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To enhance wood economic value and effective utilization, knowledge of its properties, which impact its
service behaviour, is indispensable. Fibre and vessel dimensions and tissue proportions of Aningeria
robusta and Terminalia ivorensis stem wood and branch wood were compared. Stem wood recorded wider
vessel lumen diameter, greater fibre and vessel proportions with less parenchyma than the branch wood.
Fibre length, diameter, lumen diameter and double wall thickness were greater forT. ivorensis stem wood
(1296.7-1508.6, 19.8-23.4, 13.3-17.3 and 6.0-6.5um respectively) than branch wood (1046.0-1116.5, 19.2-21.2,
13.1-15.2 and 5.7-6.3um respectively). Similarly, A. robusta stem wood recorded greater values (1182.9-
1302.3, 22.9-23.9, 15.3-18.6 and 6.2-7.6um respectively) than branch wood (995.1-1145.3, 20.1-22.42, 15.1-17
and 4.9-5.6um respectively). Fibre proportions decreased up their stems (51.5-42.5%) and branches (51.2-
40.0%). Their sapwood and heartwood vessel and parenchyma proportions were greater at bases than
crowns. Vessel lumen diameters increased with stem height but decreased along branches. Consequently,
their stem woods would have superior load-bearing capacity, be coarse-textured and produce great tear-
resistant papers. Branch woods would have great density, be close-textured and suitable for product
finishing and bulky paper production. Knowledge about branch wood properties would ensure proper
understanding of their service performance and utilization. This would supplement their wood volumes and
broadening the raw material base for the timber industry.

Key words: Axial stem position, anatomical feature, branch wood, fibre length, parenchyma cell, tissue proportion,
vessel lumen diameter, fibre wall thickness, wood macerate.

INTRODUCTION

Wood anatomical features vary within-tree, including (Ismail et al., 1995; Gartner et al., 1996; Longui et al.,
stem wood and branchwood. These include fibre 2012). Generally, branchwood has smaller wood
dimensions, vessel lumen diameter (Zimmermann, elements than the stem wood, which results in close-
1978, 1983; Gartner, 1995; Mejia et al., 2003) and textured wood as compared to stemwood (Wilson and
tissue (i.e., fibre, vessel and parenchyma) proportions White, 1986).The longitudinal cells in branchwood are

generally narrower in diameter and shorter in length
than in stem wood (Tsoumis, 1968).For instance, longer
Corresponding author. E-mail: queensytch@gmail.com; and wider fibres were recorded for the stemwood
+233(0)261663740 (940+167, 22.8+4.63, 16.16+4.69, 3.34+1.18um respect-




Antwi-Boasiako & Sitsofe, Apreko-Pilly 255

ively for the fibre length, diameter, lumen width, cell wall
thickness) than the branch wood (594+134, 17.81+3.53,
12.784£3.71, 2.491+0.6um respectively) of Ailanthus
altissima (Samariha et al., 2011). Shorter fibres were
also recorded for the branchwood than stemwood of
Eriotheca gracilipes (Longui et al., 2012), and smaller
branch wood than stem wood vessel lumen diameter for
Fagus sylvatica and in Quercus ilex (Gasson, 1987).
Haygreen and Bowyer (1996) and Joshi (2008) further
reported that hardwood branches have more vessels
and parenchyma with fewer fibres than the stem. In
support, fewer vessels were recorded in the stemwood
than the branchwood of Acer, which also had greater
amounts of parenchyma in the branch than stem
(Gurau et al., 2008). Similarly, the stem of Aigeiros
tacamahaca was with fewer vessels than the
branch(Phelps et al., 1982).

A. robusta and T. ivorensis are commercial timbers of
great demand in the local and international markets
(Lemmens, 2007; Ritcher and Dallwitz, 2009) due to
their excellent performance in structural applications,
especially in roofing, doorframes and furniture (Ajala
and Ogunsanwo, 2011). Their branch woods have also
been indicated as suitable for commercial utilization in
the wood industry for products such as furniture and
cabinets (Okai et al., 2004). However, variations in the
anatomical features (i.e., tissues, their dimensions and
proportions) of the stem and branch woods of these
timbers have never been studied. The anatomical
features of the two hardwoods under investigation could
influence their other wood properties. Fibre length
influences wood load bearing capacity (Desch and
Dinwoodie, 1996), Modulus of Elasticity (MOE) (Wilson
and White, 1986) and the tear resistance of paper
(Ademiluyi and Okeke, 1979). Fibre walls determine the
bulk and tearing strength of sheets (Dadswell and
Watson, 1962; Wardrop, 1969) and the toughness of
wood (Schwarze, 2004;Antwi-Boasiako and Ayimasu,
2012). Similarly, wood density is affected by the
diameters, wall thicknesses and lumen diameters of
cells (Haygreen and Bowyer, 1996; Roque and Filho,
2007) just as fibre lumen width affects the penetration
of liquids into empty spaces of the fibres and thus
influences pulp beating (Emerhi, 2012). The percentage
composition of the non-fibrous tissues namely, vessels,
parenchyma (axial and ray), relative to that of fibres in
the wood volume is very important; their presence in
large quantities critically influences timber for both solid
wood products and paper manufacturing (Kpikpi,
1992).Excessive parenchyma (axial and ray) will
increase the wood drying rate and affect anisotropy in
shrinkage, slow machine drainage and result in effluent
difficulties (Klungness and Sanyer, 1981; Hua et al.,
1997).Differences in the fiber and vessel proportions of
stem and branchwoods would likewise impact their
specific gravity, machinability, mechanical properties

and their fiber yield in the pulp (Hua et al., 1996).
Moreover, differences in tissue fractions invariably
influence wood density (Kasia et al., 2013). Thus,
information about wood tissue dimensions and their
proportions is widely regarded crucial in understanding
the properties of wood and estimating its behaviour in
service (Bowyer et al., 2003; Barnett and Jeronimidis
2003; Sehlstedt-persson and Olov, 2010) and
importantly for the efficient utilization of the
branchwoods of A. robusta and T. ivorensis, besides
their stemwoods.

