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ABSTRACT 
Mechanical properties of the stem tissue were examined for the arborescent rain forest palms Welfia georgii, 

Iriartea gigantea, Socratea durissima, Euterpe macrospadix, Prestoea decurrens, and Cryosophila albida. Dry density, 
elastic modulus, and modulus of rupture are greatest toward the base and periphery of palm stems. All of these 
properties increase markedly with inferred age. The capacity to increase stem stiffness and strength is the major means 
by which arborescent palms compensate for increased structural demands during height growth. Young palms are 
overbuilt with respect to diameter and older palms are underbuilt, compared with arborescent dicotyledons and conifers. 
Yet there is a tendency to maintain a constant margin of safety against mechanical failure by increases in stem tissue 
stiffness and strength, with initial low values increasing to exceptionally high values. Stiffness and strength of palm 
stem tissue increase more rapidly with specific gravity than would be expected from existing models that describe 
mechanical properties of cellular solids. This difference between palm stem tissue and common woods may result from 
differences in cell structure and cell wall chemical composition. 
 

Introduction 
Palms lack a lateral vascular cambium and cannot 

increase stem diameter by cell division, as do dicotyledo-
nous trees, conifers, and some arborescent monocotyle-
dons (TOMLINSON 1961, 1979; TOMLINSON and 
ZIMMERMAN 1967). Arborescent palms compensate for 
increasing mechanical support requirements during 
height growth by a combination of (1) initial develop-
ment of a stem that has a sufficient diameter for future 
support requirements. (2) limited increase in stem diame-
ter by sustained cell expansion, and (3) increase in stiff-
ness and strength of the stem tissue with age (SCHOUTE 
1912; WATERHOUSE and QUINN 1978; RICH 1985, 1986, 
in press; RICH et al. 1986). Also, in some cases cell 
division within the ground tissue may contribute to 
limited increase in stem diameter (SCHOUTE 1912). 

Structurally meaningful mechanical properties 
include elastic modulus and modulus of rupture. Elastic 
modulus is a measure of stiffness (TIMOSHENKO 1956; 
GORDON 1978; MCMAHON and BONNER 1983) with 
units of stress over strain (SI units, newtons/m2). 
Modulus of rupture, a measure of strength is the stress at 
which a material fails under bending and has the units of 
stress (SI units, newtons/m2). Elastic modulus of a 
cellular solid (E) varies as a function of the cell wall 
elastic modulus (Es), the density of the cellular solid (D), 
and the density of the cell wall (Ds): 

E/Es = k1(D/Ds)a ,                              (1) 
where k1 and a are constants (GIBSON and ASHBY 1982: 
GIBSON et al. 1982; ASHBY 1983). The exponent can  
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vary from a = 1 to a = 3. Two-dimensional cellular solids 
(open honeycombs) have an exponent of a = 1 for 
longitudinal loading and an exponent of a = 3 for 
tangential and radial loading. Three-dimensional cellular 
solids have an exponent of a = 2 when the cells are open 
and a = 3 if the cells are closed. This result, limited to 
small strains, follows for linear elastic behavior. If Es and 
Ds are constant, equation (1) reduces to an expression in 
which E varies with D: 

E = k2Da ,                                     (2) 
where k2 and a are constants. The exponent is ca. a = 1 
for common wood loaded along the grain, as in bending 
of trees (GARRATT 1931: EASTERLING et al. 1982: 
ASHBY 1983). The modulus of rupture of a cellular solid 
(S) is a function of density of the cellular solid (D): 

S = k3Db ,                                     (3) 
where k3 and b are constants (GIBSON and ASHBY 1982; 
GIBSON et al. 1982: ASHBY 1983). The exponent can 
vary between b = 1 and b = 3. The constant k3 and the 
exponent b vary, depending on the geometry of the 
cellular solid and the type of failure. For two-
dimensional cellular solids loaded axially, the exponent 
is b = 1 for failure by plastic yield; b = 2 for failure by 
plastic buckling; and b = 3 for failure by elastic buckling. 
For three-dimensional cellular solids, the exponent is b = 
3/2 for open cells and b = 2 for closed cells with failure 
by plastic yield; and b = 2 for open cells and b = 3 for 
closed cells with failure by elastic buckling (GIBSON and 
ASHBY 1982). 

