
Abstract 
We studied the relationships among wood anatomy, hydraulic conductivity, density and shear parallel to the 
grain in the stem of Handroanthus vellosoi trees with the goal to identify possible trade-offs between hydraulic 
conductivity and mechanical properties. For this study we felled 12 trees with 24-year-old and cut 10-cm-thick 
disks at three heights: base of the trunk, one meter in height, and two meters in height. We propose that the 
relationship between hydraulic conductivity and mechanical resistance found along the H. vellosoi trunk indicates 
greater mechanical investment in the wood at the base of the trunk compared with the other two heights (1 and 
2 meters). Anatomically, this would be represented by smaller diameter vessels and fibers with thicker walls. 
Consequently, strength investment implies lower water conductivity at the stem base. However, more studies 
are needed to determine whether this lower value with respect to 1 and 2 meters represents a significant effect 
on water transport along the stem.
Key words: axial variation, biomechanics, brazilian wood, ipê amarelo, trade-offs.

Resumo 
Foram estudadas as relações entre anatomia da madeira, condutividade hidráulica, densidade aparente e 
cisalhamento paralelo à grã no tronco de árvores de Handroanthus vellosoi objetivando-se identificar os possíveis 
trade-offs entre a condutividade hidráulica e propriedades mecânicas. Para este estudo foram cortadas 12 árvores 
com 24 anos de idade, discos com 10 cm de espessura foram retirados em três alturas: base do tronco, um e dois 
metros de altura. Propomos que a relação entre a condutividade hidráulica e resistência mecânica encontrados ao 
longo do tronco H. vellosoi parece indicar um maior investimento mecânico na base do tronco em comparação 
com as outras duas alturas (1 e 2 metros), anatomicamente representada por vasos de menor diâmetro e fibras 
com paredes mais espessas. Consequentemente, um investimento em maior resistência mecânica implica em 
menor condutividade de água, contudo, mais estudos são necessários para determinar se este valor mais baixo 
em relação ao 1 e 2 metros representa um efeito significativo no transporte de água ao longo do tronco.
Palavras-chave: variação axial, biomêcanica, madeira brasileira, ipê amarelo, trade-offs.
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Introduction
Handroanthus vellosoi (Toledo) Mattos is 

a native and endemic species of Brazil, with a 
geographical distribution in the Midwest (Goiás, 
Mato Grosso do Sul), Southeast (Minas Gerais, 
Rio de Janeiro, São Paulo) and South (Paraná) 
of country (BFG 2015). Popularly known as “ipê 
amarelo”, the wood has a high density (0.80 to 

1.00 kg.m-3), with light sapwood and slightly pink 
heartwood, and high durability when exposed to 
weather. There are numerous uses for products of 
H. vellosoi. The wood is excellent for construction, 
and can be used in paper production, or as biomass 
for energy. The bark can be used medicinally, for 
landscaping of parks and forestry roads, and for 
reforestation (Carvalho 2003).
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Studies of trade-offs between hydraulic 
conductivity and mechanical strength of wood are 
rare despite the possible ecological and economic 
importance (Woodrum et al. 2003). In ecological 
terms, these studies help us understand more broadly 
the relation between the transport of water and wood 
resistance in different species, while economically 
may indicate the planting of more suitable species 
to certain environments. Most of the existing studies 
have focused on plants in the northern hemisphere, 
which in many cases have different anatomical 
constitutions (arrangement of their pores or vessels 
into growth rings) than those found in tropical 
forests. The trees in north hemisphere exhibit 
ring porous and semi ring porous, whereas most 
tropical trees have diffuse porous. These anatomical 
variations could have an important influence on the 
relationship between hydraulic conductivity and 
mechanical strength of wood.

