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Abstract: Allometric models to estimate biomass components such as stem mass Ms, foliage
mass Mi, root mass M: and aboveground mass M., were developed for the palm species
Euterpe precatoria Mart., which is the most abundant tree species in the Amazon. We
harvested twenty palms including above- and below-ground parts in an old growth
Amazonian forest in Brazil. The diameter at breast height D ranged from 3.9-12.7 cm, and
the stem height H ranged from 2.3-16.4 m. The D, diameter at ground basis Do, crown
diameter CD, H, stem specific gravity p, and number of fronds Nr were considered as
independent variables and incorporated into a power function model. The best predictors
were D*Hp for Ms and Ma, D*HNr for Mi, and D for M. Slender index (H/D) ranged from
0.56-1.46 m-cm™!, and the D-H relationship suggested that the stem shape becomes more
slender with increasing D. On the other hand, p increased with D implying a stiffening of



Forests 2015, 6 451

stem tissue. The average root/shoot ratio was estimated as 0.29 which was higher than that
reported for the non-palm tree species in the Amazon. Comparisons of several models to
estimate Ma of different palm species, suggested that the variations of the D-H relationship
and p should be considered to develop allometric models for estimating biomass in palm
species. In particular the p largely varied depending on individual size, which should be
important to consider, when developing the allometric models for palms.

Keywords: Acai; Arecaceae; biomass; carbon stocks; dimension analysis; terra-firme

1. Introduction

Tropical forests, and especially the Amazon rainforest, play a crucial role in the Earth’s climate
system, and can be considered an important buffer for global climate change. Pristine and undisturbed
tropical forest ecosystems are hence one of the most important terrestrial carbon sink and storage
pools [1]. However, the total capacity of tropical forests to sequester and store carbon is still not fully
evaluated, making an exact determination of the biomass in tropical forests a highly relevant issue for
modeling global climate change. The total stock of biomass and carbon in tropical forests still remains
with a significant error due to the high diversity of species and growth forms [2,3].

Palm species are one of the most representative vegetation components in the Amazon [4], making
up about 3.5% of the total above-ground biomass in Brazil [5]. In the Amazon, the arborescent palms
dominate some habitats such as seasonally flooded small valley streams or along the large riparian
systems [6], though they are not restricted to those areas. Euterpe precatoria, for instance, can be found in
the terra-firme forests, which are the dominant forest type in the Amazon. Total biomass of palms in
terra-firme increases from the plateau areas with clay-rich soils to low slopes and bottomlands [7].

Up to date, palms are frequently excluded from biomass assessments (e.g., [8]) even if they are a
conspicuous component of the Amazonian forests [7]. This is due to a lack of allometric equations
specific to palms (e.g., [9,10]). Few studies focus on palm above-ground biomass [9,11-13] and
there is only a single study for below-ground biomass estimation [12]. The palm species shows unique
plant architecture and anatomical characteristics. Arborescent palms, for instance, have slender stem
without branching because of a lack of secondary growth, and the specific gravity of stem varies greatly
within an individual body [14]. These unique characteristics would be reflected in the allometric models
for estimating biomass.

In the present study, we established allometric models for estimating biomass components including
leaves, stems, and roots of a native palm species Euterpe precatoria var. precatoria known as Acai
in the Amazon. A recent study showed that E. precatoria is the most abundant tree species in the
Amazon [15]. For in-depth analysis of allometry of the species, the stem diameter (diameter at breast
height D or at ground basis Do)-stem height H relationship, and size dependency of stem specific gravity
p were also investigated as the stem diameter vs. height relationships and p distribution patterns are
reportedly quite different from those of non-palm tree species (e.g., [14,16,17]). Finally, the established
allometric models were compared with those of similar palm species to evaluate the generality of the
allometric models for estimating palm biomass.
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2. Material and Methods
2.1. Study Site

This study was conducted in a ferra-firme forest along the access road to the field station of
the forest management site of the Brazilian National Institute for Research in the Amazon (INPA)
(2°36" S 11°35" W). The field station is situated ca. 60 km northwest of Manaus, Brazil. The elevation
ranges from ca. 80-120 m above sea level. Annual precipitation in the area is on average 2547 mm
per year [18]. Rainfall is more or less evenly distributed throughout the whole year with some drier
months between July and October when rainfall can drop below 100 mm per month. Annual mean
temperature is 25.8 + 0.25 (SE) °C and does not vary a lot between months [18]. The main natural
vegetation type is terra-firme, a species-rich evergreen tropical moist lowland forest. The forests on
plateau areas are characterized by clay rich Oxisols, whereas the forests on valley bottom areas are
characterized by sandy Spodosols [7,19,20].

