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Abstract

Key message \Wood of Laguncularia racemosa (L.) C.F. Gaertn. and Avicennia germinans (L.) L trees have similar chemi-
cal properties, while Rhizophora mangle L. is superior in physical-mechanical properties. It is highly suitable for char-
coal production and civil construction.

Context Wood from mangrove tree species has been widely used by traditional communities on the Amazon coast,
although its chemical and physical-mechanical properties are unknown.

Aims This study intends to assess the chemical and physical-mechanical properties of wood from mangrove trees
and compare data obtained from the three most dominant species: R. mangle, A. germinans, and L. racemosa.

Methods Chemical and physical-mechanical properties of wood were analyzed in five trees of each mangrove spe-
cies, using standards ASTM D1107-21, ASTM D1106-21, ASTM D1102-84, ASTM D2395-17, and ASTM D143/2014.

Results Among the chemical properties, A. germinans presented the highest values for ash, R. mangle for lignin
and holocellulose, and L. racemosa for total extractives. Of the physical properties, R. mangle presents high values
of basic density, tangential contraction, volumetric variation, and anisotropy coefficient, while A. germinans high
values of radial contraction.

Conclusion Higher-quality chemical properties present advantages in natural durability and resistance to xylopha-
gous for A. germinans and L. racemosa, while higher lignin has better mechanical resistance for R. mangle and holocel-
lulose and better charcoal production for L. racemosa. Such information is the basis for management in mangroves
due to the multiple uses of mangrove wood and deforestation intensity in mangrove forests.

Keywords Amazonian mangroves, Anisotropy coefficient, Radial and tangential contraction, Volumetric contraction,
Wood density

Handling editor: Jean-Michel Leban.

*Correspondence:

Marcus Emanuel Barroncas Fernandes

mebf@ufpa.br

Full list of author information is available at the end of the article

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13595-025-01279-6&domain=pdf
http://orcid.org/0000-0001-7927-3762
http://orcid.org/0000-0003-4227-7801
http://orcid.org/0000-0001-6276-205X
http://orcid.org/0000-0003-1617-5254
http://orcid.org/0000-0003-2563-3245
http://orcid.org/0000-0003-3894-5248

Galvéo et al. Annals of Forest Science (2025) 82:13

1 Introduction

Mangrove forests are made up of trees and shrubs
adapted to intertidal areas on all tropical and subtropi-
cal coasts around the world (Tomlinson 2016). These
forests represent about 8% of the entire global coastline
and 25% of the tropical coast, covering a total of 181,077
km? (Spalding et al. 2010). It should be noted that Indo-
nesia, Australia, Brazil, and Nigeria have around 43%
of the planet’s mangrove forests (Alongi 2002). Indo-
nesia has the largest mangrove area in the world, with
42,550 km? distributed throughout its archipelagos.
Brazil is the country with the second-largest mangrove
area with~9900 km? which extends from the north,
in Amap4d, to the south in the State of Santa Catarina
(Spalding et al. 2010; Diniz et al. 2019). The coastal region
of the Brazilian Amazon extends from Cape Orange, in
the State of Amapa4, to the State of Maranhéo and has the
largest mangrove area in the country, representing more
than 80% of this ecosystem in the national territory. In
this region between the bay of Maraj6 (48° W; 0° 30" S),
in the State of Par4, to the bay of Sdo José (44° 15" W; 2°
S), in the State of Maranhdo, there is the largest continu-
ous extension of this ecosystem on the planet, covering
an area of 7591 km?, accounting for around 57% of Bra-
zil's mangroves (Souza Filho 2005; Diniz et al. 2019).

The mangroves in the State of Para are formed by six
tree species: Avicennia germinans (L.) L; Avicennia
schaueriana Stapf & Leechman ex Moldenk; Rhizophora
mangle L.; Rhizophora racemosa G. F. W. Meyer; Rhiz-
ophora harrisonii Leechman; and Laguncularia race-
mosa (L.) C.E. Gaertn. The species R. mangle is the most
dominant both on the coast of Pard and on the entire
Brazilian Amazon coast (Abreu et al. 2016). This species
dominates brackish environments, areas of low salinity,
and hence those areas with greater frequency of flooding
(Menezes et al. 2008). On the other hand, A. germinans
is the second most dominant species, developing in areas
with higher topography, greater salinity, and hypersa-
line regions, where they form monospecific forests with
shrubby characteristics and short individuals (Medina
et al. 2001; Virgulino-Junior et al. 2020). The third most
dominant species in the Amazonian mangroves is L. rac-
emosa, which is most common on the margins of man-
grove forests and in natural and anthropogenic clearings
(Abreu et al. 2016).