MATERIALS AND METHOD

Preparation of anatomical

investigations

wood samples for

(1) Conversion of wood samples

Mature trees (about 60 years) of A. robusta and T.
ivorensis (14 to 15m high withstem diameters ranging
from 38.5 to 61.5cm) were sampled from the Fum
Headwater Forest in the Adansi North District of Ghana.
Branch diameters ranged from 18 to 34 cm. Billets (1m)
were removed from the base (1m from the ground), the
middle (1m along half of stem), the crown (1m to branch
attachment) of each stem. Along their branches,
samples (1m) were also taken from the base, middle
(50% branch height) and top (15cm from branch tip).
Radial slabs were sampled from each billet and
sections removed from the heartwood (5cm from the
pith) and sapwood (5cm below the bark) regions. The
required dimensions for wood sectioning (20 x 20 x
20mm) and maceration(20 x 2x 2mm) were taken from
each slab.

(2) Wood Sectioning

Wood blocks (20mm3) from each tree position were
softened by soaking in cold water and in a mixture of
100ml ethanol and 100ml glycerol successively for 14
days. Sections (15um-thick)from Transverse Section
(TS),Tangential Longitudinal Section (TLS) and Radial
Longitudinal Section (RLS)were made from each block
(using a sliding microtome), washed in water and
stained in 1% Safranin for 10 min. They were washed in
water and dehydrated in increasing concentrations of
ethanol (30, 50, 70, 90 and 100%) for 5min. each,
covered with a mixture of 5ml clove oil and 5ml xylene
for 10min. and mounted in Canada balsam on glass
slides. All prepared slides were dried at 60°C overnight
for observation under the light microscope. Tangential
vessel lumen diameter was determined from each
sample (TLS) using x 40 objective lens and x10
eyepiece. Fibre, vessel and parenchyma tissue proport-



ions were determined from each sample (TS)using x40
objective and x10 eyepiece lens with a 20-point dot grid
scale placed progressively at five (5) different positions.
At each placement, the number of points covering any
tissue was counted and calculated as a percentage of
the total number of points.

(3) Wood Maceration

Macerated tissues were made from wood strips of
matchstick sizes (20 x 2x 2mm), soaked in a mixture of
50ml of 6% hydrogen peroxide and 50ml of 97% glacial
acetic acid in test tubes and incubated at 60°C until the
samples bleached white. The macerated samples were
rinsed thoroughly with water and mounted in glycerol.
Fibre dimensions were measured from each sample (at
x10 and x40 Objective and x10 eyepiece). Terminology
for description of the anatomical features followed the
IAWA Committee’s recommendations (Anon, 1989).

(4) Data Analysis

ANOVA and Duncan’s Multiple Range Test (DMRT) at
95 % significant level were used to test for variations in
the fibre dimensions, vessel lumen diameter and tissue
(fibre, vessel and parenchyma) proportions between the
sapwoods and heartwoods along the stems and
branches of the two timbers.

RESULTS
(1) Descriptive anatomy of T. ivorensis and A. robusta

Figures 1-4 show qualitative anatomical features of T.
ivorensis and A. robusta. TSof T. ivorensis wood shows
solitary vessels with radial multiples of 2, axial parenchyma
predominantly paratracheal and vasicentric
(Figurel).Vessels are also solitary with radial multiples of
2-4, axial parenchyma apotracheal, diffuse-in-aggregate in
A. robusta (Figure 2). TLS shows irregularly storied rays 1-
3 cells wide with tyloses occluding some vessels in T.
ivorensis. A. robusta also has irregularly storied rays 1-3
cells wide, with multiseriate portions as wide as uniseriate
portions exist (Figure 3). RLS shows body ray cells
procumbent in T. ivorensis, with one row of square
marginal cells. Body ray cells are also procumbent in A.
robusta with mostly 2-4 rows of upright and square
marginal cells, with silica bodies present in rays (Figure 4).

(2) Dimensions of tissues for T. ivorensis and A.
robusta
a) Fibre length

Fibre lengths (FLs) of the sapwoods and heartwoods of
the two (2) timbers increased from the base to the
middle of the stem and then decreased at their crowns
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(Figure 5). FLs also decreased from the base up the
branches. Heartwood fibres from T. ivorensis stem base
and middle were longer than their corresponding
sapwoods, whereas the sapwood and heartwood of the
crown had fibres of similar length. Sapwoods along T.
ivorensis branch had longer fibres than their
corresponding heartwoods (Figure 5). Heartwood fibres
from the branch top and the stem middle had the
shortest (1046.00 um) and longest (1508.60 um) fibres
respectively in T. ivorensis. A. robusta heartwood fibres
were longer than their corresponding sapwoods both in
the stem and in the branch (Figure 5). Branch top
sapwood and stem middle heartwood of A. robusta
recorded the shortest and longest fibres (995.09 and
1321.49 pm respectively).

On the whole, stem wood fibres for both timbers were
longer than those for the branch woods. T. ivorensis
fibres were also longer than those ofA. robusta, except
at the branch base, where A. robusta had longer fibres
(Figure 5). The differences in FLs between the sapwood
and heartwood along the stems and branches of the
two timbers were significant at P < 0.05 (Table 1).
However, according to DMRT (Table 3), FL differences
between T. ivorensis sapwood at the stem base, stem
crown sapwood and heartwood, A. robusta stem
sapwood and heartwood in the middle were not
significant (p<0.05), just as those between T. ivorensis
stem middle sapwood and heartwood. Differences
between FLs of T. ivorensis branch base sapwood and
heartwood were also not significant (p<0.05)likewise
those between A. robusta branch base sapwood and
heartwood, and also between A. robusta branch middle
and top sapwoods and heartwoods.

b) Fibre diameter

Sapwood and heartwood fibre diameters (FDs)
increased along the stems, but decreased along the
branches of the 2 timbers (Figure 6). At T. ivorensis
stem base, and from the branch base to its top,
sapwood fibre diameters were wider than their
corresponding heartwoods. However, at the middle and
crown of stem, heartwood fibres were wider than their
sapwoods. Heartwoods from the branch top and stem
crown respectively had the smallest and widest fibres
(19.18 pm and 23.39 um)in T. ivorensis (Figure 6).
However, A. robusta sapwood fibres were wider than
their corresponding heartwood’s. Its branch heart wood
at the top and stem sapwood at the crown had the
smallest (20.07 pm)and widest (24.79 pm)fibres
respectively(Table 3; Figure 6). Fibres were also wider
in A. robusta than in T. ivorensis, except the sapwood
at the middle of the branch where the fibres were wider
in T. ivorensis than A. robusta (Figure 6). The
differences in FDs between sapwoods and heartwoods
along the stems and branches of T. ivorensis and A.
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Figure 1. TS of T.ivorensis stem base heartwood (a) and sapwood (b) and branch base
heartwood (c) and sapwood (d). V: vessel; F: fibre; AP: axial parenchyma; RP: ray parenchyma.

