reported in this study were comparable to those of Q. variabilis virgin cork reported by
Yafang et al. [16] and Ferreira et al. [13]. In addition, the three-dimensional characteristics
of reproduction cork reported by Miranda et al. [12] were higher than those of virgin cork
in the present study.

4. Conclusions

Q. variabilis virgin cork exhibited a narrower growth ring than Q. suber reproduction
cork. The latecork percentage of Q. variabilis was significantly higher than that of Q. suber.
Q. variabilis cork had a smaller proportion of cork cells and a higher proportion of lenticular
channels in the three sections than Q. suber cork. Sclereid and dark-brown zones were only
observed in Q. variabilis cork.

In both species, hexagonal cell shape was commonly observed in all three sections
(50–60%). The frequency of pentagonal and heptagonal cell shapes was also higher than
that of rectangular, octagonal, and nonagonal shapes in both species.

The cork cells of Q. variabilis had smaller cell width, lumen diameter, and cell wall
thicknesses than those of Q. suber. The earlycork cells of both species had larger radial
cells widths and lumen diameters than the latter, while, in both species, the tangential
cells width and lumen diameter of earlycork cells were slightly higher than those of the
latecork cells.

The prism base edge and area, cork cell volume, and solid volume of the cell wall
in Q. suber cork were significantly greater than those of Q. variabilis cork, whereas the
fractional solid volume and number of cells per cm3 in Q. variabilis cork were significantly
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greater than those of Q. suber cork. In both species, earlycork cells showed higher solid and
total cell volumes than latecork cells; nevertheless, the fractional solid volume and number
of cells per cm3 in the latecork cells were greater than those in the earlycork cells.

In conclusion, Q. variabilis virgin cork grown in Korea shows distinctive quantitative
anatomical characteristics compared to Q. suber reproduction cork grown in Portugal. Due
to the structural characteristics of Q. variabilis virgin cork, applications require trituration
to cork granules and agglomeration to produce cork composite products, while its cellular
features allow considering it for insulation, surfacing, and sealant products. The results of
this study may be used to evaluate the quality and identify Q. variabilis virgin cork grown
in Korea for further utilization.
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Abstract: Invasive plants spread in such a way that they are threats to native species and to bio-
diversity. In this context, this work aims to determine possible valorizations of Scotch Broom
Cytisus scoparius (L.) Link. This species harvested in the Viseu region was used in the present study.
The eco-valorization of these renewable resources was made by conversion into liquid mixtures that
can later be used in the manufacture of valuable products. For a better understanding of the results
obtained, a chemical characterization of the Cytisus scoparius branches (CsB) was made. The ash
content, extractives in dichloromethane, ethanol and water, lignin, cellulose and hemicellulose of the
initial material were determined. Liquefaction was made in a reactor with different granulometry,
temperatures and time. Results show that Broom is mainly composed of cellulose (36.1%), hemi-
celluloses (18.6%) and lignin (14.6%) with extractives mainly soluble in ethanol, followed by water
and a small amount in dichloromethane. Ashes were around 0.69%, mainly composed of potassium
and calcium. Generally, smaller size, higher solvent ratio, higher temperature and higher time of
liquefaction lead to higher liquefaction. The highest percentage of liquefaction was 95% which is
better than most of the lignocellulosic materials tested before.

Keywords: Cytisus scoparius; chemical composition; liquefied; optimization; eco-valorization; agro-industrial
residues

1. Introduction

Many plants that surround us have not always existed in our territory; they came
from other places brought by man from their native habitat. Certain species remain only
in places where they have been embedded with native species in a stable way, but others
prosper rapidly without the support of man, expanding their populations. These are called
invasive plants. The proliferation of these species promotes environmental changes and
economic damage so that they can be a threat to natural ecosystems, food production,
human health and the economy itself [1]. Therefore, Broom, also called Scotch broom or
English broom (Cytisus scoparius (L.) Link), is an example of an invasive plant.

In Portugal, communities are dominated by shrubs of the genera Cytisus, Genista,
Adenocarpus and Retama. In accordance with Costa et al. [2], the area of occupation of the
class Cytisetea scopario-striati has increased in recent decades, mainly due to the abandon-
ment of agricultural land. Its development in the Iberian Peninsula resulted in fragmented
landscapes, determining spatial patterns of richness, composition and specific abundance
or the periods of regression of climatic forests [2]. The class Cytisetea scopario-striati develops
well on siliceous, poor on bases, non-hydomorphic soils and presents its greatest evolution
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and diversity in the west of the Iberian Peninsula in the Atlantic and Ibero-Atlantic Mediter-
ranean provinces [2]. According to the national forest inventory, forests represent 40% of
Portugal’s mainland, which is equivalent to almost 3.5 million hectares, 1 million more
hectares than agriculture. The forests with the highest territorial expression are eucalypts
(Eucalyptus globulus Labill) (26%), cork oak (Quercus suber L.) (23%) and pine (Pinus pinaster
Ait.) (22%), and the invasive species represent 0.4% [3,4].

Cytisus scoparius can be found in almost all of Europe and Macaronesia. It was
introduced in North America, Australia and South Africa. It is common in bushes, scrubs
and riparian and the edge of woods and paths. It is used as a medicinal plant, in agroforestry
management, as fuel and in the manufacture of outdoor brooms [5]. Cytisus scoparius is
a shrub 1 to 2 m high. The stem is green, angled, striated longitudinally and hard, with
consistent and flexible branches, usually with five well-defined streaks in an inverted
V-shape. The space between the stretch marks is greater than their width. This plant is
known to have several antioxidant compounds such as flavones, isoflavones, flavonols and
carotenoids [6–8].

The emergence of liquefaction techniques at low pressure and temperatures has in-
creased the interest in invasive plants that can be a cheap lignocellulosic alternative to other
more valuable materials and constitute an alternative for petroleum-derived fuels. This
alternative also has the advantage of contributing to the reduction of greenhouse gas emis-
sions, thus preventing global warming [9]. Liquefaction of moderate to low temperatures
has been done using two different types of solvents, phenol [10–13] or polyalcohols [14–18],
with basic (NaOH, KOH) or acid catalysis (sulphuric acid, paratuluenosulphonic acid, hy-
drochloric acid, oxalic acid or phosphoric acid). Phenol is mostly used when the objective
is to prepare resins such as epoxy resins since there is a higher content of phenols in the
liquefied material [19]. On the other hand, phenol is more toxic than the polyalcohols used
and less green since most of the polyalcohols can be obtained from crude glycerol or other
non-petroleum materials. Several lignocellulosic materials have been liquefied with polyal-
cohols such as agricultural wastes, for example, wheat straw [20], cornstarch [21] or rice
straw, oilseed rape straw and corn stover [22], forest management residues, such as several
woods [15,23,24], barks [16,25,26] or shells [14,27,28] and also some industrial residues such
as orange peel [29]. The lignocellulosic material is composed of carbohydrate polymers
(cellulose and hemicelluloses), lignin and a small part of other compounds (extractives,
salts and minerals). Cellulose and hemicelluloses, which usually account for two-thirds
of the dry mass, are polysaccharides that can be hydrolyzed into sugars and, eventually,
by fermentation, converted into ethanol. Lignin cannot be used for ethanol production,
so that it can be used for thermal energy production by combustion [9]. To improve the
knowledge and evaluation of possible applications, the chemical composition of Broom,
Cytisus scoparius, was determined.

This study intends to determine if Cytisus scoparius is a suitable material to produce
high quality polyols to be later used for the production of polyurethane foams or adhesives.
The knowledge of the chemical composition of the material and the FTIR analysis of initial,
liquefied material and solid residue will allow us to understand the chemical changes
involved and give some clues on how to improve the liquefaction procedure.

2. Materials and Methods
2.1. Materials

The branches of Cytisus scoparius (CsB) come from the district of Viseu (São Pedro do
Sul). The samples were dried at room temperature, crushed in a Retsh SKI mill (Retsch
GmbH, Haan, Germany) and sieved using a Retsch AS200 for 30 min at 50 rpm. Five frac-
tions, >35 mesh (>0.425 mm); 35–40 mesh (0.425–0.450 mm); 40–60 mesh (0.425–0.250 mm);
60–80 mesh (0.250–0.180 mm) and <80 mesh (<0.180 mm) fraction was used for the tests.
The fractions obtained were dried in a greenhouse at 100 ◦C for 24 h before each test. The
chemical reagents used were analytical-grade reagents.
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2.2. Chemical Composition

The CsB were characterized for their ash content, extractives (in dichloromethane,
ethanol and hot water), α-cellulose, lignin and hemicelluloses. The 40–60 mesh fraction was
dried at 105 ◦C for at least 24 h and afterward used for the chemical analyses according to
Tappi T 264 om-97 [30]. The average chemical composition of each sample was determined
in triplicate. The extractives were determined by extraction with different solvents in
sequential order of ascending polarity.

The ash content was determined by calcination at 525 ◦C in accordance to Tappi T 211
om-93 [31]. The inorganic composition was determined by ICP after ash wet digestion in a
Leco CHNS-932 Elemental Analyzer (St. Joseph, MI, USA).

Extractives were determined by sequential Soxhlet extraction with 150 mL of dichloro-
methane, ethanol and hot water extractives in accordance with Tappi T 204 om-88 [32]. A
total of 10 g of dried material was placed in a filter paper cartridge inside the Soxhlet and
refluxed until extractives were removed. Extractions lasted for 6 h for dichloromethane
and 16 h for both ethanol and water. Extractive content was determined in relation to the
dry material.

Alkaline extraction was done by reflux with 0.3% (m/v) NaOH under a nitrogen atmosphere.
Lignin was determined by the Klason method in extractive free material. Two hydrol-

yses were performed, the first in a water bath at 30 ◦C with 72% H2SO4 for 1 h followed by
a second with 3% H2SO4 in an autoclave at 120 ◦C for 1 h (according to modified Tappi
T 204 om-88) [33]. The insoluble residue was filtered in a G2 glass crucible, washed with
warm water and acetone, and dried at 100 ◦C until constant weight. The lignin percentage
was determined according to Equation (1).

Lignin (%) =
Insoluble residue

Dried material
× 100 (1)

Soluble lignin was determined by measuring the absorbance at 205 nm.
Cellulose Kürschner–Hoffer was determined by using 1 g of material that was refluxed

with 100 mL of nitric acid: ethanol 20:80 solution for 1 h. This procedure was repeated
again, and the final insoluble material was filtered using a G2 crucible and by washing
with ethanol and hot water.

Hemicelluloses were determined by difference.

2.3. Liquefaction

In order to study the optimal conditions of liquefaction for the branches of Cytisus sco-
parius shrubs (CsB), different liquefaction reaction times, temperature and size of the
samples were tested.

The liquefaction process was conducted in a double shirt reactor (600 mL) heated with
oil (Reactor Parr LKT PED). The samples were introduced in the reactor with a mixture of
glycerol and ethylene glycol 1:1, catalyzed with sulfuric acid (3%). Liquefied samples were
dissolved in methanol and filtered in a G3 crucible.

The liquefaction yield was determined by the insoluble material retained in the crucible
according to Equation (2).

Liquefaction yield (%) =
Insoluble residue

Dried initial material
× 100 (2)

The effect of particle size was studied for five fractions, >35 mesh (>0.425 mm);
35–40 mesh (0.425–0.450 mm); 40–60 mesh (0.425–0.250 mm); 60–80 mesh (0.250–0.180 mm)
and 80 mesh (<0.180 mm). The temperature ranged between 140 ◦C and 180 ◦C and
liquefaction time from 15 to 60 min. Studies were made using different ratios of CsB:solvent,
1:5, 1:10 and 1:12.
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3. Results and Discussion
3.1. Chemical Composition

Table 1 presents the chemical composition of CsB, where it can be observed that it is
composed of 0.69% ashes, similar to the 0.78% obtained by González et al. with Broom from
Ourense (north-west Spain) [34]. Ashes are essentially composed by potassium (0.694%)
and calcium (0.046%) followed by sodium (0.042%), magnesium (0.030%) and phosphor
(0.028%). This ash, given its composition rich in potassium and calcium, can be used in the
glass industry to reduce the melting temperature of silica.

Table 1. Chemical composition of CsB.

Parameters Content (% Dry Matter, w/w)

Ashes 0.694 ± 0.012

K 0.194 ± 0.001

Ca 0.046 ± 0.001

Na 0.042 ± 0.001

Mg 0.030 ± 0.001

P 0.028 ± 0.001

Fe <0.01 ± 0.000

Zn <0.01 ± 0.000

Extractives
Dichloromethane 0.689 ± 0.274

Ethanol 6.638 ± 1.466
Hot water 1.977 ± 0.794

Total 9.304 ± 1.466

1% NaOH extract a 20.77 ± 0.15

Klason Lignin b 14.57 ± 0.06

Cellulose Kürscher and Höffer 36.05 ± 1.15

Hemicelluloses 18.61 ± 1.47
a Corrected for the extractive content and ash. b Corrected for the extractive content, ash and alkaline extract.

Total extractives represented around 9.3%, most of which were soluble in ethanol
(6.64%) and hot water (1.98%) and only 0.69% in dichloromethane. This means that ex-
tractives from Broom are most likely phenolic compounds and some small sugars that are
obtained in ethanol and water extracts, respectively. These extractives are important since
they proved to be good for the preparation of formulations for topical application to protect
skin against oxidative damage [6,35]. Dichloromethane removes mostly non-polar extrac-
tives such as fatty acids, alkanes, waxes, terpenes and terpenoids, as stated before [36]. On
the other hand, ethanol extractives are generally composed of lignans, flavonoid, stilbenes
and mostly tannins (hydrolyzable and condensed). Some of these tannins have larger
molecules and can only be removed by more aggressive extraction procedures such as 1%
NaOH solutions. Results show that Broom has a high amount of such compounds. Klason
lignin represents 14.57% of Broom, while cellulose Kürscher and Höffer represent around
36.1% and hemicelluloses 18.6%. The determination of the chemical composition will allow
us to understand the possible uses of CsB better.

Cytisus scoparius chemical composition is somewhat different from the one presented
by González et al. [34]. These authors reported similar ash (0.78%) and extractives content
(9.13%) but a higher lignin percentage (26.6%); however, no alkaline extraction was made
before lignin determination. Therefore, the existent polyphenols were most likely counted
as lignin. In this study, the 20.8% alkaline extract has removed most of the polyphenols
reducing the Klason lignin obtained. This extraction might also remove some other non-
tannin material, such as lignin [37] and possibly some hemicelluloses, as stated before [38].
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On the other hand, the lignin content is not that far from the lignin content (16%) from
Broom obtained from agricultural wastelands located in Zachodniopomorskie Voivodeship
in Poland [39]. In the study by González et al. [34], cellulose was estimated by glucan to
be around 40% and hemicelluloses by their sugar constituents to be around 19% which
is similar to the results obtained here. Moreover, some chemical differences are expected
since the origin of the plants is different. Results obtained for Cytisus striatus, generally
called Portuguese Broom, are not that different, with 0.8% ash content, 4.7% ethanol toluene
extractives, 22.4% lignin and 70% holocellulose [40].

3.2. Liquefaction Optimization

Figure 1 presents the variation of the liquefaction yield with the size of particles.
Results show that for the larger particles >35 mesh, the percentage of liquefaction was
only around 62.5% which can mean that the size of some of these particles was too big for
them to be solubilized. On the other hand, for lower-size particles, the differences between
the different sizes are small with 35–40 mesh, 40–60 mesh and <80 mesh (powder) with
a very similar value ranging from 92.4 to 95.1%. In relation to 60–80 mesh particles, the
percentage of liquefaction was slightly lower (80.9%), which can be due to the different
chemical composition in this particle size has observed before [14,17,41]. The different
chemical composition of each fraction is particularly important in heterogeneous materials
such as in this case where there is a mixture of wood, bark and even flowers with very
different chemical composition between each other. This result is extremely important as it
allows industries to use larger particles (below 35 mesh), excluding the time-consuming
process and complex transformation of Cytisus scoparius bushes to dust.
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Figure 1. Liquefaction yield for different particle size for the Cytisus scoparius branches (CsB) (constant
parameters: 180 ◦C, time 60 min and ratio CsB:solvent of 1:10).

To perform an optimization of the CsB/solvent ratios, tests with different ones were
performed using 1:5, 1:10, 1:12 for 60 min (min) at 180 ◦C. The results obtained are given
in Figure 2.

The results show an increase in liquefaction yield, between 54.8%, 55.8% and 87.2%
for a CsB/solvent ratio of 1:5, 1:10 and 1:12, respectively. In fact, this shows that using a
higher amount of solvent leads to better liquefaction yields, as proven before [17]; however,
it should be noted that more solvent corresponds to a higher cost. Thus, in the choice of
solvent ratio, economic and environmental issues should be considered. It was decided
to use the 1:10 ratio rather than the 1:5 ratio for the subsequent tests since, although here
the difference is small, some earlier tests have shown that 1:5 was not enough in some
conditions, and choosing this ratio could affect the study of the other parameters [17].
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Figure 2. Study of the ratio CsB:solvent for the samples of the branches (CsB) of Cytisus scoparius
(constant parameters: 180 ◦C, time 60 min and size for the samples <80 mesh).

Temperature optimization was performed by varying the temperature between 140 ◦C
and 180 ◦C, keeping all other parameters constant. The results obtained are shown in Figure 3.
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Figure 3. Study of the temperature for the samples of the branches (CsB) of Cytisus scoparius (constant
parameters: time 60 min, size for the samples <80 mesh and ratio CsB:solvent of 1:10).

The liquefaction yield increased with the increase of temperature liquefaction, achiev-
ing a promising value of 95.1% for 180 ◦C. At lower temperatures, the liquefaction yield was
only 65% and 73.5% for 140 ◦C and 160 ◦C, respectively. The high percentage of liquefaction
for 180 ◦C is higher than that obtained for other materials in similar conditions, such as,
for example, Eucalyptus globulus bark (61.6%) and branches (62.2%) [26]. Until 180 ◦C, no
recondensation reactions were observed, or at least it was not significant, probably due to
the use of a co-solvent system by the addition of a low-molecular-weight glycol (glycerol)
and ethylene glycol, as mentioned before [15].
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The optimization of liquefaction time was performed by varying the time between
15 and 60 min, keeping all other parameters constant. The results obtained are presented
in Figure 4.
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Figure 4. Study of liquefaction yield along liquefaction time for Broom branches for the fraction > 80 mesh
(powder) at 180 ◦C with acid catalysis.

Results show that it takes only 30 min to obtain a good liquefaction yield of 77.7% but
also, that higher liquefaction can be obtained for 60 min (95.1%). The liquefaction yield was
higher than the obtained for walnut shells (85%) before [42]. No decrease was observed
with the increase in temperature, as reported, for instance, by Soares et al. [23] with cork liq-
uefaction. These authors observed a decrease in higher temperatures which was attributed
to polycondensation reactions between the liquefaction intermediates. Depending on the
final product to be produced, a lower or higher liquefaction can be obtained.

The high percentage of liquefaction (95%) shows that broom can be successfully
liquefied bi polyalcohols with acid catalysis. The percentage of liquefaction is higher
than the one obtained before for several other lignocellulosic materials such as rice straw,
oilseed rape straw, wheat straw or corn stover [22] or orange peel wastes [43]. The low
amount of residue allows using the obtained polyol without any separation between the
solid residue and the liquefied material, which can be costly. Therefore, Broom has a
nice potential to be used for the production of polyurethane foams, as was done before for
several lignocellulosic materials, for instance, wood, barks or agricultural wastes [22,43–46].