Recent studies have shown an axial widening 
of the vessel elements from the stem apex to base of 
trees (Anfodillo et al. 2006; Olson & Rosell 2013). 
Change in vessels diameter in xylem architecture is 
crucial for trees growth to maintain the hydraulic 
efficiency (Petit & Anfodillo 2009) and protect the 
vessel from embolism. Larger vessel diameter is 
said to be more efficient in water conductivity than 
smaller vessel diameter (Fan et al. 2012).

Examples of studies between hydraulic 
conductivity and mechanical strength include 
Gartner (1991a, b), which studied Toxicodendron 
diversilobum (Torr. & A. Gray) Greene, a plant that 
grows as a vine when support is present and as a 
shrub when support is absent. Wagner et al. (1998) 
studied four co-occurring species of chaparral shrubs 
in different locations of Santa Monica, California: 
Adenostoma sparsifolium Torr., A. fasciculatum 
Hook. & Arn., Ceanothus megacarpus Nutt. and C. 
spinosus Nutt. Woodrum et al. (2003) studied five 
Acer species in Michigan State: Acer negundo L., A. 
saccharinum L., A. rubrum L., A. nigrum Michx. f. 
and A. saccharum Marshall. However, interactions 
between wood anatomy, hydraulic conductivity, 
and mechanical strength are complex, which may 
in part explain the deficiency of studies on this topic 
(Woodrum et al. 2003).

Fournier et al. (2006) studied how the 
combination of morphological, anatomical, and 
physiological characteristics may establish the 
height growth strategy to balance biomechanical 
functional traits. Combinations of size, shape and 
material properties influence the risk of trunks and 
branches bending or breaking, and are crucial to the 

survival of trees. A more rigid wood is generally 
constituted of a greater proportion of fibers with 
thick walls, but the cost of construction of this 
tissue is high. In contrast, wood with larger vessels 
is hydraulically more efficient, but has lower 
density and therefore will have lower rigidity. 
Thus, the hydraulic and mechanical constraints can 
be seen as associated functions and physiological 
compromises have to be satisfied by adaptations and 
modifications of the plant (Rowe & Speck 2004).

Lachenbruch & McCulloh (2014) presented 
a review to assess how cells, tissues, organs, 
and whole plants perform both hydraulic and 
mechanical functions, and tried to explain how 
the morphological alterations that affect this 
dual functionality are varied. Key strategies that 
plants can use to balance hydraulic mechanical 
requirements are plasticity in cell morphology, 
alignment and function, and in the allocation and 
geometric distribution of different tissues.

We proposal to increase the knowledge about 
the relationship between hydraulic and mechanical 
requirements in trees, with a focus on the trade-offs 
between hydraulic conductivity and mechanical 
strength in tree trunk of Handroanthus vellosoi, a 
native species from Brazil.

Materials and Methods
Location and sampling
All samples came from a Handroanthus 

vellosoi Plantation Forest in the Luiz Antônio 
Experimental Station (LAES) in Luiz Antônio City, 
São Paulo state Brazil (21o40’S, 47o49’W, elevation 
550 m). Climate is Cwa (humid subtropical climate) 
in the Köppen system. Figure 1 shows the climate 
characterization of Luiz Antônio (CEPAGRI 2016).

Figure 1 – Average monthly sum of precipitation, 
hydric deficit (def-1), hydric excedent (exc), and mean 
temperature (lines) at the Luiz Antonio city - 1961-1990 
(CEPAGRI 2016).
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The plantation was established with six 
randomized blocks at 3 m × 2 m spacing, and 
trees were 24 years old at time of harvest. From 
each block, we randomly harvested 12 trees. Trees 
averaged 12.7 m in height (range of 9.7–14.7 m), 
and disks averaged 17.7 cm at the base (range 
of 9.5–23 cm), 13.9 cm at 1 m height (range of 
8.5–19 cm), and 12.9 cm at 2 m height (range of 
7.5–17.5 cm).

