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Abstract: Agro-industrial oil palm plantations are becoming increasingly established in the Congo
Basin (West Equatorial Africa) for mainly economic reasons. Knowledge of oil palm capacity to
sequester carbon requires biomass estimates. This study implemented local and regional methods for
estimating palm biomass in a mature plantation, using destructive sampling. Eighteen 35-year-old
oil palms with breast height diameters (DBH) between 48 and 58 cm were felled and sectioned in
a plantation located in Makouké, central Gabon. Field and laboratory measurements determined
the biomasses of different tree compartments (fruits, leaflets, petioles, rachises, stems). Fruits and
leaflets contributed an average of 6% to total aboveground palm biomass, which petioles accounted
for 8%, rachises for 13% and the stem, 73%. The best allometric equation for estimating stem
biomass was obtained with a composite variable, formulated as DBH2

× stem height, weighted by
tissue infra-density. For leaf biomass (fruits + leaflets + petioles + rachises), the equation was of a
similar form, but included the leaf number instead of infra-density. The allometric model combining
the stem and leaf biomass yielded the best estimates of the total aboveground oil palm biomass
(coefficient of determination (r2) = 0.972, p < 0.0001, relative root mean square error (RMSE) = 5%).
Yet, the model was difficult to implement in practice, given the limited availability of variables such
as the leaf number. The total aboveground biomass could be estimated with comparable results
using DBH2

× stem height, weighted by the infra-density (r2 = 0.961, p < 0.0001, relative RMSE
(%RMSE) = 5.7%). A simpler model excluding infra-density did not severely compromise results
(R2 = 0.939, p < 0.0003, %RMSE = 8.2%). We also examined existing allometric models, established
elsewhere in the world, for estimating aboveground oil palm biomass in our study area. These models
exhibited performances inferior to the best local allometric equations that were developed.

Keywords: agro-industrial plantations; oil palms; aboveground biomass; allometric equations; Congo
Basin; Gabon

1. Introduction

The world is becoming increasingly concerned with changes that are occurring in ecosystems and
in the climate. These changes are manifested in and exacerbated by forest conversion into agricultural
land. This process is a major driver of global deforestation. Results of the Global Forest Resources
Assessment [1] have indicated that the total forest area has declined by about 3%, from a worldwide
estimate of 4128 Mha in 1990 to 3999 Mha in 2015 [2]. These losses are responsible for increasing

Forests 2020, 11, 544; doi:10.3390/f11050544 www.mdpi.com/journal/forests

http://www.mdpi.com/journal/forests
http://www.mdpi.com
https://orcid.org/0000-0001-6992-5093
http://www.mdpi.com/1999-4907/11/5/544?type=check_update&version=1
http://dx.doi.org/10.3390/f11050544
http://www.mdpi.com/journal/forests


Forests 2020, 11, 544 2 of 23

greenhouse gas (GHG) emissions and incurring substantial changes in the amounts of carbon that
are stored in forested ecosystems [3]. Indeed, a global loss of forest biomass carbon in the order of
11.1 gigatons has been reported over 25 years (from 1990 to 2015); this represents a 3.8% decrease
in storage from an initial 296 Gt estimate of the total forest C [1]. The intensification of forest- and
agriculture-related economic activities largely explains this change. For example, tropical forested
areas are being converted into oil palm plantations to meet economic (biofuel, palm oil), social (food,
household products, cosmetics, soap), cultural (traditional medicines and other care products) or
scientific needs [4–6]. An increase in these needs has led to the development and expansion of
agro-industrial oil palm plantations in tropical Asia, Oceania, Africa and Amazonia [7–9].

Several species of oil palms have been naturalized throughout the world. Currently, the Afrotropical
species Elaeis guineensis Jacq. (African oil palm) is the palm most extensively cultivated for oil production.
The Neotropical Elaeis oleifera (Kunth) Cortés (American oil palms), which also produce oil, have been rarely
exploited commercially. Hybridization with E. oleifera has increased the disease resistance of E. guineensis,
while improving its biochemical and physiological characteristics [10,11].

These latter species, together with palms within the genera Euterpe and Astrocaryum, have not been
extensively domesticated given that they tend to occur as solitary individuals or small groups within
intact tropical forest and in seral stages leading to mature stand canopy closure. Nonetheless, these
species are cultivated as food crops (including açai berry and hearts of palm); the small quantities of
oil extracted from their edible fruits are used in salads or as ingredients in soaps and cosmetics [12].

Resulting land use changes have exerted effects especially on the capacity of ecosystems to
sequester and store carbon in the plants of which they are composed. In the case of oil palms, this
capacity may increase or decrease, depending upon the ecosystems that they frequently replace [9,13,14].
In mature forests, oil palms generally cause a loss in the quantity of carbon that is stored, whereas
they favor an increase in storage in fallow land and savannah areas [6,14,15]. As a result, this
variation in storage can have repercussions for the climatic and environmental equilibria in the affected
tropical regions [1]. An important challenge is the ability to exploit and develop agricultural areas,
such as agro-industrial plantations, without compromising or damaging the ecological integrity of
the broader continuous forest (e.g., [5]). Such actions would help to accentuate the trend towards
decelerating deforestation rates that has been noted by the Food and Agriculture Organization (FAO) [1].
Indeed, the loss of tropical forest area declined by 42% to 5.5 Mha year−1 during the period 2010–2015,
from the estimated 9.5 Mha year−1 during the 1990s [2].

To improve attempts in land use redevelopment, it is important to have a better understanding of
forest and agricultural biomass stocks, together with their respective spatial and temporal dynamics.
The current study developed allometric models to estimate the total aboveground biomass of oil palms
in a particular region, namely the Congo Basin. We aimed at determining which components of the
total aboveground biomass were most effective and efficient in constructing these allometric equations.
Total aboveground biomass is the total dry mass of aboveground organic material that is present in
different plant compartments, including the stem, branches, leaves, stumps and bark [16]. The total
biomass represents an important carbon storage reservoir within the plant and also constitutes the
part that is most vulnerable to human activities and natural perturbations, regardless of whether these
effects are acute or chronic.