Scale bar: 20 um.
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Figure 2. TS of A. robusta stem base heartwood (a) and sapwood (b) and branch base heartwood
(c) and sapwood (d). V: vessel; F: fibre; AP: axial parenchyma; RP: ray parenchyma. Scale bar: 20

pm.

robusta were significant (P < 0.05) (Table 1). However,
FD differences between T. ivorensis sapwood and
heartwood at the branch top were not significant
(p<0.05) likewise those between the sapwood and
heartwood of A. robusta stem at the base as well as
between those at the middle of the branch(Table 3).

c) Fibre double wall thickness

Fibre double wall thicknesses (FDWT) for T. ivorensis
sapwood decreased up the stem, but no precise trend
occurred along its branch. Those of its heartwood also
decreased along the stem and along the branch (Figure
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Figure 3. TLS of heartwood from stem base of A. robusta (a) and T. ivorensis (c) and branch base of
A. robusta (b) and T. ivorensis (d). Tylosis in vessel of T. ivorensis (arrowed). Scale bar = 20um.

Figure 4. RLS of heartwoods from base of T. ivorensis (a) and A. robusta stems(c) and base of T.
ivorensis (b) and A. robusta (d) branches. Silica bodies in rays of A. robusta (arrowed) Scale bar =
20pm

6). FDWTs for Heartwoods were also greater than for stem (6.46 um)were the least and greatest respectively
sapwoods in T. ivorensis. FDWTs from sapwood from in T. ivorensis (Table 3; Figure 6).Similarly, A. robusta
middle of branch (5.69 um) and heartwood from base of sapwood and heartwood FDWT decreased up the stem
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and also along the branch. Its stem and branch
heartwood FDWT was greater than their sapwoods’.
Sapwood FDWTs from top of branch (4.86 pm) and
heartwood from base of stem (7.6 um) were the least
and greatest respectively. Along the stem, FDWT was
greater in A. robusta than inT. ivorensis, which was the
contrary along the branch (Figure 6). FDWT differences
between the sapwoods and heartwoods along the
stems and branches of T. ivorensis and A. robsuta were
significant (P < 0.05).However there were no significant
differences in FDWT (P < 0.05)at various parts of the
stems and branches for the two timbers (Table 3).

d) Fibre lumen diameter

Sapwood and heartwood fibre lumen diameters (FLDs)
increased with height along the stems of the 2 timbers,
but decreased along their branches (Figure 6). Their
sapwood fibre lumina were also wider than the
heartwoods. The smallest and widest fibre lumina were
from the branch heartwoods at the top and sapwoods at
the base of the stem respectively. Their values were
13.09 and 17.27 um respectively for T. ivorensis and
15.08 and 18.64 um respectively for A. robusta. Fibre
lumina were also wider in A. robusta than T. ivorensis.
Differences in FLD between sapwoods and heartwoods
along the stems and branches of A. robusta and T.
ivorensis were significant (p<0.05) (Table 4) but not
between T. ivorensis sapwood at middle of stem and A.
robusta heartwood at base of branch and at several
other areas for the two timbers.

e) Vessel lumen diameter

Sapwood and heartwood vessel lumen
diameters(VLDs) also increased with height of the
stems. However, they decreased along the branches of
the two timbers. Their sapwoods had wider vessel
lumina than their heartwoods (Figure 7). Branch
heartwoods at the top had the narrowest lumina, while
crown sapwoods of the stem had the widest in T.
ivorensis (98.45 and 189.30 um respectively) andA.
robusta (79.95 and 125.45 pm respectively). Vessel
lumina were also wider in T. ivorensis than in A. robusta
(Figure 7).VLD differences between the sapwoods and
heartwoods along the stems and branches of T.
ivorensis and A. robusta were significant (P < 0.05)
(Table 1). DMRT, however, showed that the differences
were not significant (p<0.05) for the heartwood and
sapwoods for various stem positions.

(3) The Proportion of Tissues in T. ivorensis and A.
robusta
a) Amount of fibres

The proportion of T. ivorensis sapwood fibres
decreased with height along the stem (48.4-47.0%) but
there were no precise trend along the branch (Figure 8).

Its heartwood fibre proportion also decreased along the
stem (51.5-49.8%), and along the branch (51.2-49.0%)
(Figure 8). The amount of heartwood fibre was greater
than that in the sapwoods of T. ivorensis. The
sapwoods in the middle and top of the branch had the
least fibre content(46%), whereas heartwood at the
base of the stem had the greatest (51.5%) for T.
ivorensis. For A. robusta, its fibre content of the
sapwood and heartwood decreased along the
stem(43.5-40.0%) and also along the branch(45.7-
41.5%)(Figure 8). Fibres were also greater in the
heartwoods than their corresponding sapwoods.
Sapwood within the crown of the branch was the
least(40%), while the heartwood at the stem base had
the greatest(45.7%). T. ivorensis recorded more fibres
than A. robusta. The differences between the amount of
fibres in the sapwoods and heartwoods along the stems
and branches of T. ivorensis and A. robusta were
significant (p<0.05).

b) Amount of vessels

Vessels for the sapwood and heartwood for the 2
timbers were greater at the bases than at the crowns of
the stems and branches (Figure 8). However, their
sapwood vessels were more than those in their
heartwoods. The least amount of vessels was recorded
in the heartwoods at the bases of branch (14%) and
stem (13%) for T. ivorensis and A. robust respectively.
The greatest amount of vessels was found in the
sapwoods of the stem crown, especially in A. robusta
(Figure 4).Differences in the amount of vessel between
sapwoods and heartwoods along the stems and
branches of both timbers were significant (p<0.05)
(Tables 2 and 4).

c) Amount of parenchyma

The proportion of parenchyma for T. ivorensis sapwood
and heartwood decreased with height along the stems
but without any specific trend along the branch (Table
4; Figure 8). Generally, sapwoods from the stem and
branch had more parenchyma than their heartwoods.
Similarly, the quantity of parenchyma for A. robusta
sapwood decreased with height along the stem (41.5 -
35.5%) with no consistent trend along its branch(Figure
8).Its heartwood parenchyma also decreased in amount
with height along the stem (41.3 - 37.4%) but increased
along the branch (40.8 - 41.3%). Sapwoods had more
parenchyma than their corresponding heartwoods in A.
robusta except at the crown of the stem. The heartwood
at the crown of stem had the least parenchyma(37.4%),
while sapwood at its branch crown had the most
(41.6%). A. robusta had more parenchyma than T.
ivorensis (Figure 8). There were differences in the
amount of parenchyma cells in the sapwoods and heart-

woods along the stems and branches of the two timbers
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Figure 5. Fibre lengths of sapwoods and heartwoods along the stems and branches of T. ivorensis and A. robusta.

