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Resumo

A sazonalidade climatica induz variagbes na atividade do meristema cambial, refletindo em alteragdes sig-
nificativas na estrutura anatémica do lenho e na formagao dos anéis de crescimento no tronco das arvores.
No presente trabalho foram selecionadas amostras de madeira de 17 espécies da Xiloteca do Laboratério
de Anatomia e Identificacdo de Madeiras, Departamento de Ciéncias Florestais, caracterizando a estrutura
anatbmica macro e microscopica do lenho e a sua analise por densitometria de raios X. As caracteristicas
anatbmicas do lenho, com énfase aos anéis de crescimento, indicaram as espécies arbéreas com maior
potencial para os estudos de dendrocronologia, com destaque as da familia Fabaceae-Caesalpinioideae.
Com a densitometria de raios X obteve-se o perfil da densidade aparente do lenho e a delimitagao do limite
dos anéis de crescimento. Neste trabalho é enfatizada a importancia da aplicagdo conjunta da anatomia
da madeira e da densitometria de raios X como suporte para a dendrocronologia de arvores de espécies
tropicais e subtropicais visando determinar a sua idade e taxa de crescimento, bem como para a sua ca-
racterizacao tecnoldgica e manejo florestal sustentavel.

Palavras-chave: Raios X, identificagdo de espécies, anatomia ecoldgica.

Abstract

The seasonal climate induces variations in the activity of cambial meristem reflecting in significant
changes in the wood anatomical structure and formation of the growth rings. In this study wood samples
of 17 species were selected from the Wood Collection of the Anatomy and Wood Identification Laboratory,
Department of Forest Sciences, featuring its macro and microscopic anatomical wood structure and the
analysis by X-ray densitometry. The wood anatomical characteristics, with emphasis on the growth rings,
indicated the tree species with the greatest potential for dendrochronology, especially those of the Family
Fabaceae-Caesalpinioideae. A wood density profile and the delimitation of the growth rings boundaries
were obtained by X-ray densitometry. This paper emphasized the importance of joint application of wood
anatomy and X-ray densitometry as support to dendrochronology of tropical and subtropical tree species
in order to determine their age and growth rate, their technological characterization and sustainable
forest management.
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INTRODUCTION

The seasonal variability of the temperature and precipitation affect the cambium activity and
induces the formation of distinct growth rings in numerous tropical and subtropical species. In har-
dwood tree species the activity of the cambial meristem is usually related to the growth ring width,
parenchyma bands and diameter and distribution of vessels; in conifers with tracheid length, wall
thickness and diameter. The growth rings identified in tropical hardwood tree species presented dis-
tinct wood anatomical structure from those occurring in temperate climate, as a result of the genetic
and adaptation features as well as due to the magnitude of climatic differences between the growing
seasons (OLIVEIRA et al., 2007; CALLADO et al., 2013, 2014).

In tropical tree species, the main climatic variable inducing cambial seasonality is the rainfall dis-
tribution, in relation to the temperature, throughout the growing period; temperate hardwood trees
are strongly influenced by temperature, precipitation, and photoperiod which play significant effect
on meristem dormancy at the autumn-winter (JACOBY, 1989; SCHWEINGRUBER, 1996). While in
temperate tree species the growth rings presented greater visibility and distinctness, in tropical har-
dwoods an accurate preparation of wood surface and detailed analysis of the anatomical structure is
required, prior to the application of the classic methodologies of dendrochronology, seeking to date
trees and determine the annual growth rate (ROIG, 2000; PALERMO et al., 2002).

More recently, wood X-ray densitometry has been applied as a useful and complementary me-
thodology facilitating the delimitation and measurement of growth rings in several temperate, tro-
pical and subtropical tree species due to the differentiated attenuation of X-rays through the wood
tissues (MOTHE et al., 1998; KOUBAA, et al., 2002; LOBAO, 2011). Among the scientific studies the
methodology has preferably been applied for coniferous, broadleaves and introduced tree species,
such as araucaria (WEHR; TOMAZELLO FILHO, 2000), pinus (FERREIRA; TOMAZELLO FILHO,
2009; CASTRO et al., 2014) and eucalyptus trees (TOMAZELLO FILHO et al., 2008; OLIVEIRA et
al., 2012 KNAPIC et al., 2014).