In the State of Pard, traditional coastal communities
live in or around mangroves. These communities depend
on the exploitation of mangrove forests (Fernandes et al.
2018; Galvéo et al. 2024), with wooden products being
used for the most varied applications, such as in civil con-
struction, fishing pens, fences for pig and cattle farming,
boats, fuel (firewood) for manufacturing cassava flour,
and charcoal production for domestic and commercial
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use (Voigt 2011; Galvdo et al. 2024). In addition, this
extractive activity of mangrove wood for multiple uses
is of great relevance and represents a vital source for the
subsistence of these communities (FAO 2023).

For a better understanding of the use of wood resources
from mangrove forests, it is still necessary to assess the
quality of wood typical of this ecosystem, since knowl-
edge of wood properties is an important factor for the
development of silvicultural practices, management, and
forest improvement; this knowledge influences the trans-
formation process and determines the most appropriate
conditions for the rational exploitation of these forest
resources (Rodriguez-Anda et al. 2018; Chambi-Legoas
et al. 2021). Therefore, knowing the chemical and physi-
cal-mechanical properties of wood is essential to support
various investigations, enhance its different uses, and
reduce excessive logging and waste, in addition to add-
ing value to products resulting from the use of this wood
(Medeiros et al. 2021). Considering the importance of the
mangrove wood as a multi-purpose resource for people
who live in the estuarine-coastal zone, this work aims to
assess whether there is a similarity between the chemi-
cal and physical-mechanical properties of the wood of
the three dominant species of mangrove trees (R. mangle,
A. germinans, and L. racemosa) on the Brazilian Amazon
coast. It also investigates whether such properties are
similar to those presented by the dominant tree species
in mangroves on other continents since these species are
also multi-purpose resources used by people who depend
on these ecosystems.

2 Materials and methods

2.1 Study area

The study area is located within the Caeté-Taperacu MER
in the northeast of the State of Para (Fig. 1). The Chico
Mendes Institute for Biodiversity Conservation (ICMBio)
manages the protected area. The climate in this region is
hot and humid, and according to a 40-year data series,
the average annual temperature is 26.5 °C, with annual
precipitation of 2348.5 mm and average relative humid-
ity of 85% (INMET 2022). The dry period is from July to
November, while the rainy period occurs from December
to June (Moraes et al. 2005).

2.2 Collection and characterization of wood properties

The criterion for choosing trees for wood collection was
the median of the structural variable diameter at breast
height (DBH) of R. mangle, A. germinans, and L. race-
mosa with DBH around 20 cm, 23 cm, and 19 c¢m, respec-
tively. Five trees of each species were collected (License
MMA/ICMBIO/SISBIO no.: 77770-1) and taken to the
Mangrove Ecology Laboratory—Federal University of
Pard, Braganca Campus—for preparation of the test
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Fig. 1 Location of the Caeté-Taperagu Marine Extractive Reserve (MER), municipality of Braganca, State of Parg, Brazilian Amazon coast. Rm,

Rhizophora mangle; Ag, Avicennia germinans; Lt, Laguncularia racemosa

specimens. After preparation, test specimens were taken
to the Multi-User Forestry Engineering Laboratory —
State University of Pard, Paragominas Campus and Lab-
oratory of Mechanical Testing of Wood and Derivatives
(LEMMAD), at the "Luiz de Queiroz" College of Agricul-
ture (ESALQ), University of Sdo Paulo (USP) for chemi-
cal and physical-mechanical analyses.

2.3 Chemical properties

Wedges from all collected discs for the three examined
species were used for the chemical characterization of
wood from mangrove species, always using two oppos-
ing wedges. The wedges were reduced to chips and then
crushed in a knife mill to obtain sawdust. The mate-
rial obtained was sieved, and only the fraction retained
between the 40 and 60 mesh sieves (=opening of
0.420 mm and 0.250 mm, respectively) was used.

The wood’s total extractive content was analyzed fol-
lowing the adapted Standard ASTM D1107-96 (ASTM
2021a), in which the samples were extracted in toluene,
alcohol, and hot water. The insoluble lignin content was

determined according to the procedures described by
Standard ASTM D1106-21 (ASTM 2021b) and the solu-
ble lignin by the procedure presented by Goldschmid
(1971). The total lignin content was determined by the
sum of soluble and insoluble lignin. In contrast, the
holocellulose content was determined by the difference
between the initial mass and the amount of extractives
and total lignin. After extraction, the samples were stored
in an oven at 103+2 °C to evaporate the solvents, and
the dry material was weighed to determine the extractive
content by mass difference.