(Tables 2 and 4).
DISCUSSION

(1) Wood Anatomy of T. ivorensis and A.
robusta

The anatomical features of the two timbers show that
they are all porous hardwoods. In agreement with
Oteng-Amoako (2002) and Lemmens (2007), silica
bodies were observed in the rays of A. robusta, while
tyloses occluded some vessels in T. ivorensis. Tyloses
and silica greatly influence timber utilization. Silica in A.
robusta would have a high blunting effect on saws and
cutting tools (Lemmens, 2007). Chudnoff (1984)
observed that while A. robusta was very permeable, T.
ivorensis was highly resistant to preservative treatments
due to the presence of tyloses in its vessels. The
present study indicates that tyloses in T. ivorensis
would reduce the timber's permeabilty and
consequently resist penetration of adhesives,
preservatives and pulping liquor (MclIntosh, 1970; Hillis,
1972; Bierman, 1996). Their presence would also affect
water movement in trees and physically impede the
movement of wood-destroying organisms (Taylor et al.,
2002; Ali, 2011;Moore, 2011). Thus, T. ivorensis would

be naturally resistant to bio-degraders due to the
presence of tyloses.

(2) Variations in tissue dimensions for stem
and branch woods of A. robusta and T. ivorensis
a) Fibre length

As for the present observation for T. ivorensis branch,
longer sapwood than heartwood fibres were earlier
recorded for the stems of Tectona grandis, Rhizophora
racemosa and R. harrisonii (Izokor and Fuwape, 2011,
Emerhi, 2012). According to Ghouse and Siddiqui
(1976), Jorge et al. (2000) and Amoah et al. (2012), the
lengths of cambial initials usually increase with
increasing cambial age from pith to periphery, resulting
in longer sapwood than heartwood fibres. However,
deviations could occur; longer fibres in heartwood than
those in the sapwood of the base ofT. ivorensis stem
and middle as well as along A. robusta stem and
branch could have resulted from faster growth rate
(which results in shorter fibres) during wood formation
at the sapwood region and the extent of the intrusive
growth of the tip of fibres during their differentiation,
which also results in disparities in fibre length within
trees(Bailey, 1920; Wilson and White, 1986). There was
an increase in fibre length from the base to the middle
and decrease at the crown, as was observed by Jorge



Antwi-Boasiako & Sitsofe, Apreko-Pilly 261

Table 1. ANOVA for fibre dimensions and vessel lumen diameter for sapwoods and heartwoods along the stems and branches of T.
ivorensis and A. robusta.

Tissue dimensions [Sources ofDegrees ofifSum of Squares Mean Squares  |F-value P-value
\variation freedom

Fibre length Model 23 104955741.687 4563293.117 164.265 0.000*
Error 4776 132677874.233 27780.124
Corrected total 4799 237633615.920

Fibre diameter Model 23 11197.503 486.848 22.895 0.000*
Error 4776 101559.692 21.265
Corrected total 4799 112757.195

Fibre  double — wally ) 03 1810.569 78.720 33.041  [0.000*

thickness
Error 4776 11378.849 2.383
Corrected total 4799 13189.418

Fibre lumen diameter |Model 23 8649.550 376.067 19.904 0.000*
Error 4776 90238.268 18.894
Corrected total 4799 98887.818

Vessel lumen diameterModel 23 3526752.652 153337.072 93.747 0.000*
Error 4776 7811871.679 1635.652
Corrected total 4799 11338624.331

*Significant at P (0.000) < 0.05.

Table 2. ANOVA for tissue proportions for sapwoods and heartwoods along the stems and branches of T. ivorensis and A.

Tissue ronus. Sources of Degrees of | Sum of Squares Mean Squares F-value P-value
proportions variation freedom
Fibre percentage Model 23 6846.990 297.695 4.415 0.000*
Error 576 38835.440 67.423
Corrected total 599 45682.430
;’eefcseeritage Model 23 2624.958 114.129 2.028 0.003*
Error 576 32420.000 56.285
Corrected total 599 35044.958
E:r'fgrft%’za Model 23 6549.958 284.781 3.173 0.000*
Error 576 51690.480 89.740
Corrected total 599 58240.438

*Significant difference at P (0.000) < 0.05.

(1994) and Tavares et al.(2010) for Eucalyptus Bartram. ex Marsh, and (Emerhi (2012) forR. racemosa.
globulus, Chauhan et al. (2001) for Populus deltoides Similarly, Ververis (2004) noted a decrease in fibre
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Table 3. Fibre dimensions for sapwoods and heartwoods along the stems and branches of T. ivorensis and A. robusta.