From each 12 harvested tree in October 2010, 
we took a 10-cm-thick disk at the base of the trunk, 
at 1 m, and at 2 m, for a total of 36 disks. This 
methodology was adopted because the stems of 
most trees bifurcated at about 2 m. From each disk, 
we then took two samples (3 × 2 × 1.5 cm³, axial × 
tangential × radial) from opposite sides of the disk 
and adjacent to the bark (Fig. 2). All analyses were 
performed on each sample in the following order: 
density, shear parallel to the grain, and a series of 
anatomical analyses.

Shear parallel to the grain
Samples 2 × 2 × 3 cm with 5 cm2 shear area, 

were tested. At one end was a characteristic cut 
of the shear samples (ASTM 2005–2006). The 
samples had previously been measured with a 
caliper to determine the areas of each sample (12% 
moisture). The load application velocity was 2.5 
MPa (N min−1).

Anatomical analyses
A block (2 cm³) from each sample was then 

softened in a solution of boiling water and glycerin 
(4:1) for one hour. Twenty-micron thick transverse 
and longitudinal sections were then made on a 
sliding microtome. The sections were bleached 
with 60% sodium hypochlorite and washed in 
water (Johansen 1940). Some of the remaining 
sample was used for macerations, following the 
Franklin method (Berlyn & Miksche 1976). The 
thin sections and the macerated material were then 
stained with safranin (1%, in Ethanol) and mounted 
in a water and glycerin solution (1:1) on slides.

Anatomical measurements were then made 
using image analysis software (Image Pro 6.3) on a 
computer attached to an Olympus CX 31 compound 
microscope equipped with an Olympus Evolt E330 
camera. The terminology and characterization of 
wood followed the IAWA list (IAWA Committee 
1989). Transverse sections were used to measure 
vessel diameters and vessel frequency, and fiber 
wall thicknesses. For these measurements, we 
took five photos for each transverse wood section 
(one for each of the two samples for a given 
disk), and from each photo we made at least 25 
measurements.

Microfibril angle was estimated from the 
longitudinal sections using an Olympus CX 31 
compound microscope with polarization and a 
rotating base. Slides were placed on the rotating 
base and fibers vertically aligned, the wall being 
watched in the field of fibers, then the base was 
rotated until the fiber wall presenting a darker 
coloration, called maximum extinction position at 
this time is noted angle (Donaldson 2008).

Hydraulic conductivity
Hydraulic conductivity was calculated based 

on vessel diameter, using the following equation: 
Kh = πD4/128η, where D is the diameter, η is the 
viscosity index of water (1.002 × 10–9 MPa s at 
20oC), and Kh is the hydraulic conductivity (Scholz 
et al. 2013).

Figure 2 – Illustration of sampling design showing the 
location of the two replicated samples at each height.

Density
Density (r12) was determined at equilibrium 

moisture content (EMC-12%) condition and 
calculated by the relation between mass and 
volume at the same moisture content. Volume was 
evaluated by the volume of water displaced during 
immersion of the specimens (3 × 2 × 2 cm) (Glass 
& Zelinka 2010), as r12 = M/V,

Where r12 = density (kg.m-3); M = wood mass 
at 12% moisture content (kg); and V = wood volume 
at 12% moisture content (m3).
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Statistical analysis
Initially, the values from the two samples 

per disk were pooled, so there was one value per 
disk. To evaluate the effect of height within tree 
on the variables (vessel diameter, vessel frequency, 
fiber wall thickness, microfibril angle, hydraulic 
conductivity, density, and shear parallel to the 
grain) we used analysis of variance (ANOVA). 
Data were square root-transformed, to achieve a 
normal distribution. When a significant difference 
was observed between heights, we used the Tukey 
test to identify the determinant pair of differences. 
To examine the relationships among variables, we 
use the samples separately for Pearson correlation, 
and when we observe the presence of outliers, they 
were removed from the analysis and graphing. This 
explains why the number of samples in scatterplots 
range from 69 to 72 (72 samples were present in 
all datasets before outliers were removed). Results 
with P < 0.05 were considered significant.