A number of studies have been conducted to gather data on the total dry aboveground biomass of
oil palms in targeted tropical areas of Africa, Amazonia and Asia [4,17–19]. The resulting allometric
equations rely upon characteristic attributes of oil palms (and palms, in general), such as diameter,
height, wood infra-density (stem dry mass vs. fresh volume), dry mass fraction and the number of
leaves or age to estimate the biomass at different stages of tree development (young, mid-mature,
mature). These attributes are frequently used as simple [4,20] or as composite [21–23] explanatory
variables. In Benin, Thenkabail et al. [20] estimated the aboveground biomass of young oil palm trees
(1- to 5-years-old) using stem height. In another study conducted in Benin, Aholoukpè et al. [24]
proposed a simple equation for estimating the biomass of oil palm fronds using the dry mass of the
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rachis, i.e., the axis of the compound leaf. Khalid et al. [4] predicted the biomass for mid-mature
(23-years-old) Malaysian oil palm plantations by considering the total height as the explanatory
variable. Saldarriaga et al. [18] developed equations in which the squared value of the DBH (diameter
at breast height, measured at 1.3 m), together with the stem height, were used to estimate the plant
biomass. In this case, the plants were relatively young, with DBHs ranging between 1 and 10 cm.
The same variable combination expressed as DBH2

× stem height was used by Hughes et al. [25] in
southern Mexico to estimate biomass for wild palms (Astrocaryum mexicanum Liebm. ex Mart.) with
DBHs < 10 cm. Cole and Ewel [26] also considered the same variable combination for four economically
valuable forest species, but also included the leaf count in the estimation of the aboveground biomass
in açai palm (Euterpe oleracea Mart.) plantations (DBH < 20 cm) in the Atlantic Lowlands of Costa Rica.
Goodman et al. [27] studied the allometric relationships of nine species in the Arecaceae, including
Attalea phalerata Mart. ex Sprung, which is a source of vegetable oil [28]. These authors substituted
the dry-matter fraction for the leaf count in palm plantations covering all the stages of development
(DBH between 4 and 50 cm) in Amazonian Peru, while Da Silva et al. [22] considered the stem
infra-density in the case of young (DBH 3–13 cm) forest açai or açaí-solitário (Euterpe precatoria Mart.) in
Amazonian Brazil.

All of these studies have provided various explanatory variables for estimating the aboveground
biomass of palms worldwide, including those that produce oil. The performances of these different
variables have yet to be compared in the same study. Furthermore, the allometric equations of these
studies have not been compared with local allometric models for estimating the aboveground biomass
of oil palms that were established in the Congo Basin (West Equatorial Africa). The oil palms that were
used in these studies were consistently young, with a few cases of semi-mature and mature individuals.
However, there is little research on mature individuals (>30-years-old).

Research estimating oil palm biomass is relatively sparse for the Congo Basin. Considering the
gradual but relentless establishment of oil palm plantations, it is crucial that estimation methods be
developed and comparative analyses be conducted relative to other tropical regions. Thus, the current
study sought (1) to evaluate the attributes that were most relevant for characterizing the aboveground
biomass of oil palm plantations in the Congo Basin, and (2) to develop the necessary allometric
equations and compare their results with those that have been obtained from other tropical areas.
This study was based upon field measurements that were acquired through destructive sampling in
agro-industrial oil palm plantations operated by the Société Olam Palm Gabon.

2. Materials and Methods

2.1. Study Area

The oil palms were sampled in a plantation operated by the Société Olam Palm Gabon, which is
located in the Makouké district, Moyen Ogooué Province, central Gabon. The region is characterized
by a hot and humid equatorial climate, with two rainy seasons and two dry seasons. The plantation
adjoins the Ogooué River, which is the largest river in Gabon. The temperatures in the area range from
27 ◦C to 38 ◦C and precipitation reaches 1800 to 2000 mm annually. The plantation is located on a
ferralitic Cambisol-dominant soil. Established in 1981, it is the oldest plantation of oil palm in Gabon.
It currently covers 5700 ha, with an average density of 134 oil palm trees per hectare. Mature oil palms
represent an area of about 1500 ha. The plantation is divided into blocks. One of these blocks was the
study area, located between longitudes 10◦24′27′′ E and 10◦24′57′′ E, and latitudes 0◦30′06′′ S and
0◦30′16′′ S (Figure 1). The block considered covered an area of 25 ha (1000 m × 250 m). The palm trees
inside the block were mature and were planted in both dry and flooded areas (Figure 1).

In 2019, the plantation obtained “Roundtable on Sustainable Palm Oil” (RSPO) certification for its
efforts to protect the environment and encourage sustainable development by complying with global
standards for sustainable palm oil. The RSPO certification committed Olam Palm Gabon to respecting
several principles and criteria for managing the plantation, including among others (1) reducing
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deforestation, (2) encouraging the responsible use of agro-chemical products in the production system
and (3) avoiding conflicts between local communities and plantation owners. The implementation of all
these actions contributed to the sustainable exploitation of oil palm trees. The company’s commitment
to not convert primary forests, areas of high conservation value, peatlands as well as land belonging to
local communities into plantations, considerably limits deforestation.

Although located in the heart of the tropical forest in the Congo Basin, the area where the stuied
plantation was positioned cannot be considered as fully representative of the conditions prevailing
throughout the whole basin, which is a very large region. Nevertheless, it reflected certain similar
natural aspects, notably in terms of tropical forest, biodiversity, climate, soil type and hydrography.
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2.2. Data Collection

2.2.1. Field Data Measurement

The sampling was conducted in a 35-year old plantation. In this area, eighteen oil palms were
felled during the rainy season in October 2017 to obtain information on their aboveground biomass.
Each felled palm tree was randomly selected within a 30.8 m × 30.8 m sample plot across the plantation
block. The sample plots were randomly located in the study block. Eight of them were located in flood
prone areas, while ten were on drylands (Figure 1). The individuals were healthy and not deformed by
disease. The DBH of each selected palm, together with its stem height (HT) and total height (HTOT),
were recorded using a standard measuring tape (DBH in cm and heights in m). The stem height was
measured from the stump to the first branch, while the total height was taken from the stump to the
top of the crown. The total number of leaves (NF) on each palm was also counted. Following these
measurements, the palm stem was sectioned into logs at fixed 0.5 m increments. The diameters and
heights of the palm trees in the flood prone and neighboring areas were smaller (less than 52 cm for
DBH and less than 16.4 m for HTOT) than those located on the dryland (more than or equal to 52 cm for
DBH and 15.1 m for HTOT). The basic statistics of the measurements that were taken in the field are
summarized in Table 1.

Once the measurements were taken and the stem was sectioned, each oil palm was separated into
different components, namely the stem elements and the leaves, which included the petioles, rachis,
leaflets and the fruits. The fresh mass of each component was immediately recorded using a one-ton
scale. Subsamples were then taken from each component. Stem samples were taken from the first
three cut logs, starting with the stump from the middle, and then from the crownward end of the stem.
Samples were taken from the butt or bottom end of each log, in the form of a right angled triangle that
varied in thickness from 2.7 to 4.8 cm, and from 12 to 48 cm for the lengths of the sides forming the
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right angle of the triangle. The same samples represented one-quarter of the large end of the stem
section. Following weighing, all samples were inserted into numbered freezer bags for laboratory
determinations. A summary of all the data on oil palms is presented in Table A1.