Species/ Tree part Axial and radial Fibre Fibre Fibre double Fibre lumen
position length* diameter* wall diameter*
thickness*
T. ivorensis stem base sapwood 1314.50° 21.697° 6.22%" 15.47%f9
base heartwood 1413.70° 19.79" 6.46" 13.33
middle sapwood 1497.86° 21.82° 6.17% 16,00
middle heartwood 1508.60° 22.40°% 6.40P°% 15,65
c def
crown sapwood 1294.69 22.09b 6.03" 17.27°
C C
crown heartwood 1294.69 23.39 6.120%" 16.06°%
T. ivorensis
branch base sapwood 1116.46g: 21.24:9: 6.08°" 15.16°"
¢} ghi
base heartwood 1112.75 : 21.16 : 6.29cdef 14.87%
. ghi ghi
middle sapwood 1095.43 20.70 5.699 15.01
middle heartwood 1076.34;J 20.26“k” 6.19% 14.07"
| .
top sapwood 1089.89 K 19.19k 6.08°" 13.11)
J .
top heartwood 1046.00 19.18 6.09°" 13.09
A.robusta stem
base sapwood 1222.46f;e 22.96E°g 6.60™ 16.36"
C
base heartwood 1253.89 22.89 b 7 62 15.29°0
. C al
middle sapwood 1302.29 23.90b 6.65" 17.25P
. C [
middle heartwood 1321.49 23.21 6.67" 16,54
crown sapwood 1182.86' 24.79° 6.15% 18.64°
crown heartwood 1197.83° 23.60° 6.34b0cf 17 26"
A.robusta branch
base sapwood 1133.20° 22.42°‘Tje 5.43° 16.99°
¢} efg
base heartwood 1145.26I 21.49h 5.56¢ 15,930
. i
middle sapwood 1000.68I<I 20.39h 5.08" 15.31°
. i
middle heartwood 1018.06 20.24 512" 15,12
top sapwood 995.09' 20.16"™ 486" 15.30°
top heartwood 1006.86' 20.07" 499" 15.08°

*NB: Means with different alphabets within a column are significantly different (P < 0.05).

length with height for olive and almond branches, as
found currently. Panshin and de Zeeuw (1964)
confirmed that the length of cells may increase with
height in the stem to a maximum height and above this,
it could decrease with increasing height. Consequently,
longer stemwood fibres than those in branchwood
supported the findings by Samariha et al. (2011) and
Longui et al. (2012) for Ailanthus altissima and
Eriotheca gracilipes respectively. It further substantiated
Tsoumis’ (1968)report that branchwood cells are
shorter in length than stemwood. Moreover, the
relatively longer fibres of T. ivorensis than A. robusta
supports that of Richter and Dallwitz (2009) who earlier
recorded shorter fibres in A. robusta than in T.
ivorensis. The length of fibres is significant in wood
utilization. Longer fibres overlap each other better and

appropriately transfer stress from one cell to the next
and consequently increase the load-bearing capacity of
wood than shorter fibres (Desch and Dinwoodie,
1996).Longer fibres are also preferred in paper making
tothe shorter types (Dickmann, 1975), as they would
produce paper with greater tear resistance (Ademiluyi
and Okeke, 1979). However, shorter fibres would result
in lower Modulus of Elasticity (MOE) for wood due to
the flattening of microfibrillar helices in their cell walls
(Wilson and White, 1986). Consequently, longer fibres
are most likely to give greater MOE and load-bearing
capacity to the stemwoods, which is also expected to
produce paper with greater tear resistance than
branchwoods. These wood and paper properties would
be particularly estimated to be the best for the
heartwoods from middle of stem, which had the longest



Antwi-Boasiako & Sitsofe, Apreko-Pilly 263

BT. ivorensis

g -
\Q
0.000 qxH T
o i i
= ) <
22 i £
=15.000 i B
[T i A ]
) <
e i 2
= ) £
o i )
10.000 a8
o1V, B o
= 4 i
o 2 i
L i i
5.000 i & ]
. 2 o g
i i 4
i B g
i i) 5
i i 4
i B g
O 000 e o 5
[«B] D — [«B} (3} o (5]
el QL ® £ S )
I3 =] = b5 =) 2 S
m = o) 28] =] S
= S = =
@)
Stem Branch Stem

@T. ivorensis

fibre diaggtel positions  in the stend §8 BPARIA VY, TISHEARES and A.|robusta

A. robusta B A. robusta

5

1-.-
e
St r
u

e
o
&

oy
S

v
Sateh

2

e
s
o

"
T
L
ook
s
5%

=
i

5
rmie
pEeteEy

e
R,
o

-
o
b

"

e
'I-+:

o
o

=
o

N

i

e

e
I

e
S

S
=
3

2
B

e
L,

=
"
&

.-
el
s

e
b+,

=
=
T

i
+

E
n

o
25

=
i

5
<
e
=
e

S

2

e
oty

b
e oo o

o e, a0 A G S S o )

o

b

o

'I-;:

v

I,._'I-'I-
&
o

o

o
e
]

=
b2

o
b+,

o
o

2

o
i
o

b

[

¥

c D K<) o D @ c D @ o

= & S S & 5 = @ 5 2

o m = oM = o© oM =}

@) S = &) =
Branch Stem Branch

fibre lumen diameter

Figure 6. The diameter, double wall thickness and lumen diameter of fibres for the sapwoods and heartwoods along the stems and branches of T. ivorensis and A. robusta.

fibres in both timbers (1508.6 and 1321.5 um respectively for T. ivorensis and
A. robusta). The least MOE, load-bearing capacity and paper-tear resistance
are predicted forT. ivorensis branch heartwood at the crown and A. robusta
branch sapwood at the crown, which had the shortest fibres (i.e., 1046 and 995
pm respectively).However, both the stem and branch woods of T. ivorensis and

A. robusta were medium length fibres (900-1600 um) as was earlier established
for their stemwoods by Insidewood (2004) and Lemmens (2007).Accordingly,
the shorter fibres found in their branchwoods were still a characteristic of their
species. This implies they are suitable for several wood products (e.g. cabinets,
furniture and joinery) so as to increase wood availability for the Timber



264 Afr. J. Wood Sci. For.

Table 4. Vessel lumen diameter and tissue proportions of sapwoods and heartwoods along the stem and branch of T. ivorensis and

A. robusta with Duncan’s Multiple Range Test Groupings.

Species and Tree | Position Vessel lumen | Tissue proportion (%)
part diameter
Fibre Vessel Parenchyma

T. ivorensis stem
base sapwood 150.82° 48.4% 1670 35.6°°
base heartwood 122.87°9 51.5° 15% 33.5°
middle sapwood 172.14° 47.2 200 20.5%° 32.3°
middle heartwood 130.03% 50,0 2c 16, 70¢de 33.3¢
crown sapwood 189.30° 47.0 20010 20.9% 32.1°
crown heartwood 133.59¢ 49 g2 1 7bede 33.0¢

T. ivorensis

branch base sapwood 120.14"" 48.0 % 15% 37%*
base heartwood 115.82%" 512 14% 34.8"
middle sapwood 117.42'" 46,00 16.7°% 36.8%°
middle heartwood 112.14" 49.5%° 15" 35.5%°
top sapwood 100.12' 46.Qbedefs 1 7bede 37%°
top heartwood 98.45' 49.0% 15.7°% 35.3%