Results
Density and shear parallel to the grain were 

significantly higher at the base (925 kg m-3 and 
14.2 MPa, respectively) and at 1 m (897 kg m-3 

and 14.6 MPa) than at 2 m (836 kg m-3 and 12.3 
MPa) (Fig. 3a,b). Fiber wall thickness was higher 
at the base (7.1 µm) than at the upper positions (1 
m = 6.6 and 2 m = 6.7) (Fig. 3c). Vessel diameter 
was lowest at the base (91 µm), and increased 
significantly at 1 m (100 µm) and again at 2 m (106 
µm) (Figs. 3d; 4a-c). Vessel frequency was higher 
at 2 m (14 cells mm-2) than at 1 m (12 cells mm-2), 
but neither of these heights differed significantly 
from the value at the base (13 cells mm-2) (Figs. 
3e; 4a-c). Hydraulic conductivity was lowest at 
the base (2.11 M4.MPa.s-1.m-1), and increased 
significantly at 1 m (3.08 M4.MPa.s-1.m-1) and at 
2 m (3.71 M4.MPa.s-1.m-1) (Fig. 3f). Microfibril 
angle showed no significant difference among 
three axial positions.

We observed positive correlation between 
density and shear parallel to the grain (Fig. 5a). 
There were negative correlations between fiber 
wall thickness and microfibril angle (Fig. 5b); 
density and hydraulic conductivity (Fig. 5c); shear 
parallel to the grain and hydraulic conductivity 
(Fig. 5d); density and vessel diameter (Fig. 5e); 
and density and vessel frequency (Fig. 5f).

Discussion
We noticed a trade-off between hydraulic 

efficiency and mechanical strength in the 

Handroanthus vellosoi stem. Wood from stem 
base showed higher density and shear, and lower 
hydraulic conductivity that are directly related to 
smaller diameter vessels. According to Saranpää 
(2003) and Kretschmann (2010), larger vessel 
diameters are more efficient in water conduction 
than those with smaller diameter (Fan et al. 2012).

Similar to results presented in this study, we 
have observed narrower vessels at the stem base 
compared to the root and others stem positions in 
five Brazilian native species (unpublished data), 
including Handroanthus ochraceus (Cham.) 
Mattos, a species of the same genus of this study, 
which seems to indicate adaptations related to 
both concurrent functions: water transport and 
mechanical strength.

Domec & Gartner (2002) studied trade-offs 
between hydraulic and mechanical properties 
of Douglas-fir wood conclude that large radial 
variation in the wood anatomy of trees is an 

Figure 3 – Axial variation in Handroanthus vellosoi 
wood – a. density; b. shear parallel to the grain; c. fiber 
wall thickness; d. vessel diameter; e. vessel frequency; 
f. hydraulic conductivity. The columns represent 
the average of 72 samples. Different letters indicate 
significant differences (P < 0.05).

a

c

e f

d

b
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adaptation to hydraulic rather than mechanical 
requirements. However, hydraulic conductivity and 
mechanical requirements are evolutionarily related 
(Rowe & Speck 2005). The hydraulic conductivity 
appears to be slightly ahead to guide the evolution 
and consequently it may happen during ontogeny.

Studies have been found a sharp drop in vessel 
diameter just above the branch junctions, which 
the authors call “hydraulic bottlenecks” (Tyree 

& Zimmermann 2002). However, the effect of all 
junction constrictions in a tree is unlikely to have 
much impact on the water conductivity (Tyree & 
Alexander 1993; Tyree & Zimmermann 2002). The 
point is: if this vessel narrowing at stem base of H. 
vellosoi has no impact on the conductivity, why 
does it occur?