The soluble, insoluble, and total lignin were determined
by the difference between the initial mass and the quanti-
ties of extractives, lignin, and ash, that is, 100 — (Extrac-
tives + Lignin + Ash). The ash content was determined
following Standard ASTM D1102-84 (ASTM 2021c).

2.4 Physical-mechanical properties

To characterize the basic density of wood, a 6-cm-
thick disc was removed from each tree at 1.30 m above
ground level (Fig. 2). Four radial positions were taken
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Fig. 2 Schematic diagram of the specimen collection and preparation process. A Process of collecting samples and selecting discs. B Preparation
of samples for physical analysis. C Preparation of samples for chemical analysis. D Preparation of samples for mechanical analysis; R, radial; T,

tangential; L, longitudinal

from the discs, from bark to bark, namely close to the
pith 0%, 33%, and 66% of the radius, and on the periph-
ery of the stem close to the bark 100%, with 5 cm edges
in the longitudinal direction (L), 3 ¢m in the radial
direction (R), and 2 cm in the tangential direction (T),
all free of defects and perfectly oriented, following the
test procedure specified by Standard ASTM D2395-17
(ASTM 2022).

The basic density (p,,,; g cm™) of mangrove wood
was calculated using Eq. 1, using the ratio between the
oven-dried mass (Mg; g) and the saturated volume (V,,;
cm?). B

Ms

Pbasic = m (1)

To characterize the dimensional variation (linear con-
tractions) of mangrove wood, Radial and Tangential

contraction calculations were performed using Eq. 2,
where e,=swelling index (%), L, =saturated dimen-
sion (cm), Lyyy= dry dimension (cm).

Loy — L
& = Lsat — Sdry %100 )
Lsat

The volumetric contraction (AV; cm®) of mangrove
wood was calculated using Eq. 3, where V= saturated
volume (cm?), Viry=dry volume (cm®).

Vear — V,
AV = (W—d’y> % 100 (3)
dry

The anisotropy coefficient (8; %) or anisotropic factor
of mangrove wood is the result of tangential and radial
variations and was calculated by Eq. 4, where Ct=tan-
gential contraction (%), Cr=radial contraction (%)
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Ct

0= —
Cr

(4)

To assess the mechanical properties, the standard
ASTM D143-14 (ASTM 2014) was used with dimension
adaptations mentioned previously. The tests were con-
ducted on a Universal Testing Machine with a capacity of
300 KN.

2.5 Data analysis

The raw data regarding wood’s chemical and physical—
mechanical properties were tested for normality using the
Shapiro—Wilk test and homoscedasticity using the Lev-
ene test. ANOVA analysis of variance was used to verify
the differences between the mean values of the chemical
and physical-mechanical properties of the three species
of mangrove trees (R. mangle, A. germinans, and L. rac-
emosa). When the data did not meet the assumptions of
normality or homoscedasticity, the Kruskal-Wallis (H)
non-parametric analysis of variance was used; when sig-
nificant, Dunn’s post hoc tests were applied to the results.
These analyses were performed using the BioEstat 5.0
statistical package (Ayres et al. 2007).

3 Results

3.1 Chemical features

The chemical characterization of wood from the three
mangrove species is described in Table 1. The contents of

Table 1 Mean +standard deviation for the contents of ash (%),
lignin (%), holocellulose (%), and total extractives (%) of wood
from the three dominant tree species in Amazonian mangroves.
Rm: Rhizophora mangle; Ag: Avicennia germinans; Lr: Laguncularia
racemosa; p: significance level; n.s.: not significant

Species  Ash Lignin Holocellulose  Total Extractives
Lr 1703 237+24 602+33 145+2.1

Ag 23+05 20.7+44 62.7+9.5 144+2.1

Rm 0.8+0.1 249+33 70024 43+18

P <0.05 n.s n.s <0.05

Page 5 of 12

ash, lignin, holocellulose, and total extractives were pre-
sented in different proportions. In the results obtained
for ash content, A. germinans presented the highest
values, followed by L. racemosa and R. mangle, with a
significant difference found between the three species
(H=27.9; df=2; p<0.05). R. mangle presented the high-
est values for lignin content compared to the other two
species (L. racemosa and A. germinans), with no sig-
nificant difference between the three species. The same
trend of significance was recorded for holocellulose,
although the highest values were recorded for R. man-
gle, followed by A. germinans and L. racemosa. The total
extractive content was highest for L. racemosa, followed
by A. germinans and R. mangle, but varying significantly
between the three species (H=17.3; df=2; p<0.05).