2.2. Euterpe precatoria

Euterpe precatoria var. precatoria (Arecaceae) is a solitary palm and has been reported as the most
abundant tree species in the Amazon by a recent study which investigated the individual density
and species abundance on the basis of 1170 monitoring plots established in the Amazon [15]. Euterpe
precatoria develops 10-20 compound leaves with 43-91 evenly distribute leaflets [21] and is
characterized by stilt root formation [22,23]. The mesocarp of the palm seeds and the palm hearts are
widely consumed [21]. The common name is “Agai” and is currently one of the most important resources
in agroforestry systems in the Amazon [24].

2.3. Data Collection

In a preliminary research, we measured diameter at breast height D for large trees (D > 10 cm)
including palm and non-palm trees in three quadrates (60 m % 60 m) established in a terra-firme forest
at a valley near the present study site. In addition, small trees (5 < D < 10 cm) were also measured in a
subplot (20 m x 60 m) within each quadrate. Tree height H was also measured for E. precatoria.
In total, 56 E. precatoria individuals were counted on these quadrates. D ranged from 5.5-14.0 cm, and
H ranged from 7.3-21.3 m. The stem of E. precatoria reaches reportedly to 23 cm in D and
25 min H [22].

In February 2013, twenty individuals of E. precatoria were harvested. D ranged from 3.9—12.7 cm
and H ranged from 2.3—-16.4 m (see Supplementary Table S1 for details). The size range of the destructively
collected samples covers a large portion of the recorded D and H in the preliminary study, i.e., 80% of
the individuals recorded in the preliminary study showed their D and H within the size range of the
destructively collected samples. For the samples, we measured D, diameter at ground basis Do, stem
height H, crown diameter CD, number of fronds Nf, and total fresh mass of each component (stem,
leaves, roots including stilt roots and below-ground roots, and reproductive organs) in the field. H was
quantified with a measuring tape after sample individuals had been felled. H was defined as a length
from the stem base to tip of meristem. CD was calculated as the average values measured along two
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perpendicular directions with a measuring tape before felling the samples, where the same geographic
orientation was used for all samples. Do was measured above the stilt root formation which was observed
for large trees whose D > 8 cm. Nr was counted after harvesting. All leaves including leaflets and rachis
were entirely clipped and their fresh masses were weighed directly in the field. Below-ground parts were
excavated manually to include all coarse roots (>2 mm). The horizontal distribution of root system was
similar to that of crown on the basis of visual observation. The root depth was less than ca. 1 m. To
determine the average water content and specific gravity p of stems, three disks (5—10 cm in thickness)
were collected from the top, middle, and bottom positions of each stem. We collected subsamples
(~1 kg) of leaves and roots to determine the water content for each individual. Specific gravity p was
measured as a ratio of dry mass to green volume. All collected subsamples were transported to the
laboratory and oven-dried at 65 °C to constant dry mass. Using the corresponding water content of each
component, we converted fresh to dry mass individually.

2.4. Models and Statistics

The allometric relationships were expressed as the following power function:

y=gx (D
where y and x are the dependent and the independent variables, respectively, and g and / are coefficients.
The equation was linearized by taking logarithms, as in the following form:

Iny = Ing + hlnx 2)

where Ing and / are the intercept and slope of the regression line, respectively. The Ing and & were
obtained by the standardized major axis (SMA) method using a package of smatr for statistical software
R version 3.1.0 [25]. The allometric relationships for estimating the mass of stem Ms, leaves Mi, roots
M:, and above-ground M. to different dimensions, such as D, Do, H and CD, and their combined
variables, were established. In addition, p was tested for estimating Ms, M: and M., while Nf was tested
for estimating Mi. The stem diameter (D or Do)-H relationships and stem diameter-p relationship were
also examined using Equation (2). The best model was selected according to the adjusted coefficient of
determination R?agj.