3.3. FTIR of Liquefaction

Figure 5 presents the variation of the FTIR spectrum between the initial material
and the liquefied polyol at 180 ◦C for 15 min, 30 min and 60 min. There are no major
differences between the spectra of polyols produced with 15 min, 30 min or 60 min reactions.
Big differences are observed between the initial and the liquefied material. There is a
clear increase in the hydroxyl peak and a shifting of the peak maximum from around
3350 cm−1 to around 3250 cm−1. This is to be expected since the solvents used, glycerol
and ethyleneglycol, are alcohols and, therefore, have several hydroxyl groups in their
constitution. The shifting for lower wavenumbers can be due to the different functional
groups present in liquefied material. Generally, alcohols absorb at higher wavenumbers
(3600–3300 cm−1) than carboxylic acids (3300–2500 cm−1), therefore, this shifting to lower
wavenumbers could be due to the increase in carboxylic acids. Nevertheless, generally, the
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C=O of carboxylic acids has a strong absorption at about 1725–1700 cm−1, which is not
seen in liquefied spectra.
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Figure 5. FTIR spectra of the initial material and the liquefied polyol at 180 ◦C for 15 min, 30 min and
60 min at 180 ◦C with acid catalysis.

The CH peaks are also very different in the polyol and in the initial material. These
bands result from the overlapping of -CH2- (2935–2915 cm−1) and -CH3 (2970–2950 cm−1)
stretching asymmetric vibrations and -CH2- (2865–2845 cm−1) and -CH3 (2880–2860 cm−1)
stretching symmetric vibrations [47]. The original peaks are sharper, and there is an increase
in the 2850 cm−1 peak in relation to 2930 cm−1 shifting the maximum to around 2860 cm−1.
Similar behavior has been observed before for liquefied cherry seeds [48].

The peak at 1730 cm−1, corresponding to non-conjugated C=O linkages, completely
disappeared in the spectra of the liquefied material, and the 1650 cm−1 band was signifi-
cantly reduced and narrowed. This might be due to the low amount of lignin in the initial
material and to the lower resistance of Broom polysaccharides to hydrolysis. This is in line
with the increase observed in this peak in the FTIR spectrum of the solid residue, especially
after 60 min liquefaction. Similarly, the peak at 1510 cm−1 also disappears in the polyol
spectra, and this peak has been associated with benzene ring stretching vibrations [47,49].
The 1230 cm−1 peak also decreases in the liquefied material. Although there is an apparent
decrease in the 1030 cm−1 peak, this might be due to the high increase in the 3350 cm−1

band that proportionally decreases the remaining peaks. There is, however, a narrowing of
the peak and the appearance of a more pronounced shoulder at 1100 cm−1. There is a new
visible peak appearing at around 850 cm−1 which can be due to stretching vibrations in the
pyranose ring [49]. The changes in FTIR spectra for the liquefied material are very different
from those observed for sweet cherry seeds, which can be due to the significantly different
chemical composition between them.

Figure 6 presents the variation of the FTIR spectrum between the initial material and
the liquefied polyol for a 60 min reaction at 140 ◦C, 160 ◦C and 180 ◦C. Similar to the
results presented in Figure 6, the main differences are observed between the initial and
the liquefied material. Nevertheless, at 140 ◦C, there is a smaller increase in the 3350 cm−1

band and a much higher C-O-C peak at 1030 cm−1 in relation to the other temperatures.
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Figure 6. FTIR spectra of the initial material and the liquefied polyol for a 60 min reaction at 140 ◦C,
160 ◦C and 180 ◦C with acid catalysis.

Figure 7 presents the FTIR spectra of the initial material and of the solid residue
obtained by liquefaction at 180 ◦C for 15 min, 30 min and 60 min reaction time. The solid
residue spectrum changes rapidly from the initial material and along the reaction time.
There is a slight narrowing of the 3350 cm−1 band in the initial of the liquefaction and a
decrease for 60 min reaction time. In relation to the CH peaks, there is a decrease of the
2930 cm−1 peak followed by an increase for longer reaction times. The same seems to
happen to the 1730 cm−1 peak and somewhat to the 1650 cm−1 band. These changes might
be due to an initial cleavage of acetyl or acetoxy groups in hemicelluloses. The fingertip
region is much less defined in the solid residue, and there seems to be a decrease at the
1226 cm−1 peak. The C-O-C peak also seems to increase and decrease later.
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Figure 7. FTIR spectra of the initial material and of the solid residue obtained by liquefaction at
180 ◦C for 15 min, 30 min and 60 min reaction time with acid catalysis.
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The changes observed in the solid residue along the liquefaction time are similar to
those presented in Figure 8 with the increase in liquefaction temperature.
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Figure 8. FTIR spectra of the initial material and of the solid residue obtained by liquefaction for
60 min at temperatures 140 ◦C, 160 ◦C and 180 ◦C with acid catalysis.

FTIR analysis shows that it is not only one of the macromolecular compounds that
is being liquefied but rather that all the chemical compounds are affected by polyalcohol
liquefaction with acid catalysis.

4. Conclusions

Results have shown that in relation to macromolecular compounds, Broom is mainly
composed of cellulose, followed by hemicelluloses and lignin. Alkaline extract repre-
sented more than 20% and is probably composed of tannins. Extractives were more than
9%, with ethanol soluble representing more than half, followed by water soluble and
dichloromethane extractives. These phenolic compounds can be retrieved before lique-
faction in a biorefinery approach. Ashes were around 0.69%. No significative differences
were found for the different fractions, although the 40–60 mesh fraction presented the best
results. A higher amount of solvent improved the liquefaction percentage. The same was
observed for higher temperatures and the time of liquefaction. At the ideal conditions, a
high percentage of liquefaction (95%) could be achieved, better than most lignocellulosic
materials. These conditions were 180 ◦C, 60 min for the 40–60 mesh fraction. The results
have proven that Broom can be a valuable material that, once liquefied, can be later used
for the manufacture of goods without any further separation to substitute petroleum-based
products such as, for instance, polyurethane foams.
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Abstract: During the last decades, the possibility of using species resistant to droughts and extreme
temperatures has been analyzed for use in the production of lignocellulosic materials and biofuels.
Succulent species are considered to identify their potential use; however, little is known about
Asparagaceae species. Therefore, this work aimed to characterize chemically-anatomically the stems
of Asparagaceae species. Stems of 10 representative species of Asparagaceae were collected, and
samples were divided into two. One part was processed to analyze the chemical composition, and
the second to perform anatomical observations. The percentage of extractives and lignocellulose
were quantified, and crystalline cellulose and syringyl/guaiacyl lignin were quantified by Fourier
transform infrared spectroscopy. Anatomy was observed with epifluorescence microscopy. The results
show that there were significant differences between the various species (p < 0.05) in the percentages
of extractives and lignocellulosic compounds. In addition, there were anatomical differences in
fluorescence emission that correlated with the composition of the vascular tissue. Finally, through
the characterization of cellulose fibers together with the proportion of syringyl and guaiacyl, it was
obtained that various species of the Asparagaceae family have the potential for use in the production
of lignocellulosic materials and the production of biofuels.

Keywords: Asparagaceae; lignocellulose; crystalline cellulose; syringyl/guaiacyl; anatomy

1. Introduction

Asparagaceae is one of the most important families in Mexico due to its biological,
economic, and cultural importance [1]. Several species are used in the production of fibers,
intoxicating drinks, food preparation, and the consumption of plant parts (flower, stem, and
leaf) [2]. Asparagaceae has several subfamilies, including Agavoideae with Agave, Furcraea,
Manfreda, and Polianthes; Yuccoideae including Yucca, Hesperaloae, and Hesperoyucca [3],
and the subfamily Nolinoideae that includes the genera Beaucarnea and Nolina [4]. Most
of the species of Agavoideae and Nolinoideae are distributed in arid and semiarid, and
warm temperate regions of North and Central America [3] and in other parts of the world
naturally or introduced. Several species of Agave have been used and studied the most
because ethanol is produced in the form of intoxicating beverages such as mezcal and
tequila [5].

In recent years, mainly the fibers and bagasse waste of several agave species, mainly
A. tequilana [6,7], A. angustifolia [8], and A. salmiana [9] have been studied because a large
amount of waste is produced annually from the production of tequila and mezcal. In
addition, the subfamilies Agavoideae and Nolinoideae present acid metabolism of the
crassulacean (CAM), which is considered raw material for the production of biofuel [10,11].
Furthermore, these species are part of the second generation of plants focused on biofuels.
They are not part of the plants essential for human consumption [12], and they tolerate
drought conditions and high temperatures [13].
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Other species within the group of the second generation are cacti, such as Opuntia
spp. [14], which also withstand extreme drought conditions and have CAM metabolism [15].
However, except for some genera such as Opuntia spp. and Selenicereus spp. [16,17], the
other cacti species have slow vegetative development or very small sizes [18], so they could
not be profitable in their use as biofuels or production of paper, while in species of the
genus Agave growth and yield are higher [19].

However, even though many species of Asparagaceae exist in Mexico, there is not
much information on the composition of the main lignocellulosic structural components,
the anatomical distribution, or the potential use for farmers to cultivate and protect the
plants in their natural environment [1]. Therefore, the objectives were to characterize the
different Asparagaceae species with the extractives and lignocellulosic percentages, obtain
crystallinity indexes, syringyl/guaiacyl (S/G) lignin ratio, and the anatomical distribution,
with which it will be possible to identify the potential use of the different species as biofuels
or in the paper industry, in addition to the possible biological implications.

2. Materials and Methods
2.1. Plant Materials and Extractives

Healthy adult plants were donated from the Universidad Nacional Autónoma de México
(UNAM) Botanical Garden collection (Table 1), located at 19◦18′44′′ N, 99◦11′46′′ O and
2320 m a. s. l. The climate of the area is temperate, with rain in summer, with the rainy
season from June to October, and the dry season from November to May. It has an average
annual temperature of 15.6 ◦C and a rainfall of 833 mm. The plants were collected in
their natural populations and grew in the garden. The leaves and stems of the ten species
were cut, and only the stem was selected for the study. Stem samples were cut into pieces
and dried in an oven for two weeks at 70 ◦C. Subsequently, the samples were ground
(40–60 mesh size, Cyclone Sample Mill, (UDY Corporation, Fort Collins, CO, USA) until a
particle size of 0.4 mm was obtained.

Table 1. Asparagaceae Species.

Species Type of Stem Life Forms Size Category Natural Distribution

Agave attenuata Salm-Dyck Fibrous Herbaceous Medium Mexico
Agave celsii Hook. Fibrous Herbaceous Medium Mexico
Agave convallis Trel. Fibrous Herbaceous Medium Mexico
Agave striata Zucc. Fibrous Herbaceous Medium Mexico
Beaucarnea gracilis Lem. Fibrous Arborescent Tall Mexico
Furcraea longaeva Karw. & Zucc. Fibrous Arborescent Tall Mexico
Nolina excelsa García-Mend. & E. Solano Fibrous Arborescent Tall Mexico
Yucca filifera Chabaud Fibrous Arborescent Tall Mexico
Yucca gigantea Lem. Fibrous Arborescent Tall Mexico, Guatemala
Yucca periculosa Baker Fibrous Arborescent Tall Mexico

The samples were analyzed in triplicate based on the TAPPI T-222 om-02 standard
and based on the method proposed by Maceda et al. [20,21]. From each ground sample, 2 g
were taken, which were placed in filter paper cartridges to carry out successive extractions
for six hours in a Soxhlet with ethanol-benzene (1:2 v/v) and subsequently in ethanol (96%).
After each extraction, the cartridges were allowed to dry for 24 h at 70 ◦C to record their
constant weight.

Subsequently, the cartridges were discarded, and the samples were kept in a reflux
system for 1 h in water at 90 ◦C. The samples were filtered through a medium pore Büchner
filter and dried at 70 ◦C for 24 h to record constant dry weight. The formula used was
the following:

Total extractives (%) = [(A + B + C)/W0] × 100

where A is the weight lost (g) after extraction with ethanol:benzene, B is the weight lost (g)
after extraction with ethanol (96%), C is the weight lost (g) after extraction with water at
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90 ◦C, and W0 is the initial weight of each sample. The percentage of extractive-free ligno-
cellulose was obtained by subtracting from 100% the initial weight of the total percentage
of extractives.

2.2. Lignocellulosic Purification

Klason lignin. From the extractive-free lignocellulose of each species, 0.2 g were taken,
and 15 mL of concentrated sulfuric acid (72%) was added at a temperature of 2 ◦C. The
mixture was kept under constant stirring and at room temperature (18 ◦C) for 2 h. Then,
560 mL of distilled water was added, and the mixture was refluxed and boiled for 4 h. The
samples were filtered through a fine-pore Büchner filter and dried at 105 ◦C for 24 h to
record constant dry weight. Lignin was quantified as follows:

Klason lignin (%) = (WL/WW) × 100

where WL is the obtained weight of lignin (g), and WW is the extractives-free lignocellulose (g).
Cellulose. From the extractive-free lignocellulose, 0.2 g were taken to purify the

cellulose using the Kûshner-Höffer method [21]. Twenty-five mL of HNO3/ethanol (1:4 v/v)
were added to each sample and kept in a reflux system, and boiled for one hour. The
sample was allowed to decant to discard the HNO3/ethanol solution, and another 25 mL
was added again. This cycle was repeated three more times, and in the last cycle, 25 mL of
an aqueous solution of KOH at 1% was added and kept for 30 min at reflux and boiling to
finally filter the sample through a fine-pore Büchner filter. The sample was left to dry at 70
◦C for 12 h to record the constant dry weight and obtain the percentage of cellulose based
on the following formula:

Cellulose (%) = (WC/WW) × 100

where WC is the obtained weight of cellulose(g), and /WW is the extractives-free lignocellu-
lose (g).

Hemicellulose. The purification was carried out based on the methodology proposed
by Li. et al. [22]. From the extractive-free lignocellulose, 0.5 g were taken and placed in a
reflux system with 10 mL of water for 3 h (solid-to-liquid ratio 1:20 g/mL). The system
was cooled to room temperature and filtered. The filtrate was concentrated at 1.25 mL and
purified into 3.75 mL of ethanol (95%) with stirring. The mixture was held for 1 h without
stirring, and the hemicellulose precipitated. In order to obtain the dry weight (H0), the
sample was centrifuged at 4500× g for 4 min, and then lyophilized. The residue insoluble
in water was dried at 60 ◦C for 16 h, then successive extractions were performed with
different concentrations of KOH (0.6, 1.0, 1.5, 2.0, and 2.5%) in a ratio of 1:20 (g/mL) at
75 ◦C for 3 h in each extraction. In the last concentration of 2.5% KOH, ethanol (99.7%)
was added in a ratio of 2:3. The five mixtures were filtered and acidified to pH 5.5 with
glacial acetic acid and concentrated to 1.25 mL. The mixtures were poured into 3.75 mL
of ethanol (95%) with constant stirring. The mixtures were kept for 1 h and finally were
centrifuged (4500× g for 4 min) and lyophilized. The constant dry weight was recorded
in each extraction stage (H0.6, H1.0, H1.5, H2.0, H2.5), and the percentage of cellulose was
obtained with the following formula:

Hemicellulose (%) = (WH/WW) × 100

where WH is the sum of H0.6 to H2.5 and WW is the extractive-free lignocellulose (g).

2.3. Fourier Transform Infrared Spectroscopy Analysis

Lignin analysis. The ratio of syringyl/guaiacyl monomers (S/G) was obtained by
Fourier transform infrared spectroscopy (FTIR) analysis. Klason lignin samples were
kept dry until analyzed by FTIR (30 scans with a resolution of 4 cm−1, 15 s per repeat).
Three FTIR readings (Agilent Cary 630 FTIR) were made from each sample, and then the
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baseline correction was performed to separate the peaks of the fingerprints (wavelength of
800–1800 cm−1) [23] in the MicroLab PC program (Agilent Technologies). The peaks of
1269 to 1272 cm−1 and 1328 to 1330 cm−1 were used to quantify the proportion of guaiacyl
(G) and syringyl (S), respectively [24]. The value of each peak was obtained by drawing a
line connecting the lowest values and a similar line for the highest values of each peak. A
vertical line was drawn from the base of the X−axis to the highest part of the peak. The
portion of the line between the top and the base is the value of each peak, so the S/G ratio
was calculated by dividing the values of each peak [24].

Cellulose analysis. The proportion of crystalline cellulose was obtained by analyzing
the dried samples with FTIR [21]. From each sample and doing the analyzes in triplicate, a
small portion of the sample was placed in the FTIR Spectrometer (Agilent Cary 630 FTIR),
and the spectrum was obtained in a range of 400–650 cm−1 (30 scans with a resolution
of 4 cm−1, 15 s per repeat). Samples were converted from transmittance to absorbance,
and spectra were averaged using the Resolution Pro FTIR Software program (Agilent
Technologies, Santa Clara, CA, United States).

The crystallinity indices used were: Total crystallinity index (TCI) proposed by Nelson
and O’Connor [25] or also called the crystallinity ratio [26,27]. The lateral order index
(LOI) [25,27] or second proportion of crystallinity [26]; and hydrogen bonding intensity
(HBI) [28]. TCI was calculated with the ratio between the absorption intensity of the peaks
1370 cm−1 and 2900 cm−1 [27], LOI was calculated from the ratio between the absorption
intensity of the peaks 1430 cm−1 and 893 cm−1 [26], while HBI was calculated with the
ratio between 3350 cm−1 and 1315 cm−1 [28].

2.4. Statistical Analysis

The data obtained from the percentages of extractives and lignocellulosic components
were analyzed with the non-parametric Kruskal-Wallis test and Dunn’s post hoc analysis
since the values did not present normality based on the results of Kolmogorov-Smirnov
and Shapiro−Wilk, even when they were transformed with the square root of the arc sine.
In addition, a multivariate principal component analysis was performed to separate the
groups based on the values of the structural components.

2.5. Lignocellulosic Anatomical Distribution

Stem fragments were saved from each sample and were fixed, embedded, and cut
based on the procedures of Arias and Terrazas [29] for succulent hardwood species. The
transverse sections were stained with acridine orange and calcofluor [30] to observe the
distribution of cellulose and lignin in the stem, in addition to comparing the anatomical
results with the chemical ones.

3. Results
3.1. Extractives and Lignocellulosic Structural Compounds

The Asparagaceae species had significant differences between species (Table 2) in the
variables of extractives and lignocellulosic components. The percentages of extractives were
heterogeneous between the species of the same genus; however, the differences occurred
mainly between Agave and Yucca-Nolina. In Tables 3 and 4, the means and standard
deviation of the extractives are presented, and the different superscript capital letters show
the species that are significantly different. In the ethanol extractives, A. striata had the
lowest percentage and was significantly different from Y. gigantea, which had the highest
percentage (Table 3). In hot water extractives, a similar situation was shown; A. convallis
had the highest percentage, while N. excelsa and Y. periculosa had the lowest percentage.
In the ethanol:benzene extractives, the statistical differences were presented between N.
excelsa, with the lowest percentage, and F. longaeva, with the highest percentage. The species
with the highest content of extractives and the lowest content of lignified tissue were A.
convallis and Y. gigantea. On the contrary, the species with the lowest content of extractives
and the highest amount of lignified tissue were N. excelsa and Y. periculosa.
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Table 2. Kruskal-Wallis analysis for the lignocellulosic and extractives variables.

Variables χ−Square Df Significance

Ethanol-benzene 21.16344 9 0.01194
Ethanol 96% 22.17698 9 0.00833
Water 90 ◦C 24.08278 9 0.00417
Total extractives 26.28172 9 0.00184
Extractive-free lignocellulose 26.28172 9 0.00184
Lignin 20.94839 9 0.01288
Cellulose 26.64249 9 0.00160
Hemicelluloses 24.54409 9 0.00352

Table 3. Extractives percentage from the 10 Asparagaceae species.