A. robusta stem ) )
base sapwood 99.44' 43.5%" 15% 415
base heartwood 87.96"™ 45,750 13° 41.3°
middle sapwood 117 25" 42.9°n 1 7Pcde 40.12°
middle heartwood 100.05' 45, 5edefoh 14.5% 407
crown sapwood 125.450% 42 50N 292 35.52¢
crown heartwood 122.03°%9 44, gcdefohi 17 72bcde 37.42°

A. robusta branch B )
base sapwood 95.46™ 41.7%" Y 41.3%
base heartwood 90.60K 43, p0%¢fohi 16bcde 40.8%°
middle sapwood 87.994™ 40.9" 17,720 41.4°
middle heartwood 82.6" 42.0'%" 16.8°°% 41.2°
top sapwood 82.16™ 40.0' 18.4% 41.6
top heartwood 79.95™ 41,59 17 pbede 41.3°

*NB: Means with different alphabets within a column are significantly different (P < 0.05).

industry. Furthermore, branch and stemwood fibres could
be blended to acquire a combination of characteristics
(such as strength and bulk) in a single paper (Nandkumar,
20009; Fagbemi et al., 2014). This would make the mixture
particularly suitable for applications such as newsprints
and packaging (European Paper and Packaging
Industries, 2016).

b) Fibre diameter and lumen diameter

Roszaini (2000), Kibblewhite et al. (2004) and Emerhi
(2012) recorded increasing fibre diameters and fibre
lumen diameters with height along the stems ofE.
nitensand R. harrisonii. Similarly, fibre diameter and

fiore lumen diameter increased upthe stems of T.
ivorensis and A. robusta. Moreover, the decrease
infiore diameters and lumen diameters along their
branches also confirms the findings by Ververis (2004)
forolive and almond branches. Wider fibre diameter and
lumen diameter forthe sapwood than those of the
heartwood correspond to the findings by Emerhi (2012)
forR. harrisonii and R. racemosa and Izekor and
Fuwape (2011) forT. grandis. According to
Adamopoulos and Voulgaridis (2002), Marsoem et al.
(2002) and Tavares et al. (2010),greater fibre
dimensions in sapwood than in heartwood is possible
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Figure 7. Vessel lumen diameter for sapwoods and heartwoods along the stems and branches of T. ivorensis and A. robusta.

because they generally increase from the pith to the
bark of trees. However, variations in auxin content and
apical activity during wood formation also influences cell
diameters. Larson (1960) indicated that high auxin
content in the apical meristem would result in the
production of large diameter cells, while anything that
reduces apical activity would result in small diameter
cells. Moreover, several factors including changes in
cambium as it ages, genetic controls that govern the
form and growth of the tree and environmental
influences (e.g. seasonal and geographical conditions
or nutrient supply)cause variations in fibre dimensions
and could account for the irregularities in fibre
diameters between sapwood and heartwood at the
middle and crown of T. ivorensis stems. According to
Panshin and de Zeeuw (1980), the interaction of these
factors makes it difficult to ascribe variability of fibre
dimensions in wood or any inconsistencies to any or
even to a combination of the factors. Fibre diameters for
T. ivorensis (19.18-23.39 uym) and A. robusta (20.07-
2479 pm) are consistent with that for T. ivorensis
(20.52 pm), which was recorded by (Awuku, 1979).
Fibre lumen diameters were 13.09-17.27 and 15.08-
18.64 pm respectively for T. ivorensis and A. robusta.
Fibres with diameters 16-25 uym are medium-textured
(Bolza and Keating, 1972; Panshin and de Zeeuw,
1980). This includes those of the stem and branch

woods of the two timbers. However, fibre diameters and
fibre lumina recorded for the branches were mostly
smaller than the stems.

In support, Panshin and de Zeeuw (1964), Tsoumis
(1968), Manwiller (1974), Taylor (1977), Phelps et al.
(1982), Wilson and White (1986) andSamariha et al.
(2011) reported that branchwood cells have narrower
diameter and Iumina than their corresponding
stemwoods, which could result in closed-textured
branchwood or difficulty during machining; such was
experienced during sawing of the timbers. Widerlumen
diameters from most of the stemwood portions than in
the branch might result in less cell wall materials and,
most likely, less density than the narrower ones in the
branch. Martinez-Cabrera et al. (2009) and Rana et al.
(2009) earlier reported that increased fibre lumen
fraction has a negative relationship with wood density.
Okai et al (2004) also recorded greater branchwood
densities than stemwood for T. ivorensis and A.
robusta. Larger fibre lumen widths are, however, more
favourable for pulp and paper; and they are better for
the beating of pulp because of the penetration of liquids
into the empty spaces (Emerhi, 2012). Hence, in terms
of their fibre lumina, stemwood (particularly sapwood at
the crown of A. robusta and heartwood of T. ivroensis
crown with the widest fibre lumina) would be better for
pulp beating than wood from the crown of



266 Afr. J. Wood Sci. For.

ET. ivorensis ET. ivorensis & A. robusta B A. robusta

60

50

40

30

20

Tissue proportions (%)

10
0
@ @ c @ @ =3 @ @ g @ @ = @ @ g @ @ =
8 8 3 & B F & B &8 &4 B F & B 33 & B F
S 'S S S @) S S $) S
Stem Branch Stem Branch Stem Branch

Axial positions in the stem and branch of T. ivorensis and A. robusta

Figure 8. Tissue percentages of the sapwoods and heartwoods along the stems and branches of T. ivorensis and A. robusta.