Considering these aspects this paper aims at a comparative characterization of the growth rin-
gs of seventeen tropical and subtropical forest species by their anatomical structure and by X-ray
densitometry as a subsidy for research on dendrochronology, also applied as a tool to evaluate and
reconstruct the trunk diameter of the tree species aiming at sustainable forest management and to
predict the wood quality.

MATERIAL AND METHODS

Tree species: in this work wood samples of 17 tree species were selected (at least 3 wood sam-
ples/species) from the Wood Collection of the Wood Anatomy and Identification Laboratory/De-
partment of Forest Sciences/ESALQ (Table 1).

Wood macroscopic and characterization: the wood samples were cut and oriented in the three
basic planes of study. Subsequently, the wood cross section was polished with steel blades in a sli-
ding microtome, followed by the wood and growth ring anatomical characterization under a stere-
oscopic microscope (6-20X) according to IBAMA (1991).

Wood microscopic characterization: wood samples (15x10x10 mm) were saturated in water and
thin cross sections (15 pm) were cut in a sliding microtome and mounted on permanent slides for
analysis and description of the microscopic anatomical structure according to IAWA (IAWA, 1989).

Wood X-ray densitometry characterization: a wood radial section of the wood samples was cut,
glued on a woody support, cut in cross sections (2 mm thick) by a dual-parallel circular saw and
acclimatized (20°C, 60%RH, 24 h). The wood samples were adjusted in metal support and trans-
ferred to radiation chamber of the X-ray equipment (Quintek Measurement Systems, USA, Figure
1A) followed by the calibration and continuous scanned by a collimated X-ray beam (Figure 1B, C).
The X-ray intensity through the wood sample is transformed into bulk density by QMS software,
building the radial wood density profile observed on the monitor screen. The radial values of the
wood bulk density originate a DAT file (wood density values each 40 pm) and read by Excel sof-
tware generating the wood radial density profile (Figure 1D, E) (TOMAZELLO FILHO et al., 2008;
CASTRO et al., 2014).
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Tabela 1. Anatomical and densitometry characteristics of the growth rings of woody forest species

Table 1. Caracteristicas anatémicas e densitométricas dos anéis de crescimento do lenho das espécies florestais.
Characteristics
No. Scientific name Family Anatomical Densitometric
D P WT MP DP Profile

1 Astronium graveoleons Anacardiaceae A 3 3 1 1 1

2 Balfourodendron riedelianum Rutaceae B 3 2 3 3 5

3 Caesalpinia leiostachya Fabaceae - Caesalpinioideae B 3 3 3 2 3

4 Cariniana legalis Lecythidaceae B 3 3 3 2 3

5 Cedrela odorata Meliaceae A 2 1 1 1 1

6 Copaifera langsdorffii Fabaceae Caesalpinioideae A3 2 3 1 2

7 Eucalyptus cloeziana Myrtaceae B 3 2 3 2 4

8 Hymenaea courbaril Fabaceae - Caesalpinioideae A 3 1 1 1 1

9 Joannesia princeps Euphorbiaceae B 3 2 3 2 4

10  Laurus nobilis Lauraceae A 3 3 3 1 3

11 Pterocarpus violaceus Fabaceae Faboideae B 3 3 3 2 3
12 Schizolobium parahyba var. parahyba Fabaceae - Caesalpinoideae @A 3 2 1 1 3