Extractive Compounds (%) Extractive−Free
Lignocellulose (%)Species Ethanol−Benzene Ethanol 96% Water 90 ◦C Total Extractives

Agave attenuata 7.5 ± 1.8 AB 9.9 ± 1.1 AB 4.7 ± 1.1 AB 22.0 ± 1.8 ABC 78.0 ± 1.8 ABC

Agave celsii 6.9 ± 1.8 AB 6.5 ± 1.1 AB 3.9 ± 0.8 AB 17.4 ± 0.8 ABC 82.6 ± 0.8 ABC

Agave convallis 9.4 ± 1.9 AB 6.4 ± 1.2 AB 10.2 ± 1.5 B 26.0 ± 0.5 C 74.0 ± 0.5 A

Agave striata 7.6 ± 1.6 AB 4.6 ± 0.7 A 3.0 ± 0.7 AB 15.3 ± 2.5 ABC 84.7 ± 2.5 ABC

Beaucarnea gracilis 5.9 ± 0.5 AB 8.3 ± 1.9 AB 5.3 ± 0.5 AB 19.5 ± 1.8 ABC 80.5 ± 1.8 ABC

Furcraea longaeva 9.7 ± 0.6 B 6.9 ± 0.7 AB 3.7 ± 0.7 AB 20.2 ± 0.8 ABC 79.8 ± 0.8 ABC

Nolina excelsa 4.5 ± 0.9 A 5.1 ± 0.6 AB 1.7 ± 0.6 A 11.3 ± 1.1 A 88.7 ± 1.1 C

Yucca filifera 9.6 ± 0.2 AB 6.2 ± 1.1 AB 3.2 ± 0.2 AB 18.9 ± 0.9 ABC 81.1 ± 0.9 ABC

Yucca gigantea 8.4 ± 1.1 AB 11.9 ± 1.2 B 3.8 ± 0.9 AB 24.1 ± 2.2 BC 75.9 ± 2.2 AB

Yucca periculosa 6.1 ± 1.8 AB 4.9 ± 1.0 AB 1.8 ± 0.6 A 12.9 ± 2.5 AB 87.1 ± 2.5 BC

Different letters in each column indicate significant differences (p < 0.05). Mean ± standard deviation (SD).

Table 4. Lignin, cellulose, and hemicellulose percentage of dry biomass of Asparagaceae species.

Species Lignin (%) Cellulose (%) Hemicellulose (%)

Agave attenuata 20.4 ± 2.7 AB 35.4 ± 0.8 ABC 22.1 ± 1.6 ABC

Agave celsii 23.8 ± 0.9 AB 31.6 ± 0.8 A 27.1 ± 2.3 BC

Agave convallis 18.2 ± 1.8 AB 34.9 ± 1.4 AB 20.9 ± 1.6 ABC

Agave striata 24.2 ± 6.1 AB 37.1 ± 1.9 ABC 23.4 ± 5.9 ABC

Beaucarnea gracilis 20.2 ± 1.1 AB 38.1 ± 1.7 ABC 22.3 ± 2.8 ABC

Furcraea longaeva 26.3 ± 0.8 B 37.3 ± 0.9 ABC 16.2 ± 2.4 ABC

Nolina excelsa 24.5 ± 3.2 AB 52.2 ± 2.1 C 12.0 ± 4.1 AB

Yucca filifera 11.4 ± 1.1 A 38.9 ± 1.2 ABC 30.7 ± 0.9 C

Yucca gigantea 24.9 ± 1.7 AB 45.3 ± 1.8 BC 5.7 ± 1.5 A

Yucca periculosa 24.5 ± 0.5 AB 41.6 ± 1.8 ABC 21.0 ± 2.3 ABC

Different letters in each column indicate significant differences (p < 0.05). Mean ± standard deviation (SD).

The percentages of lignocellulosic components had significant differences in the per-
centages of lignin between Y. filifera and F. longaeva (Table 4). In cellulose, the species that
had the lowest percentage were A. celsii and A. convallis, and N. excelsa was the species
with the highest percentage. Finally, in the hemicelluloses, Y. gigantea presented the least
quantity and Y. filifera the largest.

In the Principal Component (PC) analysis, the first two PCs had eigenvalues above 1,
while PC3 was less than 1; however, PC3 was considered in the analysis due that it explained
11% of the variance, so the three PCs explained 84.5% of the total variation (Table 5). In
each PC, the highest negative or positive values were those that influenced the separation
of each species, as shown in Figure 1. For PC1, the variables that determined the separation
of the different groups were hot water extractives and extractive-free lignocellulose. In PC2,
the determinant variables of the variation were hemicelluloses and ethanol extractives,
while in PC3 was the cellulose percentage (Table 5).
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Table 5. Vectors, eigenvalues, and cumulative proportion of the variation are explained by each variable.

Variables PC1 PC2 PC3

Ethanol-Benzene 0.439 0.058 0.013
Ethanol 0.194 0.553 −0.169
Water 0.453 * 0.096 0.125
Extractive-free lignocellulose −0.492 −0.346 0.015
Cellulose −0.327 0.302 0.788
Lignin −0.410 0.272 −0.578
Hemicellulose 0.216 −0.630 −0.008
Eigenvalue 3.127 2.011 0.771
Variance (%) 44.7 28.7 11.0
Accumulative variance (%) 44.7 73.4 84.4

* The highest values are in bold on each PC.
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When plotting the species based on the first three PCs and the variables that influenced
each PC (Figure 1), the species were separated into four groups. The first group (blue
points) included the species of N. excelsa and Y. periculosa, which were the species with the
lowest content of hot water extractives and higher extractive−free lignocellulose content.
The second group (green point), represented by Y. filifera had the highest percentage of
hemicelluloses. The third group (pink point), conformed by Y. gigantea was separated from
the other Yuccas and the other species because they had lower percentages of hemicelluloses,
but it was one of the species with the highest percentage of cellulose and percentage of
total extractives. In the fourth group (orange points), the remaining species that belong to
Agave, F. longaeva, and B. gracilis were clustered (Figure 1).

3.2. Cellulose Crystallinity

In the cellulose spectra (Figure 2) and Table 6, the main cellulose peaks are observed.
In order to determine the purity of the cellulose, the absence of xylans and hemicellulose
was obtained by not detecting the peak at 1735 cm−1. Lignin was not detected with the
peaks 1595 cm−1, 1512 cm−1, and 1463 cm−1. Only weak lignin signals were observed in A.
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striata and Y. periculosa. In addition, the absence of hemicellulose was observed without the
presence of the 1269 cm−1 peak, except for A. celsii, which had a weak peak.
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Table 6. Cellulose peaks of Asparagaceae species.

Wavenumber (cm−1) Assignments

3000–3600 OH stretching
2900 CH stretching
1430 CH2 symmetric bending (crystalline and amorphous cellulose)
1370 C-H and C-O bending vibration bonds
1336 C-O-H in-plane bending (amorphous cellulose)
1315 CH2 wagging vibration (crystalline cellulose)
1163 C-O-C asymmetrical stretching
893 Out-of-plane asymmetrical stretching of cellulose ring
670 C-O-H out-of-plane stretching

In the crystallinity indexes (Table 7), the TCI values showed that most of the species
had values above one because they had a higher percentage of crystalline cellulose, except
A. striata, B. gracilis, and Y. periculosa, which presented a higher percentage of amorphous
cellulose. In LOI, the species that had the highest value was A. striata, while the species that
had the lowest value was F. longaeva, which had the highest value in TCI. In HBI, similarly,
A. striata had the lowest value, while B. gracilis had the highest value.

Table 7. Crystallinity indexes of Asparagaceae species.

Species TCI (A1370/A2900) LOI (A1430/A893) HBI (A3400/A1315)

Agave attenuata 1.12 ± 0.01 0.49 ± 0.01 1.16 ± 0.02
Agave celsii 1.15 ± 0.05 0.49 ± 0.03 1.18 ± 0.09
Agave convallis 1.27 ± 0.03 0.56 ± 0.28 1.17 ± 0.08
Agave striata 0.85 ± 0.17 0.64 ± 0.03 0.92 ± 0.12
Beaucarnea gracilis 0.9 ± 0.01 0.59 ± 0.01 1.21 ± 0.02
Furcraea longaeva 1.18 ± 0.05 0.47 ± 0.02 1.09 ± 0.04
Nolina excelsa 1.09 ± 0.1 0.54 ± 0.02 1.09 ± 0.01
Yucca filifera 1.16 ± 0.02 0.52 ± 0.01 1.11 ± 0.02
Yucca gigantea 1.15 ± 0.03 0.51 ± 0.01 1.11 ± 0.02
Yucca periculosa 0.78 ± 0.05 0.59 ± 0.02 1.03 ± 0.05

Mean ± standard deviation (SD).
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3.3. Lignin S/G Ratio

Figure 3 shows the FTIR spectra for the 10 species of Asparagaceae. Representative
peaks of lignin were 1501 cm−1 which showed the C=C aromatic ring vibration of syringyl
and guaiacyl monomers. The 1325 cm−1 peak reflected the breathing of the ring of syringyl
in addition to C-O stretching. The 1271 cm−1 and 1225 cm−1 peaks reflected the symmetric
vibration of C-O and the glucopyranose cycle of guaiacyl and syringyl, respectively. The
1030 cm−1 peak reflected the C-H in-plane deformation of guaiacyl and C-O deformation
in primary alcohol; finally, the 913 cm−1 peaks showed the =CH out-of-plane deformation
in the aromatic ring of syringyl and guaiacyl monomers (Figure 3).
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Whit the peaks 1325 and 1271 cm−1 the S/G ratio was calculated (Table 8). The species
with the lowest proportion of S/G was A. attenuata because it had a higher percentage of
guaiacyl in its structure, while in the genus Yucca, the three species presented high values
of syringyl, for which the proportion of S/G was in the range of 2.8 to 3.9. The other species
had similar proportions, so the syringyl monomer prevailed except in A. convallis.

Table 8. Percentages of syringyl and guaiacyl, and S/G ratio of Asparagaceae species.

Species Guaiacyl (%) Syringyl (%) S/G Ratio

Agave attenuata 63.1 36.9 0.6
Agave celsii 47.0 53.0 1.1
Agave convallis 52.0 48.0 0.9
Agave striata 44.0 56.0 1.3
Beaucarnea gracilis 42.3 57.7 1.4
Furcraea longaeva 39.1 60.9 1.6
Nolina excelsa 49.0 51.0 1.0
Yucca filifera 26.1 73.9 2.8
Yucca gigantea 23.0 77.0 3.3
Yucca periculosa 20.5 79.5 3.9

3.4. Anatomical Distribution

The species of Asparagaceae studied showed the same type of vascular tissue, with
closed vascular bundles forming isolated patches or two or more patches joined through
lignified parenchyma. In the vascular bundle, the presence of tracheary elements with
mainly reticular type of secondary wall thickenings was observed, with completely lignified
fibers and non-lignified phloem with contents inside with fluorescence emission in bluish
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tones (Figure 4). In most species, patches of non-lignified parenchyma were observed on
the edges of the stem, while in the center, the parenchyma was completely lignified. In
the species A. attenuata and A. convallis, the fluorescence tones of the tracheary elements
and fibers predominated in yellow-green tones, while in the Yucca species, the fluorescence
emission was observed in green to bluish-green tones. In all species, the presence of
crystals was observed, mainly raphides and prisms. Cellulose fluoresced in bluish tones
but differed from lignin due to the intensity of fluorescence emission since the cellulose
had lower intensity compared to lignin.
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Figure 4. Fluorescence images from representative Asparagaceae species. (a) A. attenuata. (b) A.
convallis. (c) B. gracilis. (d) N. excelsa. (e) Y. gigantea. (f) Y. periculosa. f: fiber, v: vessel, p: parenchyma,
ph: phloem, cr: crystal.
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4. Discussion

The Asparagaceae family presented heterogeneity in the percentages of the structural
components that allow its grouping based on the values of extractive compounds, hemicel-
lulose, and cellulose. In addition, the presence of high percentages of cellulose, a majority
proportion of crystalline cellulose, and the presence of S/G ratios greater than one make it
possible to use in biofuels and cellulosic compounds.

4.1. Extractives and Lignocellulose

Asparagaceae species had similar percentages of extractives when extracted with
ethanol: benzene and ethanol. However, hot water extractives were low except for A.
convallis (Table 3). Compared with the literature on other Agave species (Table 9), the
extractive percentages in water were similar to the values reported here. A. tequilana, A.
angustifolia, and A. salmiana have values between 4.4%–6.0% (Table 9). On the contrary, the
values reported in Agave for the percentages of extractives in ethanol: benzene and ethanol
(Table 9) were low (1.5%–4.0% in ethanol: benzene and 1.3%–5.0% in ethanol) compared to
the values reported here (Table 3). For the genera Beaucarnea, Furcraea, and Nolina, there
are no reports of extractive percentages in their stems or leaves. In the Yucca genus, the
literature report that Y. gloriosa presents a percentage of total extractives of 1.1 [31], which
is low compared to the percentages obtained here (Table 3).

Although extractives in ethanol: benzene and in ethanol are hardly reported in the
literature for the species of the genera analyzed here, they have been reported for other
succulent species such as cacti [20,21], which had lower percentages of ethanol: benzene
(2.5%–4.2%), similar in ethanol (1.0%–9.1%), higher in hot water (8.2%–44.5%) and total
extractives (16.7–49.2 %).

In the percentages of lignocellulosic compounds, Table 4 shows that there was hetero-
geneity in the results within the same genus. In the species that are considered arborescent,
it was obtained that the percentages of lignin were low. However, the percentage of cellu-
lose was higher (37.3%–52.2%) and in herbaceous species was lower (31.6%–37.1%). In the
hemicelluloses, there is homogeneity between the agaves (20.9%–27.1%), while in the Yucca
genus, notable differences are observed between Y. gigantea (5.7%) concerning the other
two species of Yucca (21.0% and 30.7%). The differences possibly were due to the type of
environment in which they live; Y. gigantea is distributed in regions with higher humid-
ity [32], while Y. filifera [33,34] and Y. periculosa [35] grow in arid zones and semi-desert,
respectively. In celluloses, the percentages reported in the literature (Table 9) were high
compared to those obtained here (Table 4), possibly due to the differences in the species or
the conditions in which they have been developed [36,37].

When comparing the results obtained with succulent species such as cacti, it was
observed that the percentages of lignocellulose, in general, are higher in agave species
than in non-fibrous wood cacti species [20], while in fibrous species, the percentages were
similar [38].

Table 9. Percentages of extractives and lignocellulosic compounds of Agave, Furcraea, and Yucca.

Species S * Ce He Li TE W E−B Et Ref

A. angustifolia
A. lechuguilla
A. salmiana
A. tequilana

L 33.2–44.3 2.6–3.5 2.1–2.9 − − − − [9]

A. americana L 68.4 15.7 4.9 − − − − [39]
A. americana St 65.0 32.0 3.0 − − − − [40]
A. angustifolia F 55.0 34.1 20.7 5.3 4.4 1.5 − [8]
A. angustifolia F 67.0 25.2 6.3 − − − − [41]
A. angustifolia F 64.0 25.0 6.5 2.5 − − − [42]
A. lechuguilla St 17.7 17.5 7.3 45.3 [43]
A. lechuguilla St − − 9.1 25.7 − − − [44]
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Table 9. Cont.

Species S * Ce He Li TE W E−B Et Ref

A. lechuguilla
A. fourcroudes L 79.8

77.6
3–6

5.0–7.0
15.3
13.1 − − − − [45]

A. salmiana F 48.9 − 8.5 − − − − [46]
A. salmiana B 47.3 12.8 4.9 − − − − [47]
A. salmiana
A. americana
A. tequilana

L St 39.7–45.0 7.3–11.9 − 6.0–15.1 − 1.3–3.2 [48]

A. salmiana
A. tequilana
A. americana

L St − −
9.8

11.9
8.2

− − − − [49]

A. sisalana − 43.0 32.0 15.0 − − − − [50]
A. tequilana F 49.4 − 21.1 − 10.6 2.9 − [51]
A. tequilana F 41.9 − 7.2 − 5.8 3.1 − [52]

A. tequilana L St 40.0 and
51.0 − − − − − − [53]

A. tequilana B 56.0–69.0 − − − − − − [54]
A. tequilana B 40.9 − − − − − − [55]
A. tequilana B 42.0 18.5 14.0 − − − − [56]
A. tequilana B − − − − − − − [57]
A. tequilana B 44.5 20.1 25.3 − 3.7 3.6 − [58]
A. tequilana L 24.7–33.5 10.7–15.2 15.6–19.5 − − − − [59]
A. tequilana
A. americana L 47.0

50.0
16.0
22.0

9.0
13.0 − − − − [6]

A. lechuguilla L 46.0–48.0 30.0 11.0 − 4.0 4.0 5.0 [60]
Agave spp. B 70.0–80.0 5.0–10.0 15.0–20.0 − − − − [61]
Furcraea
foetida F 68.4 11.5 12.3 − − − − [62]

Yucca aloifolia L 52.5 20.5 20.0 − − − − [63]
Yucca gloriosa F 66.4 17.5 6.7 1.1 − − − [31]

S: sample; Ce: cellulose, He: hemicellulose, Li: lignin, TE: total extractives, W: hot water extractives, E−B:
ethanol−benzene extractives, Et: ethanol, Ref: references. * B: Bagasse, F: Fiber, L: Leaf, St: Stem.

The differences in the extractive and lignocellulosic compounds between species
allowed us to identify four groups through the principal component analysis. The first
group with N. excelsa and Y. periculosa presented a lower amount of hot water and total
extractives. This could have implications for their use because various authors consider
the hot water and total extractives to represent the nonstructural sugars that are used in
fermentation processes for the production of ethanol [8,48,51]. However, in the case of N.
excelsa, the percentage of cellulose presented in the stem would allow it to be used to obtain
cellulosic products (Table 4). The characteristic that distinguishes Y. filifera from the other
species studied was the presence of a large amount of hemicellulose. This hemicellulose
can be transformed into usable sugars either through enzymatic hydrolysis processes or
with temperature [9], in addition to the fact that Y. filifera presented lower percentages
of lignin so that the purification of cellulose would be more efficient [64]. The main
characteristic of Y. gigantea was the lower amount of hemicelluloses; however, it had a high
percentage of cellulose that could be used to obtain cellulosic fibers. The three species of
Yucca studied here revealed the higher differences in the extractives and lignocellulosic
compounds between them, and other species of Yucca should be studied in the future
to support these findings. All agave species plus Beaucarnea and Furcraea were grouped
together by similar values in the extractive compounds (Table 4). In the lignocellulosic
components, the agaves had low percentages of cellulose and lignin; however, they had
a higher percentage of hemicelluloses. Finally, chromatographic analyzes can be carried
out on all the extractives compounds to identify components with potential use, such as
flavonoids and triterpenes, which have the antioxidant capacity and can be used mainly in
the food and cosmetic industries [65]. In addition, lignocellulose can be treated in different
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ways to obtain various derivatives, as mentioned by Palomo-Briones et al. [66] for Agave
tequilana: through the elimination of lignin by alkaline, organosolv or enzymatic methods,
lignin can be solubilized and fermented to obtain ethanolic derivatives. Hemicelluloses
and celluloses can be degraded by acids or enzymes to obtain insoluble fractions and use
microcrystalline and nanocrystalline cellulose, while the solubilized carbohydrates can be
used in the fermentation to obtain ethanol. Solubilized carbohydrates can also be fermented
by anaerobic digestion or dark fermentation to obtain biogas and H2 which can be used to
obtain energy [66]. Therefore, the species analyzed in this work could be used in different
ways, both energetically and in the production of paper or cellulose components [21].