3.2 Physical-mechanical features
The basic density, contraction, and anisotropy presented
different values for the physical characterization of
wood from the three mangrove species (Table 2). In the
observed results, R. mangle presented the highest val-
ues, followed by A. germinans and L. racemosa, varying
significantly between the three species (H=95.1; df=2;
p<0.05). For linear contraction, the species A. germinans
presented the highest radial contraction, followed by R.
mangle and L. racemosa, varying significantly between
the three species (H=36.7; df=2; p <0.05). For tangential
contraction, the species R. mangle presented the high-
est values, followed by A. germinans and L. racemosa,
varying significantly between the three species (H=94.0;
df=2; p<0.05). In volumetric variation, the species R.
mangle presented the highest values, followed by A. ger-
minans and L. racemosa, varying significantly between
the three species (H=104; df=2; p<0.05). For anisot-
ropy, the species R. mangle presented the highest val-
ues, followed by A. germinans and L. racemosa, varying
significantly between the three species (H=46.9; df=2;
p<0.05).

The apparent density, shear strength, compres-
sion strength, bending stiffness, and bending strength

Table 2 Mean +standard deviation of basic density (o; g m~3), contractions (%), and anisotropy (%) of wood from the three dominant
tree species in Amazonian mangroves. Rm: Rhizophora mangle; Ag: Avicennia germinans; Lr: Laguncularia racemosa; p: basic density (kg
m™); R: radial position (%); T: tangential position (%); VV: volumetric variation (%); p: significance level

Species P Contraction Anisotropy
R T v

Lr 06+0.1 4.0+49 51+£16 9.0+49 1.6+0.6

Ag 0.7+0.1 51+£18 83+£23 133134 1.7+£06

Rm 0.8+0.0 46+14 11.5+25 195+34 28+12

P <0.05 <0.05 <0.05 <0.05 <0.05
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presented different values for the mechanical charac-
terization of wood from the three mangrove species
(Table 3). In the observed results, R. mangle presented
the highest values, followed by A. germinans and L. rac-
emosa, varying significantly between the three species
(H=49.78; df=2; p<0.05). Rhizophora mangle presented
the highest values for shear strength, followed by L. rac-
emosa and A. germinans, varying significantly between
the three species (H=37.16; df=2; p<0.05). Rhizophora
mangle presented the highest values for compression
strength, followed by A. germinans and L. racemosa, var-
ying significantly between the three species (H=49.39;
df=2; p<0.05). Rhizophora mangle presented the highest
values for bending stiffness, followed by A. germinans and
L. racemosa, varying significantly among the three spe-
cies (H=53.22; df=2; p<0.05). Rhizophora mangle pre-
sented the highest values for bending strength, followed
by A. germinans and L. racemosa, varying significantly
between the three species (H=53.20; df=2; p <0.05).

4 Discussion

4.1 Chemical wood properties

The wood of mangrove trees from the Amazon coast pre-
sented different values regarding the four chemical prop-
erties analyzed here. However, only the values for ash and
total extractives differed significantly, with the highest
levels evident for A. germinans and L. racemosa. Con-
sidering tree species characteristic of mangrove areas on
other continents (Table 4), our results for R. mangle are
close to those found for Xylocarpus granatum J. Koenig.
(0.9%) in the Bintuni Bay, West Papua, Indonesia (Ramos
et al. 2019). Those from A. germinans are similar to those
found for Sommeratia apetala Buch.-Ham. (2.1%) in
Keora, Bangladesh (Jahan and Nasima 2009), and L. rac-
emosa similar to those found for Xylocarpus mekongests
Pierre. (1.6%), and Bruguiera gymnorrhiza (L.) Savigny ex
Lam. (1.7%) in the Bangladesh and Indonesia (Mun et al.
2011; Ramos et al. 2019) (Table 4). The same table pre-
sents percentage values for ash, lignin, holocellulose, and
total extractive content of wood from other typical trees

Table 3 Mean+standard deviation of apparent density at 12%
(0,95 kg m™3), shear strength (f,;; MPa), compression strength
(f., MPa), bending stiffness (£, GPa), and bending strength
(f,s MPa). Rm: Rhizophora mangle; Ag: Avicennia germinans; Lr:
Laguncularia racemosa; p: significance level

Species ;59 fo feo Emo fu

Lr 7268+524 125425 391+62 58+21 864+253
Ag 8820+889 121£38 453+76 115+£23 1066+184
Rm 1031.6+396 21.8+46 796+65 188+26 1900+132
P <0.05 <0.05 <0.05 <0.05 <0.05
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from inland environments, such as Manilkara huberi
(Ducke) Standl. (0.2%), Bowdichia nitida Spruce ex
Benth (0.1%), Caryocar villosum (Aubl.) Pers. (1.0%), and
Piptadenia suaveolens Miq. (0.5%), commonly found in
dryland forests in the Amazon region of South America;
the values recorded in the present study are still higher
(Medeiros et al. 2021) (Table 4). These results may rep-
resent a positive consequence regarding natural dura-
bility, as wood with a higher ash content generally has
higher resistance to xylophagous agents (Paes et al. 2013).
On the other hand, wood from R. mangle presented the
lowest value of chemical and physical wood properties,
equivalent to wood from other types of vegetation from
dryland forests, such as Erisma uncinatum Warm. (0.7%),
already studied in Brazil’s southern and northern regions
(Batista et al. 2021) (Table 4).