Several theoretical works proposed different models predicting the 4 value in Equation (2) for the
relationships among D, H, and individual mass. In the present study, we tested three models involving
the geometric similarity model [26], the elastic similarity model [26], and the fractal geometry model
(namely WBE model) [27]. The geometric similarity model assumes that the different sized individuals
have the same body shape, which predicts the following relationships: D oc H, D* oc M,. Elastic similarity
model assumes that the margin of safety against buckling of stem owing to its own body mass is constant
irrespective of body size, which leads to the following relationships: D* oc H°, D® oc M.>. The fractal
geometry model assumes a fractal-like branching network of plant body optimized for its primary
metabolism, and predicts the following relationships D? oc F°, D® oc M.3. A function of slope.test in smatr
was used to test if the estimated /4 values in Equation (2) were statistically equal to the specific value
derived from the different models.

For comparisons of allometric models between the present and previous studies [9,12,13,16], the
residual sum of squares RSS were calculated. The relative error based on residual was also calculated for
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each sample to evaluate the systematic errors according to individual size, and the relationship of the
relative error to D was expressed with a trend curve determined using a lowess procedure
(locally weighted scatter plot smoothing) with a statistical software KaleidaGraph ver. 4.1.0 (Synergy
Software, Reading, PA, USA) (e.g., [28]).

The Spareman correlation coefficient s was calculated to examine the relationships of slender indices
(H/D and H/Do) to H using statistical software R version 3.1.0 [25].

3. Results and Discussion
3.1. Stem Height and Specific Gravity

The stem diameter (D or Do)-H relationships were established (Table 1), and the D showed better
fitting result with higher R%q; than Do (Figure 1a) (see Supplementary Table S2 for details). The values
of allometric exponent 4 in Equation (2) were estimated as 1.43 for D-based model. The estimated 4
value was significantly higher than unity derived from the geometric similarity model (p < 0.001) and
2/3 derived from the elastic similarity model and the fractal geometry model (p < 0.01). The significant
difference of / from unity indicates a size dependence of slenderness index as H/D ratio, and the slender
index increased with D, i.e., H oc D'* = H/D oc D**, Avalos and Otarola [22] also reported that the /4
ranged from 1.13—1.35 for E. precatoria (H > 1 m) in Costa Rica, and the estimated # was apparently
higher than unity. Similar results were reported for a cogeneric species E. edulis in an Atlantic forest,
Brazil (7 = 1.22 for D-H relationship; 7 = 1.89 for Do-H relationship) [29] and the palms Welfia georgii,
Cryosophia albida, Prestoea decurrens, Iriartea gigantea, Socratea exorrhiza, Euterpe precatoria var.
longivaginata in a Costa Rican tropical wet forest (4 > 1.0 for all species) [14].

Table 1. As dependent variable y, tree height H (m), stem specific gravity p (g-cm™)
and biomass components (kg) including leaf mass Mi, stem mass Ms, root mass M: and
above-ground mass M, are assigned to Equation (2). As independent variable x, stem
diameter at breast height D (cm), H (m), stem diameter at ground basis Do (cm), crown
diameter CD (m), p (g-cm ), number of fronds Nr and their combined variables are assigned.
The Ing and /4 are coefficients in Equation (2), and their 95% confidence intervals are shown
in parentheses. The values of adjusted coefficient of determination Ragi* are also shown.

y x Lng h Ra.gi’
H D -0.97 (—1.86—0.08) 1.43 (1.07-1.90) 0.658
P D 036 (-0.60-0.12) 032  (0.23-0.45) 0.515
M, D?HNs¢ =5.04 (—5.80—4.28) 0.69 (0.61-0.78) 0.937
M,  DHp 211  (243—179) 090  (0.84-0.96) 0.982
M, D*Hp -3.97 (-5.21-—2.72) 1.01 (0.81-1.27) 0.787

M, DHp  —1.79  (-2.10-1.48)  0.88  (0.83-0.94) 0.983
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Figure 1. The best allometric models for estimating (a) stem height H; (b) stem specific
gravity p; (¢) leaf mass Mi; (d) stem mass Ms; (e) root mass M and (f) above-ground mass
M., where D and Nr represent stem diameter at breast height (cm) and number of fronds
(dimensionless), respectively.

