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Abstract: This paper shows correlations between vessel characteristics and differences in growth-ring width in heartwood 
and sapwood. Analyzed samples were from an iron-wood tree (Gymnocladus canadensis Lam.) that grew in the Mužljanski 
Rit area, of the Srpska Crnja municipality in Serbia. According to previous research, it was deduced that Gymnocladus 
canadensis Lam. belongs to ring-porous species with big vessel lumen in the earlywood zone and thicker cell walls in the 
latewood. Vessels were more numerous in the latewood zone, and the same was true for heartwood and sapwood. For both 
layers, sapwood possessed a few more vessels than heartwood, and a statistically significant difference was confirmed by 
t-test during the early phase. The greatest negative value of correlation coefficient was between the number of vessels and 
growth-ring width during the early phase for sapwood. The number of vessels decreased in the wider growth rings. The 
correlation between growth-ring width and the area of vessels had a statistically significant positive value of correlative 
coefficient, which means that wider growth rings had larger vessel areas in the early phase for sapwood. 
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INTRODUCTION

Heartwood is defined as the inner layers of wood, 
which in a growing tree have ceased to contain living 
cells, and in which the reserve materials have been 
removed or converted into heartwood substance 
(Bass, 1985). In some species, heartwood may be 
distinguished from sapwood by a darker color, lower 
permeability and increased decay resistance (Taylor 
et al., 2002). Sapwood is defined by the International 
Association of Wood Anatomists (IAWA) as the por-
tion of wood that in a living tree contains living cells 
and reserve materials. 

As for wood quality, this characteristic and its 
stability commonly depend on its internal structure 

(Meerts, 2002). On a cross-section of wood, there 
are two layers forming the trunk and vary from each 
other in size and color. The external wood layers form 
the sapwood, while the inside part, located in the cen-
ter of the trunk, represents the heartwood. The pres-
ence of heartwood is the main factor that determines 
wood quality. Heartwood and sapwood differ not 
only in color, but also in function, degree of humidity, 
and one of the important heartwood characteristics is 
the absence of cambial cells (Yang et al., 2004). 

Sapwood determines the physiological properties 
of wood, while heartwood determines the hardness 
of wood. Ring-porous species like Gymnocladus ca-
nadensis Lam. (iron-wood) have normal distribution 
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of vessels inside the growth rings with a bit brighter 
color in earlywood than in mature wood zone. 

The aim of the paper was to determine relation 
between anatomical properties of vessel number and 
their area in both zones of iron-wood. Detailed analy-
sis was performed in order todetermine whether the 
number of vessels and their area and growth-ring 
width vary between heartwood and sapwood. We also 
attempted to establish if there is some correlation be-
tween these characteristics and whether they are the 
same for both zones of wood. 

MATERIALS AND METHODS

Study area

Iron-wood belongs to the family Fabaceae. It origi-
nates from North America, where it is located in large 
habitats. Optimal development and growth of the tree 
is provided by wet soils, valleys and mild slopes (Elias, 
1980). In Serbia, its presence is connected mostly to 
Vojvodina. It is mainly found in green areas and tree 
alleys. There are also some mixed communities where 
Gymnocladus canadensis Lam. is found alongside aca-

cia and common hackberry. There are well-preserved 
representatives of iron-wood in Fruška Gora, in the 
area of the Forestry Directorate of Erdevik. 

Laboratory work

Wood samples for analysis originated from iron-
wood trees located in the Mužljanski rit area. Parts 
of the wood were transported into the Laboratory of 
the Institute of Forestry in Belgrade, where all micro-
scopic analyses, including all preparations for making 
permanent wood samples, were performed. Samples 
of wood parts were prepared with a width of 8 mm. 
These parts were taken in a north-south and east-west 
direction, respectively. Prepared material was fixed 
in formaldehyde-acetic:acid:ethyl alcohol in a ration 
of 1:1:18. Before making transversal, tangential and 
radial wood sections, samples were cooked in water 
in order to soften at 100ºC. After softening, blocks of 
samples with a length of 18 mm in a radial direction 
were made. Each block was numbered from 1 to n, 
going from pith to bark. Sections of samples in all 
directions (transversal, tangential and radial) were 
made using a Reichert sliding-microtome. Thickness 
of all sections was 17-18 µm. Samples were colored 
with a combination of safranin and aniline for about 

Table 1. Pearson’s correlation coefficients (r) of anatomical traits are presented for Gymnocladus canadensis Lam tree. The values of 
correlation coefficients (as p-value) are shown for sapwood and heartwood separately. Above the diagonal are correlations coefficients 
for the early phase and below for the late phase. Underlined values indicate statistically significant correlations between analyzed traits.