Considering that the total lignin and holocellulose
contents did not differ significantly between the three
mangrove species, even minor variations in these com-
pounds may be relevant from a technological point of
view. The total lignin found here varied between 20.7
and 24.9%, close to the values recorded for other species
of mangrove trees, such as Rhizophora mucronata Lam.
(28.0%) and Xylocarpus mekongests Pierre. (21.3%), and S.
apetala (27.4%) studied in mangroves in Africa (Kenya:
Verheyden et al. 2005) and Asia (Bangladesh: Jahan and
Nasima 2009; Mun et al. 2011) (Table 3). These lignin
values are also similar to those from other types of veg-
etation originating from dryland forests, such as Schi-
zolobium parahyba var. amazonicum (Huber ex Ducke)
Barneby (range between 25.6 and 29.1%) studied in the
forests of the Brazilian Amazon, in South America (Melo
et al. 2013; Mascarenhas et al. 2021) (Table 4). Consid-
ering that hardwoods have around 24% lignin (Walker
2006), our results may provide an advantage for the use
of R. mangle wood in the carbonization process (Santos
et al. 2016; Islam et al. 2019), because lignin content has a
strong correlation with calorific value (White 1987; Gou-
véa et al. 2015; Domingos et al. 2020). Another advan-
tage is protection against deteriorating agents, as lignin
is responsible for cell wall waterproofing (Vidaurre et al.
2013) and also protects it against the action of degrading
agents (Kacik et al. 2015; Medeiros et al. 2021).

Holocellulose varied between 60.2 and 70.0%, with R.
mangle wood presenting a higher value than the other
species. This study found holocellulose close to that
recorded for other mangrove species, such as S. apetala
(between 71.0% and 83.0%) and Heritiera fomes (Buch.-
Ham) (76.0%) on the Asian continent (Bangladesh:
Jahan and Nasima 2009; Mun et al. 2011) (Table 4). On
the other hand, our results showed values higher than
those found for R. mucronata (30%) on the African con-
tinent (Kenya: Verheyden et al. 2005). The results found
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Table 4 Average values for ash (A; %), lignin (L; %), holocellulose (H; %), and total extractive (TE; %) content of wood from mangrove
tree species from other continents and tree species from different tropical forests available in published papers

Mangrove species A L H TE Reference

Rhizophora mucronata Lam - 280 30.0 6.0 Verheyden et al. (2005)
Sonneratia apetala Buch.-Ham 2.1 274 71.0 Jahan and Nasima (2009)
S. apetala 16 318 83.0 03 Mun et al. 2011)
Excoecaria agallocha L 32 236 77.8 1.0

Avicennia alba Blume 1.2 350 829 0.8

Heritiera fomes Buch.-Ham 26 258 76.0 2.2

Xylocarpus mekongests Pierre 1.6 213 81.0 1.1

Bruguiera gymnorhiza (L) Lam. ex Savigny 1.0 320 76.3 0.6

A.alba 3.1 - - - Ramos et al. (2019)
Xylocarpus granatum JKoenig 09 - - -

Aegialitis rotundifolia Roxb 1.5 - - -

Ceriops decandra (Griff) W.Theob 18 - - -

B. gymnorrhiza 1,7 - - -

H. fomes 104 - - -

S.apetala 13 - - -

Avicennia marina (Forssk.) Vierh 18 - - -

Rhizophora stylosa Griff 1.1 - 22.7 - Adebayo et al. (2019)
Rhizophora apiculata Blume 6.3 390 33.1 9.1 Irman et al. (2022)
Bruguiera cilindrica (L.) Blume 1.2 28.0 - - Sakurai et al. (2023)

R. mucronata 1.1 220 - -

A.marina 43 19.2 - -

Non-mangrove species

Manilkara huberi (Ducke) Stand| 02 - - Medeiros et al. (2021)
Bowdichia nitida Spruce ex Benth 0.1 - -