13  Tabebuia serratifolia Bignoniaceae B 3 3 3 2 4

14  Tectona grandis Verbenaceae A1 1 1 1 1

15  Zeyheria tuberculosa Bignoniaceae B 3 2 3 2 4

16  Araucaria angustifélia Araucariaceae A3 3 3 1 3

17 Pinus sp. Pinaceae A 3 3 3 1 3

Legend: Distinction (D): distinct (A); poorlydistinct (B); Porosity (P): porousring (1), semi-porousring(2), diffuse orabsentpores(3); Wall thickness (WT):
thinto thick (1), thick (2), fibrous zone (3); Marginal parenchyma (MP): continuous (1), discontinuous (2), absent (3); Dendrochronology potential (DP):
good(|),difficult(2), notpossible(3); DensitometryProfile:thereisanabruptdropindensityattheringlimit(| ), thereisagradualdecreaseintheringdensity (2)
Legenda: distinto (A); pouco distinto (B); porosidade (P): anel poroso (1), anel semi-poroso (2), poros difusos ou ausentes (3); espessura da parede
(GP): fina para grossa (1), grossa (2), zona fibrosa (3); parénquima marginal (PM): continuo (1), descontinuo (2), ausente (3); potencial dendrocro-
nolégico (PD): bom (1), com dificuldade (2), nao possivel (3); perfil densitométrico: ha queda abrupta da densidade no limite do anel (), ha queda
gradual na densidade do anel (2)
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Figura 1. Tree-ring characterization of Pinus sp. (a) X-ray equipment; (b-c) sample support and insertion into the
compartment; (d-e) wood cross section/ wood radial density profile.

Figure 1. Caracterizagdo dos anéis de crescimento de Pinus sp. (a) equipamento de raios X; (b-c) suporte meta-
lico- amostra do lenho e insergdao no compartimento; (d-e) segdo transversal do lenho/perfil radial de
densidade.
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RESULTS AND DISCUSSION

Wood macro and microscopic characterization

The wood anatomical and X-ray densitometry features of the growth rings of broadleaf and coni-
fer species, as well the summarized data of each species, are presented in the Figures 2, 3 and Table 2.

Concerning the growth ring distinction parameter (D) the results showed nine species with dis-
tinct rings and eight species with slightly distinct rings. In terms of the vessel porosity (P), only
Tectona grandis (teak) (Figure 2-14) presented porous rings and Cedrela odorata (cedar) (Figure 2-5)
semi-porous rings delimitated by marginal parenchyma. The wood of these two species had higher
vessel concentration with larger diameter formed at the beginning of the vegetative period of the
trees. Cedrela odorata (Meliaceae) is a well known tree species with the cambial activity, formation
of tree-rings and growth dynamics presented by Diinisch et al., (2002), Marcati et al., (2006) and
Lobao (2011); related to climatic signals (ANDREACCI et al., 2014); to determine the periodicity
and trunk growth increments (BOTOSSO et al., 2000), for dendrochronology (TOMAZELLO FI-
LHO et al., 2000, 2001) and dendro-ecological analysis (ALVES; ANGYALOSSY-ALFONSO, 2000;
DUNISCH et al., 2003). Similarly, the growth rings formed in Tectona grandis trees constitute a valu-
able tool applied to numerous research abroad and in Brazil correlating with the climatic variables
(PUMIJUMNONG et al., 1995; RAM et al., 2008; UGOLINO et al, 2014), as well with the wood
quality (CASTRO et al., 2011).

The remaining tree species showed diffuse or absent porosity. Related to cell wall thickness (WT),
three species presented wood with a thin to thick cell wall; six species had thick walls and six species
with tree-rings characterized by a darker fibrous zone similar to latewood. Within seventeen species
only five had wood with continuous bands of marginal parenchyma.

As for wood anatomical features of tree species, Astronium graveolens (Anacardiaceae) (Figure 2-1)
is characterized by an increase of vessel frequency and diameter reduction and a layer of marginal
parenchyma in the boundary of the late/early wood transition delimiting the tree-ring presenting a
dendrochronological potential, corroborating with the results of Cury (2002), Tomazello Filho et
al. (2004) and Trevizor (2011). Lisi et al. (2008) evaluated the tree-ring formation, radial increment
periodicity, and phenology; and Alves and Angyalossy-Alfonso (2000) observed growth rings as
ecological trends in the wood anatomy of this species.