4.2. Cellulose Crystallinity

The crystallinity indexes allowed identifying the species that had the highest pro-
portion of crystalline cellulose. The purity of the cellulose could affect these indexes
by presenting hemicellulose or lignin residues that alter the peaks [67]. The FTIR spec-
tra can determine the purity of the samples and calculate the proportion of crystalline
cellulose [68,69] by the absence of peaks belonging to hemicelluloses [70] and lignin [71].

The most commonly used indexes in conjunction with FTIR are TCI, LOI, and HBI [68,72].
The TCI index provides information about the amount of crystalline or amorphous cellulose
in a sample. The peak indicating the presence of crystalline cellulose is 1370 cm−1, while
the peak of 2900 cm−1 [27] indicates the presence of amorphous cellulose. Therefore, if
the value of the ratio is greater than one, there will be a greater amount of crystalline
cellulose [28]. The LOI index is related to the order of crystalline cellulose, in addition to
the fact that the 1430 cm−1 peak shows the presence of crystalline cellulose of type I and the
peak 893 cm−1 the presence of type II crystalline cellulose and cellulose amorphous [73].
The order of the crystalline cellulose and LOI peaks can be altered by the type of chemical
extraction, and the type of purification used [74]. The HBI index reflects the crystallinity
of the sample and its water absorption. Low values reflect a greater amount of crystalline
cellulose, while high values indicate the presence of cellulose II or amorphous [27], however,
TCI and HBI values are related in terms of cellulose structure and stability, so if they are
similar, the cellulose structure has greater stability [28].

Generally, the samples had a higher proportion of crystalline cellulose; however, the
type of extraction modifies the order of the cellulose, so the low LOI values reflect the
presence of type II crystalline cellulose [75], in addition to possibly the presence of NaOH
during purification and the temperature used would alter the order of the crystalline [73].
Furthermore, LOI is correlated with the overall degree of cellulose order, while TCI is
directly proportional to the percentage of crystalline cellulose [28]. The similar values of
HBI with TCI confirm that the highest proportion of crystalline cellulose predominates
among the Asparagaceae species, except the species A. striata, B. gracilis, and Y. periculosa,
which had lower crystalline cellulose, and this is reflected in the LOI values that were also
the highest [76].

The presence of a greater amount of crystalline cellulose (between 50 and 56% so
that the proportion of TCI is 1 to 1.27) in most of the Asparagaceae species agrees with
that reported for stems (Table 10). Furthermore, the percentages were also similar for
other structures such as fibers in Agave (50.07 [46]), Furcraea (52.6% [62]), and Yucca spp.
(55–56% [77]). The other structures have a higher percentage, possibly due to the species
analyzed, the type of sample, such as bagasse that no longer has extractives, and some
structural sugars, such as hemicelluloses. However, in future studies, X−ray diffraction
analysis [78] could be used to confirm the proportion of crystalline cellulose in samples of
Asparagaceae species.
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Table 10. Crystalline index Agave, Furcraea, and Yucca.

Species Sample Crystalline Index Reference

A. salmiana Fiber 50.07 [46]
A. tequilana Bagasse 63–68 [54]
A. salmiana
A. americana
A. tequilana

Leaf and stem 45–55 [48]

A. tequilana Bagasse 71 [57]
A. tequilana Bagasse 60.5 [58]
A. americana Stem 50.1–64.1 [40]
Yucca spp. Leaf 76 [77]
Yucca aloifolia Leaf 69.43 [63]
Yucca spp. Fiber 55–56 [79]
Furcraea foetida Fiber 52.6 [62]

4.3. Lignin S/G Ratio

The proportion of S/G obtained for the 10 species reflected that most of the species
presented high percentages of syringyl monomers, except for A. attenuata (36.9%) and A.
convallis (48%). The species with the highest percentage was of the Yucca genus since it
had percentages of 73.9 to 79.5%. The presence of higher percentages of syringyl in species
with stem potential allows the purification of cellulose and the degradation of lignin by
hydrolytic processes to be more efficient [80] by presenting more bonds of the β-O-4 type
and being less condensed [81]. In species with higher percentages of guaiacyl, the stem
tissue is hard, and the lignin is difficult to degrade, which is why it is called recalcitrant
lignin [82].

Therefore, in the Yucca species and generally in the other species of Agave, Beaucarnea,
Furcraea, and Nolina, by presenting a higher percentage of syringyl, the hydrolyzation
process with Kraft would be more efficient [83]. In the literature, there are few reports
on the proportion of S/G for A. fourcroydes, proportions are reported in fibers (1.05) and
spines (1.2) [84], in leaves of A. sisalana (2.0) [85], and leaf fibers (3.0–3.5) [86]. In stems,
S/G values have been reported for A. americana (1.27), A. angustifolia (1.29), A. fourcroydes
(1.40), A. salmiana (1.33) y A. tequilana (1.57) in untreated samples [11], while for A. tequilana
S/G values of 4.3 have also been reported in untreated samples [87] while in A. sisalana the
proportion of S/G in stem fibers is 3.6 [88]. In the other genera analyzed here, there are no
reports on the composition of lignin. In general, it is observed that the values obtained are
similar to those reported by the aforementioned authors.

The presence of high percentages of syringyl in lignin has also been reported in various
fibrous species where it provides resistance to and cellular support [89–91]. However, in
succulent species such as cacti, the presence of syringyl monomers is more associated
with tissues with non−lignified parenchyma and not fibers [38,92,93], so the presence of
syringyl could be associated with a defense mechanism against pathogens [93] as it has
been reported for bryophytes, conifers and angiosperms [94–98].

4.4. Cellulose and Lignin Anatomical Distribution

Analyzing the anatomical distribution of lignin and cellulose in the vascular bundles
of Asparagaceae species was useful in identifying the location of the main structural
components, in addition to explaining the results obtained both in the percentages of
lignocellulosic components and in the proportion of S/G [49,99].

In Figure 4, the fluorescence emitted by the tracheary elements, the fibers, and the
non−lignified and lignified parenchyma showed that lignin had different emissions in its
fluorescence since it ranged from bluish tones to yellow tones. In the species of A. attenuata
and A. convallis, the presence of yellow tones was observed, which would be related to
the type of lignin present in the lignified walls. As proposed by Maceda et al. [93], based
on a tone scale, yellow to green tones would reflect the presence of guaiacyl-type lignin,
while syringyl−type lignin would have shades of lime-green to blue. The difference in the
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tones in the emission of fluorescence has already been reported for various species with
similar tones [100]. The presence of blue tones in fibers in species with S/G ratios above
two [93], as for Ferocactus hamatacanthus and F. pilosus, whose S/G ratio is 11.7 and 3.5,
respectively [38]. Therefore, in the species of Yuccas, whose proportion ranges from 2.8 to
3.9, the presence of fibers and tissue in blue tones responds to the presence of lignin of the
syringyl type.

The presence of lignified parenchyma in the stems of the Yucca species (Figure 4c–f)
agrees with the lignin percentages shown in Table 4 since these species, except for B. gracilis,
had high lignin values, in contrast to the species of A. convallis and A. attenuata (Figure 4a,b).
Therefore, the presence of lignin is a structural support factor for species of tall size and
arborescent shape. However, these species also had high percentages of cellulose (Table 4),
with a predominance of crystalline cellulose (Table 7). Cellulose and lignin not only provide
structural rigidity but also the proportion of S/G, and the presence of crystalline cellulose
could improve water conduction in tracheary elements [101] in addition to protecting
against pathogens [91,102]. The species analyzed in this study are naturally distributed in
Mexico and Y. guatemalensis in Mexico and Guatemala, so it would be interesting to expand
the number of genera to determine if there is heterogeneity in a greater number of species
of the same genus or if they present homogeneity in the composition of cellulose and lignin.

5. Conclusions

The presence of high percentages of cellulose, the predominance of syringyl−type
lignin, percentages above 10% of total extractive components, and the high percentages
of holocellulose (structural sugars) show that Asparagaceae species have potential in the
use of both productions as biofuels as in the production of paper. In addition, the chemical
composition that Asparagaceae species present would be related to biological implications
such as conduction, support, and protection against pathogens.
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Abstract: Tilia amurensis Rupr. and Tilia mandshurica Rupr. and Maxim. are two essential commercial
species, though there is surprisingly little concern about whether their branches can be used in the
current situation of a wood shortage in China. In this study, tissue proportions and fiber morphology,
physical and mechanical properties, and chemical composition of the branchwood were studied
and compared with stemwood to evaluate the potential for papermaking. The branchwood and
stemwood showed similar cell arrangement but different tissue proportions and fiber morphology.
The branchwood had more than 40% fiber proportion, 90%–97% below 0.9 mm in length, 75%–90%
less than 33 in slenderness ratio, and 80% less than 1 in Runkel ratio. The branchwood was as light
and soft as stemwood with a density of 0.32–0.36 g/cm3 and a compressive strength of about 30 MPa.
The branchwood had 6% water extractives, 66% holocellulose, and 22% lignin for T. amurensis, 58%
holocellulose and 30% lignin for T. mandshurica. The results suggest the branchwood is favorable for
mechanical chipping, has the potential to obtain high pulp yield and its fibers can be mixed with
wide, long and thick fibers from other tree species to produce specific paper products. In contrast,
T. mandshurica branchwood may not be suitable for chemical pulping.

Keywords: Tilia amurensis Rupr.; Tilia mandshurica Rupr. & Maxim.; branch; wood properties;
papermaking material

1. Introduction

Branches are an essential part of a tree, the proportion of branchwood to the volume of
the whole tree is about 20%, which varies with species, tree height, and stand condition [1].
Unfortunately, many branches are discarded when harvesting operations concentrate on
stems. Using branchwood for pulping and papermaking can be an additional measure to
ease the conflict between timber supply and demand [2,3]. Branchwood has been used in
pulp and paper making in China since the mid-1960s [4]. With improvements in harvesting
methods [5] and technological advances in wood pulping [6], the prospects for increased
use of branchwood for papermaking materials are promising.

The qualities of pulp and paper products highly depend on the properties of raw
materials, e.g., wood density, fiber dimensions, and chemical composition. Higher pulp
yield is consistent with higher cellulose and hemicellulose content and lower lignin and
extractive content [7,8]. Species with low wood density are indicated to produce printing
and writing sheets, while high-density wood is favorable to make tissue paper [9]. Long
fibers are beneficial for improving the fracture toughness of paper, and short fibers give
superior tear resistance [10,11]. However, wood properties closely related to pulping and
papermaking are lacking for branch, especially for broadleaves grown in China. Branches
and stems of the same tree may differ in wood properties. For example, branchwood has a
smaller cell size than stemwood, because some types of cells are more or less abundant in
branchwood than stemwood [2,12–14]. These differences are important factors affecting
the utilization of wood as a papermaking material [15–17].
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Tilia amurensis Rupr. and Tilia mandshurica Rupr Maxim., two native linden trees in
the temperate zone of the northern hemisphere, are not easily visually distinguishable
from each other [18,19]. They are of commercial importance for honey production and as
essential timber trees in China [20]. The wood of the two linden trees is diffuse-porous
in its gross structure and exhibits well-differentiated growth rings, but there are no color
differences between heartwood and sapwood [21,22]. Linden wood has a minor use in
construction and is commercialized mainly for the manufacture of furniture, craft items,
and plywood [23–25]. A survey shows that most pencil boards are made of linden wood in
China [26].

The work described in this paper will examine tissue proportions and fiber morphol-
ogy, physical and mechanical properties, and chemical composition of the branchwood of
the two Tilia species. We expect that the branches will have similar wood properties to the
stem and could meet the basic requirements of pulping and papermaking.

2. Materials and Methods
2.1. Materials

For each species, three healthy straight trees were randomly selected from the Mao-
ershan Forest Ecosystem Research Station in Heilongjiang Province, northeastern China
(127◦30′–34′ E, 45◦20′–25′ N, 400 m elevation). The site has a continental monsoon climate
with a warm summer, cold, dry winter, and temperate species-rich deciduous broadleaf
forests [27]. A live branch was sampled from each tree’s upper, middle, and lower canopy.
The characteristics of the trees and branches sampled were measured (Table 1). A segment
(about 1 m long) was cut from each sample branch. It should be stressed that efforts to en-
sure sustainable management in the station are crucial; only one 5 mm increment core (from
pith to bark) was collected at 1.3 m stem height (b.h., breast height) as non-destructively as
possible to the stem.

Table 1. Characteristics of the trees and branches sampled 1.

Species Tree Age (yr) Tree Height
(m)

Tree Diameter at
Breast Height

(cm)

Branch Length
(m)

Branch Diameter
(cm)

T. amurensis 60 ± 11.1 21.7 ± 0.6 30.8 ± 5.5 4.4 ± 0.4 8.3 ± 0.7
T. mandshurica 63 ± 5.0 20.3 ± 1.4 31.8 ± 2.5 4.5 ± 0.2 9.1 ± 1.5

1 The data is represented as Means ± SD.

2.2. Xylem Anatomy

A strip (located in the middle of the branches) with 20 (radial) × 10 (tangential) × 10
(longitudinal) mm and a chip with 20 (radial) × 2 (tangential) × 10 (longitudinal) mm were
cut from the lateral wood (mid-way between the tension wood and the opposite wood) of
each branch segment. Two 20 mm long segments (including 3–5 growth rings) were cut from
the middle of each tree core, one for slicing and the other for macerating. A 15-µm-thick
transverse section was cut from each strip and core segment (embedded in paraffin blocks)
using a rotary microtome (RM 2235, Leica Microsystems, Wetzlar, Germany) equipped with
a knife holder, stained with safranin, and then fixed on microscopic slides [28]. The wood
chip and core segment were macerated using the chromic acid-nitric acid method described
by Jeffrey [29]. The macerated material was rinsed and placed on microscopic slides. All
microscopic slides were photographed using a digital light microscopy (Mshot-MD50;
Microshot Technology Limited, Guangzhou, China) to measure tissue proportions with an
image analysis system (TDY5.2; Beijing Tian Di Yu Technology Co., Ltd., Beijing, China) [30].
Fiber dimensions were measured manually. At least 60 measurements were done per
parameter. Two derived indices were calculated using fiber dimension: slenderness ratio as
fiber length/fiber diameter and Runkel ratio as two times fiber cell wall thickness/lumen
diameter [31].

134



Forests 2023, 14, 760

2.3. Physical and Mechanical Properties

Five defect-free cubic test pieces with 20 (radial) × 20 (tangential) × 20 (longitudinal)
mm and prismatic test pieces with 20 (radial) × 20 (tangential) × 30 (longitudinal) mm
were cut from each branch segment to test basic wood density (hereafter referred to as
“wood density”) and compressive strength parallel to grain (hereafter referred to as “com-
pressive strength”) by the Chinese Standard GB/T1933-2009 [32] and GB/T 1935–2009 [33],
respectively. The green volume and absolute weight of each cubic test piece were measured
using the immersion and electronic balance weighing methods, respectively. Wood density
was calculated based on weight and volume values. The prismatic test pieces were adjusted
to a moisture level of 12%, and then the compressive strength was tested using a universal
testing machine (WDW-50B, Jinan Shengfeng Testing Machine Co., Ltd., Jinan, China) with
a loading capacity of 50 kN and a testing speed of 25,000 ± 5000 N/min.

2.4. Chemical Composition

After mechanical tests, all damaged columns for each branch were ground to 40 to
60 mesh wood powder.

The extractives were determined according to the Chinese Standard GB/T 35816–
2018 [34]. Cold water-soluble extraction was carried out at room temperature (23 ± 2 ◦C)
for 48 h. Hot-water-soluble and 1% sodium hydroxide (NaOH) extraction were carried
out by boiling water bath for 3 and 1 h, respectively. The extractive content of the wood
powder was calculated by weight lost when extracted.

The holocellulose, cellulose, and lignin were determined by glacial acetic acid-sodium
chlorite, nitric acid-ethanol, and sulphuric acid hydrolysis methods, respectively, according
to the Chinese Standard GB/T 35818–2018 [35]. The contents were calculated based on
the final residue. The hemicellulose content was calculated as the subtraction of cellulose
content from holocellulose content.

2.5. Data Analysis

Data processing and analysis were performed using IBM SPSS Statistics software (Ver-
sion 24.0, International Business Machines Corporation, Armonk, NY, USA). Interspecific
and differences between branch and stem, and the two species in wood properties were
evaluated by variance analyses with alpha significance less than 0.05 and 0.01. The fitting
curves of the fiber length and derived parameter distributions were developed using a
normal distribution function, and skewness and kurtosis were used to check the normality
of the data sets.

3. Results and Discussion
3.1. Wood Tissue Proportions

The stemwood of the T. amurensis and T. mandshurica was diffuse-porous, with vessels
arranged as clusters, multiples, or solitary (Figure 1a,b). Growth rings were distinct. There
were many, but relatively narrow, rays. Axial parenchyma was sparce, axial parenchyma
apotracheal short tangential lines, (terminal) and in marginal or in seemingly marginal
lines, as reported in previous studies [22], T. mandshurica showed a more frequent diagonal
pattern in vessels arrangement than the T. amurensis. Compared to stemwood, branchwood
showed diffuse to echelon arrangement in vessel groups; latewood vessels were about half
the diameter of earlywood vessels (Figure 1c,d).

The mean fiber proportion of stemwood was over 50% and above the value reported
by Fang et al. [36]. Fang et al. also measured the proportions of vessels (26.6%), rays (13.6%)
and axial parenchyma (13%) that sightly differed from the present results (Table 2). In the
study by Fang et al., the linden trees were sampled from southwest China, which is about
3300 km from the sampling site (northeast China). Northeast China is a sub-humid region
in the cold temperate zone, the mean annual precipitation is 629 mm, and January and July
air temperature are −18 and 22 ◦C, respectively [27]. Southwest is a humid region in the
subtropical zone, the mean annual precipitation is 800–1600 mm, and January and July air
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temperature are 5–12 and 20–30 ◦C, respectively [37]. Thus, variation in provenance may
be the main reason for the difference [38]. Interspecific differences in tissue proportions
were significant for stemwood (p < 0.05, except ray proportion) but not for branchwood.
These differences in tissue proportions can lead to differences in porosity, shrinkage, and
treatment capacity.
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Figure 1. Cross-sections of the stemwood of T. amurensis (a) and T. mandshurica (b), and of the
branchwood of T. amurensis (c) and T. mandshurica (d): axial parenchyma (P), ray parenchyma (R),
vessels (V) and fibers (F). The scale bar represents 200 µm.

Table 2. Comparison of tissue proportions in the branchwood and stemwood from two Tilia species 1.

Tissue Species Stemwood Branchwood

Fiber (%)
T. amurensis 60.35 ± 0.73 42.50 ± 4.75 2 *

T. mandshurica 53.77 ± 0.80 50.65 ± 1.71 *

Vessel (%)
T. amurensis 17.60 ± 0.78 30.01 ± 2.37 **

T. mandshurica 25.38 ± 0.96 30.64 ± 1.73 *

Ray (%) T. amurensis 13.12 ± 0.53 19.75 ± 1.90 **
T. mandshurica 12.04 ± 0.47 17.00 ± 1.54 **

Axial parenchyma (%) T. amurensis 9.20 ± 0.14 7.93 ± 0.61 *
T. mandshurica 11.95 ± 0.29 9.24 ± 0.99 *

1 The data is represented as Means ± SE. 2 Data in bold indicate significant differences between species at p = 0.01.
* and ** indicate significant differences between branchwood and stemwood at p = 0.05 and 0.01, respectively.