Caryocar villosum (Aubl.) Pers 1.0 - -

Piptadenia suaveolens Miq 0.5 - -

Erisma uncinatum Warm. 0.8 - - Batista et al. (2021)
Schizolobium parahyba (Vell)) Blake) - 256 - - Melo et al. (2013)

S. parahyba - 29.1 - - Mascarenhas et al. (2021)

here also emphasize that L. racemosa wood may have
an advantage in the carbonization process, considering
that wood with low levels of holocellulose presents good
yields for the production of charcoal (Vale et al. 2010).
In contrast, this is a disadvantage for R. mangle, as the
wood of this species has the highest holocellulose among
those species dominant on the Amazon coast. In addi-
tion, wood with higher holocellulose contents has greater
rigidity and resistance to mechanical bending. It may be
better suited for civil construction, such as a base for
house covering, and rural constructions, such as stakes
for fences and bridges (Rowell et al. 2005; Nahuz et al.
2013).

Of the total extractives, the percentages found for the
three dominant mangrove species on the Amazon coast
varied between 4.3 and 14.5%, with the values for A. ger-
minans and L. racemosa wood being, on average, higher
than those of R. mangle. Total extractives are one of the

main components of wood, along with cellulose, hemi-
cellulose, and lignin (Vainio-Kaila et al. 2017). Despite
being present in a smaller proportion compared to lignin
and holocellulose, these secondary components should
not be neglected during the wood classification process
(Protasio et al. 2021), as total extractives influence natu-
ral durability, resistance to fungal degradation, and the
organoleptic properties of wood (Menucelli et al. 2019;
Zeniya et al. 2019). Overall, our results were close to or
superior to those found for other established mangrove
species in Africa (Kenya: R. mucronata—6.0%; Verhey-
den et al. 2005) and Asia (Bangladesh: H. fomes—2.2%;
(Mun et al. 2011). The highest percentage of total extrac-
tives recorded here for A. germinans and L. racemosa
indicates that the wood of these species has character-
istics to preserve the tree’s internal tissue against dete-
riorating attacks (Amusant et al. 2004). However, only
a study aimed at understanding the process of natural
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resistance to rot could provide better information. Addi-
tionally, on the Amazon coast and in other places on the
planet, communities extract tannin from the bark of trees
of the genus Rhizophora as raw material for dyeing boat
sails and to combat wood-degrading agents (Dewi et al.
2018; Fernandes et al. 2018; Hilmi et al. 2021).

4.2 Physical-mechanical wood properties

Considering the variable basic and apparent wood den-
sity, our results showed significant differences between
the three species of mangrove trees (R. mangle, A. ger-
minans, and L. racemosa). According to the basic den-
sity classification criteria, R. mangle wood is classified as
heavy wood, with values above 0.8 g m~3 (ABNT 2003;
IBAMA 2023). In contrast, wood from A. germinans
and L. racemosa were classified as medium, with val-
ues between 0.6 and 0.7 g m~® (ABNT 2003; IBAMA
2023). Regarding the classification of apparent density,
R. mangle e A. germinans with heavy wood (Mainieri and
Chimelo 1989). In contrast, wood from L. racemosa was
classified as medium (Mainieri and Chimelo 1989). This
high density directly influences the increase in resist-
ance to physical-mechanical damage and to attack by
wood-boring invertebrates (Jacobsen et al. 2005; Santini
et al. 2012). Values related to wood contraction also var-
ied significantly between the three species, especially in
the radial contraction of A. germinans wood, which pre-
sented the highest value. Rhizophora mangle wood pre-
sented the highest values in tangential contraction and
volumetric variation. Only the tangential and volumet-
ric contraction variables in R. mangle were significantly
dependent on density, except radial contraction, whose
values were lower than expected, largely due to the basic
density of R. mangle wood. This difference between radial
and tangential contraction in R. mangle wood is a charac-
teristic of immature trees, whose juvenile wood is abun-
dant (Lorenzo and Mufoz 2018). The effect of wood basic
density on dimensional stability, which is the anisotropic
factor of wood, was quite notable, particularly in trees of
the species A. germinans and L. racemosa, which were
classified with normal dimensional stability (between 1.5
and 2.0), while R. mangle was classified as having poor
dimensional stability (above 2.0). This poor classifica-
tion can be attributed to high contraction and volumetric
variation values, indicating that this wood has higher ten-
dencies to crack and warp (Motta et al. 2014; Alves et al.
2017). Finally, the influence of age, as in the case of juve-
nile wood on the anisotropic factor in R. mangle, has to
be a factor to be observed, as juvenile wood has disorgan-
ized growth and has not yet been stabilized, causing this
wood to have greater dimensional instability (Lorenzo
and Mufoz 2018; Topanotti et al. 2021).
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In general, the variables apparent density, shear
strength, compressive strength, bending strength, and
stiffness were significantly influenced by the difference
between the density values of wood (Moreschi 2012;
Mokhtar et al. 2018), with R. mangle standing out for
presenting higher values for all properties studied here.
However, this trend was not observed in shear strength
for high and medium-density woods, i.e., A. germinans
and L. racemosa. These species presented statistically
non-significant values, which may be an effect arising
from intrinsic factors such as plant genetics, growth rings
(Fiorelli et al. 2009; Sales et al. 2021), presence of juvenile
wood (Balboni et al. 2020), length, and cell density (Jakob
et al. 2022), tree age, as well as other factors such as
growth areas and grain arrangement (Khalid et al. 2010;
Vidaurre et al. 2012; Wahab et al. 2017).