Sapwood
Early

Number of vessels (#/mm2) Area of vessels (mm2) Width of growth rings (mm)

La
te

Number of vessels (# /mm2) -0.4130 -0.7724
p 0.0501 0.0001
Area of vessels (mm2) -0.0304 0.4340
P 0.8905 0.0001
Width of growth rings (mm) -0.4238 -0.0726
P 0.4390 0.3978

Heartwood
Early

Number of vessels (# /mm2) Area of vessels (mm2) Width of growth rings (mm)

La
te

Number of vessels (# /mm2) 0.4163 0.5453
P 0.5837 0.4547
Area of vessels (mm2) -0.3451 0.2953
p 0.6549 0.1615
Width of growth rings (mm) 0.3637 0.1101
p 0.6363 0.6081

Jokanović et al.
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5 min, and then transferred through alcohol solu-
tions of different concentrations (50%, 70%, 96% and 
100%) (Vilotić, 1992). The samples treated with dif-
ferent concentrations of alcohol solutions were con-
served with Canada balsam. The last step was drying 
of the samples at a temperature of 60ºC.

Measurements

Each growth ring was measured at its transversal cut, 
from pith to the bark: the width was measured and 30 
vessels were found in both in the early- and latewood 
zones. Vessel width was measured in tangential and 
radial sections (Vilotić et al., 2011). The area of vessels 
was approximately determined by multiplying its width, 
which was measured in the two perpendicular direc-
tions. Apart from measuring the width of each growth 
ring, the width of both zones was measured. The num-
ber of vessels per 1 mm2 was counted (Table 1).

Statistical analysis

Statistical analysis was performed using the PROC 
MEANS procedure of the SAS statistical package 
(SAS Institute, 2003). In this study, the following 
characteristics were analyzed: vessel number (num-
ber/mm2), area of vessels (mm2) and growth-ring 
width (mm) for the early- and latewood zones in both 
parts of the xylem – heartwood and sapwood. Statis-
tically significant differences in the mean values for 
wood anatomical traits between early and late zones 
and within xylem parts – heartwood and sapwood 
– were determined using the t-test. Pearson’s correla-
tion coefficients between pairs of analyzed traits were 
calculated by the PROC CORR option from the SAS 
statistical package (SAS, version 9.3). 

RESULTS and discussion

The mean values of wood anatomy traits, such as 
(A) number of vessels, (B) area of vessels and (C) 
growth-ring width for Gymnocladus canadensis Lam. 
are shown in Fig.1. For both xylem parts, the pat-
tern of number of vessels was the same; in the early 
zone, the number of vessels was lower than in the 

Basic anatomical characteristics of Gymnocladus canadensis Lam. tree 

Fig.1. Histogram showing (A) mean value of number of vessels 
(number/mm2) (Vilotić et al 2011), (B) area of vessels (mm2) 
and(C) width of growth rings (mm) for sapwood and heartwood 
of a transverse section of Gymnocladus canadensis Lam. (open 
bars – early zone; dark bars – late zone)

late zone. The differences between mean values of 
vessel number were statistically significant between 
the early and late zones within the heartwood (41.91 
number/mm2 vs. 106.61 number/mm2; respectively) 
and sapwood (21.25 number/mm2 vs. 95.00 number/
mm2; respectively): according the results of the t-test 
all were p <0.05 (Table 1). The difference in number 
of vessels in the early zone between heartwood and 
sapwood was statistically significantly different (41.91 
number/mm2 vs. 21.25 number/mm2; respectively) 
(p <0.05, t-test), while in late zone that relation was 
similar (106.61 number/mm2 vs. 95.00 number/mm2). 