Table 1. Summary of the field measurements for 18 felled oil palms: n is the number of oil palms; DBH,
HT, HTOT and NF are respectively the diameter at breast height (cm, measured 1.3 m above the ground
surface), the stem height (m), the total height (m) and the leaf number per tree.

Parameter Minimum Maximum Mean SE %SE

DBH 48.8 57.9 53.1 0.71 1.34
HT 6.65 10.0 8.46 0.22 2.60

HTOT 14.5 18.2 15.97 0.22 1.38
NF 27 39 33.27 0.92 2.77

SE is the standard error for each parameter.

2.2.2. Laboratory Measurements

Subsamples that were taken from the components of the 18 individuals palms (stems, petioles,
rachis, leaflets and fruit) were dried under ambient air conditions and then placed in drying oven
(or steamer) at 105 ◦C (except for the leaflets, 65 ◦C) to obtain wet-to-dry conversion factors. Six oil
palms were selected to obtain dried fruit masses, but not all of the individuals bore fruit. The individual
components were dried to constant mass (3 consecutive days) [27,29,30] and weighed on a 5 kg
balance. Thus, the dry mass fraction (DMF) of each sample per component (stems, petioles, rachis,
fruit and leaflets) was calculated as the ratio of the dry mass that was recorded in the laboratory to
the corresponding fresh mass that was obtained in the field for each oil palm. A mean DMF value
was determined for each component. Table 2 summarizes the means that were obtained for each
component and for the whole palm tree.

Table 2. Summary of the infra-density, dry mass fractions and the average total dry mass of the palm
components for 18 individuals that were felled in Makouké, central Gabon.

Components Minimum Maximum Mean SE % SE

Descriptive Statistical Parameters for Dry Mass Fractions (DMF)
Stem 0.253 0.347 0.301 0.006 2.020

Petiole 0.134 0.245 0.194 0.007 3.805
Fruit 0.156 0.221 0.190 0.009 5.059

Rachis 0.233 0.335 0.277 0.006 2.386
Leaflet 0.198 0.386 0.322 0.010 3.215

Whole oil palm 0.281 0.290 0.285 6.10−4 0.220

Descriptive Statistical Parameters for Infra-Density (g·cm−3)
Stem 0.25 0.3279 0.2930 0.0048 1.639

Descriptive Statistical Parameters for Total Dry Mass of Oil Palm Compartments (kg)
Stem 199.19 419.46 302.77 13.66 4.51

Petiole 20.89 46.31 33.28 1.64 4.92
Fruit 14 82.5 58.57 10.54 17,99

Rachis 29.38 83.16 56.50 3.31 5.86
Leaflet 13.29 29.57 21.42 1.03 4.83

Leaf
(Petioles, Fruit, Rachis + Leaflets) 77.15 148.79 114.93 5.19 4.52

Stem + Leaf 288.72 556.41 417.69 17.78 4.26

Finally, the fresh masses that were obtained in the field for each component of an oil palm were
multiplied by the corresponding average DMF to obtain their respective dry masses. From these
corrected values, it was then possible to determine the total dry mass of an individual oil palm. The dry



Forests 2020, 11, 544 6 of 23

mass: total fresh mass ratios of the palms allowed us to estimate the DMF for each of the 18 palms.
The total dry masses of the different compartments of the 18 oil palms are presented in Table 2. In the
laboratory, the infra-density (%) of the oil palm stem tissue was determined according to the protocol of
Rondeux [31], and Bauwens and Fayolle [32]. The mean infra-density of the oil palm stems is also
presented in Table 2.

2.3. Establishment and Validation Allometric Models

The data analyses were performed using the XLSTAT software (https://www.xlstat.com/fr/).
Scatterplots were created to better understand the distributions of the data. Consequently, outliers
were identified and checks were performed to detect the possible sources of error. Only data that
were correctly identified and reported were retained for the purposes of this study. Using data from
the 18 oil palm trees, two classes of DBH (48–54 cm and 54–58 cm) were established to determine
the proportions of biomass. The DBH class of 48-54 cm had 11 oil palms and that of 54–58 cm had
7 oil palms.

The basic expression that was employed in this research for creating the allometric equations took
the following form [33]:

y = aXb, (1)

where y is the dependent variable (dry aboveground biomass), X is the product of one or
more independent variables (e.g., DBH) and a and b are empirically estimated scaling factors.
Typically, the loge-transformed form of the equation is used to linearize the expression, while at
the same time homogenizing the variance, which increases the validity of statistical tests that are being
used [34–36]. The equation can be rewritten as

ln(y) = ln(a) + b ln(X), (2)

The independent variables that were considered here are DBH, HT, HTOT, % and NF. To obtain
unbiased estimations with log-transformed models, the bias caused by the conversion of ln (y) to the
original non-transformed scale y, should be corrected. The correction factor (CF) was used to make this
correction [26,27,30], such as CF = exp(root mean square error (RMSE) 2/2), where RMSE is the mean
square error of the regression equation. The original untransformed scale of y could be obtained by
y = (CF × a)Xb [30]. To develop the equations, 60% of the oil palms were randomly selected and used (i.e.,
11 of 18 palms). The remaining 40% (7 oil palms) were set aside for the independent validation of the
results. Both the data for development and validation were randomly located over drylands and flood
prone areas.

The performance of the established models was evaluated using different metrics. These included
the coefficient of determination (r2), the residual standard error (σ), the Akaike information criterion
(AIC), the relative error (ER), the relative percentage error (%ER), and the root mean square error
(RMSE) and its percentage (%RMSE). Similar metrics have been used in previous studies [30,37,38].
The expressions for calculating ER and RMSE are as follows:

ER =

∑n
i = n [(yi − yi)/yi]

n
, (3)

RMSE =

√∑n
i = 1 (yi − yi)

2

n
, (4)

where n is the number of observations, yi is the observed value for palm i, and yi is its predicted value.
The relative RMSE (%RMSE) was calculated as a percentage by dividing the RMSE by the observed
mean [38]. The relative percent error (%ER) was obtained by multiplying ER by 100. The interpretation
of the metrics differed when attempting to characterize the best performance. The higher the r2,
the more robust the equation was considered. In contrast, the lower the AIC value, the better the

https://www.xlstat.com/fr/
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model fit. In all cases, the errors (ER, %ER, σ, RMSE, %RMSE) should be as small as possible.
However, Kuyah et al. [39] and Yang et al. [30] have recommended giving more weight to the bias and
RMSE rather than to an adjusted r2 or AIC in deciding the final optimal model [30].

The field data that were obtained from seven randomly selected sample plots were used to validate
the equations that we had developed. The same metrics were considered in the validation, except for
the standard residual error. Error distributions were established to better understand the predictive
performance of the models.