Laurus nobilis (Lauraceae) (Figure 2-11) had wood characterized by growth rings with differentia-
tion in the vessel frequency and the latewood of the growth layer is not totally distinct and indicated
by darker tangential fibrous zone, according to Carlquist (1980) and Lourfy (2009).

The wood of Copaifera langsdorffii (Fabaceae-Caesalpinoideae) (Figure 2-7) is characterized by
growth rings delimited by a clear series of oil-resin ducts and marginal parenchyma presenting high
potential for dendrochronology, also observed by Marcati et al., (2001), Cury (2002), Tomazello
Filho et al. (2004), Marcati et al., (2006), Trevizor (2011), Sonsin et al., (2012) and Longui et al.,
(2014). The tree-ring formation, radial increment periodicity, phenology and ecological trends of
wood anatomy were characterized by Alves and Angyalossy-Alfonso (2000), Lisi et al. (2008) and
Costa et al., (2015).

Caesalpinia leiosthachya (Fabaceae-Caesalpinoideae) (Figure 2-3) presented distinct growth rings with
diffuse porosity and continuous marginal parenchyma, also observed by Tomazello Filho et al. (2004)
and Alves (2010); including the evaluation of tree-ring formation, wood ecology radial increment perio-
dicity, and phenology of this tree species by Alves and Angyalossy-Alfonso (2000) and Lisi et al. (2008).

The wood anatomy of Handroanthus (Tabebuia serratifolia) trees (Bignoniaceae) (Figure 2-8) are
similar to that described by Trevizor (2011); the ecological wood anatomy by Alves and Angyalossy-
-Alfonso (2000); and tree-ring formation, radial increment and phenology were detailed by Lisi et
al., (2008). The tree-ring and wood anatomy of Zeyheria tuberculosa (Bignoniaceae) (Figure 2-15)
were also described by Alves (2010) and the tree-ring, increment periodicity and phenology were
presented by Lisi et al., (2008). The growth layers of Pterocarpus violaceus (Fabaceae-Faboideae) (Fi-
gure 2-12) are defined by parenchyma cells and in Joannesia princeps (Euphorbiaceae) (Figure 2-10)
are distinct and delimited by darker fibrous zones and the ecological trends in the wood anatomy
of these species (growth rings and vessels) were reported by Alves and Angyalossy-Alfonso (2000)
and Costa et al., (2015).
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Balfourodendron riadelianum (Rutaceae) (Figure 2-2) shows peculiar reticulate axial parenchyma
cells, with poorly distinct growth rings characterized by the distance of parenchyma bands, typically
thinner and closer in the end of growing period. The wood ecological trends were considered by
Alves and Angyalossy-Alfonso (2000) and Lisi et al. (2008) described the tree-ring formation, trunk
increment periodicity and the phenology of this tree species.

Schizolobium parahyba var. parahyba (Fabaceae-Caesalpinoideae) (Figure 2-13) has distinct gro-
wth rings, delimited by a fibrous zone (thickening of the fiber wall, flattening of radial wall) and
marginal parenchyma band (CURY, 2002, TOMAZELLO FILHO et al., 2004). Several authors, used
tree-rings of this tree species for detection the seasonal wood development (MARCATI et al., 2008);
mortality tree diagnosis (CALLADO; GUIMARAES, 2010), phenology and cambial activity and their
relationship with wood formation and quality (LISI et al., 2008; LOBAO, 2011; LOBAO et al., 2012;
COSTA et al., 2015) and dendrochronological issues (LATORRACA et al., 2015).

The trees of Hymenaea sp. (Fabaceae-Caesalpinioideae) (Figure 2-9) presented distinct growth
rings divided by marginal parenchyma bands and vessels obstructed by amorphous and crystalline
substances, described by Cury (2002) and Trevizor (2011). The tree-ring radiocarbon measurements
define the trunk growth rates of the trees in Amazon forests (MOZETO et al., 1988), as well as the
wood ecological characteristics. The trunk growth periodicity and sustainable cycles of trees cut-
ting (LUCHI, 1998; HUAMAN-CALDERON, 2011) and the wood ecological trends, as well as the
tree-ring formation related to the phenology this tree species were studied by Alves and Angyallosy-
-Alfonso (2000) and Lisi et al. (2008).