Dry density of wood, specific gravity, is an excellent 
predictor of many mechanical properties of wood 
(GARRATT 1931; MARKWARDT and WILSON 1935; 
WANGAARD 1951; WANGAARD and MUSCHLER 1952; 
EASTERLING et al. 1982). Dry density is calculated as 
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oven-dry weight per fresh volume. Tropical trees exhibit 
a wide range of dry density, from 0.10 to 1.04 g/cm2, 
whereas temperate trees have a narrower range, usually 
from 0.30 to 0.70 g/cm2 (WILLIAMSON 1984). 
WILLIAMSON (1984) found that specific gravity of wood 
parallels species diversity along elevational and 
latitudinal gradients but not along moisture gradients. 
Dry density varies greatly within the stem of coconut, 
with the greatest density toward the periphery and 
toward the base (RICHOLSON and SWARUP 1977: SUDO 
1980: KILLMANN 1983). The utility of dry density as a 
predictor of mechanical properties of palm stem tissue 
has not been investigated. 

Here, I characterize internal mechanical properties 
of palm stems and determine whether increases in stem 
tissue stiffness and strength allow arborescent palms to 
compensate for increasing mechanical requirements 
during height growth. First, I examine the distribution of 
density, stiffness, and strength within stems of six 
species of arborescent palms in the lowland rain forest of 
Costa Rica: Welfia georgii H.A. Wendl. ex Burret. 
Iriartea gigantea H.A. Wendl. ex Burret, Socratea 
durissima (Oerst.) H.A. Wendl., Euterpe macrospadix 
Oerst.. Prestoea decurrens (H.A. Wendl.) H.E. Moore, 
and Cryosophila albida Bartlett. Then, I examine 
changes in these properties that occur during height 
growth in Welfia and Iriartea. 

 
Material and methods 

Whole palms were collected from forests on farms 
near La Selva Biological Station, Costa Rica. The study 
site was in tropical wet forest, where palms are a major 
component of the forest (CHAZDON 1985; RICH 1985, 
1986). All palms collected grew up in primary forest. 
Collections included four individuals of Iriartea 
gigantea, three of Welfia georgii, and one each of 
Socratea durissima, Euterpe macrospadix, Prestoea 
decurrens, and Cryosophila albida. Detailed 
measurements were made of stem diameter and length, 
leaf scars, weight distribution, and crown and leaf 
dimensions (RICH 1985, 1986, in press). For each 
collection, three to four sections of trunk were 
transported to the laboratory. The sections corresponded 
to different heights along the trunk and were used for 
studies of stem anatomy, weight distribution, and stem 
tissue properties. Detailed descriptions of the collections 
and results of anatomical studies are given by RICH 
(1985, in press). 

Stem tissue density was measured as wet and oven-
dry weight per fresh volume for a series of milled cubes 
from each height position at two to five radial positions 
from the periphery to the center of the stem. Elastic 
modulus and modulus of rupture were measured from a 
similar series of milled beams taken for each height and 
radial position. Palm stem tissue is strongly orthotropic; 
i.e., tissue has different properties along all three  

orthogonal axes. Elastic modulus and modulus of rupture 
were measured for beams of stem tissue cut along the 
major axis of the stem and therefore reflect values along 
the major axis. 

Sections of intact stem, ca. 1 m long, were stored in 
plastic bags overnight. Beams of fresh stem tissue were 
carefully milled parallel to the grain to dimensions of 
near 1 x 1 x 70 cm. For very fragile tissue, as in central 
tissue from I. gigantea, it was necessary to mill 2-3 x 2-3 
x 70-cm beams to prevent the beams from breaking 
under their own weight. Milled beams were placed in 
plastic bags with moist paper towels to prevent 
desiccation and stored in a refrigerator until tested. All 
tests were performed at room temperature. Some error in 
measurements was introduced because of desiccation 
during storage and testing of the material. Elastic 
modulus increases in drier material: however, careful 
storage minimized this effect. 