2.4. Comparisons with Existing Biomass Allometric Models

Previous studies by different authors have established allometric equations for estimating the dry
aboveground biomass of oil palms in several tropical regions of the world, i.e., Africa, Amazonia and
Asia–Oceania. Table 3 summarizes the previously published equations, which were considered here
for comparison. The work covered at least four different oil palm species. Depending on the study,
the equations were available for the total above-ground biomass or for specific compartments (such as
stem or leaves). The data from the seven validation sample plots were used to verify the applicability
of each model to our study area and to compare their performance with the equations developed in
this research. Our aim was to determine whether an existing biomass model for oil palm which was
developed elsewhere could be used in the Congo Basin. The evaluations were made by quantifying
the errors (ER, %ER, RMSE and %RMSE) for each model relative to the data that were used.

Table 3. Existing biomass models that were considered. B = total aboveground biomass (kg); BF = total
aboveground fresh biomass of an oil palm (kg); BStem = stem biomass (kg); NF = number of leaves;
BFSR = leaf biomass without rachis (kg); BRachis = rachis biomass (kg); DBH = diameter at breast height
(in cm, measured 1.3 m above ground surface); HTcm = stem height of a palm (cm); CF = correction
factor; n = number of palms that were sampled. r2 = coefficient of determination. The other variables
have been previously defined in the text.

Source Geographic
Region

Palm
Species Existing Biomass Model (kg tree−1) CF r2 n

Khalid et al. [4] Malaysia Elaeis
guineensis BF = 725 + 197 × HTOT 0.96 7

Thenkabail et al. [20] Benin
Elaeis

guineensis
BF = 1.5729 × HTcm – 8.2835 0,97 7
B = 0.3747 × HTcm + 3.6334 0.98 7

Hughes et al. [25] Mexico Astrocaryum
mexicanum B = exp(3.6272 + 0.5768 × ln(DBH2HT)) CF/106 1.02 0.73 15

Saldarriaga et al. [18] Colombia and
Venezuela Common B = exp(−6.3789 – 0.877 × ln(1/DBH2) +

2.151 × ln(HT))
0.89 19

Goodman et al. [27] Amazonia (Peru) Common B = 0.0950 × (DMF × DBH2HT) 0.99 106

Da Silva et al. [22] Brazil
Euterpe

precatoria

B = 0.167 × (DBH2HT%) 0.883 0.98 1 20
BStem = exp(0.1212 + 0.90 × ln(DBH2HT%)) 0.98 1 20

BLeaf = exp(0.0065 + 0.69 × ln(DBH2HTNF)) 0.94 1 20

Cole and Ewel [26] Tropical zone
(Costa Rica)

Euterpe
oleraceae

BStem = 0.0314 × (DBH2HT)0.917
× CF 1.04 0.95 156

BFSR = 0.0237 × (DBH2HTNF)0.512
× CF 1.036 0.94 182

BRachis = 0.0458 × (DBH2HTNF)0.388
× CF 1.036 0.90 187

1 Da Silva [22] used adjusted values of the coefficient of determination (Radj
2) rather than r2.

3. Results

3.1. Distribution of Biomass Proportions

Average proportions are shown in Figure 2 for the aboveground oil palm biomass per compartment
as a function of the DBH class. The aboveground biomass of the 18 oil palms that were sampled
was concentrated mainly in the stems (72.51%). Leaf biomass (including petioles, rachises, fruits
and leaflets) represented on average 27.50% of the total aboveground biomass. Average biomass
proportions of rachises (13.53%) were much higher than those of petioles (7.95%) and fruits and leaflets
(6.02%). The difference between the biomass proportions in each compartment by diameter class
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(48–54 cm vs. 54–58 cm) was analyzed by simple linear regression. Proportions did not significantly
differ between the DBH classes (r2 = 0.999, p < 0.0001).Forests 2020, 11, x FOR PEER REVIEW 8 of 23 
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3.2. Relationships between Variables

Before creating the biomass equations, we first examined the interrelationships between the
variables under consideration. Clearly, the question was whether variation in %, HTOT, HT and NF

could be explained by the diameter (DBH). As shown in Table 4 and Figure 3, the respective allometric
relationships were significant (p < 0.05) between the dependent variables %, HTOT, HT and NF, vs.
the independent variable DBH, with a moderate to strong r2 (0.538 to 0.806). The %RMSE was < 3%
(Table 4). On the one hand, the strongest relationship was obtained between the stem height and
the DBH (r2 = 0.806; p = 0.0001). On the other hand, the weakest relationship (albeit, statistically
significant) with the DBH was obtained with the total tree height (r2 = 0.538; p = 0.010).

3.3. Allometric Biomass Models That Were Developed

Allometric models of the aboveground oil palm biomass were developed for the different
compartments, i.e., stem, leaves and the total aerial biomass. Several equations were tested to
determine which were the best models; we referred to these as the local models. All the established
local allometric models for estimating the aboveground biomass provided low errors overall (Table 5:
%RMSE < 4%; σ < 1 kg for mean biomass = 417.7 kg; r2

≥ 0.564, p < 0.05; %ER < 1.3%). Model 6, which
was based upon DBH, yielded the highest r2 = 0.959 (p < 0.0001) and the lowest errors (%RMSE = 0.54%,
%ER = 0.003%) compared to all the other local models (7 and 8) using individual explanatory variables
(%, HT and HTOT) (Table 5).
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Table 4. Criteria for evaluating the allometric relationships between the DBH and the dependent variables using data from 11 oil palms in Makouké, central
Gabon. Values of the coefficients a and b of the models are given; σ is the residual standard error (in kg); p is the p-value of the model. CF is the correction factor
for the log-transformed equation. Residual standard errors (σ, in kg), Akaike Information Criterion (AIC), relative error (ER), relative percentage error (%ER),
root-mean-square error (RMSE, in kg) and its percentage (%RMSE) are shown for each equation.

Model a b r2 σ AIC CF p ER %ER RMSE %RMSE

Model 1: ln(%) = a + b × ln(DBH) −5.057 0.967 0.674 0.037 −73.343 1.0006 0.002 75 × 10−5 0.075 0.034 2.793
Model 2: ln(NF) = a + b × ln(DBH) −3.892 1.868 0.804 0.051 −63.390 1.0011 0.0001 17.5 × 10−5 0.017 0.046 1.327
Model 3: ln(HT) = a + b × ln(DBH) −4.342 1.608 0.806 0.044 −66.843 1.0008 0.0001 34.6 × 10−5 0.034 0.039 1.869
Model 4: ln(HTOT) = a + b × ln(DBH) −0.179 0.746 0.538 0.038 −69.769 1.0006 0.010 15.4 × 10−5 0.015 0.034 1.258
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Table 5. Local allometric biomass models that were developed in this study. B is the total dry aboveground oil palm biomass. BStem, BLeaf, BFSR and BRachis are
respectively stem, leaf (including petioles, rachis and leaflets), rachis-free leaf and rachis biomasses. P is the p-value of the model. Residual standard error (σ, in kg),
the correction factor (CF), the ER and the RMSE are shown for each equation.