Cariniana sp. (Lecythidaceae) (Figure 2-4) presented a homogeneous reticulate parenchyma re-
sulting in a poorly distinct growth ring characterized by thinner and closer parenchyma lines at
the end of the growth period, as well as a scarcity of vessels, as reported by Mainieri and Chimelo
(1989) and Tomazello Filho et al. (2004). Also, Alves and Angyalossy-Alfonso (2000) and Lisi et al.
(2008) reported the wood ecological trends, tree-ring formation, radial increment periodicity and
phenology of this tree species.

Regarding all species of tree species analyzed, the conifers Araucaria angustifolia (Araucariaceae)
(Figure 3-1, Tabela 2) and Pinus sp. (Pinaceae) (Figure 3-2, Tabela 2), are well known to have the
tree-rings distinct and formed by early-latewood, with eventual formation of false growth rings. The
scientific literature that reports the anatomical structure and application of the tree-rings of these two
species of conifers is significant (WEHR; TOMAZELLO FILHO, 2000; MEDEIROS et al., 2008; FER-
REIRA; TOMAZELLO FILHO, 2009; OLIVEIRA, 2007; OLIVEIRA et al., 2009; CASTRO et al., 2014).

Within the list of the species, nine showed potential for dendrochronology while the remaining
eight species require the application of complementary methodologies. Among the available tech-
niques, the more common are radiocarbon (**C) used successfully by Lisi et al., (2001), Kromer
(2009) and Santos et al., (2015) in dating tree-rings of araucaria trees, and “Mariaux window”
applied by Luchi (1998) in dating the induced scars - due to response of cambial cells injuries - in
order to determine the annuity of tree-rings of Hymenaea courbaril trees.

It was found that 53% of the species anatomically studied in the present study have potential for
further dendro-cronological study, especially species representative of the Fabaceae-Caesalpinioideae
family (Table 2). Alves and Angyalossy-Alfonso (2000), in order to evaluate the ecological trends in
the wood anatomy of Brazilian tropical species, observed the presence of growth rings in 48% of the
species studied. Also, Mainieri et al. (1983) detected growth rings in 35% of the 300 wood species
analyzed. The application of complementary technique, as X-rays densitometry is recommended and
useful to determine the growth ring boundaries as complementary to the wood anatomy features.

Wood X-ray densitometry characterization

X-ray densitometry is an analytical technique that was developed in the early 1970s by Parker analyzing
Picea engelmannii trees in Canada, and pioneered by Polge in the late 1960’s and the significant rela-
tionships between density and climate (dendroclimatology) were evident (POLGE, 1970, 1978; PARKER;
HENOCH, 1971, WHITE, 2010). Similarly, for several forest tree species of temperate climate, such as
Quercus spp and Picea mariana, the X-ray densitometry has been applied in defining the boundaries of the
annual tree rings, considering its relationship with the density of the early-latewood and characterization
of transition juvenile-mature wood (MOTHE et al 1998; KOUBAA et al, 2002; ALTEYRAC et al., 2006).
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1 - Astronium graveoleons
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riedelianum

2 - Balfourodendron

3 - Caesalpinia leiostachya

4 - Cariniana leqalis

5 - Cedrela odorata

0 02 04 06 08

Figura 2. Images of micro, macro and densitometry profile of the wood of the 15 species studied. The images were
obtained from wood transversely oriented: (a) Macro Image (macroscopic), obtained directly from the
sample using a stereoscopic microscope and (b) Micro Image (microscopic), histological section mounted
on a permanent slide and observed under a microscope incident light.