The proportion of fiber in branchwood was lower than the stemwood, but it was more
than 40%, indicating the potential of branchwood to obtain a high pulp yield [39]. Specified
proportions of parenchyma are good for press-dried paper, increasing the bond strength
in the paper [40]. However, redundant vessel elements in the sheets reduce mechanical
properties and cause linting problems [16].
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3.2. Fiber Morphology

Interspecific differences in fiber dimensions were significant (p < 0.01) for the stem-
wood of the two species (Table 3). The average fiber length for stemwood was similar
(0.7–1.6 mm) to most of the hardwood species [41], and the mean length for T. amurensis
stemwood was similar to the medium-length fibers (0.9–1.6 mm) according to the IAWA [42].
The stemwood fibers were wide (average 31–41 µm) and similar to Paulownia fortune and
Alniphyllum fortunei [43], and were up to a particular wide grade (>30 µm) proposed by
Cheng et al. [44]. The average lumen diameter and double wall thickness of the fibers
were about 20 µm for T. amurensis stemwood, and 15 µm for T. mandshurica. The average
fiber lumen diameter of the linden stemwood was similar to Betulaplaty phylla [45] and
Alnus sibirica [31], but the fiber wall was too thick. For example, a thicker cell wall would
make the fiber more flexible but lead to a massive void in the paper produced in Prunus
domestica [46].

Table 3. Comparison of fiber dimensions and their derived indices of branchwood and stemwood
from two Tilia species 1.

Species Stemwood Branchwood

Fiber length (mm) T. amurensis 0.96 ± 0.20 2 0.59 ± 0.16 **
T. mandshurica 0.83 ± 0.22 0.73 ± 0.17 **

Fiber width (µm)
T. amurensis 40.58 ± 0.43 23.95 ± 0.33 **

T. mandshurica 31.02 ± 0.38 25.65 ± 0.45 **

Lumen diameter (µm)
T. amurensis 20.51 ± 0.35 13.80 ± 0.26 **

T. mandshurica 15.91 ± 0.29 15.38 ± 0.31 n.s.

Double wall thickness (µm)
T. amurensis 20.08 ± 0.27 10.15 ± 0.13 **

T. mandshurica 15.11 ± 0.24 10.28 ± 0.28 **

Slenderness ratio
T. amurensis 24.73 ± 0.43 25.86 ± 0.52 n.s.

T. mandshurica 29.64 ± 0.30 30.21 ± 0.51 **

Runkel ratio
T. amurensis 1.07 ± 0.01 0.79 ± 0.02 **

T. mandshurica 1.03 ± 0.02 0.74 ± 0.02 **
1 The data is represented as Means ± SE. 2 Data in bold indicate significant differences between species at p = 0.01.
** indicate significant differences between branchwood and stemwood at p = 0.01, respectively. n.s. indicate no
significant differences.

Average fiber dimensions (except lumen diameter) for branchwood were significantly
lower (i.e., shorter and narrower fibres) compared to stemwood (p < 0.01). Similar results
were found in many hardwoods [14,31]. These may be ascribed to cambial age and distance
from apical meristem [28,47]. Short and narrow fibers could have resulted from a faster
growth rate during wood formation in the branches and the extent of invasive growth of
the tip of the fibers during their differentiation [48]. The average fiber dimensions were
significantly lower in branchwood of T. amurensis than those of T. mandshurica (p < 0.01),
except for cell wall thickness. Compared to long and wide fibers, short and narrow fibers
make it challenging in specific usage of lignocellulosic materials [38,49]. For example,
longer fibers are preferred to shorter fibers due to their capacity to produce paper with
greater tensile strength and toughness [10]. However, shorter fibers could give superior
tear resistance at higher levels of sheet density [11].

The average fiber length for T. amurensis branchwood was 0.59 mm, which does not fall
in the range values (0.7–1.6 mm) for most of the hardwood species [41]. Even the average
fibers in T. mandshurica branchwood that were 0.72 mm long only met the IAWA category
for the shorter fibers [42]. Figure 2a–d shows the distribution of fiber length. Table 4 shows
that the skewness and kurtosis of distributions appeared to meet the normality assumption
(|skewness| < 2.1 and |kurtosis| < 7.1) set by West et al. [50]. However, the fact was that
all distributions were not standard but slightly skewed. About 50% and 30% of the fibers
had a length greater than 0.9 mm in T. amurensis and T. mandshurica stemwood, respectively.
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Only 10% of the fibers in T. mandshurica branchwood with a length of more than 0.9 mm,
and less T. amurensis, only 3%. About 80% of the fibers showed 0.4–0.8 mm and 0.5–0.9 mm
in length in T. amurensis and T. mandshurica branchwood, respectively. These results showed
that the short fibers of the branchwood would be a factor limiting its application in pulp
and papermaking.
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Figure 2. Relative frequency (histogram), cumulative frequency (dotted line), and fitted normal
distribution (solid line) of fiber length, slenderness ratio and Runkel ratio. (a) Fiber length of T.
amurensis branchwood. (b) Fiber length of T. amurensis stemwood. (c) Fiber length of T. mandshurica
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mandshurica stemwood.

Table 4. Skewness and kurtosis (data in brackets) of normal distribution curves for fiber length,
slenderness ratio and Runkel ratio.

T. amurensis T. mandshurica

Branchwood Stemwood Branchwood Stemwood

Fiber length (mm) 0.61 (−0.20) 0.32 (−0.25) 0.51 (0.01) 0.42 (−0.23)
Slenderness ratio 0.76 (0.55) 0.96 (1.18) 0.77 (0.46) 0.70 (−0.07)

Runkel ratio 1.13 (2.02) 0.48 (−0.11) 1.12 (1.38) 0.50 (−0.15)

The average slenderness ratio of the fibers for both branchwood and stemwood was
smaller than the acceptable value (33) in papermaking [51]. About 10% of the fibers with the
slenderness ratio were above 33 for T. mandshurica, and 25% for T. amurensis (Figure 2e–h).
Therefore, it is difficult for both species to produce high-quality pulp. In fact, many paper
products on the market have slenderness ratio of less than 33 due to a severe shortage of
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wood resources, as witnessed, for example, by study of paper and paper egg trays used in
Southwestern Nigeria by Amoo et al. [52].

The average Runkel ratio of fibers in the branchwood was less than 1, which implied
that the fibers would collapse and provide a large surface area for bonding during paper-
making [46]. The distribution of the Runkel ratio were skewed to the right (Figure 2i–l),
indicating that most of the data were below its average value. The distribution of the Runkel
ratio in T. mandshurica branchwood was steep, with kurtosis up to 2.02 (Table 4), indicating
that the data were relatively centralized. More than 55% of the fibers in stemwood had a
Runkel ratio less than 1, while up to 80 % in branchwood. Therefore, the short fibers of
branchwood can be mixed with some long fibers (for example, softwood fibers) in different
proportions to produce particular products, such as newsprint, packaging, and hygienic
tissue products [48,53].

3.3. Physical and Mechanical Properties

Wood density is generally believed to reflect fiber wall thickness [54]. However, these
results showed that linden trees with thick-walled fibers (Table 3) did not appear to produce
high wood density (Table 5). Despite the low density of wood, the values still met the
density requirement (0.3 to 0.5 g/cm3) of papermaking raw material [55]. The correlation
between wood density and pulp yield is still controversial, but the correlation between
wood density and pulp and paper quality is recognized [7,56]. Colodette et al. [57] suggest
that species with low density wood should be directed towards manufacturing refined
paper (printing and writing grades). Referring to the research of Kennedy et al. [58], pulp
produced from linden wood is suitable for manufacturing fine paper. Wood density was
similar between stemwood and branchwood. Similar wood density creates a favorable
condition for mixing stemwood and branchwood in cooking to optimize the production
process and pulp quality [56].

Table 5. Comparison of physical and mechanical properties of the branchwood and stemwood from
two Tilia species 1.

Species Branchwood Stemwood [59]

Wood density (g/cm3)
T. amurensis 0.36 ± 0.09 0.36

T. mandshurica 0.32 ± 0.01 0.33

Compressive strength parallel to grain (MPa) T. amurensis 30.57 ± 1.05 34.9
T. mandshurica 30.93 ± 1.03 32.7

1 The data of branchwood is represented as Means ± SE.

Generally, the mechanical strength is weak in species with low wood density [60].
The compressive strength of linden wood is below 45 MPa, and even below the values
of fast-growing Populus deltoides (36.46 MPa) reported by Feng [61], belonging to the low
strength range according to the classification of wood mechanical properties [62]. Although
having similar densities, the branchwood has a slightly lower compressive strength than
the stemwood’s value [59]. The low density and strength of linden wood confirm that it is
rarely used in construction (see Section 1). Still, it also implies less energy consumption in
mechanical chipping [63] and an enormous potential to produce printing and writing sheets.

3.4. Chemical Properties

Table 6 shows that the branchwood of T. amurensis had more cold and hot water extrac-
tives than the stemwood reported by Lu [64], suggesting that branchwood contained more
water-soluble material, such as starch and soluble sugar. This suggestion has already been
demonstrated in previous studies [27,65]. The cellulose content in T. amurensis branchwood
was lower (36.73%) and hemicellulose content was higher (30.93%) than in stemwood,
and the contents exceeded the reference 45%–50% for cellulose content and 20%–25% for
hemicellulose content [66]. Similar results were found in other tree species [45,67]. A high
proportion of sapwood in the branches may be the main reason [45]. Still, branchwood
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contained a large amount of holocellulose (total cellulose and hemicellulose) and a small
amount of lignin (22.34%), which was beneficial for pulping [8,68]. The branchwood of T.
mandshurica showing cold and hot water extractives were not much different from those of
T. amurensis. However, NaOH extractive in the branchwood of T. mandshurica was about 6%
less than that of T. amurensis. This may be because the branchwood of T. mandshurica had
less hemicellulose (20.98%) than that of T. amurensis. Some studies [69,70] have shown that
although hemicellulose is a structural carbohydrate, it is not as stable as cellulose. Wood
treated with 1% NaOH can dissolve a portion of hemicellulose in addition to water-soluble
substances. Thus, low hemicellulose content in T. mandshurica branchwood leads to low 1%
NaOH extractives. The cellulose content in T. mandshurica branchwood was close to that of
T. amurensis branchwood. However, T. mandshurica branchwood had a high lignin content
(30.48%), and the content was almost close to the critical reference 20%–30% [66], which
was not beneficial for pulping [68].

Table 6. Comparison of chemical composition of branchwood and stemwood from two Tilia species 1.

Species Branchwood Stemwood [64]

Cold water extractives
content (%)

T. amurensis 6.45 ± 1.05 2 2.81
T. mandshurica 6.01 ± 0.65 —

hot water extractives
content (%)

T. amurensis 6.88 ± 0.16 2.77
T. mandshurica 6.45 ± 1.05 —

1%NaOH content (%)
T. amurensis 18.0 ± 2.05 24.61

T. mandshurica 11.92 ± 0.90 —

Cellulose content (%)
T. amurensis 36.73 ± 3.10 49.64

T. mandshurica 38.64 ± 3.43 —

Hemi- cellulose content (%)
T. amurensis 30.93 ± 1.59 22.59

T. mandshurica 20.88 ± 2.28 —

Lignin content (%) T. amurensis 22.34 ± 4.69 24.68
T. mandshurica 30.48 ± 4.50 —

1 The data is represented as Means ± SE. 2 Data in bold indicate significant differences between species at p = 0.01.
— indicate no data for reference.

4. Conclusions

The branchwood and stemwood showed significant differences in their tissue pro-
portions and fiber dimensions despite showing similar cell arrangements (p < 0.05). The
branchwood have more than 40% fiber proportion, indicating there is the potential to obtain
high pulp yield. The branchwood have a short, narrow, and thin fiber dimensions and
small slenderness ratio, but a suitable Runkel ratio to papermaking. Branchwood fibers can
be mixed with large fibers from other tree species to produce specific paper products. The
density and compressive strength of branchwood and the reported stemwood values are
similar and relatively weak, which would be beneficial for mechanical chipping. Compared
to stemwood, T. amurensis branchwood has less cellulose but more holocellulose (about
67%) and less lignin (22%), which was beneficial for pulping. T. mandshurica branchwood
may not be suitable for chemical pulping due to its high lignin content (up to 30%).
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Abstract: Wood characteristics and properties are related to various factors connected to the bio-
chemical processes that occur in the tree during wood formation, but also, to the interactions with
the environmental conditions at the tree growing location. In addition to climatic factors, several
investigations drew attention to the significance of the influence of other environmental parameters
at the tree growing location. In this perspective, this work aimed to characterize the variation in color
and chemical composition of timber wood from different locations in southern Mali, of trees growing
under the same climatic conditions. To do so, a total of 68 grounded wood samples, from 4 timber
wood species (Daniellia oliveri, Isoberlinia doka, Khaya senegalensis, and Pterocarpus erinaceus), were
analyzed using CIELab color space and FTIR-ATR. Overall, the results indicated that the variation in
wood color and chemical properties can be related to the local environmental conditions. Pterocarpus
erinaceus presented significant differences between samples from the three areas according to the
highest number of variables (color parameters, molecular composition determined by FTIR-ATR
spectroscopy, and FTIR-ATR ratios). Daniellia oliveri and Khaya senegalensis, however, showed signifi-
cant differences between areas of provenance for a lower number of variables. Isoberlinia doka, for
its part, showed no significant differences and seems to be less sensitive to environmental factors.
Furthermore, the results revealed that important differences exist between wood samples from Kati
and Kéniéba.

Keywords: tropical timber; color parameters; mid-infrared spectroscopy; FTIR ratios; environmental
factors; West African Sahel

1. Introduction

Wood characteristics and properties (e.g., aesthetical, physical, and chemical) are
important parameters that make it valuable for a given end-use [1]. In construction, wood
density and other mechanical properties, as well as its natural durability, are among the
most considered wood characteristics to face biotic and abiotic threats, whereas, in the
art industry, the required characteristics are related to its easy manipulation for carving
or a certain specific tune when referring to musical instruments [2–4]. It is well known
that wood characteristics and properties are related to various factors connected to the
biochemical processes that occur in the tree during wood formation, but also, to the
interactions with the environmental conditions at the tree growing location [5]. Over the
last decade, numerous studies have been carried out on a large variety of wood species,
in temperate regions and in tropical regions, to unravel the biogeochemical processes
that are behind the composition of this complex lignocellulosic material [6–8]. Despite
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the great advances in the field, more work is needed, especially taking advantage of
the multidisciplinary aspect of wood research, to obtain a better understanding of the
endogenous and exogenous factors controlling wood characteristics and properties.

The effects of the environmental conditions on wood structure and composition come
out with various parameters related to the climate, as well as to physical, chemical, and
biological processes at the tree growing location [9,10]. Variations of these environmental
factors can be related to parameters that reflect such changes in wood structure and
composition [11,12]. For instance, tree-ring width is one of the most used proxies in wood
research to provide a general overview of tree growth [13,14]. The analysis of anatomical
features and the structure of growth rings (earlywood width, latewood width, total ring
width) provides insights into the main growth-limiting climatic factors (e.g., temperature,
precipitation, drought, etc.), and enables the retrieval of information about the modification
of structural features by soil moisture content, depth of groundwater table, slope, etc. [6,15].
Likewise, wood chemical composition (molecular, elemental, and isotopic) constitutes a
potential means for the characterization of wood and for the understanding of the effect that
the variability in environmental and climatic conditions has on the quality and properties
of wood [16,17]. To our understanding, the development of these promising approaches
still requires further research work in order to provide both a theoretical basis (i.e., an
understanding of the factors behind wood composition and its characteristics) and a well-
grounded methodological approach for wood characterization and fingerprinting (i.e., a
means to determine the specific features concerning a given factor).

An increasing number of studies are conducted to develop methodological approaches,
using accessible and handy analytical techniques. This approach has been important to
obtain a better understanding of wood physical and chemical characteristics in relation
to environmental influences. To give an example, CIELab color space parameters have
been used to study the link between wood color variation and various factors, including
genetic, climatic, and edaphic [18–20]. In a like manner, the various applications of infrared
spectroscopy revealed the great potential of this technique to investigate the link between
wood molecular composition and tree species, as well as the wood provenance [21–24].
Additionally, data from these techniques can be used in parallel with other parameters
related to structure and composition to foster the multiproxy potentially associated with
wood research disciplines [20,25,26].

The main objective of the present research is to assess the variation in the characteristics
(physical and chemical) of timber wood from three different areas of provenance, in a
limited geographical area, under the same climatic conditions. To do so, we have applied
CIELab color space and FTIR-ATR spectroscopy to wood samples of four timber wood
species (Daniellia oliveri, Isoberlinia doka, Khaya senegalensis, and Pterocarpus erinaceus) from
different locations (Kéniéba, Kita, and Sibi) in southern Mali. Data analysis has been
performed using uni- and multivariate statistical methods (one-way ANOVA and principal
component analysis).

2. Materials and Methods
2.1. Origin of the Wood Materials and Wood Species

The wood materials used for this research belong to 11 wood cross-sections obtained
from individual planks of commercialized timbers, from three different areas in Mali:
Kéniéba (12◦50′43′′ N, 11◦14′08′′ W), Kita (13◦1′41′′ N, 9◦30′5′′ W), and Sibi (12◦22′39′′ N,
8◦19′35′′ W) (Figure 1). All three areas are located, under the same climatic conditions, in
the Sudano–Guinean climatic zone with average annual rainfall ranging between 800 and
1200 mm, and ferralitic soils predominate [4,27]. The consideration of this geographical
delimitation is related to the main purpose of this study, which intends to draw attention
to other factors characterizing the local environmental conditions (e.g., location of origin)
rather than climatic factors that seem to be the most studied factors driving changes in
wood properties.
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Figure 1. Map showing the area of origin of the studied woods.

The 11 wood cross-sections correspond to four timber wood species: Daniellia oliveri,
Isoberlinia doka, Khaya senegalensis, and Pterocarpus erinaceus, which are indigenous African
tree species with a geographic distribution ranging from West to East Africa [28–30]. These
species are associated with high natural resistance to the less favorable climatic conditions
of the tropical arid Sahelian and semiarid Sudanian zones in the West African Sahel [31,32].
Further, the selected wood species are among the most used timber wood with vital
importance for local economic development [33,34]. According to the IUCN Red List,
D. oliveri and I. doka are registered as the least concerned species, whereas K. senegalensis
and P. erinaceus are, respectively, indicated as vulnerable and threatened species [35–38].
Moreover, these species are being affected by widespread forest degradation because
of increasing demand for forest products and excessive exploitation combined with the
changing environmental conditions without appropriate regeneration measures [33,39].
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2.2. Sample Preparation

Once at the laboratory, for different analytical purposes, each cross-section was divided
into two identical parts along the radial direction. The first part was prepared following
standard dendrochronological methods to improve the visibility of the growth rings and
related macroscopic and microscopic features. The wood surface was manually polished
with fine sandpaper (grain sizes from P600 to P1200, Federation of European Producers of
Abrasives). This first part enabled us to obtain images of transverse sections, using a Leica
Emspira 3 digital microscope (Leica Microsystems GmbH, Wetzlar, Germany), as presented
in Figure 2. As for the second part, in the first step, it was divided along the radial direction
into small pieces of 3 to 4 cm. Thereafter, a portion (10–15 g) of each wood piece was
milled to a very fine powder and homogenized using a Retsch mixer mill MM 301 (Retsch
GmbH, Haan, Germany), with final fineness <5 µm, and oven dried at 30 ◦C for two weeks
before the analysis using CIELab color space and infrared spectroscopy techniques. It is
worth mentioning that the main reason for milling the wood to very fine powder is related
to the later application of the X-ray fluorescence techniques to determine the elemental
concentrations, not to the color measurement nor the infrared spectroscopy technique.
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doka, KS for Khaya senegalensis, and PE for Pterocarpus erinaceus. Z1, Z2, and Z3 refer to Kita, Sibi, and
Kéniéba, respectively.
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2.3. Analytical Techniques

In total, 68 grounded wood samples (see Table 1) were analyzed with two commonly
used analytical techniques for wood color and chemical characterization, under room
standard temperature and humidity conditions. Color parameters were measured in the
CIELab color space using a Konica-Minolta CR-5 Chroma Meter for solids (Konica Minolta
Inc., Japan). The CIELab color space provides numerical values for color coordinates:
lightness (L*), green–red component (a*), blue-yellow component (b*), chroma (C*), and
hue (h◦). The infrared spectra were recorded, using an Agilent Cary 630 FTIR Spectrometer
(Agilent Technologies Inc., USA), by Fourier-transform infrared spectroscopy in attenuated
total reflectance mode (FTIR-ATR). Spectra were obtained in the mid-infrared region (MIR,
4000–400 cm−1) by performing 100 scans at a resolution of 4 cm−1. Further analytical
details are provided elsewhere [40,41].