The slenderness indices as the ratio of H to D or Do scaled with increasing H (rs = 0.72, p < 0.01 for
H/D; rs = 0.87, p <0.01 for H/Do). Thus, the indices of slenderness as well as the estimates of /4 in the
stem diameter-H models suggested that the unstableness of the plant shape increases with individual size
in E. precatoria.

A comparison between the stem diameter (D or Do)-p relationships suggested that D showed better
fitting result with higher R%.qj than Do (Table 1 and Figure 1b). The values of allometric exponent / in
Equation (2) were estimated as 1.43 and 1.69 for D- and Do-based models, respectively. The estimated
h values were significantly higher than zero (p <0.001), which indicates a size dependency of p, although
p showed a drastic increase at ca. 10 cm in D.



Forests 2015, 6 456

3.2. Allometric Models for Estimating Leaf Mass

In estimating leaf mass Mi, the model based on D*HNr was selected as the best model (Figure 1¢) with
higher R%.qj than the other predictors (Table 1) (see Table S2 for details). The Nt can be easily measured
in some palm species, and has been often used for estimating their biomass component and leaf area as
a part of combined predictor of D?*HNr [11,16]. Although CD was also a direct measure
of foliage size as well as N, the CD showed the worst fitting for the variables examined alone.
Interestingly, in estimating M1, D showed some extent of superiority to the direct measures of foliage
size such as Nrand CD, which could be due to the relationship of the stem diameter to functions which
physically support foliage mass and limit the water transportation from roots to foliage.

3.3. Allometric Models for Estimating Stem Mass

For estimating stem mass Ms, the model based on D*Hp was selected as the best model, i.e., D*Hp
showed higher R?qj than the other predictors (Figure 1d and Table 1). Although Do was also expected to
show a similar effect as D, Do showed poor fitting compared to D (see Table S2 for details). This would
be partly ascribed to the presence of a butt swell near the ground basis, even though the Do was measured
above the part of stilt root formation.

3.4. Allometric Models for Estimating Root Mass

All developed models for estimating root mass M: showed poor accuracy compared to those for the
other organs (R%4j < 0.799) (see Table S2 for details) and thus D was selected as the best predictor with
the highest R%qj (Table 1 and Figure 2e). The root/shoot ratio is often used for estimating root biomass
in forest ecosystems (e.g., [3,30-35]). In the present study, an apparent size dependence of the root/shoot
ratio was not confirmed, and the average root/shoot ratio was estimated as 0.26 £+ 0.03 (SE). In other
words, ca. 20% of whole individual mass was allocated to root mass, which is higher than the 12%
reported for the non-palm tree species in the Amazon [3].

Thus, the present study found that E. precatoria showed higher root proportion than the non-palm
tree species in the Amazon. Furthermore, we also observed the development of stilt roots especially for
large individuals (D > ca. 8 cm). It has been reported that some palm species including E. precatoria
develop stilt roots to structurally support its slender-shaped stem [22,36]. Euterpe precatoria may need
the large root portion accompanied by the stilt root development for support under physically unstable
habitat conditions on sandy soils with seasonal inundation. The large root portion of this species may
also be interpreted as one of the physiological adaptations to inundated environments where the plants
are often exposed to root oxygen deficiencies. Euterpre precatoria had a sponge-like root structure with
well-developed aerenchyma formations (data is not shown), and the large root portion could maintain
sufficient oxygen for a healthy growth of new roots even under inundated conditions. Similarly,
mangrove plants which have been known as the tree species well adapted to inundated
environments, also have a large root portion (e.g., 48% of biomass allocation to roots was reported for
Kandelia obovata [37]) with well-developed aerenchyma formations.
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Figure 2. The residuals as percentage are shown for different models for estimating
above-ground biomass Ma. Open circles and a solid line represent the best model developed
in the present study. Closed circles and a long dashed line represent the model developed by
Cole and Ewel [16]. Open triangles represent the model developed by Hughes [13]. Closed
triangles represent the model developed by Saldarriaga ef al. [9]. Open squares represent the
model for E. precatoria developed by Goodman et al. [12]. Closed squares represent the
common model developed by Goodman et al. [12]. The trend lines corresponding to the
models were determined using a lowess procedure (locally weighted scatter plot smoothing).
Some data points were plotted out of the scales, and those points are shown with a small
sub-figure inside the main figure.