Model a b r2 σ AIC P CF ER %ER RMSE %RMSE

Allometric Equations Using Infra-Density (%) or DBH as the Predictor
Model 5 ln(B) = a + bln(%) 8.755 2.223 0.685 0.099 −48.985 0.002 1.0041 22.1× 10−5 0.022 0.089 1.488
Model 6 ln(B) = a + bln(DBH) −6.256 3.100 0.959 0.035 −71.480 <0.0001 1.0005 2.8 × 10−5 0.002 0.032 0.535

Equations using height as the predictor
Model 7 ln(B) = a + bln(HT) 2.616 1.604 0.824 0.074 −55.383 0.0001 1.0022 12.3× 10−5 0.012 0.067 1.112
Model 8 ln(B) = a + bln(HTOT) −0.443 2.333 0.562 0.117 −45.350 0.008 1.0056 30.4× 10−5 0.030 0.106 1.755

Allometric Equations Using DBH and Height as Composite Predictors
Model 9 ln(B) = a + bln(DBH2HT) −2.335 0.832 0.942 0.042 −67.606 <0.0001 1.0007 4 × 10−5 0.004 0.038 0.638

Allometric Equations Using DBH, Height and Infra-Density as Composite Predictors
Model 10 ln(B) = bln(DBH2HT %) 0.683 0.999 0.0439 −68.560 0.0001 1.0008 −2.1× 10−5 −0.002 0.040 0.669
Model 11 ln(B) = a + bln(DBH2HT %) 0.277 0.651 0.938 0.043 −66.938 <0.0001 1.0008 4.3 × 10−5 0.004 0.039 0.658

Allometric Equations Using DBH, HT, % or NF as Composite Variables to Estimate Aboveground Biomass from Its Components (Stems, Rachises, Leaves with/without Rachises)

Model 12
ln(BStem) = a + bln(DBH) −6.776 3.147 0.930 0.048 −64,933 <0.0001 1.0010 5.6 × 10−5 0.005 0.043 0.762
ln(BLeaf) = a + b(DBH) −7.188 3.014 0.679 0.115 −45,605 0.002 1.0055 51.4× 10−5 0.051 0.104 2.197

Model 13
ln(BStem) = a + bln(DBH2HT) −2.831 0.848 0.921 0.051 −63,594 <0.0001 1.0010 6.4 × 10−5 0.006 0.046 0.810
ln(BFSR) = a + bln(DBH2HTNF) −3.124 0.530 0.564 0.146 −40,430 0.008 1.0088 115.1× 10−5 0.115 0.132 3.257
ln(BRachis) = a + bln(DBH2HTNF) −4.041 0.597 0.702 0.122 −44,332 0.001 1.0062 74.9× 10−5 0.074 0.111 2.724

Model 14
ln(BStem) = bln(DBH2HT %) 0.645 0.999 0.037 −71.844 <0.0001 1.0006 11 × 10−5 0.011 0.034 0.610
ln(BLeaf) = bln(DBH2HTNF) 0.351 0.999 0.103 −46.406 <0.0001 1.0061 109.6× 10−5 0.109 0.110 2.320

Model 15
ln(BStem) = a + bln(DBH2HT %) −0.295 0.678 0.958 0.037 −70.429 <0.0001 1.0006 3.4 × 10−5 0.003 0.033 0.594
ln(BLeaf) = a + bln(DBH2HTNF) −2.852 0.561 0.747 0.103 −48.205 0.001 1.0043 40.4× 10−5 0.040 0.093 1.952
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The local models that were constructed from stem heights (%RMSE < 1.12; r2 > 0.8; p ≤ 0.0001;
AIC < −55.4) were more efficient than those designed using the total heights (%RMSE < 1.8; r2 > 0.5;
p ≤ 0.008; AIC < −45.4). The allometric models of the aboveground biomass using composite variables
(DBH2HT or DBH2HT %) performed in a manner that was relatively similar to those solely based upon
DBH (Table 5).

The allometric relationships between stem and leaf biomass with DBH, as an independent
variable (Model 12), were significant with r2 values of 0.930 and 0.679, respectively. The errors
associated with these relationships were relatively small (%RMSE = 0.76%; RMSE = 0.04 kg for stems,
%RMSE = 0.10%; RMSE = 2.19 kg for leaves) (Table 5). All of the allometric models estimating stem
and leaf biomasses (13 and 14), with the exception of Model 15, exhibited evaluation performances that
were close to those of Model 12 (Table 5). Errors for Model 15 in predicting stem and leaf biomass
were lower (RMSE < 0.094 kg; %RMSE < 1.96%) than those for Models 12, 13 and 14 (RMSE < 0.14 kg;
%RMSE < 3.28%). In summary, according to the results that we obtained, the total aboveground
biomass of oil palm was best correlated with the DBH compared to the stem or leaf biomass (Figure 4).
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3.4. Validation of Local Allometric Models

Seven palm trees were used to validate the relationships between the individual variables that
were considered (%, HTOT, HT and NF) and the DBH, together with the allometric relationships that
were obtained with log sections. Validation results are reported in Table 6. All the variables that
were considered were significantly related to DBH (r2

≥ 0.66; p ≤ 0.026), with relatively small errors
(%RMSE ≤ 9.6%; %ER ≤ 7.5%). The relationships that were obtained for the total height (Model 4) and
infra-density (Model 1) appeared to be the most robust following validation (Table 6).
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Table 6. Validation of the allometric relationships between the individual explanatory variables (%,
HTOT, HT and NF) and the DBH (for estimates of a and b, see Table 4).

Model r2 AIC p ER %ER RMSE %RMSE

Model 1:
ln(%) = a + b × ln(DBH) 0.787 −60.077 0.008 0.034 3.407 0.014 4.845

Model 2:
ln(NF) = a + b × ln(DBH) 0.750 13.371 0.012 0.075 7.552 3.098 9.638

Model 3:
ln(HT) = a + b × ln(DBH) 0.660 −3.111 0.026 0.0006 0.068 0.645 7.697

Model 4:
ln(HTOT) = a + b × ln(DBH) 0.927 −15.660 0.001 0.001 0.136 0.583 3.712

Different local allometric biomass estimation models that were proposed in Section 3.3 were
validated using the data that were independently collected from the seven sample plots. The same
performance evaluation metrics were considered. Table 7 summarizes the validation results that were
obtained. Adding the stem height and infra-density or the stem height and leaf count to the model using
the DBH alone as the predictor improved the predictions, as shown in the results. The introduction
of infra-density (%) to the models that were based upon the combination (DBH2HT) contributed to
the improvement of all the validation criteria of these allometric models. As an example, the root
mean square error decreased from 8.2% to 5.7% when moving from Model 9 (excluding infra-density)
to Model 11 (including infra-density). In the same vein, taking into account the leaf number (NF) in
allometric models using DBH2HT improved the estimates of leaf biomass and by extension, the entire
palm tree. The results of Allometric Models 14 and 15 clearly showed these improvements compared
to models in which the leaves were not considered.