Each beam was securely clamped at one end with a 
vise attached to a sturdy table, such that 50 cm of the 
beam extended horizontally. Height and breadth of the 
beam were measured to the nearest 0.05 mm, and length 
of the freely suspended beam was measured from the 
vise to the point at which weights were applied. Weights 
were applied to the free end, first by attaching a small 
bucket of known weight with a wire and then by filling 
the bucket with two to four weights. The initial position 
of the free end of the beam was recorded; subsequently 
the positions were recorded after each increment in load. 
Each beam was loaded until a displacement of ca. 2 cm 
was attained. Then the beam was unloaded, and the new 
unloaded position was marked to allow rough assessment 
of plasticity. Finally, the beam was loaded until it broke, 
and the weight at which it failed was recorded. 

The original design involved measuring 
displacement with a spring-loaded dial caliper and later 
correcting for the spring. The force of the spring proved 
to be too great to allow measurement of central stem 
tissue of the palms, which would break under the force of 
the spring. The later design measured displacement by a 
needle tied to the end of the beam, which was placed 
near a paper mounted on a wall, and the needle position 
was marked with a pencil. This method proved simpler 
and equally as accurate as the dial caliper method. 

Elastic modulus and modulus of rupture were 
calculated from standard mechanical formulas for 
cantilevered beams (TIMOSHENKO 1956) (Appendix). 
Tests on aluminum and steel bars using this design 
yielded values of elastic modulus that are in excellent 
agreement with published values (Table 1). 

 
Results 

All longitudinal sections for the six species show 
decreases in wet and dry density of peripheral tissue with 
height aboveground and markedly lower density in 
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 TABLE 1 
 TESTS OF ALUMINUM AND STEEL BEAMS 

central tissue than in peripheral tissue (fig. 1). At the 
stem periphery, tall individuals of Welfia georgii and 
Iriartea gigantea have similar wet (ca. 1.3 g/cm3) and 
dry densities (ca. 1.0 g/cm3): however, the wet and dry 
densities of central tissue are markedly lower for Iriartea 
than for Welfia (fig. 2), with respective dry densities of 
0.1 and 0.3 g/cm3. Developmental sequences for Welfia 
and Iriartea of different heights show major increases in 
peripheral tissue density with increases in individual 
height (fig. 3A, 3B), with dry densities increasing from 
ca. 0.2 to ca. 1.0 g/cm3. Wet and dry densities of central 
tissues increase slightly with individual height in Welfia; 
dry densities from ca. 0.1 to ca. 0.3 g/cm3. Wet density 
of central tissue decreases with individual height in 
Iriartea, and dry density remains constant, ca. 0.1 g/cm3. 

Testa 
E calculated 

(N/m2) 
E publishedb 

(N/m2) 

Aluminum:  6.8-7.7 x 1010 
   Trial 1 7.35 x 1010  
   Trial 2 7.14 x 1010  
“Mild” steel:  1.8-2.1 x 1011 
   Trial 1 1.73 x 1011  
   Trial 2 1.82 x 1011  
   Trial 3 1.90 x 1011  

NOTE – These tests, using the methods described 
in the text, yielded values of elastic modulus (E) that 
are in excellent agreement with published values.  

a Trials represent separate tests of the same beam. 
 b BARDES et al. (1978), HOYT (1952). 
 

 
FIG. 1. – Distribution of stem tissue density in longitudinal section within (A) a 19-m-tall 

Welfia georgii. (B) a 26-m-tall Iriartea gigantea, (C) a 17-m-tall Socratea durissima, (D) a 21-m-
tall Euterpe macrospadix, (E) a 10-m-tall Prestoea decurrens, and (F) a 4.5-m-tall Crvosophila 
albida. Both wet (fresh) and dry densities are plotted as a function of height above ground for 
peripheral and central stern tissue. Dry density is expressed as oven-dry weight over fresh volume. 
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FIG. 2.—Distribution of stern tissue density in cross 

Section at breast height within a 19-m-tall Welfia georgii 
and within a 17-m-tall Iriartea gigantea Radial position 
is measured from the stern periphery to the center along 
a radial line. 