Antwi-Boasiako & Sitsofe, Apreko-Pilly 267

branch.
c) Double wall thickness of fibres

The general pattern for fibre wall thickness is a
decrease from the base to the top of trees (Panshin and
de Zeeuw, 1964; Taylor and Wooten, 1973) as inT.
grandis stem (Izekor and Fuwape, 2011), Plantanus
occidentalis, Eucalyptus citriodora and Acer velutinum
boiss (Voorhies and Jameson, 1969; Shashikala and
Rao, 2009; Kiaei, 2011). The decreasing axial trend for
the stems of the two timbers and along the branch of A.
robusta corresponds to previous findings. For instance,
Samariha et al. (2011) and Longui et al. (2012)
recorded thicker fibre cell walls in the stems than
branches Ailanthus altissima and Eriotheca gracilipes
respectively. The greater fibre double wall thickness for
heartwood than sapwood under the present
investigation is divergent from the findings by Monteiro
(2003) for E. globulus. Sudin and Wahab
(2013),however, observed that younger and more
actively expanding cambial wood at the sapwood region
might have thinner cell walls than the older heartwood
region. Moreover, cell wall growth is dependent on the
accumulation of metabolic products (cellulose,
hemicellulose, lignin, waxes), which increase with
maturity (Fahn, 1990; Gbadamosi, 2001; Ververis,
2004). Thus, the thicker walls of the heartwood fibres
than sapwoods for both timbers could result from
variations in their maturity and accumulation of
metabolic products. Besides, Larson (1960) expressed
that wall thickness generally increases when cell
diameter decreases, and that they are both related to
nutrition. In consequence, sapwood, which mostly had
wider cell diameters, also had thinner fibre double walls.
Variations observed for fibre double wall thicknesses
between the stems and branches of the two timbers
would also influence their density, paper properties and
natural durability. Thicker fibre walls correlate with
greater wood density and they also give bulky sheets of
low tensile but greater tearing strength (Dadswell and
Watson, 1962; Wardrop, 1969). Wood with thicker fibre
walls also withstand grazing or nibbling by bio-
degraders (Schwarze, 2004;Antwi-Boasiako and
Ayimasu, 2012).Even though fibre double walls were
mostly greater for stemwood portions, their densities
might not be greater than the branchwoods. This is
because density variations depend mostly on cell wall
materials, differences in ratio of cell wall to cell cavity
and cell diameter (Desch and Dinwoodie,
1996;Jacobsen et al., 2007; Martinez-Cabrera et al.,
2009).Greater cell wall materials would give greater
wood density, thus, the branchwood with relatively
lower fibre double wall thickness but having smaller
fibres and narrower fibre lumen diameters, and as such
closer textured wood than stemwood, would have more

cell wall materials and greater density (Haygreen and
Bowyer, 1996; Okai et al., 2004; Roque and Filho,
2007).

d) Vessel lumen diameter

According to Insidewood (2004), Lemmens (2007) and
Richter Dallwitz (2009), vessel lumen diameters are 50-
100 pm and 100-200 pm respectively for A. robusta and
T. ivorensis. Broader vessel lumina were recorded for
T. ivorensis (98.45-189.30 pum)than A. robusta (79.95-
125.45um). Moreover, wider vessels for sapwood than
heartwood along the stems and branches of T.
ivorensis and A. robustasupports previous
findings:Furukawa and Hashizume (1987), Ohbayashi
and Shiokura (1990), Peszlen (1994) and Bhat et
al.(2001) acknowledged thatvessel lumina increased in
size from inner (heartwood) to outer wood (sapwood) of
trees. Zimmermann (1983), Aloni (1987), Tyree and
Ewers (1991) and Carlquist (2001) reported that the
lumen diameter of vessels decreased with height in
timber branches and stems. Similarly, decreases in
vessel lumen diameter occurred along the branches of
T. ivorensis and A. robusta. Furthermore, vessel lumen
diameter decreased from the base to the tip of the
branches of Anacardium excelsum, Cordia alliodora,
Ficus insipida and Schefflera morototoni(James et
al.,2003).Conversely, increasing vessel lumina along
the stems of T. ivorensis and A. robusta occurred
against the decreasing trend reported earlierby
Zimmermann(1983), Aloni(1987), Tyree and Ewers
(1991) and Carlquist(2001). Modifications could be
made by plants to vessel lumina, vessel composition
and their distribution sin order to adjust the rates of
water supply (Tyree and Zimmermann, 2002; Zanne et
al.,, 2010). Moreover, distinct mechanical-support
requirements (Preston et al., 2006; Sperry et al,
2008)and different types of stem construction (McCulloh
et al., 2004; McCulloh and Sperry, 2005)could result in
different trends of vessel composition and distribution in
timbers. Wider stemwood vessel lumina than those of
branchwood recorded for the two timbers was similarly
reported for Fagus sylvaticaand Quercus ilex (Gasson,
1987) and in maple wood (Gurau et al., 2008).Luizon
and Gasson (2012) attributed the differences to
cambium ages of stem and branch woods, with older
cambium age (of the stem) corresponding to wider
vessel lumina.

Vessel lumen diameter is critical in moisture absorption,
wood degradation and density variations (Zabel and
Morrell, 1992; Kollmann and C6été, 1984; Uetimane,
2010). As the vessel lumen does not contribute to the
mass and thus to the wood density (a property which is
considered an indicator of strength properties), wood
regions with more and larger diameters have lower
resistance (Baas et al., 2004). Moreover, as Antwi-Boa-
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siako and Ayimasu (2012) explained for fibre lumina,
wide-lumen vessels would also easily absorb more
moisture into their voids thereby creating conducive
environment for bio-degraders, especially decay-fungi.
Large vessel diameters are also unfavourable for
paper-making.; they lead to problems in refining and
printing processes and pose difficulties in the finishing
of solid wood products (Kasia et al, 2013).
Subsequently, stemwoods from the crown of the
stem(especially sapwoods) of the two timbers with the
widest vessel lumina (189.3 and 125.5 um respectively
for T. ivorensis and A. robusta)would easily absorb
moisture, be more disposed to decay and less desirable
for paper making and solid products than their
branchwoods (particularly heartwoods at thebranch
top). Lyctus beetles, require wide vessel lumina (> 90
pm) that could accommodate their ovipositor to invade
wood (Kollmann and Céte, 1984). Accordingly, both the
stem and branch woods of T. ivorensis would be
generally disposed to their invasion as well asalong the
stem and the branch base of A. robusta, which all
possess vessel lumina greater than 90 um.