Model 9 yielded the highest r2 (0.939, p < 0.0001), the smallest AIC (45.3) and the lowest %RMSE
(8.2%) among all the allometric models using structural parameters that were measured directly on oil
palm (DBH and HT) (Table 7). With the addition of a variable that is not directly measurable, such as
infra-density (%), Allometric Model 11 slightly improves upon Allometric Model 9. Allometric Model
15 includes both infra-density and leaf number (a parameter usually not available). This model
exhibited the best performance in this study, with a relative RMSE of 5% (Table 7). By combining the
aboveground biomass of the stems (DBH2HT%) and leaves (DBH2HTNF), Model 15 stands out as the
best of the local biomass allometric models that were developed in the study (Table 7). The expressions
of these three (3) models are described below:

Allometric Model 9 : B = 1.0007 ∗ exp
[
−2.335 + 0.832× ln

(
DBH2HT

)]
, (5)

Allometric Model 11 : B = 1.0008 ∗ exp
[
0.277 + 0.65× 1 ln

(
DBH2HTρ

)]
, (6)

Allometric Model 15 : B = BStem + BLea f= 1.0005 ∗ exp [−0.295 + 0.678× ln(DBH2HTρ)]
+1.0043 ∗ exp[−2.852 + 0.561× ln (DBH2HTNF)]

(7)
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Table 7. Validation of the local allometric models of oil palm biomass; estimates for a and b are available in Table 5.

Model r2 AIC P ER %ER RMSE %RMSE

Allometric Equations Using a Single Explanatory Variable, i.e., Infra-Density or DBH
Model 6: ln(B) = a + bln(DBH) 0.887 49.601 0.002 0.091 9.109 45.386 11.253
Model 5: ln(B) = a +bln(%) 0.757 54.962 0.011 0.010 1.079 38.143 9.457

Allometric Equations Using Height as an Explanatory Variable
Model 8: ln(B) = a +bln(HTOT) 0.730 55.712 0.014 0.012 1.242 41.954 10.402
Model 7: ln(B) = a + bln(HT) 0.810 53.234 0.006 0.042 4.157 38.854 9.633

Allometric Equations Using DBH and Height as Compound Explanatory Variables
Model 9: ln(B) = a + bln(DBH2HT) 0.939 45.305 0.0003 0.065 6.501 33.027 8.188

Allometric Equations Using DBH, Height, and % as Compound Explanatory Variables
Model 10: ln(B) = bln(DBH2HT %) 0.961 42.153 0.0001 0.048 4.815 26.786 6.641
Model 11: ln(B) = a + bln(DBH2HT %) 0.961 42.206 0.0001 0.042 4.247 23.339 5.786

Allometric Equations Using Biomass Components (Stems, Rachises, Leaves with/without Rachis)
Model 12: ln(B) = [ln(BStem) + ln(BLeaf)] = [a1+b1ln(DBH) + a2+b2ln(DBH)] 0.887 49.605 0.002 0.089 8,916 44.856 11.121
Model 13: ln(B) = [ln(BStem) + ln(BFSR) + ln(BRachis)] = [a1+b1ln(DBH2HT) +
a2+b2ln(DBH2HTNF) + a3+b3ln(DBH2HTNF)]

0.956 42.950 0.0001 0.052 5.268 27.325 6.774

Model 14: ln(B) = [ln(BStem) + ln(BLeaf)] = [b1ln(DBH2HT%) + b2ln(DBH2HTNF)] 0.969 40.519 < 0.0001 0.044 4.420 21.352 5.294
Model 15: [BStem + BLeaf] = [a1 + b1ln(DBH2HT%) + a2 + b2ln(DBH2HTNF)] 0.972 39.922 < 0.0001 0.036 3.684 20.692 5.130
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3.5. Validation of Existing Allometric Biomass Models

Nine existing models (Table 3) were evaluated using the data from the seven palm trees. The results
are compiled in Table 8. Among the existing allometric models only using stem height as the predictor,
the allometric equation Thenk2004a that was proposed by Thenkabail et al. [20] produced the lowest
error (%RMSE = 13.7%). Although the values were lower, these results were relatively close to those
provided by Allometric Model 7 that was proposed in this study (%RMSE = 9.63%). The other two
existing allometric models that were based upon height had errors > 20% (Table 8). In the category of
allometric models using the DBH and height together, the two existing models of Hughes et al. [25] and
Saldarriaga et al. [18] could not be directly used in the study area because they produced very large
estimation errors (%RMSE > 100%), unlike Model 9 in this study (%RMSE of about 8%). The allometric
equation DaSilva2015a, which was devised by Da Silva et al. [22], stood out among the models that
were based upon DBH, height, infra-density or the dry mass fraction (DMF) as composite explanatory
variables. It produced a small error (%RMSE = 9.3%), which was close to that of the Local Allometric
Model 11 which was developed in this study (%RMSE = 5.8%). Figure 5a illustrates the proximity
of the two allometric models. Finally, in the category of allometric models estimating the total aerial
biomass of the palm from the biomass of its components (stems, leaves or rachis) considering the DBH,
HT, and % and NF as composite explanatory variables, the two existing models produced errors of
less than 24% (Table 8). The allometric equation DaSilva2015b from Da Silva et al. [22] provided an
%RMSE of 10.9%. However, this error was almost double that produced by Allometric Model 15 in this
study. Figure 5b illustrates the results of the five existing models that produced the lowest errors in
our study area. The results of the three best local allometric models that were proposed in this study
are also shown for comparison purposes. Dispersion is greater in the estimated biomasses for larger
diameters (>52 cm). The allometric equations ColEwe2006 [26] and Thenk2004b [20] systematically
underestimated the biomass in the area. The associated errors were generally > 20%. Other existing
allometric models in Figure 5b produced relative errors < 15%, although they were not developed
specifically for the region. Of course, local models were more efficient with relative errors that were
generally < 10%.
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Table 8. Comparison of the existing allometric biomass models to the corresponding local models that
were developed in this study.