3.5. Allometric Models for Estimating Above-Ground Mass

The D?Hp was selected as the best predictor for estimating M. (Table 1 and Figure 2f). The result of
model selection was similar to that for Ms (see Table S2 for details) since Ms occupied a large portion of
Ma (ca. 81%) and highly influences Ma. The allometric exponent / for the D-Ma. relationship was 3.59
which was marginally significantly higher than 3 (p = 0.026) predicted by the geometric similarity
model [26] and significantly higher than 8/3 (p < 0.001) predicted by both of the elastic similarity and
fractal geometry models ([26,27], respectively). This is a notable result as the value of 4 rarely exceeds
three in non-palm tree species. For example, Zianis and Mencuccini [38] reviewed 277 published D-Ma
relationships, and only two cases (for Eucalyptus marginata by Todd [39]) showed higher /4 values
than three.

Alternately, the 4 value for the D-M. relationship can be interpreted as an integration of the
h values in the D*Hp-Ma, and the D-p relationships as follows: Ma oc (D*Hp)*88 = (D? x D!43 x p0-32)0-88
= D*3_ The directly estimated % (= 3.59) was insignificantly different from 3.30 (p > 0.05).

Thus, both of the increasing tendencies of slenderness and p can result in a higher /4 value of the
D-M, relationship than those expected by the geometric similarity model [26], elastic similarity model [26]
and fractal geometry model [27]. The geometric similarity, elastic similarity and fractal geometry models
assumed that p is homogeneous, which is inconsistent with an existence of size dependence of p in palm
species. As revealed in the present study, the size dependencies of slenderness and p are quite important
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to develop allometric models for estimating palm biomass, and for understanding the uniqueness of palm
species. The size dependence of the slenderness indicated an increase of unstableness as the individual
size increased. On the other hand, the increasing tendency of p indicated a stiffening of stem tissue, and
may reduce the risk of buckling owing to the unstableness.

3.6. Comparison of Models for Estimating Above-Ground Mass in Palm Species

The allometric models for estimating Ma were previously reported for E. precatoria in Peru [12],
a cogeneric species E. oleraceae in a plantation in Costa Rica [16], Astrocaryum mexicanum in
Mexico [13], and a common allometry for several palm species in Costa Rica [9] and in Peru [12]. Those
previous models were fitted to the present dataset to examine a variation of allometry in palm species
(Table 2). As a result, almost all previous models, except for a common model developed by Goodman
et al. [12], showed much higher residual sum of squares RSS than 397 kg? in the best model (the
D?Hp-based power function model) established by the present study. As shown in Figure 2, the
underestimations of Ma for large individuals (D >ca. 9 cm) resulted in the large RSS values for the models
by Hughes [13], Cole and Ewel [16] and Saldarriaga et al. [9]. Hughes [13] developed the model on the
basis of the small palm individuals (Astrocaryum mexicanum, n =15,4.1 <D < 6.2 cm, and 1.5 < H <
5.8 m), which can be a possible reason why this model showed poor prediction for the large sized samples
in the present study. On the other hand, the size range of the samples used for the models developed by
Cole and Ewel [16] was comparable (Euterpe oleraceae, n =197, 1.3 < H <20 m) to that of the present
dataset. However, their samples might be composed of younger ones than ours since they collected the
samples from a plantation in Costa Rica and the maximum age of individuals in the samples was
13 years old, though the exact ages of samples in the present study were unclear. Unfortunately, the
species and size range of the samples used by Saldarriaga ef al. [9] were not described. Surprisingly, the
previous model developed for E. precatoria [12] showed the largest error in the compared models.
Hence, even within a same species, the allometry showed a notable variation depending on
environments, which can be mainly ascribed to the variation in the relationships among D, H and p
(e.g., [28]). Goodman et al. [12] constructed their model for E. precatoria with H as a single variable
which may not be capable to cover the heterogeneity of the allometry in E. precatoria. On the other
hand, the Goodman’s common model involved D, H and dry mass/fresh mass ratio dmf of a stem as
explanatory variables, and was accurately fitted to the present dataset. The moisture content (1-dmyf) has
been known to be negatively correlated with stem specific gravity (e.g., [40,41]), i.e., the dmf tends to
show a positive relationship to p. Thus, the variations of D and p (or dmf) would be important to capture
the variation in palm allometry among the different habitats even within a species. Although the palms
do not show secondary growth with development of vascular cambium, the palm species show
significant variation in D because of secondary thickening characterized by division and enlargement of
parenchyma cells (e.g., [14,42,43]). Furthermore, the p varies depending on the height where the disk
was collected [14], which results in an increasing tendency of mean p with individual size as confirmed
in the present study (Figure 1b). The increase of p can be mainly explained by thickening of cell walls
with age [43,44].
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Table 2. The comparisons of allometric models for estimating above-ground mass Ma. of
palm species among the models developed in different regions, and the residual sum of
squares RSS was calculated for each model.