 
Also, in developmental sequences for both Welfia and 
Iriartea, water content decreases with individual height 

 
from 90% to 25% by weight in peripheral tissue and 
from ca. 95% to 90% in central tissue (fig. 3C. 3D). 

In Welfia, E decreases with height aboveground for 
both peripheral and central tissue (fig. 4A). In Iriartea, E 
decreases with height aboveground in peripheral tissue 
and increases somewhat with height in central tissue (fig. 
4B). The maximum values of E are attained in peripheral 
tissue near the ground in tall individuals of both Welfia 
(2.25 x l010 N/m2) and Iriartea (3.13 x l010 N/m2). At 
breast height E decreases 200-fold from the stem 
periphery to the stem center in Welfia and 1,000-fold in 
Iriartea (fig. 5). In a developmental sequence for Welfia, 
E in peripheral tissue at breast height increases from 3.36 
x l09 to 2.25 x l010 N/m2 (ca. sevenfold increase) and in 
central tissue from 2.09 x l08 to 1.25 x l09 N/m2 (ca. 
sixfold increase) (fig. 6A). In a developmental sequence 
for Iriartea, E in peripheral tissue at breast height 
increases from 1.00 x l09 to 3.12 x l010 N/m2 (ca. 30-fold 
increase) and in central tissue decreases from 2.08 x l08 
to 2.39 x l07 N/m2 (almost ninefold decrease) (fig. 6B).  

Older peripheral tissue displayed negligible 
viscoelastic deformation after loading and unloading of 

 

 
FIG. 3. – Developmental sequence showing changes in stem tissue density and water content at breast height as a 

function of individual height for (A) stem tissue density of Welfia georgii, (B) stem tissue density of Iriartea gigantea, 
(C) stem tissue water content of W. georgii, and (D) stem tissue water content of I. gigantea. Proportion of water is 
measured as the difference between wet and dry density divided by the wet density. 
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FIG. 4. – Distribution of elastic modulus (newton/ 

m2) in longitudinal section within the stem tissue of (A) a 
19-m-tall Welfia georgii and (B) a 26-m-tall Iriartea 
gigantea. 

 
the test beam. Central and young peripheral tissues 
displayed permanent deformation. Deformation in-
creased with the duration of loading and the maximum 
displacement of the beam. This indicates that values for 
E in low-density tissue were somewhat underestimated. 

 

 
FIG 5. – Distribution of elastic modulus in cross 

section within the stem tissue of a 19-m-tall Welfia 
georgii and a 26-m-tall Iriartea gigantea. 

 

 
FIG. 6. – Developmental sequence showing changes 

in stem tissue elastic modulus at breast height as a 
function of individual height for (A) Welfia georgii and 
(B) Iriartea gigantea. 

 
Large displacements occurred when measuring modulus 
of rupture for the test beams, especially for low-density 
tissue. Thus, values for modulus of rupture are only a 
relative index, not absolute. 

A linear regression of logarithmically transformed 
elastic modulus and tissue dry density for all samples 
from all species pooled shows that E increases with the 
2.46 power of dry density (fig. 7A, table 2). Similar 
values for the exponent are obtained from separate 
examination of all samples from Welfia, b = 2.27, and 
Iriartea, b = 2.47 (fig. 7C, 7D, table 2). All regressions 
have coefficients of determination greater than r2 = .82. 
Modulus of rupture varies with the 2.05 power of dry 
density for all samples from all species pooled. but there 
is much greater dispersion around the linear regression of 
logarithmically transformed data, r2 = .49 (fig. 7E, table 
2). In all plots, the relationship between logarithmically 
transformed measurements is somewhat curvilinear. At 
low dry densities the slope is greater than at high dry 
densities. An examination of only samples that had low 
plastic deformation (material with dry densities > 0.18 
g/m3) gives a relationship in which E increases with the 
1.69 power of dry density for all species pooled, with the 
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FIG. 7. – Linear regressions of logarithmically transformed stem tissue elastic modulus and stem tissue dry density 

for (A) all species pooled, (B) Welfia georgii, and (C) Iriartea gigantea, (D) Linear regression of logarithmically 
transformed stem tissue modulus of rupture and stem tissue dry density for all species pooled. Solid lines represent 
regressions for all samples, and dashed lines represent regressions for samples with low plastic deformation. Values for 
modulus of rupture are overestimated in low-density tissue because of large displacements as weights were applied to 
the cantilevered beams (see Appendix). 