3) Tissue proportions within the stem and
branch woods of A. robusta and T. ivorensis
a) The amount of Fibre

Isebrands (1972) reported that fibre content generally
decreases from the pith outward and from the base up
thetree height. Thus, fibres would probably be greater
at the base than at the crown and in heartwood than
sapwood of a tree. Correspondingly, greater fibre
content was recorded at the butt than the crown of
Eriotheca gracilipes (Longui et al., 2012) as well asT.
ivorensis, M. excela, A. toxicaria and E. cylindricum
(Antwi-Boasiako and Atta-Obeng, 2009).Besides the
stem, fibre proportion also decreased along the
branches and was also greater in heartwood than the
sapwoods for T. ivorensis and A. robusta. This trend
also supports the report by Bhat et al. (1985), Haygreen
and Bowyer (1996), Joshi (2008) and Luizon and
Gasson (2012) that hardwood branches have fewer
fibres than the stem. However, fibre content variations
between T. ivorensis stem heartwoods from the middle
and crown and branch heartwood at middle and top
were not significantly different. Fibre proportions from A.
robusta sapwoods from the crown of stem and base of
branch, and heartwood at the middle of branch were not
significantly different (P > 0.05).This indicates similar
fibre yields for their pulps (Hua et al., 1996) and
comparable wood toughness (Longui et al., 2012). To
further validate the current findings, the 46-51.5% fibre
proportion for T. ivorensis (including the stem and
branch woods)isin agreement with the studies by
Oteng-Amoako (2002) and Antwi-Boasiako and Atta-
Obeng (2009) thatT. ivorensis fibre content would be
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classified as medium (41-60%). Similarly, low to
medium fibre proportion (40-45.7%) recorded forA.
robusta is close to that of A. altissima ofthe same
Genus(Oteng-Amoako, 2002). The branchwoods could
thus be utilized as supplementary wood for these
timbers.

b) The amount of vessels

Zimmermann (1983), Aloni (1987), Carlquist (2001) and
Luizon and Gasson (2012) reported that the number of
vessels increases with height in a tree.This trend
existed forT. ivorensis and A. robusta. More vessels
were recorded in the sapwood than the heartwood of
the two timbers, which supports the observation byRao
et al. (1997) and Ishiguri et al.(2009).Antwi-Boasiako
and Atta-Obeng (2009)recorded more vessels in the
sapwoods thanin the heartwoods of T. ivorensis and E.
cylindricum. More vessels were recorded in the stem
than in branch woods of T. ivorensis and A. robusta.
The lowest amount of vessels were in the base of the
branch of T. ivorensis and the stem base of A. robusta
heartwoods, whereas the sapwoods at the stem crown
of both timbers had most vessels. Haygreen and
Bowyer (1996) found hardwood branches to possess
more vessels than the stems. McCulloh et al. (2004),
McCulloh and Sperry (2005), Preston et al. (2006) and
Sperry et al. (2008) explained that trees modify the
distribution of their vessels to suit different stem
constructions, mechanical strength and their
requirements for adequate water supply. Vessel
proportions in wood affects utilization. The occurrence
of several vessels together can decrease the density
and strength properties of wood but increase its water
absorption capacity (Luizon and Gasson,
2012).However, the abundance of vessels in wood is
unfavorable for pulp production. Consequently, more
stemwood vessels could contribute to reduced density
and strength properties.

c) The amount of parenchyma

Decrease in parenchyma percentage from the base to
the crown of the stems of the two timbers is in support
of the earlier works by Ismail et al. (1995) for
Neolamarckia cadamba. Likewise, Patel (1965) and
Pate and Jeschke (1995) noted that the greatest
amount of parenchyma cells is found at the base of the
stems of trees. The distribution of parenchyma within a
tree is dependent on their function (Zheng and
Mart inez-Cabrera, 2013). As such, parenchyma cells,
which store reserved food materials in trees are more in
sapwoods than their corresponding heartwoods (Sauter
and van Cleve, 1994; Pratt et al., 2007; Longui et al.,
2012). To substantiate this, the sapwood regions for
both timbers had greater parenchyma proportion than
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their respective heartwoods. Ishiguri et al. (2009)
recorded more parenchyma (axial) in the sapwood than
the heartwood of Paraserianthes falcataria. More
parenchyma cells were mostly recorded for the
branches than the stems of both timbers. Haygreen and
Bowyer (1996) and Joshi (2008)reported that hardwood
branches have more parenchyma cells than the stem.
However, some few inconsistencies occurred. The
greater variation in the proportions of parenchyma
would adversely influence the strength properties of the
branch than the stem. Since many parenchyma cells
relate positively with greater mechanical fragility, thus,
reduction of the mechanical resistance of wood (Luizon
and Gasson, 2012). Thin cell walls and abundant
parenchyma cells are expected to exhibit low density
and strength  properties (Sint and  Hapla,
2008).However, it indicates a great tendency for the
timber species for impregnation with preservatives to
enhance their durability (Sint et al.,, 2011; 2012). The
abundant presence of non-structural tissue, such as ray
and axial parenchyma, may also inflict significant
damage and drying defects such as splitting and
cracking (Damayanti and Rulliaty, 2010), especially in
the branchwoods and the sapwoods of the base of the
stem ofT. ivorensis and the sapwood and heartwood of
the base of A. robusta stem. In general, sapwoods from
the crown of the branches(especially those of A.
robusta with the most abundant parenchyma cells)
would be most fragile and susceptible to splitting and
cracking during drying but it would have the greatest
propensity for impregnation with chemicals. Generally,
the combination of the various tissue characteristics
within the individual stems and branches shows that
wood from the different tree parts of both timbers would
be preferred for different purposes and applications.
This work has provided reliable information on the
tissue dimensions and proportions of the stemwoods
and branchwoods of two commercially important
tropical timbers, A. robusta and T. ivorensis. These
would improve their utilization, widen the raw material
base for the timber industry and contribute to resolving
differences in wood demand and supply as well as
forest conservation.

CONCLUSIONS

The tissue characteristics (including their dimensions
and proportions) from the branch and stem woods of
the timbers are general representatives of their species.
Hence, both the stem and branch woods of T. ivorensis
and A. robusta could suitably be utilized to reduce the
over-dependence on stemwood. A mixture of the
branch and stem wood fibres could provide a
combination of characteristics, which would improve the
properties of several wood products including the

strength and bulk in a single paper. Where specific
properties are required for satisfactory functioning,
wood selection from any part of these tree positions
(stem and branch) must be done carefully to match their
end-use requirements. Stemwoods would be less
dense, coarse-textured and pose more finishing
problems to solid wood products. However, they would
give products with greater load-bearing capacity, be
favorable for pulp beating and give greater tearing-
resistant papers. Branchwoods would be close-
textured, have great density and be more appropriate
for solid product finishing, but more difficult to saw and
produce bulky papers with reduced tear resistance.
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