Reference Name ER %ER RMSE %RMSE

Allometric Equations Using Height as an Explanatory Variable
Khalid et al. [4] Khal1999 1.725 172.583 669.968 166.109
Thenkabail et al. [20] (Dry biomass model) Thenk2004b −0.198 −19.838 96.752 23.988
Thenkabail et al. [20] (Fresh biomass model) Thenk2004a −0.077 −7.752 55.317 13.715
This study Model 7 0.042 4.157 38.854 9.633

Allometric Equations Using DBH and Height as Compound Explanatory Variables
Saldarriaga et al. [18] Sald1988 −0.999 −99.999 410.677 101.821
Hughes et al. [25] Flyn1999 −0.999 −99.996 410.664 101.818
This study Model 9 0.065 6.501 33.027 8.188

Allometric Equations Using DBH, Height and Infra-Density or Dry Mass Fraction as Composite Explanatory Variables
Goodman et al. [27] Good2013 −0.994 −99.408 408.402 101.257
Da Silva et al. [22] (Not compartmentalized allometric biomass model) DaSil2015a 0.024 2.413 37.699 9.347
This study Model 11 0.042 4.247 23.339 5.786

Allometric Equations Estimating Aboveground Biomass (B) from Biomass Components (Stems, Leaves or Rachis) Using
DBH, HT and % or NF

Cole and Ewel [26] ColEwe2006 −0.211 −21.122 92.841 23.018
Da Silva et al. [22] (Compartmentalized allometric biomass model) DaSil2015b 0.050 5.007 44.157 10.948
This study Model 15 0.036 3.684 20.692 5.130

4. Discussion

4.1. Interpretation of Biomass Distribution

The distribution of the aboveground oil palm biomass among the components showed that on
average the stems produced most of the biomass (about 73%) compared to the leaves (rachis + petiole
+ fruits/leaflets), which produced a total of about 27%. The palms that were considered in this study
were generally older (>30 years) than those that were measured in most previous studies. They were
practically at the stage of maximum maturity in the case of plantations. Nevertheless, other studies
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have reported distributions of relatively similar proportions for younger age classes. For example,
Da Silva et al. [22] also noted the high proportion of stem biomass (86.4%) to leaf biomass (13.6%) in
Brazil for oil palms with DBHs between 3.9 and 12.7 cm. The results that were obtained by Cole and
Ewel [26] in Costa Rica were even more comparable than those obtained in this study, i.e., about 78% for
stems and 22% for leaves for 13-year-old oil palms with DBH < 20 cm. According to the various results,
the proportions of oil palm compartment biomasses (stem vs. leaf) varied only slightly according to
age and diameter in the tropical regions that were considered. This lack of variability could likely
be attributed to the maintenance that was practiced in these plantations. In natural environments,
palm growth may be less homogeneous, depending upon site conditions, which in turn could affect
the proportions of biomass among tree compartments. The plantation considered in this study was
composed of old trees of 35 years old. This constitutes a limitation, as it is not representative of young
and medium age plantations which can be found in the Congo Basin and elsewhere.

4.2. Evaluation of Local Allometric Biomass Equations

In this study, the stem diameter was measured at 1.3 m above the ground surface (DBH), consistent
with other studies estimating the aboveground biomass of oil palms [22,23,27]. Several allometric
relationships were established to estimate the oil palm biomass in this research (see Table 5).

Our results show an improvement in allometric relationships between biomass and DBH when
height or infra-density are taken into account (Table 7). The integrative variable DBH2HT (Model
9) is effective in estimating palm biomass on the study site, as has been the case in other tropical
areas [18,25,36]. The cylindrical shape of the oil palm stem, geometrically characterized by the
combination DBH2HT, could explain the strong relationship with biomass. Indeed, the latter is
essentially concentrated in the stem (Figure 2). Estimating biomass using DBH2HT is an alternative,
non-destructive method in different tropical oil palm-producing regions.

The infra-density (%) of wood varies according to the type of species, plantation density and
growing conditions [30]. The average value of % obtained for the palm stems that were considered in this
study (>30-years) equals 0.293 g·cm−3. The estimate was within the range from 0.21 to 0.41 g·cm−3 that
was defined by Supriadi et al. [40] for Elais guineensis-type palms. The relationship between biomass
and infra-density appears to be very significant (see Allometric Model 5, Table 7). Thus, the weighting
of the composite variable DBH2HT with infra-density resulted in considerable improvement in palm
biomass prediction, as demonstrated by the very small error (%RMSE = 5.8%) that was obtained with
Allometric Model 11 (Table 7). The combination of the three variables (DBH, HT, %) has also provided
significant results in previous work [21,22].

To consider the contributions of all the components of the palm, we integrated the biomass that
was contained in the leaves with that of the stem. The resulting Allometric Model 15 stands out as
the best performing of all models that were proposed in this study, with a %RMSE of 5.1% (Tables 5
and 7). Previous work in other regions has reported similarly convincing results and demonstrated the
importance of considering the contributions of various components into account ([22,26]; see Table 3).
Nevertheless, a close look at the results shows that leaf inclusion did not appreciably improve biomass
estimates, compared to the results that were based solely upon DBH2HT% (Model 11) or DBH2HT

(Allometric Model 9). Despite incurring larger errors, Allometric Model 9 remains an interesting
alternative to Models 11 and 15 in the absence of infra-density or leaf number data.

Although strong relationships were developed in the study, it should be mentioned that the
low number of samples used remains a limitation. The study was based on a destructive approach.
Thus, only eighteen trees could be felled to acquire the data both for the development of the equations
and for their validation. A larger number of samples associated with a wider range of DBH and height
values is therefore recommended for future studies.
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4.3. Comparison of Local Models to Existing Allometric Biomass Models