 
2.05 power for Welfia, and with the 1.83 power for 
Iriartea, all coefficients of determination greater than r2 
= .79. Similarly, an examination of only samples that had 
low plastic deformation gives a relationship where 
modulus of rupture increases with the 1.60 power of dry 
density, r2 = .78. 

 
Discussion 

Within palm stems, density, elastic modulus, and 
modulus of rupture are highest at the stem periphery and 
base (fig. 8). The distribution of stiffness and strength in 
palm stems parallels the distribution of dry density. As 
structures, palms are stiffest and strongest toward the 
base of the stem and increasingly flexible with increasing 
height above-ground; stiffness and strength are 
concentrated at the stem periphery. The mechanical 
structure of arborescent palms is fundamentally different 
from that of other trees. Palm stems are more 

heterogeneous and undergo more marked internal 
changes than do stems of arborescent dicotyledons and 
conifers. A single mature arborescent palm stem can 
encompass the full range of published values of density 
and E for wood. In young stem tissue, dry density and E 
are much lower than in common woods. In older 
peripheral stem tissue, dry density and E are higher than 
in common woods. Dry density of palm tissue ranges 
from ca. 0.1, below the value for balsa (Ochroma 
lagopus), to ca. 1.0 g/cm3, near the highest values for 
tropical hardwoods (WILLIAMSON 1984). The maximum 
values of E for Welfia georgii and Iriartea gigantea are 
greater than the maximum value reported in USDA 
(1974), an E of 2.11 x l010 N/m2 for Tabebuia serratifolia 
from South America. 

Palms are exceptionally dynamic structures in which 
major age-dependent changes occur in mechanical 
properties. Peripheral stem dry density increases greatly 
during development in both W. georgii and I. gigantea  
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TABLE 2 
COEFFICIENTS FOR REGRESSIONS OF 

LOGARITHMICALLY TRANSFORMED STEM ELASTIC 
MODULUS AND MODULUS OF RUPTURE VS. DRY DENSITY 

Regression n b a r2 
Elastic modulus vs. dry density 

All Samples:     
   All species pooled 114 2.458 10.625 .859 
   Welfia geogii 33 2.269 10.506 .896 
   Iriartea gigantea 60 2.469 10.561 .828 
Samples with low 
plastic deformation: 

    

   All species pooled 57 1.688 10.390 .795 
   W. geogii 25 2.052 10.445 .793 
   I. gigantea 20 1.831 10.363 .798 

Modulus of rupture vs. dry density 

All Samples:     
   All species pooled 113 2.052 8.356 .490 
Samples with low 
plastic deformation: 

    

   All species pooled 57 1.599 8.231 .782 

NOTE – n = sample size; b = slope; a = Y intercept; 
r2 = coefficient of determination. 

 

and becomes far greater than central stem density. 
Increases in dry density are accompanied by decreases in 
tissue water content. Stem dry density reflects 
differences in mechanical properties. During 
development, peripheral stem tissue of both species 
becomes stiffer and stronger. Welfia attains greater  
 

 
FIG. 8 – Schematic representation of the distribution 

of stem tissue dry density, or specific gravity, within a 
young palm stem (left) and an old palm stem (right) 
(reprinted by permission from RICH 1986). Dry density is 
highest toward the stem periphery and base. Dry density 
increases markedly during height growth. An increase in 
elastic modulus and modulus of rupture accompanies the 
increase in dry density. This general distribution of dens-
ity, stiffness, and strength characterizes all palm species. 

stiffness and strength in shorter individuals than does 
Iriartea, but Iriartea grows taller. Welfia grows to a 
maximum height of 20-23 m, whereas Iriartea grows to 
a maximum height of 30-36 m. Both species approach 
similar limits for ultimate stiffness and strength of 
peripheral stem tissue in the tallest individuals. Central 
stem tissue of Welfia also becomes stiffer and stronger 
with age, but central stem tissue of Iriartea decreases 
slightly in stiffness and strength. This characteristic of 
Iriartea results from the formation of lacunae or air 
spaces in the central tissue (RICH 1985, in press). High 
values of E in peripheral tissue and low density of the 
central tissue contribute to Iriartea’s capacity to grow 
quite tall. Also, Iriartea supports a much smaller leaf 
crown mass than does Welfia (RICH 1986). 