Figure 2. Imagens micro, macro e perfil densitométrico do lenho das 15 espécies estudadas. As imagens foram
obtidas a partir lenho orientado transversalmente: (a) Imagem Macro (macroscopica), obtida diretamente
da amostra usando um microscopio estereoscépico e (b) Imagem Micro (microscépica), corte histoldgico
montado em uma ldmina permanente, e observado sob um microscopio de luz incidente.
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7 - Copaifera langsdorffii

8 — Handroanthus
serratifolius

9 - Hymenaea courbaril

10 - Joannesia princeps

11 - Laurus nobilis

i i

Figura 2 - Continuagdo. Images of micro, macro and densitometry profile of the wood of the 15 species studied.
The images were obtained from wood transversely oriented: (a) Macro Image (macroscopic), obtained
directly from the sample using a stereoscopic microscope and (b) Micro Image (microscopic), histological
section mounted on a permanent slide and observed under a microscope incident light.

Figure 2 - Continuagao. Imagens micro, macro e perfil densitométrico do lenho das 15 espécies estudadas. As
imagens foram obtidas a partir lenho orientado transversalmente: (a) Imagem Macro (macroscdpica), ob-
tida diretamente da amostra usando um microscopio estereoscépico e (b) Imagem Micro (microscdpica),
corte histoldégico montado em uma lamina permanente, e observado sob um microscépio de luz incidente.
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12 - Pterocarpus violaceus

13 Schizolobium parahyba var
parahyba

14 -Tectona grandis
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15 -Zeyheria tuberculosa

Figura 2 - Continuagdo. Images of micro, macro and densitometry profile of the wood of the 15 species studied.
The images were obtained from wood transversely oriented: (a) Macro Image (macroscopic), obtained
directly from the sample using a stereoscopic microscope and (b) Micro Image (microscopic), histological
section mounted on a permanent slide and observed under a microscope incident light.

Figure 2 - Continuagdo. Imagens micro, macro e perfil densitométrico do lenho das 15 espécies estudadas. As
imagens foram obtidas a partir lenho orientado transversalmente: (a) Imagem Macro (macroscépica), ob-
tida diretamente da amostra usando um microscopio estereoscopico e (b) Imagem Micro (microscépica),
corte histoldégico montado em uma lamina permanente, e observado sob um microscépio de luz incidente.

Wood X-ray densitometry technique was initially applied in Brazil aiming at the determination
of the tree ring characteristics and wood density profile of Pinus taeda trees by Amaral and Toma-
zello (TOMAZELLO FILHO et al, 2008). After the initial and successful results, X-ray densitometry
was applied to other coniferous species by several authors analyzing the structure of the growth
rings of Araucaria angustifolia trees allowed to correlated with wood anatomy and quality, as well as
to improve the 'C calibration curve for the Southern Hemisphere (WEHR; TOMAZELLO FILHO,
2000; SANTOS et al., 2015); also in Araucaria columnaris trees as a lead indicator of environmental
monitoring (MEDEIROS et al., 2008). The wood density profile of Araucaria angustifolia (Figure 3-1,
Table 2) is similar to that described by the referenced authors, reflecting the anatomical structure of
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early (0,5 g/cm?) and latewood (0,75 g/cm?) and allowing their differentiation, as well as the perfect
definition and mensuration of the annual growth increment.

(a) Micro (b) Macro Densitometry profile
g
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(o))
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\k
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S
g
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- 0 1 2 3

2 - Pinus sp.

Figura 3. Micro, macro and densitometry profile images of the 2 conifer species studied. The images were obtained
from the transverse plane of the wood of this species, with the (a) Macro (macroscopic) directly from the
specimen using a stereoscopic microscope and (b) Micro (Microscopic) by histological slices, and observed
under a incident light microscope.

Figure 3. Imagens micro, macro e perfil densitométrico do lenho das 15 espécies estudadas. As imagens foram
obtidas a partir lenho orientado transversalmente: (a) Imagem Macro (macroscopica), obtida diretamente
da amostra usando um microscopio estereoscopico e (b) Imagem Micro (microscdpica), corte histoldgico
montado em uma ldmina permanente, e observado sob um microscopio de luz incidente.