We suggest that narrower vessels at stem 
base may be a pattern found in several trees, and 
then could these bottlenecks contribute in water 
transport by pressure differences along vessels or 
smaller diameter vessels of stem base are related 
to mechanical requirements, since trees, as tallest 
self-supporting plants, need resist to static loads, 
lateral wind forces, or by its own self-weight, with 
a perfectly stiff anchorage (Niklas 1992; Moulia & 
Fournier-Djimbi 1997). Then, decreasing in vessel 
diameter tends to make denser and stronger wood, 
since vessel lumens represent weak areas of the 
xylem (Wagner et al. 1998; Baas et al. 2004).

Relationship between anatomy and mechanical 
support is more clearly evidenced in the vines (non-
self-supporting plants) compared with trees (self-
supporting plants), as the relationships between 
wood mechanical properties and vessel diameter 
reported by Ewers & Fisher (1991), Gartner (1991a, 
b) and Chiu & Ewers (1992), but also is displayed in 
shrubs (Wagner et al. 1998), self-supporting plants.

Associated with smaller vessel diameter at 
stem base, we also noticed thicker wall fibers, 
which according to Rowe & Speck (2004) is related 
to more resistant wood. Woodrum et al. (2003) 
studied hydraulic, biomechanical, and anatomical 
interactions of xylem from five species of Acer and 
reported relationships between fiber features and 
mechanical properties.

We emphasize the high construction cost of 
a tissue with thicker wall cells, because it involves 
greater carbon incorporation and this is common 
in long-lived climax species (Larjavaara & Muller-
Landau 2010), such as H. vellosoi. Applying this 
knowledge to individual variation, it is concluded 
that there must be the higher construction cost 
at stem base, and this should play a key role in 
sustaining this trees, because as a climax species, 
the plant must invest in the high construction cost, 
which will provide long-term benefits (Larjavaara 
& Muller-Landau 2010), in this case adequate 
mechanical support.

The negative correlation between density with 
vessel diameter and vessel frequency also show 
the role of these anatomical features in density and 
consequently in strength. According to Kollmann 

Figure 4 – Transverse sections of Handroanthus 
vellosoi wood – a. 2 meters high; b. 1 meter high; c. 
stem base. Scale bars = 500 µm.

a

b

c
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& Côte (1968), among the physical properties, 
density is considered one of the main parameters 
for assessing wood quality, since this property 
is an indicator of other physical and mechanical 
properties.

Microfibril angle is also indicative for the 
wood strength (Butterfield 2003). Both conifers 
and hardwoods, microfibril angles is larger at the 
base of the tree for a given ring number from the 
pith, and decreases with height, increasing slightly 

Figure 5 – Scatterplots between – a. shear parallel to the grain and density; b. microfibril angle and fiber wall 
thickness; c. density and hydraulic conductivity; d. shear parallel to the grain and Hydraulic conductivity; e. density 
and vessel diameter; f. density and vessel frequency.

a

c
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d
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at the top tree, but in hardwoods this variation is 
smaller and much smaller microfibril angles in 
juvenile wood (Donaldson 2008). Large microfibrils 
angles are related with low stiffness, i.e. greater 
flexibility and this condition is important to the 
stem, particularly the younger to resist wind.

We did not notice axial variation in microfibril 
angle in the H. vellosoi stem, despite the positive 
correlation between microfibril angle and fiber 
wall thickness. But, according to Donaldson (2008) 
this relationship is coincidental since microfibril 
angle is not related to tracheid wall thickness, 
and this relationship is due to amount variation 
between juvenile wood and latewood. Possibly 
this relationship is due radial variation of these 
properties from juvenile wood to mature wood 
(Hein et al. 2013).

Conclusion
We propose that the relationship between 

hydraulic conductivity and mechanical resistance 
found along the Handroanthus vellosoi trunk 
indicates greater investment in the mechanical 
properties of wood at the trunk base, relative 
with the other two heights (1 and 2 meters). 
This was anatomically represented by smaller 
diameter vessels and fibers with thicker walls. 
Consequently, strength investment implies lower 
water conductivity at the stem base, but more 
studies are needed to determine whether this lower 
value with respect to 1 and 2 meters represents a 
significant effect on water transport along the stem.
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