The opposite pattern was observed for the area of 
the vessels in both parts of the xylem. In the late zone, 
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vessels had a statistically significant smaller surface 
area (Table 1) in comparison with with that in the 
early zone for both parts of the xylem (a greater sur-
face of vessel was observed in heartwood) (all com-
parisons p <0.05, t-test) (Table 1). The growth rings 
were wider in heartwood than in sapwood for both 
zones. The differences between zones within the xy-
lem were statistically significant, according to t-test 
results (all p <0.05) (Table 1). 

In Fig. 2, the cumulative contribution of each 
phase for both sapwood and heartwood is given 
where it can be concluded that the contribution of the 
late phase was greater than of that of the early phase 
in total growth-ring width for both parts of the trunk. 
The greatest negative value of correlation coefficient 
was between number of vessels and growth-ring 
width in the early phase for sapwood (r = -0.77; p = 
0.0001) – the wider growth rings had a smaller num-
ber of vessels. The correlation between growth-ring 
width and area of vessels had a statistically significant 
positive value (r = 0.43; p = 0.001), which means that 
the wider growth rings had a greater vessel area in the 
early phase for sapwood (Table 1).

Difference in color and size of vessels enables the 
determining of the border between two zones. There 
are no cambial cells in heartwood, because its pri-
mary function is hardness of trunk. Therefore, heart-
wood is darker in comparison to sapwood, providing 
the outside layer of the trunk. For this reason, sap-
wood in ring-porous Angiosperms is usually bright 
(Vilotić, 2000). As for visibility of growth rings, they 
are very noticeable in Gymnocladus canadensis Lam., 
with a clear border between early- and latewood 
zones, which is a feature of other ring-porous species 
(Vilotić , 2000). Vessels of the early zone of Gymnocla-
dus canadensis Lam. are oval with quite wide lumens 
distributed individually or 2-3 in tangential ranges. 
The vessels of the late zone have narrower lumens, 
distributed in groups, making wavy or slant tangen-
tial ranges (Vilotić et al., 2011). From the results of 
the research (Vilotić et al., 2011), it was concluded 
that the vessels in sapwood have wider lumens and 
brighter color and their cell walls are very thin. The 
main function of sapwood is to transport water and 

organic material, and the dominant elements for per-
forming this process are the vessels of earlywood.

In this study, there were more vessels in sapwood 
than in heartwood. The physiological function of sap-
wood, particularly of its early phase, was confirmed 
by the presence of numerous vessels in that area. The 
total vessel area was bigger in the earlywood zone 
than in the latewood zone, both for sapwood and 
heartwood. This is confirmation that is valid for all 
ring-porous specie. where there is a regular distribu-
tion of vessels in comparison to diffuse-porous spe-
cies with no expressed border between the early and 
mature phases (Vilotić, 2000). Gymnocladus canaden-
sis Lam. has a brighter earlywood zone with bigger 
lumens of vessels, providing dor its bigger area, as in 
other ring-porous Angiosperms (Quercus sp., Morus 
alba, Robinia pseudoacacia, Ulmus sp.). Only in the 
early phase is there a statistically significant correla-
tion between number of vessels and area. 

Cochard and Tyree (1990), in their researth re-
lated to the dimensions of vessels of Quercus sp., 
considered its length and diameter (width). On the 
basis of this research, they concluded that latewood 
vessels made up the majority of vessels less than 4 
cm long. In current-year shoots, there was no clear 
difference between earlywood and latewood vessels. 
The first-formed vessels nearest the pith were as small 
as the latewood vessels; vessels near the middle of the 
wood ring were largest. In all other rings, earlywood 
and latewood vessels were clearly distinguishable. In 
comparison with Gymnocladus canadensis Lam., the 
dimensions of Quercus sp. vessels – width and length 
– are much greater than those of Gymnocladus ca-
nadensis Lam., and, as a result, the approximate area 
of vessels based on these dimensions of Quercus sp. 
is much bigger than that of Gymnocladus canadensis 
Lam.. Vessels of Quercus sp. are particularly wide in 
the earlywood zone, and their number is lower than 
in the earlywood zone of Gymnocladus canadensis 
Lam.. Vessels in current-year shoots of Quercus alba 
and Quercus rubra L. were about the same, or up to 
30% larger in diameter than vessels found in the third 
to fifth annual rings of Acer saccharum Marshall, Rhi-
zophora mangle and Cassipourea elliptica (Sw.) Poir, 