Table 1. Total number of samples (per species and area) analyzed using CIELab and FTIR-ATR.

Wood Species Kéniéba Kita Sibi Total

Daniellia oliveri 6 5 6 17

Isoberlinia doka 5 5 - 10

Khaya senegalensis 8 8 8 24

Pterocarpus erinaceus 6 6 5 17

Total 68

2.4. Data Analysis

For the color data, data analysis addressed the color coordinates including lightness
(L*), redness (a*), yellowness (b*), chroma (C*), and hue (h◦). For the FTIR data, in the first
place, we focused on a selected number of infrared bands on the basis of peak identification
using the R package andurinha [42]. Then, we applied principal component analysis
(PCA) using varimax rotation to the selected MIR bands, on the correlation mode. The
extracted PCA components were further used, instead of individual FTIR bands. Finally, we
calculated the following FTIR ratios: lateral order index (LOI, 1425/895), guaiacyl/syringyl
ratios (1265/1230 and 1510/1595), lignin/carbohydrate ratios (1510/1460, 1510/1375, and
1510/895). These FTIR ratios mostly help to determine changes in the molecular structure
of polysaccharides and lignin [43,44].

Furthermore, to evaluate whether there were significant differences between wood
samples from the three areas (Kéniéba, Kita, and Sibi), for each wood species, we applied
one-way analysis of variance (ANOVA) using as variables the CIELab color parameters,
the extracted PCA components, and the calculated FTIR ratios.

The statistical tests, one-way ANOVA and principal component analysis, were per-
formed using SPSS 27.

3. Results and Discussion
3.1. Variations in Wood Color Parameters

The color data indicated that the influence of the provenance of the wood sample can
depend on the tree species. As presented in Table 2, no significant differences were observed
between samples from the three areas where the timbers were collected, for Daniellia oliveri
and Isoberlinia doka. However, for Khaya senegalensis and Pterocarpus erinaceus, there were
significant differences between samples from the three areas. It appears that woods from
Kita are highly different from woods of the two other areas (Sibi and Kéniéba). As for
K. senegalensis, the highest yellowness (b*) values were associated with wood from Kita, the
lowest values for Kéniéba, and intermediate values for wood from Sibi (Figure 3). Also, the
highest hue (h◦) values were related to wood from Kita, and wood from Sibi and Kéniéba
similarly indicated the lowest h◦ values. Regarding P. erinaceus, woods from Kita were
characterized by the highest values of lightness (L*) and redness (a*), and the lowest values
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were obtained for woods from Sibi and Kéniéba, which appear to be analogous. The h◦

values for P. erinaceus were found to be the opposite of what has been pointed out by the
wood samples of K. senegalensis.

Table 2. Summary of the one-way ANOVA using the CIELab color parameters.

Wood Species Color Parameters Mean SD df F Sig.

Daniellia oliveri

Lightness (L*) 60.14 2.10 2 0.78 0.48

Redness (a*) 8.24 0.29 2 3.01 0.08

Yellowness (b*) 25.33 1.64 2 0.58 0.57

Chroma (C*) 26.65 1.57 2 0.54 0.59

Hue (h◦) 71.92 1.23 2 1.39 0.28

Isoberlinia doka

Lightness (L*) 47.82 4.12 1 0.12 0.74

Redness (a*) 14.88 0.58 1 0.47 0.51

Yellowness (b*) 18.08 0.93 1 0.33 0.58

Chroma (C*) 23.42 0.90 1 0.03 0.87

Hue (h◦) 50.52 1.54 1 1.12 0.32

Khaya senegalensis

Lightness (L*) 50.86 3.18 2 2.68 0.09

Redness (a*) 15.53 0.52 2 0.70 0.51

Yellowness (b*) 19.09 0.66 2 7.63 0.00 (1)

Chroma (C*) 24.61 0.66 2 2.16 0.14

Hue (h◦) 50.87 1.23 2 9.11 0.00 (1)

Pterocarpus erinaceus

Lightness (L*) 55.76 3.20 2 4.25 0.04 (2)

Redness (a*) 11.87 1.09 2 8.29 0.00 (1)

Yellowness (b*) 23.83 0.85 2 0.37 0.70

Chroma (C*) 26.65 0.62 2 0.91 0.43

Hue (h◦) 63.52 2.64 2 4.91 0.02 (2)

(1) significant differences at p < 0.01; and (2) significant differences at p < 0.05.
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Figure 3. Bar chart of the mean values of color parameters showing significant differences between
samples from the three areas; (a) for K. senegalensis (n = 8 for Kita, n = 8 for Sibi and n = 8 for Kéniéba),
(b) for P. erinaceus (n = 6 for Kita, n = 5 for Sibi and n = 6 for Kéniéba); (the labels a, ab, and b refer to
group classification in ascending order of the Student–Newman–Keuls post-hoc test).

These differences observed using the wood color parameters may be related to the
variation in wood contents in relation to the tree growing locations. As mentioned in
various studies, wood color is connected to its chemical contents, especially the extractive
compounds [45,46]. Therefore, the color characteristics of wood can result from processes
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linked to genetic effects but also the effects of environmental conditions at the tree growing
location [20,47]. L* and a* are usually connected to the extractives and phenols, while b* is
usually related to lignin and polysaccharides [46,48]. The latter may suggest that, on the one
hand, the significant differences observed for the wood samples of K. senegalensis may be
due to processes that control the chemical content in the wood cell walls (polysaccharides
and lignins) and, on the other hand, the significant differences observed between the wood
samples of P. erinaceus may be due to variation in the wood extractive contents. Similar
results have been found for wood from trees growing in different environmental conditions,
including different soil properties [19,49,50].

3.2. Variations in Wood FTIR Absorption Bands

The principal component analysis extracted six components (with 26, 25, 14, 13, 10,
and 7% of explained variance, respectively) that explained about 95% of the total variance
in the dataset. All the selected bands showed a communality value above 0.85. The first
component (PC1) is characterized by large positive loadings for bands related to vibrations
in aromatic rings and in carboxylic groups in lignin (near 1623, 1606, and 1592 cm−1) and
wagging in crystalline cellulose (at 1318 cm−1); and large negative loadings for bands
associated with carbonyl vibration in ester and acetyl groups in hemicellulose (near 1735,
1720 and 1703 cm−1) (Table 3). The second component, PC2, shows positive loadings for
vibrations related to the molecular structure in guaiacyl and syringyl lignin moieties (1510,
1264, 1245, 1228, and 822 cm−1), C-H deformation in lignin and carbohydrates (1461 cm−1),
C-H out of plane in cellulose (895 cm−1), and negative loadings for O-H bond vibration
of absorbed water on cellulose (near 3323 and 1655 cm−1) (Table 3). Regarding the third
and fourth components (PC3 and PC4), they are characterized by large positive loadings
for methyl and methylene stretching of aliphatic structures in cellulose and in extractive
compounds (2935, 2922, and 2853 cm−1) and C-O stretching in polysaccharides (1055, 1031,
1019, and 986 cm−1), respectively (Table 3). The fifth component, PC5, is characterized
by positive loadings for methoxyl and aromatic skeletal vibrations in lignin and in extrac-
tive compounds (near 1560, 1543, and 1422 cm−1). The last extracted component, PC6,
presents positive loadings for bands associated with C-O-C stretching in cellulose (1124
and 1107 cm−1) (Table 3). For more insight, the average relative absorption spectra of the
wood species with the associated assignment for the absorption bands are presented in
Figure 4.

Table 3. List of FTIR bands (with loading values) in relation to the extracted PCA components.

PC1 PC2 PC3 PC4 PC5 PC6

Bands with
positive
loadings

1623 (0.94) 822 (0.91) 2922 (0.92) 1019 (0.96) 1422 (0.79) 1107 (0.77)
1606 (0.87) 1245 (0.91) 2935 (0.92) 986 (0.91) 1543 (0.76) 1124 (0.61)
1592 (0.86) 1228 (0.89) 2853 (0.89) 1031 (0.91) 1560 (0.67)
1318 (0.74) 1264 (0.82) 1055 (0.71) 1375 (0.55)

895 (0.78) 1159 (0.52)
1510 (0.64)
1461 (0.64)

Bands with
negative
loadings

1735 (−0.86) 1655 (−0.70)
1720 (−0.86) 3323 (−0.62)
1703 (−0.83)

The one-way ANOVA applied to the PCA component scores enabled us to identify the
components that show differences between wood samples from the three geographical areas.
A summary of this statistical analysis is provided in Table 4. It appears evident that the
significance of differences, based on FTIR data, between the sources of the studied samples
depends on the wood species. For instance, no significant differences were observed for
I. doka, whereas significant differences were shown by D. oliveri for PC4, by K. senegalensis
for PC3 and PC4, and by P. erinaceus for PC5 and PC6. Overall, samples from Kita and
Kéniéba showed high component scores (Figure 5). For D. oliveri, the samples from Kéniéba
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were associated with positive scores of PC4, whereas samples from Kita and Sibi were
similarly associated with negative scores of PC4. As for K. senegalensis, woods from Kita
were associated with negative scores of PC3 and positive scores of PC4, whereas woods
from Kéniéba were characterized by positive scores of PC3 and negative scores of PC4. For
both PC3 and PC4, intermediate values of component scores were related to wood from
Sibi, and regarding P. erinaceus, the woods from Kita were associated with negative scores
of PC5 and PC6, whereas woods from Sibi and Kéniéba were similarly associated with
positive scores of PC5 and PC6.
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Table 4. Summary of the one-way ANOVA using component scores of PCA components.

Wood Species PCA Component df F Sig.

Daniellia oliveri

PC1 2 0.21 0.81

PC2 2 0.41 0.67

PC3 2 0.42 0.66

PC4 2 6.99 0.01 (1)

PC5 2 0.44 0.65

PC6 2 3.03 0.08

Isoberlinia doka

PC1 1 1.54 0.25

PC2 1 0.01 0.92

PC3 1 0.15 0.71

PC4 1 0.00 0.99

PC5 1 2.93 0.13

PC6 1 0.35 0.57
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Table 4. Cont.

Wood Species PCA Component df F Sig.

Khaya senegalensis

PC1 2 1.39 0.27

PC2 2 1.30 0.29

PC3 2 5.50 0.01 (2)

PC4 2 4.51 0.02 (2)

PC5 2 0.49 0.62

PC6 2 2.25 0.13

Pterocarpus erinaceus

PC1 2 3.50 0.06

PC2 2 3.40 0.06

PC3 2 2.87 0.09

PC4 2 1.15 0.35

PC5 2 12.08 0.00 (1)

PC6 2 4.56 0.03 (2)

(1) significant differences at p < 0.01; and (2) significant differences at p < 0.05.
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From the results described above, the FTIR signal related to the main macromolecules
(cellulose, hemicellulose, and lignin) and extractive contents can be explored to evaluate
the relation between the variations in wood characteristics and provenance of the studied
timber wood. Again, it seems that the wood of the studied tree species was not equally af-
fected by the different local environmental conditions. These results suggest that glycosidic
bonds (in polysaccharides) and aliphatic structures (in polysaccharides and extractives)
are the most indicative of the identified chemical variations in relation to the origin of the
wood samples for D. oliveri and K. senegalensis. In fact, the variation in polysaccharide
contents in wood can also be linked to the degree of disturbance related to the environ-
mental conditions at the tree growing location [17,51]. Thus, we could conclude that the
local environmental conditions at Kéniéba and Kita have a significant influence on the
polysaccharide contents of wood of D. oliveri and K. senegalensis, respectively. This result is
also in agreement with what has been described earlier for the color data, for K. senegalensis,
about the significant differences showed by the yellowness (b*) values, which can be related
to the polysaccharide contents [46,48]. Nevertheless, we should also draw attention to
the fact that biochemical responses to environmental factors may vary depending on the
wood species [51]. Furthermore, for P. erinaceus, it seems that extractive compounds with
aromatic structures are also indicative of changes that differentiate between wood from
different provenance areas. Previous studies on this wood species, in Togo and in Mali
(West Africa), revealed that its extractive contents depend on the soil properties at the
tree growing location [4,52]. Finally, these findings highlight that wood chemistry and
biochemical processes of wood formation are also related to environmental factors other
than climate [9,53].

3.3. Variations in Wood FTIR Ratios

The one-way ANOVA applied to the FTIR ratios dataset revealed the possibility
to differentiate the wood samples of the three studied areas. The summary of these
results is provided in Table 5. No significant differences were found for samples of I. doka
and K. senegalensis, whereas significant differences were found for D. oliveri based on
the guaiacyl/syringyl (GS2, 1510/1595) and lignin/carbohydrate (LC1, 1510/1460; LC2,
1510/1375; and LC3, 1510/895) ratios, and for P. erinaceus for all the considered ratios
(Table 5). Again, as illustrated in Figure 6, samples from Kita and Kéniéba stand out by the
average values of the FTIR ratios. For D. oliveri, samples from the areas of Kita and Sibi
appeared to be very much alike with positive values of the FTIR ratios, whereas samples
from the area of Kéniéba were associated with negative values of the FTIR ratios. Regarding
P. erinaceus, all FTIR ratios except for the guaiacyl/syringyl ratio (GS1, 1265/1230) showed
significantly lower values for Kita, as compared to Sibi and Kéniéba, which presented
similar values. In contrast, the 1265/1230 ratio values were significantly higher for wood
from Kita than for the wood from Sibi and Kéniéba.

Table 5. Summary of the one-way ANOVA using FTIR ratios.

Wood Species FTIR Ratios df F Sig.

Daniellia oliveri

1425/895 (LOI) 2 0.72 0.50

1265/1230 (GS1) 2 1.18 0.34

1510/1595 (GS2) 2 4.53 0.03 (2)

1510/1460 (LC1) 2 5.59 0.02 (2)

1510/1375 (LC2) 2 4.34 0.03 (2)

1510/895 (LC3) 2 4.26 0.04 (2)
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Table 5. Cont.

Wood Species FTIR Ratios df F Sig.

Isoberlinia doka

1425/895 (LOI) 1 2.38 0.16

1265/1230 (GS1) 1 0.01 0.94

1510/1595 (GS2) 1 0.22 0.65

1510/1460 (LC1) 1 0.00 0.96

1510/1375 (LC2) 1 0.32 0.59

1510/895 (LC3) 1 0.32 0.59

Khaya senegalensis

1425/895 (LOI) 2 0.40 0.67

1265/1230 (GS1) 2 3.42 0.05

1510/1595 (GS2) 2 2.43 0.11

1510/1460 (LC1) 2 0.90 0.42

1510/1375 (LC2) 2 1.80 0.19

1510/895 (LC3) 2 1.40 0.27

Pterocarpus erinaceus

1425/895 (LOI) 2 18.24 0.00 (1)

1265/1230 (GS1) 2 18.23 0.00 (1)

1510/1595 (GS2) 2 6.01 0.01 (2)

1510/1460 (LC1) 2 5.29 0.02 (2)

1510/1375 (LC2) 2 3.65 0.05

1510/895 (LC3) 2 8.19 0.00 (1)

(1) significant differences at p < 0.01; and (2) significant differences at p < 0.05.
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The results of the FTIR ratios for D. oliveri and P. erinaceus suggest that they can be
used to assess the changes in the molecular structure of the wood cell walls macromolecules
related to provenance. Each of the calculated FTIR ratios is somehow connected to spe-
cific chemical characteristics. For instance, the ratio 1425/895, also known as the lateral
order index (LOI), is an empirical crystallinity index that is associated with the number
of crystalline structures of cellulose [43,54]. The guaiacy/syringyl ratios (1265/1230 and
1510/1595) inform about the molecular structure of the lignin contents and the relative num-
ber of methoxyl groups in guaiacyl and syringyl nuclei [55,56]. The lignin/carbohydrate
ratios (1510/1460, 1510/1375, and 1510/895) are indicative of the relative proportion of
lignin and polysaccharide compounds [44,57]. Thus, according to the results of the FTIR ra-
tios, it can be deduced that, for D. oliveri, the wood samples from Kéniéba are characterized
by a higher proportion of syringyl than guaiacyl groups in the molecular structure of lignin
compounds and the highest proportion of polysaccharide compounds. As for P. erinaceus,
the wood samples from Kita appear to be associated with the less ordered crystalline
structure in cellulose, the highest proportion of methoxyl groups in the syringyl nuclei of
lignin compounds, and the lowest proportion of polysaccharide compounds. Moreover, the
known correlation between the lignin/carbohydrate ratio suggests that P. erinaceus wood
from Kita may have lower mechanical strength in comparison to P. erinaceus wood from
Sibi and Kéniéba [58,59].

4. Conclusions

The main conclusion of the study is that the variation in wood color and chemical
properties can be related to the local environmental conditions at the tree growing locations.
Since the three studied areas are under the Sudano–Guinean climatic zone, the observed
variations in wood properties are most likely connected to the local soil properties and/or
landforms. Additionally, it was clear that the studied tree species were not equally affected
by the different local environmental conditions. P. erinaceus appears to be the most sensitive
species, as it presented significant differences between samples from the three areas for
the largest number of variables (color parameters, PCA components, and FTIR-ATR ratios)
used in this research. D. oliveri and K. senegalensis, however, showed significant differences
between sample provenance for a lower number of variables. I. doka, for its part, showed
no significant differences. Furthermore, the results revealed that important differences
exist between wood samples from Kati and Kéniéba; these differences are related to color
parameters (redness (a*) and hue (h◦)), as well as a number of FTIR signals related to
chemical content in the wood cell walls (polysaccharides and lignins).

Finally, from this work, we believe that other factors characterizing the local environ-
mental conditions (e.g., soil properties) rather than climatic factors can drive significant
changes in wood properties. Certainly, further research could help to determine specific
links between wood properties (physical and chemical) and environmental factors (e.g.,
soil factors) that are not necessarily climatic.
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Abstract: The effects of wood knots of Chinese weeping cypress (Cupressus funebris Endl.) wood on
selected physical and color properties were investigated. Thirty samples of live knots, dead knots,
and clear wood groups were selected for experiments to determine the physical properties of wood
density, wood shrinkage, wood swelling, and wood color. The experimental analysis results showed
that the wood density values are in the order: dead knots > live knots > clear wood, with a significant
difference in wood density between different groups (p < 0.01). In addition, the values of the air-dry
volumetric wood shrinkage, air-dry volumetric wood swelling, oven-dry volumetric wood shrinkage,
and oven-dry volumetric wood swelling ratios are in the order: dead knots > live knots > clear wood,
being consistent with a variation in wood density. Three groups of wood colors were provided: the
color of clear wood is light, the color of live knots is reddish, and the color of live knots is blackish, in
relative terms. The chromatic aberration between the three groups can be identified, and the wood
color difference resulted from the discrepancy in the lightness index.