A study carried out in Segara Anakan Lagoon, Indone-
sia, with other species of the genus Rhizophora L. showed
that R. apiculata Blume, R. mucronata Lamk., and R. sty-
losa Griff. were the species with the highest values for the
mechanical resistance of wood, being classified as high
resistance (Hilmi 2018). Comparatively, the same result
was found for wood from R. apiculata and R. mucro-
nata trees, which also presented the highest values for
mechanical resistance in studies carried out in Malaysia
(Wahab et al. 2020) and Kenya (Manguriu et al. 2013).
The same trend was also observed in Indonesia for other
species of Avicennia, where A. marina (Forsk.) Vierh. and
A. alba Blume. were classified as of moderate strength
(Hilmi 2018). Our findings also reveal that R. mangle has
higher mechanical wood properties than A. germinans
and L. racemosa, indicating that Rhizophora is probably
the genus with the strongest wood among all mangrove
species, even worldwide.

We also compared the results of physical and
mechanical properties with those of commercial spe-
cies from the Amazon rainforest widely used in civil
construction and charcoal production (Table 5). Based
on basic density, R. mangle wood presents values simi-
lar to Manilkara bidentata’s (A. DC.) Chev. and Bowdi-
chia nitida Spruce ex Benth. On the other hand, A.
germinans and L. racemosa wood have densities simi-
lar to those of Goupia glabra Aubl. and Dinizia excelsa
Ducke, respectively. Regarding radial contraction, the
data for R. mangle are similar to those of Caryocar vil-
losum Pers., while those for A. germinans and L. rac-
emosa are close to those of Manilkara bidentata (A.
DC.) Chev. and Bagassa guianensis Aubl., respectively.
Regarding tangential contraction, the data for R. man-
gle are lower than those found for Lecythis poiteaui
Berg., while those for A. germinans and L. racemosa
are close to those for Mezilaurus itauba (Meisn.) Taub.
ex Mez. and B. guianensis, respectively. Regarding
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Table 5 Average values for basic density (o; g m~3), contractions radial (R; %), tangential (T; %), volumetric variation (VV; %), anisotropy
(A; %), apparent density at 12% (0,4, kg m~3), shear strength (oo MPa), compression strength (f,,; MPa), bending stiffness (E,,,; GPa),
and bending strength (f,; MPa), for commercial species from the Amazonian terra firme forest (Andrade 2015)

Species Popular name Physical properties

P R T A% A
Hymenolobium excelsum Ducke Angelim da mata 0.6 48 74 12.2 1.6
D. excelsa Angelim vermelho 06 48 74 12.2 1.6
Lecythis pisonis Cambess Sapucaia 0.9 54 7.7 13.1 14
Erisma uncinatum Warm Cedrinho 0.5 4.5 9.1 13.6 20
Goupia glabra Aubl Cupitba 0.7 4.5 7.8 12.3 1.7
Mezilaurus itauba (Meisn.) Taub. ex Mez [tauba 0.8 32 8.1 1.3 26
Lecythis poiteaui Berg Jarana amarela 0.9 6.8 12.8 19.7 1.9
Manilkara bidentata (A. DC.) Chev Maparajuba 0.8 5.1 9.1 143 1.8
Caryocar villosum Pers Pequid 0.7 4.6 83 129 1.8
Bowdichia nitida Spruce ex Benth Sucupira preta 0.8 6.0 86 14.6 14
Tachigali myrmecophila (Ducke) Ducke Tachi-preto 0.6 43 73 116 1.7
Piptadenia gonoacantha (Mart.) J.F. Macbr Timborana 0.7 5.1 73 124 14
H. coubaril Jatobd 0.7 34 7.7 114 23
Bagassa guianensis Tatajuba 0.7 4.1 58 9.5 14
Couratari oblongifolia Tauari 0.5 4.2 6.6 10.9 1.6