Similarly, for pine trees (Figure 3-2, Table 2) the density radial profile is equivalent to that descri-
bed for Caribbean pine trees by several authors (FERREIRA; TOMAZELLO FILHO, 2009; CASTRO,
2011; CASTRO et al., 2014) and for the Araucaria trees which are composed of wood tissues with
high contrast in density due to their anatomical structure, with early wood (0,3 g/cm?®) sequenced
by latewood (0,9 g/cm?) of the same annual growth ring.

When comparing with temperate tree species, the X-ray densitometry was less often applied in
tropical and subtropical broadleaf native trees from natural populations and plantations. In the spe-
cialized literature the families Meliaceae, Fabaceae-Caesalpinoideae, Lecythidaceae could be men-
tioned; while among exotic species the families Myrtaceae, Lamiaceae and Verbenaceae.

Concerning the Meliaceae family, their representative species of Swietenia macrophylla, Cedrela
odorata and C. fissilis were analyzed with respect to the tree rings width and wood density variation,
dendrochronology, cambium activity and sustainable forest management (ALVARADO et al., 2010;
LOBAO, 2011, SCHIPPER-GUEROVICH, 2011). The wood density profile of Cedrela odorata (Figure
2-5, Table 2) is not comparable with that observed in the conifers wood; the main characteristic is
the abrupt drop of wood density (equivalent to the marginal parenchyma and semi-ring porous,
representing the earlywood with 0.5 g/cm?) followed by a gradual increase of density (equivalent
to less vessel frequency and thicker fiber cell wall, representing the latewood with 0.9 g/cm?). The
typical variation of wood density in Cedrela and many other broadleaves is due to the response of
the variation of vessels frequency and diameter.

Among the Lamiaceae family, Tectona grandis trees are commonly studied by X-ray densitometry
in order to discriminate and characterize the juvenile and adult wood (BHAT et al., 2001; CASTRO,
2011; CASTRO et al., 2011); to analyze the retention and penetration of CCA in teakwood fence
posts (CHAGAS et al, 2015); the provenance effect on the tree ring structure (NOCETTI et al., 2011);
wood density in relation to tissue proportions and growth of teak trees (RAHMAN et al, 2004) and
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visualization of tree-rings in three dimension using X-ray tomography (BULCKEA et al., 2014). The
wood density profile of Tectona grandis (Figure 2-14, Table 2) is very similar to that described for
Cedrela, with annual tree-rings bordered by early wood (0.2 g/cm?) and latewood (0.5 g/cm?).

With respect to the family Fabaceae-Caesalpinioideae, results applying the X-ray densitometry in
Schizolobium parahyba var. amazonicum were found to characterize the tree-rings and wood density
variability across the poles and, also, the wood quality (LOBAO, 2011; LOBAO et al., 2012). In the
annual tree-rings of S. parahyba (Figure 2-13, Table 2) the early wood (0.5 g/cm3) is followed by the
latewood (0.8 g/cm?) with a distinct gradual increase of density due to the lower vessel diameter
and frequency.

Concerning Hymenaea courbaril, tree-rings and wood density profiles were applied in dendro-
chronology and for sustainable forest management in the tropical Amazon forests of Madre de
Dios, Peru (HUAMAN-CALDERON, 2011). The wood density profile of H. courbaril (Figure 2-9, Ta-
ble 2) is typical of the hardwood with high density value due to their anatomical features, especially
defined by the fine marginal parenchyma band (0.8 g/cm?) delimiting the wood region of higher
density (1.1 g/cm?).

The family Lecythidaceae, represented by Cariniana legalis trees managed under different spacing,
were scanned by X-ray densitometry which allowed to determine the tree-ring boundaries and per-
form a detailed evaluation of wood quality (OLIVEIRA, 2015). The wood density profile of C. legalis
(Figure 2-4, Table 2) directly reflects its anatomical structure characterized by the formation of typi-
cal narrow bands of reticulate parenchyma, with minimum and maximum variations of 0.55 and
0.85 g/cm?, respectively. In this tree species, the growth rings are more clearly typified by regions of
fibrous areas, darker coloring and higher density.