Keywords: Cupressus funebris Endl. wood; wood knots; physical properties; wood color properties

1. Introduction

Cupressus L. (common name Cypress) is a genus of evergreen trees belonging to
the family Cupressaceae, endemic in the Mediterranean region and includes 20 species
distributed in temperate and subtropical regions, such as the southern part of North
America, East Asia, the Himalayan region, and the Mediterranean region. Members of the
genus Cupressus are mostly tall evergreen conifers with short scale-like leaves when the
trees are adult, whereas they are bigger and needle-like when the trees are young, and they
have good wood properties, which can be used for the construction of buildings, ships,
furniture, and coffins. The branches and leaves of Cupressus trees can provide essential
oil, and the genus Cupressus is generally regarded as one of the main tree species that
is a commercial Chinese cedarwood oil extraction source. In addition to forest product
applications, the use of Cupressus trees as ornamental plants, wind breaks, and hedges
has increased all over the world, which mainly includes Cupressus glabra Sudw., Cupressus
macrocarpa A.Cunn., Cupressus lusitanica Mill., Cupressus sempervirens Linn., etc. It is possible
that Cupressus trees were planted in formal gardens built in proximity to funerary temples
and cemeteries in many cultures, including ancient Greece, Rome, and China. This might
link the tree to the concept of immortality and solemnity.

China, the main area of natural distribution for Cupressus funebris Endl., known also
as Chinese weeping cypress, has four endemic species in the genus Cupressus, one of which
is C. funebris [1]. C. funebris is one of the representative evergreen coniferous species in
China’s subtropics; it is found in major vegetation restoration forests and is a timber forest
species in the upper reaches of the Yangtze River of China, such as in the Sichuan, western
Hubei, and Guizhou provinces [2–5]. Some botanists accept Franco’s reclassification of
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C. funebris as Chamaecyparis funebris (Endl.) primarily because of its flattened foliage sprays
and atypically small ovulate cones [6]. C. funebris wood is moderately hard, with a delicate
structure, low wood shrinkage, and high resistance to decay, making it an excellent material
for producing durable furniture, handicrafts, and other wood products. Woodwork made
of C. funebris is popular with consumers because of its strength, resistance to decay, unique
texture, and fragrant smell. Overall, C. funebris wood has been used for shipbuilding,
construction, packaging, and woodworking since ancient times [7,8].

Trees spontaneously produce some natural defects during growth, and knots are one
of the most common defects [9]; they are also one of the important factors that directly
change the timber yield, grade, and price [10–12]. Knots play an important role in the
physiological growth process of trees, and external branches are the main source of a tree’s
nutritional needs as it grows. The leaves on living branches convert external CO2 into
organic matter and O2 through photosynthesis, and the organic matter is transported to
the tree roots through the sieve tubes of the phloem and then absorbed, contributing to
tree growth [13]. Knots arise mainly from decaying parts caused by fungal infections and
greatly affect the wood’s appearance, quality, and mechanical properties [14]. Therefore,
searching for ways to minimize the occurrence of knots and expand the use of knot-related
wood has become an important research topic.

Knots are one of the most common wood defects and are specific imperfections in the
wood that reduce its strength, which can also be exploited for artistic effects. Knots can be
divided into live and dead knots, where live knots, formed from the living part of a branch,
are intergrown with the wood, and dead knots, formed from the dead part of a branch,
have tracheids that are structurally disjunct from tracheids in the stem [15–17].

Knots are the main influencing factor of wood quality, regarding chemical composition
and physical and mechanical properties. Knots have an important influence on the grade
of structural lumber via reducing stiffness and strength through local distortion and the de-
viation of wood fibers from the longitudinal axis of the stem, resulting in weak mechanical
areas [18]. Cherry et al. found that knots were significantly different from clear wood for
all test types of mechanical properties, within a range of 48% to 196% [19].

Wood density, wood shrinkage, and wood swelling are the most important physical
properties that affect processing performance. Yong et al. found that the average width of
the annual rings of branch wood was 69% smaller than that of tree trunk wood, and the
air-dry wood density of branch wood was 70% greater than that of tree trunk wood [20].
The wood density of knots varies depending on where it is located. Wang et al. found
that the closer the knot was to the branch parts, the higher the wood density; the wood
density was higher in the upper part of the whole knot and lower in the lower part [21].
Knots reduce the strength of wood, and the effect of knots on strength depends on the
proportion of the cross-section of the given piece occupied by the knots and its relative
location; as the proportion of knots on the cross-section increases, wood density increases
accordingly [22]. In short, knots will increase the wood density of corresponding wood
parts. Some studies have found that changes in the orientation of ducts, fibers, and other
tissues distorted the grain around the knots, causing the knot grain to be different from
normal wood. In contrast, the shrinkage and swelling of wood are anisotropic, resulting in
different dry wood shrinkage coefficients between the knots and the surrounding wood in
all directions, which can easily cause wood cracking during the drying process [23]. Knots
do not shrink as much laterally or in the diameter of the surrounding wood. Studies have
shown that knots can influence the wood swelling coefficients in a longitudinal direction,
while the influence on wood swelling coefficients in tangential and radial directions is
negligible [24]. Knots fall out because the knots and the surrounding clear wood have
different wood shrinkage, which can occur during thermal modification processing [25].
The characteristics of the knots, such as volume, affect the wood shrinkage value; studies
have shown that wood shrinkage is not different, especially in specimens containing small
knots [21].
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Knots affect not only the physical properties of wood but also the appearance quality
of wood products. It is refereed that checks in knots are the worst defect for a wood’s
appearance grade [26]; furthermore, wood color is an important appearance quality char-
acteristic for the appearance grade of wood. Some studies have shown that the color of
a wood’s knots is darker than the wood [27,28]; the main causes are that dead knots are
separated from the surrounding tissues, and the detached edges varied in color, showing
hard black scars with clear boundaries in color from the surrounding area. Further, the
color of the live knots underwent gradual changes and deepened [29]. The determination
of wood colors after treatment and wood color metrics are increasingly used in wood
technology [30–32].

Most studies have focused on forest resource management, wood anatomy, physical
and mechanical wood properties, forest genetics and breeding, essential oil properties and
extraction, and mechanical properties of wood components of C. funebris [7,33–37]. Few
studies have been conducted on the effects of knots on physical properties [21,38], and no
research specifically on C. funebris wood has been reported.

This study had two objectives: the first was to investigate the relationship between
different types of knots and the main physical properties of C. funebris wood, and the second
was to provide certain instructions to realize the commercial application of C. funebris wood
with knots.

2. Materials and Methods
2.1. Site Sampling

Thirty-three-year-old Cupressus funebris Endl. trees from pure forest plantations located
in Yongxin Town, Jingyang District, Deyang City, Sichuan Province, China (31◦1′–31◦19′ N
and 104◦15′–104◦35′ E) were used in this study. This area is a subtropical humid and
semi-humid climate zone with little sunshine, abundant rainfall, and four distinct seasons,
with an average annual temperature of 16–17 ◦C. The forest stands were planted in the mid-
1980s, during which time no forestry management and cultivation management measures
were conducted. A sample site with the same growth conditions on the mountain‘s
western slope of about 20–30◦ was selected for harvesting, with a sample area of 0.04 hm2

(20 m × 20 m).

2.2. Physical Tests

Five C. funebris trees with normal growth, complete trunks, straightness, and no
obvious defects were randomly selected from the sample area, marked with north–south
direction, and measured for age. The diameter at breast height (DBH, i.e., diameter at
1.30 m of stem height) was 14.24 ± 0.84 cm and the tree height was 13.11 ± 0.58 m. One log
was cut from 1.3 m to 3.3 m (with a length of 2 m), a second from 3.3 to 5.3 m of the trunk
height (with a length of 2 m), and a third from 5.3 to 7.3 m of the trunk height (with a length
of 2 m). The sets of 30 wood samples with dimensions of 20 mm× 20 mm× 30 mm for each
group, including dead knots, live knots, and clear wood (knot-free), were selected from the
10 cut logs and prepared for the different studies (Figure 1). The physical properties of all
the samples were tested according to Chinese National Standards GB/T 1928–2009 “General
requirements for physical and mechanical tests of wood” [39], GB/T 1929–2009 “Method
of sample logs sawing and test specimens selection for physical and mechanical tests of
wood” [40], GB/T 1932–2009 “Method for determination of the shrinkage of wood” [41],
GB/T 1933–2009 “Method for determination of the density of wood” [42], and GB/T
1934.2–2009 “Method for determination of the swelling of wood” [43]. The only difference
between testing the physical properties of knot samples and clear wood samples was that
the knot samples were cut from the inside of the tree, and their volume was measured
using the drainage method.
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Figure 1. Test specimens from left to right: dead knots, live knots, and clear wood.

First, the specimen was exposed to the conditions of 20 ◦C temperature and 65% rela-
tive humidity to reach equilibrium moisture content, and its weight and radial, tangential,
and longitudinal dimensions were measured. Then, the samples were placed at 60 ◦C for
4 h, and the temperature was raised to 103 ◦C for 8 h. Then, the samples were measured ev-
ery 2 h, and when the difference was less than 0.5% of the sample weight, radial, tangential,
and longitudinal dimensions were measured. The air-dry wood density was calculated
according to Equation (1) and the oven-dry wood density was calculated according to
Equation (2). Accuracy index is defined as the overall distance between estimated or ob-
served values and the true value; accuracy index was calculated according to Equation (3).

ρw = Mw/Vw (1)

where ρw (g/cm3) is air-dry wood density when the moisture content is W; Mw (g) is the
air-dry mass of each sample when the moisture content is W; Vw (cm3) is air-dry volume of
samples when the moisture content is W.

ρ0 = M0/V0 (2)

where ρ0 (g/cm3) is oven-dry wood density; M0 (g) is oven-dry mass of each sample; V0
(cm3) is oven-dry volume of samples.

P = 2(ST/X) (3)

where P is accuracy index; ST is the standard error of the mean; X is mean value.

2.3. Surface Color Test

Wood color is closely related to the quality assessment of wood products, which is
related to the visual aesthetics of wood products and their decorative properties, thus
affecting their economic, collecting, and artistic value. Wood color is a fundamental
property of wood, and its chromaticity index is distributed among wood species. There is
a great difference in the distribution characteristics of chromatic index among wood species,
and even in the same species. Therefore, it is recommended to measure the color variation
of wood with knots and its influencing factors to guide the selection and processing of
high-value wood products.

A Minolta spectrophotometer model CM-700D (Konica Minolta, Osaka, Japan) was
used for color measurement (10◦ standard observer, D65 standard illumination, color
difference format ∆E*ab). We randomly selected an area on the samples for color testing
of clear wood; knot areas were tested on dead and live knots samples for color testing.
Tangential sections were used for color testing; if there was no knot area in the tangential
section of dead and live knotted wood samples, the color test was performed in the radial
or transverse section with the knot. The color of live knots, dead knots, and clear wood
of C. funebris wood was measured using the spectrophotometer and described in the CIE
L*a*b* color system. In this system, color was defined as three numerical values known as
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the trichromatic coordinates (L*, a*, and b*). The coordinate L* refers to the lightness of
a given sample (scored from 0, which represents the black color, to 100, which represents
the white one), a* is the coordinate that defines the degree of approximation to the red color
when a* takes positive values and green when it takes negative values, and the coordinate
b* indicates yellow when it takes positive values and blue when it takes negative values.
Each color test was repeated 30 times, and the average was calculated.

2.4. Statistical Analyses

Data were analyzed using Microsoft Excel (version 2013; Microsoft Corp., Redmond,
WA, USA) and SPSS (version 19.0; IBM Corp., Armonk, NY, USA), and graphs were
generated using Origin (version 9.1; OriginLab Corp., Northampton, MA, USA).

3. Results and Discussion
3.1. Wood Density

The moisture content of the samples was tested. The equilibrium moisture content
(EMC) of the dead knot, live knot, and clear wood groups are 14.44%, 14.73%, and 15.08%,
respectively. Oven-dry moisture content of the dead knot, live knot, and clear wood groups
are 12.25%, 12.41%, and 12.69%, respectively.

Air-dry wood density affects the hardness and strength of wood, and at the same
moisture content, it is positively correlated with wood hardness and strength, i.e., the higher
the air-dry wood density, the harder and stronger the wood, and vice versa. Furthermore,
air-dry wood density is an important factor affecting the final product quality of wood [44].
Whiskers are lines that extend from the top and bottom of the box to the adjacent values.

It can be seen that the box area of clear wood is the largest and the box area of dead
knots is the smallest, indicating that the sample data values of clear wood have the largest
range of variation and the sample data of dead knots have the smallest range of variation.
The mean values of live knots, dead knots, and clear wood are below the median line,
indicating that the sample data of all three are clustered at smaller values (Figure 2). Related
studies have shown that the wood density is greatest in the branch part of the tree, followed
by the knots, and lowest in the trunk. There is an obvious variation in the wood density of
trunk [21], for example, in Pinus taeda. However, the wood density variation of different
parts of the knots has not been reported yet.
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Figure 2. Boxplots of air-dry wood density (g/cm3) for the live knots, dead knots, and clear wood.
The 95% confidence interval, median, mean values, maximum (Max), and minimum (Min) positioning
are shown.

In Figure 3, it can be seen that the box area of clear wood is the largest, and the box
area of dead knots is the smallest, indicating that the range of variation of sample data for
clear wood is the largest among the three groups, and the range of variation of sample data
for dead knots is the smallest among the three groups. The mean values of live and dead
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knots are above the median line, and the mean values of clear wood are below the median
line, indicating that the sample data values of live and dead knots are clustered at larger
values, contrary to the air-dry wood density of both, while the sample data values of clear
wood are clustered at smaller values, consistent with their air-dry wood density.
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Figure 3. Boxplots of oven-dry wood density (g/cm3) for the live knots, dead knots, and clear
wood. The 95% confidence interval, median, mean values, maximum (Max), and minimum (Min)
positioning are shown.

The mean values of live and dead knots are above the median line, and the mean
values of clear wood are below the median line, indicating that the sample data values of
live and dead knots are clustered in larger values and the sample data values of clear wood
are clustered in smaller values, which is consistent with the distribution of the oven-dry
wood density data of the three groups. The box area of clear wood is the largest among
the three groups, and the box area of dead knots is the smallest among the three groups,
indicating that the range of variation of sample data for clear wood is the largest among
the three groups and the range of variation of sample data for dead knots is the smallest
among the three groups (Figure 4).
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Air-dry, oven-dry, and basic wood density are all medium densities, i.e., they are easy
to process and can meet the mechanical requirements of the material used. The three-wood
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density-changes law for different knots is dead knots > live knots > clear wood. Since knots
are the best choice for trees in resisting external changes, and wood density is positively
correlated with the resistance of trees, the wood density of knots should be greater than the
wood density of clear wood, consistent with the above test results.

From Table 1, it can be seen that all correlations among air-dry wood density, oven-dry
wood density, and basic wood density of live knots, dead knots, and clear wood were
highly significant (p < 0.01), except for the correlation between the basic wood density and
the air-dry wood density of dead knots, which was significant (p < 0.05). The coefficient of
determination of the regression equation between the basic wood density and the oven-dry
wood density of dead knots was 0.759 with average regression results. Moreover, the
coefficient of the determination of regression equation between the basic wood density and
the air-dry wood density of dead knots was 0.184, and the oven-dry wood density and the
air-dry wood density of dead knots was 0.273, both with poor regression results.

Table 1. Linear regression equations among wood density at the different studied conditions for dead
knots, live knots, and clear wood.

Knots Type

Regression Equation of Basic
Wood Density (X) and

Air-Dry Wood
Density (Y)

Regression Equation of Basic
Wood Density (X) and

Oven-Dry Wood
Density (Y)

Regression Equation of Air-Dry
Wood Density (X) and

Oven-Dry Wood
Density (Y)

Live knots Y = 0.206 + 0.799X
R2 = 0.557 ** (p < 0.01)

Y = 0.046 + 1.025X
R2 = 0.884 ** (p < 0.01)

Y = 0.057 + 0.844X
R2 = 0.675 ** (p < 0.01)

Dead knots Y = 0.437 + 0.385X
R2 = 0.184 * (p < 0.05)

Y = 0.084 + 0.967X
R2 = 0.759 ** (p < 0.01)

Y = 0.185 + 0.646X
R2 = 0.273 ** (p < 0.01)

Clear wood Y = 0.196 + 0.834X
R2 = 0.672 ** (p < 0.01)

Y = 0.003 + 1.098X
R2 = 0.942 ** (p < 0.01)

Y = 0.181 + 0.621X
R2 = 0.685 ** (p < 0.01)

** indicates that the significance test is significant at the p = 0.01 level, * indicates significance test is significant at
p = 0.05 level.

3.2. Wood Shrinkage and Wood Swelling

Since the growth direction of wood fibers in live and dead knots differs from that of
clear wood, the radial, tangential, and longitudinal directions of wood cannot be accurately
distinguished, so only the volumetric wood shrinkage and wood swelling ratio of different
types of knots were investigated. Air-dry wood shrinkage ratio is the percentage change in
volume from the free-drying shrinkage of green or wet wood under no external force to the
air-drying state, and oven-dry wood shrinkage ratio is the percentage change in volume
from dry-shrinkage of green or wet wood to the oven-dry state. Air-dry wood swelling
ratio is the percentage change in volume from the oven-dry state to the air-dry state, and
oven-dry wood swelling ratio is the percentage change in volume from the oven-dry state
to when water is absorbed to the dimensional stability state.

The data given in Table 2 show the volumetric wood shrinkage and wood swelling
ratios of the live knot, dead knot, and clear wood groups. Combined with Figure 5, it can
be seen that the volumetric shrinkage and swelling ratio of dead knots are the highest and
those of clear wood are the lowest. The reason for the high air-dry and oven-dry wood
shrinkage and wood swelling ratio of dead knots may be due to the following:

(1) Wood density is shown to affect the various wood shrinkages and wood swellings
that occur during wood drying. Wood density is positively correlated with both radial
and tangential wood shrinkage, but is also negatively correlated with longitudinal
wood shrinkage [45]. The wood density is determined by the proportion of cell wall
material. The proportion of tissue is a key anatomical factor in the volume shrinkage
of wood [46]. The greater the wood density of the wood, which generally represents
a greater number of cell walls, the greater the wood shrinkage and wood swelling
ratio, and vice versa. Wood density decreases within the three groups, from the dead
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knots to the live knots to clear wood, so the wood shrinkage and wood swelling ratio
are consistent with the wood density ranking.

(2) Dead knots contain more extracts, and the chemical composition of the extracts
has a greater influence on water absorption and loss, similar to other observations
and studies [47]. The coefficients of variation of air-dry and oven-dry wood shrink-
age and wood swelling ratios of all three groups were high and belonged to the
medium variation.

Table 2. Volumetric wood shrinkage and wood swelling ratio of different knot types.