Jokanović et al.
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(Sperry and Tyree, 1988; Sperry et al., 1988 a, 1988 
b). In another study (Adamopoulos and Voulgari-
dis, 2002), the length and diameter (width) of ves-
sels in Robinia pseudoacacia L early- and latewood 
were measured. For earlywood, vessel member length 
and diameter were 0.16 mm and 47µm, respectively. 
For latewood, vessel member length and diameter 
were 0.18 mm and 24 µm, respectively. The differ-
ences were statistically significant (t-test, p <0.05) in 
all cases. With regard to other ring-porous species, 
a study of ash (Fraxinus excelsior L.) has shown that 
earlywood vessel members showed a similar pattern 
of length variation, but latewood vessel members did 
not change (Frey-Wyssling and Bosshard, 1959). In a 
radial direction, the vessel member diameter of ear-
lywood increased in the first growth rings near the 
pith and then remained stable towards the bark. Oth-
er ring-porous species, such as oak (Quercus petraea 
Liebl.) and ash (Fraxinus excelsior L.) have also been 
reported to show a similar radial trend in earlywood 
vessel diameter (Helinska Raczkowska, 1994).

The distribution of vessels depends on growth-
ring width, as well as on wood zone. Similar to the 
earlywood of Quercus sp., vessels are in tangential 
groups, while latewood vessels are located in radial 
direction (Gajić et al., 1992). On the other hand, ear-
lywood vessels of Gymnocladus canadensis Lam. are in 
regular groups, while latewood vessels form nests. As 
regards diffuse-porous species like Fagus sp., vessels 
are located in regular groups with wider lumens in 
the earlywood zone compared to the latewood zone 
where distribution of vessels is irregular and its lu-
mens narrower (Stojanović, 2005). On the other side, 
the number of vessels was bigger in the late than in the 
early zone. The conclusion confirmed results of previ-
ous research (Vilotić et al., 2011), with 78.43 vessels/
mm2 in the early zone, and 137.26 in the late zone, 
respectively, for Gymnocladus canadensis Lam.. As re-
gards the contribution of both zones to total growth-
ring width, there is apparently a bigger participation 
of the late phase. This is confirmed by the mechanical 
properties of Gymnocladus canadensis Lam. (Fig. 2).

There is an obvious correlation between climatic 
parameters and activities of the cambium and for-

Fig. 2. Mean cumulative growth-ring widths on transect of Gym-
nocladus canadensis Lam. The first 23 growth rings represent sap-
wood, and the last 4 growth rings represent heartwood. Every bar 
refers to parts corresponding to the early phase (open bar), and 
parts corresponding to late phase within the growth rings (dark 
bars). Growth rings width is expressed in mm.

Basic anatomical characteristics of Gymnocladus canadensis Lam. tree 

mation of the xylem (Venugopal and Liangkuwang, 
2007). According to the presented results, there is a 
remarkable increased participation of the late zone, 
which means that Gymnocladus canadensis Lam. is a 
hardwood with emphasized mechanical properties. 
The larger portion of latewood inside the growth ring 
makes this species for good for technical purposes, 
such as wood for constructions in civil engineering, 
and for the covering of roofs. The presence of wider 
late zone within the growth ring in comparison with 
the early zone provides better mechanical character-
istics of Gymnocladus canadensis Lam. and, conse-
quently, greater technical capacity. Lignified cell walls 
within a latewood zone are responsible for the me-
chanical and technical features of this species.

On the basis of our research, it can be concluded 
that the larger width of the late zone, particularly in 
heartwood (Fig. 1C and Fig. 2), contributes to the 
mechanical and technical characteristics of the Gym-
nocladus canadensis Lam. tree. This is related to the 
role of the heartwood in the trunk, which determines 
the hardness of the wood. In addition, the number of 
vessels and the area inside wood zones have reverse 
relations to each other. In the early zone, vessels are 
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much bigger (with greater surface), but their number 
is lower in comparison to the late zone, which is char-
acterized by more numerous vessels with a smaller 
surface (Fig. 1A and 1B).
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