Several allometric relationships have been proposed for estimating oil palm biomass elsewhere in
Africa, Asia–Oceania and the Neotropics (Central and South America). The current study sought to
understand whether some of these relationships were directly applicable to our site in the Congo Basin.
As expected, several allometric models produced large errors (%RMSE > 100%), together with unrealistic
variation in predicted biomass, especially for the highest DBHs (52 to 58 cm). This was the case for the
equations of Khalid et al. [4], Saldarriaga et al. [18], Goodman et al. [27] and Hughes et al. [25] that were
established for Malaysia, Colombia and Venezuela as well as Peru and Mexico, respectively (Table 8).
The very high errors could be explained by the very different site conditions and the great disparity in
the experimental data that were available for constructing the equations. Nonetheless, the allometric
equations of Thenkabail et al. [20] (Thenk2004a and b), Cole and Ewel [26] (ColEwe2006) and those
of Da Silva et al. [22] seem to be very applicable to the Congo Basin. Building upon research that
was conducted by Yang et al. [30], we investigated errors that were associated with these five existing
allometric relationships, together with our three best local models. Figure 6 shows the performance
of these different models as a function of the two selected classes of DBH (class 1: 48–52 cm; class
2: 52–58 cm). Among the different allometric models shown, the errors appeared larger for the
ColEwe2006 model [26] and Thenk2004b model [20] in both DBH classes, but remained < 25%.
The biomass errors observed with the allometric model of Thenkabail et al. [20] could be due to the
small stem heights that were used in their study (28–195 cm). Those of Cole and Ewel [26] could
possibly be explained by the short to tall oil palms that were considered in the development of their
model (1.3 to 20 m). The Thenk2004b allometric model that was developed in Benin and the two models
of Da Silva et al. [22] that were developed in Brazil yielded errors < 15%. In particular, the allometric
model DaSilv2015a produced results that were close to those of the models proposed in this study,
especially in the first DBH class. Indeed, the allometric models of Da Silva et al. [22] were constructed
from data comparable to those collected in our study (n = 20; HT = 8.8 m; % = 0.3306 g·cm−3). This could
be the cause of their strong performance, especially in class 1 DBH. The DBHs (3.9 and 12.7 cm) that
were used to establish the allometric models of Da Silva et al. [22] could have caused the slightly larger
errors that were observed in class 2.
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5. Conclusions

The present study estimated aboveground biomass using the structural parameters of oil palms
that were acquired in the Congo Basin using destructive sampling. About three-quarters of the palm
biomass was concentrated in the stem. Several allometric equations that were based on diameter at
breast height, height, infra-density, number of leaves, or some combination of these different variables,
were developed. The composite variable that was based upon the combination (DBH2HT) emerged
as the most interesting and perhaps useful explanatory variable for estimating oil palm biomass in
the current study. It was the basis of the three best models that were obtained. The best of the three
(Allometric Model 15) integrates the contributions of leaves and is characterized by a low error (%RMSE
about 5%). The second high-performance allometric model, which weights DBH2HT by infra-density,
also produces a low error of about 6%. The third allometric model (Model 9), which was based solely
upon DBH2HT, was the most practical alternative, given its relatively small error (about 8%) and the
fact that information on infra-density and palm leaf number is not always available. The study shows
that some allometric equations developed in other regions could have been used to estimate the palm
biomass in the site that we selected in the Congo Basin, but with slightly larger errors than those of the
three proposed allometric models. However, several existing models were not applicable because of
the large errors they produced in the site, due to differences in palm oil species, age or site conditions.

One of the main limitations in this study resides in the reduced number of samples used to develop
and then validate the allometric equations. Only the data from eighteen oil palms were available
for this study. Increasing the number of samples in future works would allow the development of
probably more robust equations. Such equations are essential to assess the carbon produced by oil
palms and understand the impact of the establishment of agro-industrial plantations in tropical forest
areas in the context of climate change, while helping their sustainable management. Combinations of
data that were acquired from experimental sites in different tropical regions across the globe could
make it possible to envisage the development of regional and pan-tropical allometric relationships for
estimating the aboveground biomass of oil palms.
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Appendix A

Table A1. Field and laboratory data that were used to develop aboveground biomass models for oil palm.

Plot
Number

BF
(Total Fresh

Aboveground
Biomass of

Oil Palm) (kg)

DBH
(Diameter
at Breast
Height,

1.3 m) (cm)

HTOT
(Total

Height)
(m)

HT
(Stem

Height)
(m)

NF
(Number
of Leaves
Per Palm)

DMF
(Dry Mass
Fraction)

Stem
Mean

Dmf
(Mean Dry

Mass
Fraction)
Of Oil
Palm

%
(Mean

Infra-Density
of Oil Palm

Stem)
(g·cm−3)

BRachis
(Dry

Rachis
Biomass)

(kg)

BFSR
(Dry leaf
Biomass
without
Rachis)

(kg)

BLeaf
(Dry Leaf Biomass

of Oil Palm:
Petioles, Fruits,
Rachises and

Leaflets)
(kg)

BStem
(Dry Stem
Biomass of
Oil Palm)

(kg)

B
(Total Dry

Aboveground
Biomass

(kg)

1 1336.80 50.9 16.3 8.0 32 0.2914 0.2857 0.2819 59.8752 52.9108 112.786 269.1137 381.8997
2 1643.30 53.6 16.7 9.1 36 0.3085 0.2818 0.2921 63.0907 70.4268 133.5175 329.4937 463.0112
3 1950.20 57.6 16.4 10.0 38 0.3081 0.2853 0.3279 66.9161 70.0291 136.9452 419.4599 556.4051
4 1176.95 49.2 15.0 7.4 30 0.3105 0.2836 0.2587 50.7830 53.1305 103.9135 229.9270 333.8405
5 1259.35 49.6 15.3 7.8 30 0.3314 0.2832 0.2872 43.1878 59.7505 102.9383 253.6564 356.5947
6 1227.44 50.4 15.3 7.5 29 0.3008 0.2902 0.2993 42.3007 36.6779 78.9786 277.2167 356.1953
7 1462.40 53.7 16.5 8.8 37 0.3365 0.2846 0.2917 55.4954 63.7667 119.2621 296.9790 416.2411
8 1623.30 55.3 16.2 8.5 34 0.3343 0.2855 0.2972 69.4109 67.4892 136.9001 326.5954 463.4955
9 1710.05 54.9 16.1 8.5 39 0.3471 0.2843 0.3077 74.2342 74.5585 148.7927 337.3431 486.1358
10 1294.15 51.3 15.5 8.5 31 0.2972 0.2901 0.2927 55.4954 46.9775 102.4729 272.9780 375.4509
11 1763,1 55.9 18.2 9.5 38 0.3115 0.2869 0.3180 83.1600 63.0959 146.2559 359.6233 505.8792
12 1803.75 57.9 16.6 9.8 38 0.3099 0.2862 0.3030 45.6964 68.9378 114,6342 401,5572 516.1914
13 1156.25 50.7 15.3 8.1 27 0.2987 0.2852 0.2749 29.3832 47.7701 77.1533 252,6299 329.7832
14 1672.25 57.4 17.0 8.5 37 0.2857 0.2814 0.3260 62.5918 74.5959 137.1877 333.4184 470.6061
15 1543.70 55.4 16.6 9.5 32 0.2536 0.2889 0.2935 65.1420 52.9177 118.0597 327.9238 445.9835
16 1216.85 51.1 15.0 7.4 28 0.2650 0.2822 0.2776 41.2474 51.4161 92.6635 250.6978 343.3613
17 1021.80 48.8 14.5 6.65 30 0.2706 0.2826 0.2500 40.8038 48.7180 89.5218 199.1936 288.7154
18 1493.20 52.0 15.1 8.8 33 0.2727 0.2871 0.2950 68.2466 48.4361 116.6827 311.9835 428.6662
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