Properties Type Knots Type Number of
Samples

Mean
Value

Standard
Deviation

Standard
Error

Coefficient
of Variation

Accuracy
Index

Air-dry volumetric
wood shrinkage ratio

Live knots 30 4.33 2.08 0.38 22.14% 18.49%
Dead knots 30 5.89 1.38 0.25 15.38% 8.36%
Clear wood 30 4.03 1.25 0.23 16.65% 10.32%

Oven-dry volumetric
wood shrinkage ratio

Live knots 30 9.50 2.90 0.53 18.33% 11.42%
Dead knots 30 11.22 2.84 0.52 14.24% 9.05%
Clear wood 30 9.05 1.75 0.32 13.54% 6.64%

Air-dry volumetric
wood swelling ratio

Live knots 30 5.74 2.98 0.54 21.90% 18.58%
Dead knots 30 6.20 3.46 0.63 19.05% 19.95%
Clear wood 30 5.68 2.00 0.37 19.97% 12.61%

Oven-dry volumetric
wood swelling ratio

Live knots 30 10.45 3.52 0.64 18.72% 12.42%
Dead knots 30 12.79 3.70 0.68 14.89% 10.36%
Clear wood 30 10.18 2.16 0.39 14.53% 7.38%
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Figure 5. Histogram of the volumetric wood shrinkage and wood swelling ratios. Mean value
(n = 30) and standard deviation of dead knots, live knots, and clear wood.

As shown in Table 3, the differences in the air-dry and oven-dry volumetric wood
swelling ratio between live knots and clear wood are not significant. The differences in
the air-dry and oven-dry volumetric wood shrinkage ratio between live knots and dead
knots are highly significant, the differences in the oven-dry volumetric wood swelling
ratio between live knots and dead knots are significant, and the differences in the air-dry
volumetric wood swelling ratio between live knots and dead knots are not significant. In
addition, the differences between the air-dry volumetric wood shrinkage ratio and the
oven-dry volumetric wood swelling ratio between dead knots and clear wood are highly
significant, and the air-dry volumetric wood swelling ratio between them is not significant.
In general, different knots of C. funebris wood have different effects on the air-dry and
oven-dry volumetric wood shrinkage and wood swelling ratio; specifically, dead knots
have a greater effect on the air-dry and oven-dry volumetric wood shrinkage and wood
swelling ratio than live knots.
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Table 3. Summary of the results for the significance test of differences between volumetric wood
shrinkage and wood swelling ratios of live knots, dead knots, and clear wood.

Properties Type Live Knots and
Clear Wood

Live Knots and
Dead Knots

Dead Knots and
Clear Wood

Air-dry volumetric
wood shrinkage ratio −0.695 −4.102 ** 4.602 **

Oven-dry volumetric
wood shrinkage ratio −0.581 −2.702 ** 2.698 **

Air-dry volumetric
wood swelling ratio −0.059 −0.362 0.36

Oven-dry volumetric
wood swelling ratio −0.487 −2.660 * 2.701 **

** indicates that the significance test is significant at the p = 0.01 level. * indicates significance test is significant at
p = 0.05 level.

From Figure 5, it is clear that the change rules of the air-dry and oven-dry volu-
metric wood shrinkage ratio and air-dry and oven-dry volumetric wood swelling ra-
tio are consistent among the live knots, dead knots, and clear wood: air-dry volumet-
ric wood shrinkage < air-dry volumetric wood swelling < oven-dry volumetric wood
shrinkage < oven-dry volumetric wood swelling.

3.3. Wood Color Parameters

The test results of the color parameters of different knot types of C. funebris wood are
shown in Table 4.

Table 4. Wood color parameters of different knot types.

Type of
Wood

Number of
Samples

Wood Color
Parameters Mean Value Standard

Deviation
Standard

Error
Coefficient
of Variation

Accuracy
Index

Live knots 30
L* 55.29 7.76 1.74 14.03% 6.15%
a* 10.30 1.24 0.28 12.02% 5.27%
b* 21.58 1.69 0.38 7.83% 3.43%

Dead knots 30
L* 49.17 6.70 1.34 13.63% 5.34%
a* 9.60 1.19 0.24 12.40% 4.86%
b* 18.10 2.90 0.58 16.04% 6.29%

Clear wood 30
L* 73.83 5.52 1.23 7.47% 3.27%
a* 7.70 0.75 0.17 9.74% 4.27%
b* 24.99 3.20 0.72 12.80% 5.61%

As can be seen from Figures 1 and 6, the lightness of dead knots is the smallest and
the lightness of clear wood is the largest, indicating that the visible light reflection of dead
knots is the smallest among the three groups and its color is more biased toward black,
and vice versa for clear wood. The a* values of live knots, dead knots, and clear wood
are all positive. The a* value of clear wood is the smallest and the a* value of live knots is
the largest, indicating that they are all biased towards red. Clear wood has the weakest
reflection of red light, but live knots have the strongest reflection of red light.

The b* values of live knots, dead knots, and clear wood are all positive. The b* value of
clear wood is the largest, and the b* value of dead knots is the smallest, indicating that the
wood color of all three groups is more biased toward yellow; clear wood has the strongest
reflection of yellow light, but dead knots have the weakest reflection of yellow light. The
chromatic aberration between the three groups was 19.341, 29.642, and 10.301, respectively,
which is identifiable in [48]. The magnitude of variation of the wood color parameter L*
among different groups is significantly larger than that of b* and a*, indicating that the
chromatic aberration among the three groups is mainly due to lightness (L*).
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Figure 6. Wood color parameter histogram of mean value and standard deviation of different knot
types (L* value refers to the lightness of the sample, a* value refers to the redness of the sample, and
the b* value gives the yellowness of the sample).

Pearson’s correlation analysis was performed to define the relationship between the
color parameters of different knot types in C. funebris wood (see Figure 7). This analysis is
classified into correlation categories: very weak (r < 0.2), weak (0.2 ≤ r < 0.4), moderate
(0.4 ≤ r < 0.6), strong (0.6 ≤ r < 0.8), and very strong (r ≥ 0.8) [49]. As can be seen from
Figure 7, the correlation coefficients between L* and a* and L* and b* are r = −0.622 and
r = 0.616, respectively, indicating that L* is strongly correlated with both a* and b*, and
combined with the results of the paired t-test, L* is significantly negatively correlated with
a* and significantly positively correlated with b* at the 0.01 level. The correlation coefficient
between a* and b* is r = −0.354, which indicates that a* is weakly correlated with b*, and
combined with the results of the paired t-test results, a* and b* are significantly negatively
correlated at the 0.01 level.
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Figure 7. Correlation heat map of wood color parameters of dead knots, live knots, and clear wood
(L* value refers to the lightness of the sample, a* value refers to the redness of the sample and the
b* value gives the yellowness of the sample).

4. Conclusions

In this study, the main differences in physical properties, including wood density,
wood shrinkage, wood swelling, and wood color of C. funebris wood were investigated,
and the main conclusions obtained are as follows.

The air-dry, oven-dry, and basic wood density differed among dead knots, live knots,
and clear wood. Overall, the descending order of wood density is dead knots, live knots,
then clear wood. The changing order of air-dry and oven-dry volumetric wood shrinkage
and wood swelling among dead knots, live knots, and clear woods group is consistent with
the changing order of wood density among them: dead knots > live knots > clear wood.
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The decreasing order of lightness and yellow–blue color chromaticity is from clear wood to
live knots to dead knots, and the decreasing order of red–green color chromaticity is from
live knots to dead knots to clear wood. The color of clear wood is bright, the color of live
knots is reddish, and the color of dead knots is blackish, in relative terms. The chromatic
aberration between the three groups is recognizable, and the difference in color results
from the difference in L* values.

Therefore, when wood with knots is used in products, the wood density of knots has
less influence on the wood from the physical aspect of wood; wood with knots and clear
wood may be applied without distinction, in terms of wood density. However, the wood
shrinkage and wood swelling of dead knots and live knots have more influence on wood
compared to clear wood. If wood is used as a joint material for buckets, boats, etc., wood
with knots should be selected to increase the tightness between the materials when wet.
In short, in terms of wood shrinkage and wood swelling, the effect of knots should be
fully considered.

Author Contributions: Conceptualization, J.L. and M.C.; methodology, J.L. and M.C.; writing—
original draft preparation, H.Q. and J.L.; writing—review and editing, J.L. and M.C. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was supported by the Sichuan Science and Technology Program (Grant No.
2023YFS0462), the Ministry of Education Humanities and Social Sciences Research Project of China
(Grant No. 19YJC760009), and the Double Support Plan of Sichuan Agricultural University (Grant
No. 2022SYZD06).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Fu, L.; Yu, Y.; Farjon, A. Flora of China 4; Science Press: Beijing, China, 1999; pp. 62–77.
2. Yang, Y.; Yang, H.; Wang, Q.; Dong, Q.; Yang, J.; Wu, L.; You, C.; Hu, J.; Wu, Q. Effects of Two Management Practices on Monthly

Litterfall in a Cypress Plantation. Forests 2022, 13, 1581. [CrossRef]
3. Wang, Y.; Chen, S.; He, W.; Ren, J.; Wen, X.; Wang, Y.; Li, X.; Chen, G.; Feng, M.; Fan, C. Shrub Diversity and Niche Characteristics

in the Initial Stage of Reconstruction of Low-Efficiency Cupressus funebris Stands. Forests 2021, 12, 1492. [CrossRef]
4. Wu, B.; Qi, S. Effects of Underlay on Hill-Slope Surface Runoff Process of Cupressus funebris Endl. Plantations in Southwestern

China. Forests 2021, 12, 644. [CrossRef]
5. Fu, L.; Yu, Y.; Mill, R.R. Taxodiaceae. In Flora of China; Wu, Z.Y., Raven, P.H., Eds.; Science Press: Beijing, China, 1999; Volume 4,

pp. 54–61.
6. Cool, L.G.; Hu, Z.L.; Zavarin, E. Foliage terpenoids of Chinese Cupressus species. Biochem. Syst. Ecol. 1998, 26, 899–913.

[CrossRef]
7. Lyu, J.; Wang, J.; Chen, Z.; Chen, M. Influence of Dowel Center Spacing on Chamfered-Joint Components Made by Cupressus

funebris Wood. J. Renew. Mater. 2023, 11, 309–319. [CrossRef]
8. Chen, M.; Li, S.; Lyu, J. Effects of selected joint parameters on tensile strength of steel bolt-nut connections in Cupressus funebris

wood. BioResources 2019, 14, 5188–5211. [CrossRef]
9. Karaszewski, Z.; Bembenek, M.; Mederski, P.S.; Szczepanska-Alvarez, A.; Byczkowski, R.; Kozlowska, A.; Michnowicz, K.;

Przytula, W.; Giefing, D.F. Identifying beech round wood quality-distribution of beech timber qualities and influencing defects.
Drew. Pr. Nauk. Doniesienia Komun. 2013, 56, 39–54.

10. Vongkhamho, S.; Imaya, A.; Takenaka, C.; Yamamoto, K.; Yamamoto, H. Correlations among Tree Quality, Stand Characteristics,
and Site Characteristics in Plantation Teak in Mountainous Areas of Lao PDR. Forests 2020, 11, 777. [CrossRef]

11. Midgley, S.; Mounlamai, K.; Flanagan, A.; Phengsopha, K. Global Markets for Plantation Teak; Implications for Growers in Lao PDR;
Australian Centre for International Agricultural Research: Canberra, Australia, 2015.

12. Baillères, P.H.; Durand, P.Y. Non-destructive techiques for wood quality assessment of plantation-grown teak. Bois Forêts Trop.
2000, 263, 17–29.

13. Longuetaud, F.; Mothe, F.; Kerautret, B.; Krähenbühl, A.; Hory, L.; Leban, J.M.; Debled-Rennesson, I. Automatic knot detection
and measurements from X-ray CT images of wood: A review and validation of an improved algorithm on softwood samples.
Comput. Electron. Agric. 2012, 85, 77–89. [CrossRef]

14. Macdonald, E.; Hubert, J. A review of the effects of silviculture on timber quality of Sitka spruce. For. Int. J. For. Res. 2002, 75,
107–138. [CrossRef]

171



Forests 2023, 14, 1148

15. Qin, G.; Hao, J.; Yang, J.; Li, R.; Yin, G. Branch Occlusion and Discoloration under the Natural Pruning of Mytilaria laosensis.
Forests 2019, 10, 892. [CrossRef]

16. GB/T 155–2017; Defects in Logs. National Standard of the People’s Republic of China: Beijing, China, 2009. (In Chinese)
17. Lowell, E.C.; Maguire, D.A.; Briggs, D.G.; Turnblom, E.C.; Jayawickrama, K.J.S.; Bryce, J. Effects of Silviculture and Genetics on

Branch/Knot Attributes of Coastal Pacific Northwest Douglas-Fir and Implications for Wood Quality—A Synthesis. Forests 2014,
5, 1717–1736. [CrossRef]

18. Tong, Q.J.; Duchesne, I.; Belley, D.; Beaudoin, M.; Swift, E. Characterization of knots in plantation white spruce. Wood Fiber Sci.
2013, 45, 84–97.

19. Cherry, R.; Karunasena, W.; Manalo, A. Mechanical Properties of Low-Stiffness Out-of-Grade Hybrid Pine—Effects of Knots,
Resin and Pith. Forests 2022, 13, 927. [CrossRef]

20. Yong, C.; Li, Y. Physical and mechanical properties and utilization of Chinese fir branch wood. Guizhou For. Sci. Technol. 1991, 4,
69–70. (In Chinese)

21. Wang, Y.R.; Zhao, R.J.; Jiang, Z.H.; Hse, C.Y. Density analysis of stem, knot and branch of Pinus taeda. China For. Prod. Ind. 2016,
43, 14–17. (In Chinese)

22. As, N.; Goker, Y.; Dundar, T. Effects of knots on the physical and mechanical properties of Scots pine (Pinus sylvestris L.). Wood
Res. 2006, 51, 51–58.

23. Zhou, Y.; Sun, F.; Lü, J.; Li, X. Veneer drying quality comparison of six Eucalyptus species. Sci. Silvae Sin. 2014, 50, 104–108. (In
Chinese) [CrossRef]

24. Bengtsson, C. Variation of moisture induced movements in Norway spruce (Picea abies). Ann. For. Sci. 2001, 58, 568–581.
[CrossRef]

25. Forest Products Laboratory. Wood Handbook-Wood as an Engineering Material; Forest Products Laboratory: Madison, WI, USA,
2010; pp. 1–46.

26. Shelbourne, C.J.A. Cupressus and Other Conifers. In Tree Breeding and Genetics in New Zealand; Shelbourne, C.J.A., Carson, M.,
Eds.; Springer: Cham, Switzerland, 2019; pp. 93–96. [CrossRef]

27. Gao, M.; Qi, D.; Mu, H.; Chen, J. A Transfer Residual Neural Network Based on ResNet-34 for Detection of Wood Knot Defects.
Forests 2021, 12, 212. [CrossRef]

28. Hălălis, an, A.-F.; Dinulică, F.; Gurean, D.M.; Codrean, C.; Neykov, N.; Antov, P.; Bardarov, N. Wood Colour Variations of Quercus
Species in Romania. Forests 2023, 14, 230. [CrossRef]

29. Li, J. Ecological Properties of Wood: Wood as the Contributor to the Green Environment and Human Health. J. Northeast For.
Univ. 2010, 38, 1–8. (In Chinese) [CrossRef]

30. Budakci, M.; Ozcifci, A.; Cinar, H.; Sonmez, A. Effects of application methods and species of wood on color changes of varnishes.
Afr. J. Biotechnol. 2009, 8, 5964–5970. [CrossRef]

31. Rüther, P.; Jelle, B.P. Color changes of wood and wood-based materials due to natural and artificial weathering. Wood Mater. Sci.
Eng. 2013, 8, 13–25. [CrossRef]

32. Kržišnik, D.; Lesar, B.; Thaler, N.; Humar, M. Influence of Natural and Artificial Weathering on the Colour Change of Different
Wood and Wood-Based Materials. Forests 2018, 9, 488. [CrossRef]

33. Li, P.; Li, F.T.; Fan, C.; Li, X.W.; Zhang, J.; Huang, M.L. Effects of plant diversity on soil organic carbon under different
reconstructing patterns in low efficiency stands of Cupressus funebris in the hilly region of central Sichuan. Acta Ecol. Sin. 2015, 35,
2667–2675. [CrossRef]

34. Zhang, Z.; Jin, G.; Chen, T.; Zhou, Z. Effects of CaO on the Clonal Growth and Root Adaptability of Cypress in Acidic Soils.
Forests 2021, 12, 922. [CrossRef]

35. Lyu, J.; Zhao, J.; Xie, J.; Li, X.; Chen, M. Distribution and composition analysis of essential oils extracted from different parts of
Cupressus funebris and Juniperus chinensis. BioResources 2018, 13, 5778–5792. [CrossRef]

36. Lyu, J.; Huang, W.; Chen, M.; Li, X.; Zhong, S.; Chen, S.; Xie, J. Analysis of tracheid morphological characteristics, annual rings
width and latewood rate of Cupressus funebris in relation to climate factors. Wood Res. 2020, 65, 565–578. [CrossRef]

37. Tang, J.; Yang, D. The macro-ecological variation of wood quality factors with Cupressus funebris Endl. in Sichuan. J. Sichuan Agric.
Univ. 1993, 11, 138–144. (In Chinese) [CrossRef]

38. Li, M.Y.; Chen, D.S.; Wang, X.Y.; Ren, H.Q. Nature of the Knot and Its Impact on Wood Properties. J. Northwest For. Univ. 2020, 35,
197–204. (In Chinese) [CrossRef]

39. GB/T 1928–2009; General Requirements for Physical and Mechanical Tests of Wood. National Standard of the People’s Republic
of China: Beijing, China, 2009. (In Chinese)

40. GB/T 1929–2009; Method of Sample Logs Sawing and Test Specimens Selection for Physical and Mechanical Tests of Wood.
National Standard of the People’s Republic of China: Beijing, China, 2009. (In Chinese)

41. GB/T 1932–2009; Method for Determination of the Shrinkage of Wood. National Standard of the People’s Republic of China:
Beijing, China, 2009. (In Chinese)

42. GB/T 1933–2009; Method for Determination of the Density of Wood. National Standard of the People’s Republic of China: Beijing,
China, 2009. (In Chinese)

43. GB/T 1934.2–2009; Method for determination of the swelling of wood. National Standard of the People’s Republic of China:
Beijing, China, 2009. (In Chinese)

172



Forests 2023, 14, 1148

44. Zhao, L.; Qiu, X. Study on the variation of physical and mechanical properties of Chinese fir seedling forest in different stand
ages. J. Anhui Agric. Univ. 2021, 48, 726–732. (In Chinese) [CrossRef]

45. Pliura, A.; Yu, Q.; Zhang, S.Y.; MacKay, J.; Perinet, P.; Bousquet, J. Variation in Wood Density and Shrinkage and Their Relationship
to Growth of Selected Young Poplar Hybrid Crosses. For. Sci. 2005, 51, 472–482. [CrossRef]

46. Zhang, S.Y.; Zhong, Y. Structure-property relationship of wood in East-Liaoning oak. Wood Sci. Technol. 1992, 51, 139–149.
[CrossRef]

47. Zhou, F.; Fu, Z.; Gao, X.; Zhou, Y.; Jiang, J. Within-tree variation of physical properties of Acacia melanoxylon wood. Chin. J. Wood
Sci. Technol. 2021, 35, 30–36. (In Chinese) [CrossRef]

48. Duan, X. Wood Color Control Technology; China Building Materials Industry Press: Beijing, China, 2002; pp. 45–47. (In Chinese)
49. Evans, J.D. Straightforward Statistics for the Behavioral Sciences; Thomson Brooks/Cole Publishing Co.: Three Lakes, WI, USA, 1996.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

173





MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

www.mdpi.com

Forests Editorial Office
E-mail: forests@mdpi.com

www.mdpi.com/journal/forests

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are

solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s).

MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from

any ideas, methods, instructions or products referred to in the content.





Academic Open 
Access Publishing

mdpi.com ISBN 978-3-0365-9259-6


	The Diversity of Wood and Non-Wood Forest Products-Web Front.pdf
	Book.pdf
	The Diversity of Wood and Non-Wood Forest Products-web-B.pdf