Stem tissue dry density is a good predictor of elastic 
modulus and modulus of rupture. Elastic modulus 
increases with the 2.46 power of density overall and with 
the 1.69 power for tissue with low plastic deformation, 
rather than linearly, as for most wood. This may result 
from differences in the cellular structure of palm stem 
tissue compared with common wood, such that palms 
behave more like three-dimensional cellular solids 
(GIBSON and ASHBY 1982), and from changes in the 
composition of the cellulose-hemicellulose-lignin 
complex of the cell wall. Models for cellular solids 
generally assume constant properties for the cell wall 
material. Older cell walls of palm stem tissue probably 
have a higher proportion of stiffer lignins than younger 
cell walls. Underestimates of E for low-density tissue 
contribute in part to the high value of the exponent 
overall. Modulus of rupture varies with the 2.05 power of 
dry density overall and with the 1.60 power for tissue 
with low plastic deformation, rather than a linear 
relationship as for common woods. An exponent greater 
than one suggests that palm stem tissue behaves as a 
three-dimensional cellular solid (GIBSON and ASHBY 
1982); however, this may also result if failure was due to 
elastic or plastic buckling rather than axial plastic yield. 
Again, the exponent may also be greater than one 
because cell wall composition changes. 

To maintain elastic similarity, a constant margin of 
safety against mechanical failure, it would be expected 
that, in the absence of changes in stem tissue properties, 
stem diameter would vary with the 3/2 power of height 
(GREENHILL 1881; MCMAHON 1973, 1975; MCMAHON 
and BONNER 1983). 

Palms have only a limited capacity for secondary 
stem thickening (SCHOUTE 1912; TOMLINSON 1961, 
1979), and do not follow the 3/2 power law during height 
growth (RICH 1985, 1986; RICH et al. 1986). Compared 
with arborescent dicotyledons and conifers, young palms 
are overbuilt with respect to diameter, and old palms are 
underbuilt. In the absence of changes in the mechanical 
properties of the stem tissue during height growth, the 
margin of safety against mechanical failure would 
decrease rapidly. Increase in stiffness and strength within 
palm stems prevents a steep increase in risk of mech- 
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anical failure. Palms tend to maintain elastic similarity 
by major increases in stiffness and strength of the stem 
tissue. 
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Appendix 

CALCULATIONS OF MECHANICAL PROPERTIES 
OF STEM TISSUE 

 
CALCULATION OF ELASTIC MODULUS 

 
Elastic modulus (E) for a cantilevered beam of 

uniform properties is given by the following relation 
(TIMOSHENKO 1956): 

E = Pl3/3dI2 ,                             (Al) 
P is concentrated load; l is length of the free portion of 
the beam; d is deflection (change in position): and I2 is 
moment of inertia with respect to the z-axis. This 
expression is true for cases in which the end load is much 
greater than the weight of the beam, the beam is thin. and 
the angle of deflection is small. 

Moment of inertia (I2) for a rectangular beam is 
given by the relation: 

I2 = bh3/l2 ,                              (A2) 
where b is breadth and h is height of the beam. 

Thus, elastic modulus (E) of a rectangular cross 
section cantilevered beam is described by the following 
relation: 

E = 4Pl3/dbh3 ,                          (A3) 
 

CALCULATION OF MODULUS OF RUPTURE 
 
Modulus of rupture. or strength (S). for a rectangular 

cross section cantilevered beam, is given by the relation: 
S = 6/Wmax/bh2 ,                         (A4) 

where W is the load at which failure occurs, I is length, b 
is breadth, and h is height of the beam. Again, this 
expression is true for cases in which the end load is much 
greater than the weight of the beam, the beam is thin, and 
the angle of deflection is small. 
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