The other studied tree species were not supported by bibliography in the literature relating to
the correlation between the anatomy and the wood density profile. Among these species, Astronium
graveoleons trees (Figure 2-1, Table 2) presented growth rings delimited by axial parenchyma bands
reflecting a wood density profile defined by a sharp drop in density (parenchyma tissue, 0,7 g/cm?)
alternating with higher density (fibrous tissue, 1,0 g/cm?). Also in Copaifera langsdorffii trees (Figure
2-7, Table 2) the same pattern of wood density profile was detected, with an alternation of lower
density (marginal parenchyma associated with tangentially secretory canals, with 1.0 g/cm?) and
higher density (fibrous area, with 1.3 g/cm?). In Balfourodendron riedelianum trees (Figure 2-2, Table
2) the sequence of fibers and parenchyma zones, typical of this species, was reflected in distinct
alternation of the highest (1.1 g/cm?) and lowest (0.5 g/ cm?) values of wood density. Zeyheria tu-
berculosa trees (Figure 2-15, Table 2) have a wood anatomical structure comparable to B. riedelianum
wood with the main differences relating to the greater width of fibers (0.95 g/cm?) and parenchyma
(0.5 g/cm?) zones. Similarly, Handroanthus (Tabebuia) serratifolia trees (Figure 2-8, Table 2) show
similarity in their anatomy, with narrower fiber (1.1 g/cm?) and parenchyma (0.7 g/cm?) bands;
and Caesalpinia leiostachya (Figure 2-3, Table 2) trees with growth ring boundary with longitudinal
parenchyma (0.9 g/cm?®) and fiber zones (1.4 g/cm?); Pterocarpus violaceus (Figure 2-12, Table 2) also
presented a wood region with higher (1.1 g/cm?®) and lower (0.4 g/cm?) density profile, related to
their anatomical features, similar to the Joannesia princeps trees with density variation of 0.85 (la-
tewood) and 0.50 (early wood) g/cm?® (Figure 2-10, Table 2).

A similar methodology was also applied in Gmelina arborea trees, in the Verbenaceae family, from
Costa Rica, aiming to obtain the wood density variation and tree ring demarcation (MOYA; TO-
MAZELLO FILHO, 2009). Concerning the Myrtaceae family, the X-ray densitometry has been used
to characterize the wood features of Eucalyptus spp., as a non-destructive method (TOMAZELLO
FILHO, et al., 2008); to correlate with the climatic variability (OLIVEIRA et al., 2011) and to deter-
mine the wood density variation as a parameter of wood quality and with potential for biomass
production (KNAPIC et al. 2014).

In the specialized literature the association of the two methodologies provides and aggregates
the evaluation of the wood anatomical characteristics and their physical properties (tree-ring den-
sity). This methodology is important, especially for tropical and subtropical species where, unlike
the temperate, the growth rings are not clear. Thus, the work enables the development of a new
research field applied in ecological anatomy, dendroclimatology, wood quality, sustainable forest
management, etc.
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CONCLUSIONS

The results of the wood anatomical features of growth rings provided information concerning
the tropical and subtropical tree species with higher potential for dendrochronological studies. The
wood X-ray densitometry constitutes a complementary methodology allowing to apply the wood
density profile - directly related to the wood anatomical features - to determine the growth ring
boundaries. Among the families of broadleaves and conifers with the greatest potential were cited
the Anacardiaceae, Araucariaceae, Fabaceae-Caesalpinoideae, Pinaceae, Lauraceae, Meliaceae and Verbe-
naceae. The wood anatomical and X-ray densitometry analyses are fundamental to dendrochronolo-
gy applied to tropical and subtropical tree species and allowing their application in the sustainable
forest management and evaluation of wood quality.
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