Equations for Estimating M, Focal Species  RSS kg’ References
M, = M + M + Mrachis,
— 277\0.917
Wlﬁiﬁgfo_zg&oi l(j): [_;ﬁf)]()—.IS)IZ % 1>< 013'240 E. oleraceae 5823 Cole and Ewel [16] *
Miacnis = 0.0458 x (D*HNy)"3% x 1.036
M, =0.3060 x D'*7 x 1.035 A. inexicanwn 10,642 Hughes [13]
M,=1.697 x 1073 x D! x 151 Common 7606 Saldarriaga et al. [9]
M, =13.59H —108.8 E. precatoria 236,389 Goodman et al. [12]
M, = 0.0950 (dmf D’H) Common 486 Goodman et al. [12] **
M, =0.167 x (D*Hp) *5%3 E. precatoria 397 The present study

* In the model of Cole and Ewel [16], M, was separated from the mass of rachis Miachis; ** in the common

model by Goodman et al. [12], dmfrepresents dry mass/fresh mass ratio.

Almost all previous models showed poor fittings to the present dataset of E. precatoria, possibly
caused by the different size range, species, and environments. Furthermore, the previous model specific
to E. precatoria showed the worst fitting to the present dataset, which suggested that the palm allometry
varies significantly even within the same species. On the other hand, a common model developed by
Goodman et al. [12] showed a comparable fitting result to that of the best model in the present study,
which implies an important point that the variations of the D-H relationship and size dependence of p
should be considered for developing the allometric models for estimating biomass of palm species. It
should be noted that the p showed a size dependence, which means a necessity to model the size
dependence to apply the allometric models involving p (or dmf) as a part of its variable because p cannot
be measured individually for estimating palm biomass at a large scale study. This is the first study
examining the common allometric model [12] for estimating palm biomass. Although several common
models for non-palm tropical tree species have been proposed [28,45], those models reportedly show
poor accuracy for some regions (e.g., [3,46]). On the other hand, the common model for palm
species [12] was accurately fitted to the present dataset for E. precatoria, which may be because of
simplicity of the tree architecture specific to palm species. However, the applicability of the common

allometry should be further examined with different palm species and regions.
4. Conclusions

The established allometric equations for each biomass component suggested the uniqueness of palm
species. For estimating M), D*HNr was selected as the best predictor, and the usefulness of Nr is specific
to palm species since Nr can't be generally measured for non-palm species. For estimating Ms and Ma,
D?Hp was selected as the best predictor. The present study found that E. precatoria showed higher root
proportion than the non-palm tree species in the Amazon, which was partly explained by stilt root
formation of this species. It should be noted that p showed an apparent size dependency, and the stem
shape becomes more slender with increasing D, which were reflected in the analysis result of the
D?Hp-M, relationship. A comparative analysis of the allometric relationships for estimating Ma,



Forests 2015, 6 460

suggested that the variations of the D-H relationship and size dependence of p should be considered for
developing the allometric models for estimating biomass of palm species.
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