Mechanical properties

Pi12% fio feo fu Ewo
B. nitida Sucupira preta 950 188 100.3 182.0 175
L. pisonis Sapucaia 1030 15.0 63.7 129.8 129
Dinizia excelsa Ducke Angelim vermelho 760 21.1 106.9 196.6 19.6
Hymenolobium excelsum Angelim da mata 760 17 838 157.8 17.2
Goupia glabra Aubl Cupitba 870 15.7 786 142.7 14.3
M. itauba ltauba 910 13.2 77.0 141.6 154
Lecythis poiteaui Berg Jarana amarela 1080 17.7 68.0 128.5 14.2
M. bidentata Maparajuba 970 13.8 73.2 1428 14.3
Caryocar villosum Pers Pequid 900 16.1 586 121.8 12.7
Tachigali myrmecophila (Ducke) Ducke Tachi-preto 760 19.1 83.2 156.7 16.4
Piptadenia gonoacantha (Mart.) J.F. Macbr Timborana 860 18.2 89.8 1483 15.9
D. odorata Cumaru 1070 154 103.6 158.6 15.1
Apuleia leiocarpa (Vogel) J.FMacbr Garapeira 880 15.2 74.7 147.5 15.0
Handroanthus serratifolius (Vahl) S.Grose Ipe roxo 1010 13.8 87.8 1744 13.2
Manilkara huberi (Ducke) Macaranduba 1070 16.3 105.8 1714 16.6
Astronium lecointei Ducke Muiracatiara 970 18.0 884 146.3 16.1

volumetric variation, the data for R. mangle are close
to those found for Lecythis poiteaui Berg., while those
for A. germinans and L. racemosa are close to those for
Erisma uncinatum Warm. and B. guianensis, respec-
tively. Regarding anisotropy, the data for R. mangle are
close to those found for Mezilaurus itauba (Meisn.)
Taub. ex Mez., while those for A. germinans and L. rac-
emosa are close to those for G. glabra and D. excelsa,
respectively.

Regarding mechanical properties, our bulk density data
for R. mangle are close to those for Lecythis pisonis Cam-
bess. For A. germinans, the values are similar to those of
Apuleia leiocarpa (Vogel) ].E.Macbr., and for L. racemosa,
the data are close to those found for Dinizia excelsa
Ducke and Hymenolobium excelsum Ducke. For shear
strength, R. mangle is superior to those of Tachigali myr-
mecophila (Ducke) Ducke, A. germinans, and L. racemosa
are close to those found for Mezilaurus itauba (Meisn.)
Taub. ex Mez. and Manilkara bidentata (A. DC.) Chev.
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For compression strength, R. mangle presented values
close to Goupia glabra Aubl. and M. itauba, while A.
germinans and L. racemosa did not present values simi-
lar to commercial tree species from the Amazon. For
bending stiffness, R. mangle presented values close to
those of D. excelsa, while A. germinans presented values
close to those of L. pisonis. However, L. racemosa did not
show values like any other species. For bending strength,
R. mangle presented values close to those of D. excelsa,
while A. germinans and L. racemosa did not present val-
ues similar to commercial tree species from the Amazon

(Table 5).

5 Conclusion

Our study provides valuable insights into the chemical,
physical, and mechanical properties of typical mangrove
wood species from the Amazon coast, focusing on R.
mangle, A. germinans, and L. racemosa. This is the first
scientific work to adopt this type of physical approach—
showing linear contraction—for mangrove wood. Chemi-
cal analysis revealed that ash and total extractive contents
were higher in A. germinans and L. racemosa, respec-
tively, suggesting potential advantages in natural dura-
bility and resistance to xylophagous agents. In contrast,
the physical-mechanical analysis indicated that R. man-
gle wood exhibited higher metrics of basic and apparent
density, linear contraction, anisotropy, and mechanical
strength, while A. germinans presented the highest val-
ues for radial contraction. Based on its higher density and
mechanical strength, R. mangle wood is more suitable for
civil construction despite its poor dimensional behav-
ior. Rhizophora mangle presented high levels of lignin,
which increases its mechanical strength, while the higher
levels of holocellulose in L. racemosa make this wood
more suitable for charcoal production, mainly due to its
favorable gravimetric yield. To broaden our understand-
ing of the typical woods of Amazonian mangroves and
all ecoregions of the Americas, it is necessary to expand
studies on their technological properties, such as assess-
ing their natural durability and directing these studies to
all mangrove tree species. These results will contribute
to better-developing management strategies that ensure
the maintenance of ecological functions and the conser-
vation of existing resources in mangroves as a source of
subsistence for user communities.
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