& frontiers | Frontiers in

ORIGINAL RESEARCH
published: 12 July 2022
doi: 10.3389/ffgc.2022.867912

OPEN ACCESS

Edited by:
Alexander Shenkin,
University of Oxford, United Kingdom

Reviewed by:

Florian Hofhansl,

International Institute for Applied
Systems Analysis, Austria
Robert Muscarella,

Uppsala University, Sweden
Paschalis Chatzopoulos,
Uppsala University, Sweden,
contributed to the review of RM

*Correspondence:
Gerardo Avalos
gerardo.avalos@ucr.ac.cr

Specialty section:

This article was submitted to
Forest Ecophysiology,

a section of the journal
Frontiers in Forests and Global
Change

Received: 01 February 2022
Accepted: 21 June 2022
Published: 12 July 2022

Citation:

Avalos G, Cambronero M and
Alvarez-\ergnani C (2022) Allometric
Models to Estimate Carbon Content
in Arecaceae Based on Seven
Species of Neotropical Palms.

Front. For. Glob. Change 5:867912.
doi: 10.3389/ffgc.2022.867912

Check for
updates
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' Escuela de Biologia, Universidad de Costa Rica, San José, Costa Rica, ? The School for Field Studies, Center
for Sustainable Development Studies, Beverly, MA, United States

We present allometric models for estimating total carbon content and above ground
carbon (AGC) for the Arecaceae family, and for seven abundant neotropical palm
species: the canopy species Socratea exorrhiza (n = 10) and Iriartea deltoidea
(n = 10), the sub-canopy palm Euterpe precatoria (n = 10), and the understory species
Asterogyne martiana (n = 15), Prestoea decurrens (n = 10), Geonoma interrupta (n = 10),
and Chamaedorea tepgjilote (n = 22). Understanding the allometry of functional groups
such as palms is critical for improving carbon stocks estimates in tropical forests and
determining how allometric differences affect species functional diversity. The research
was carried out in the tropical rainforests of the Caribbean slope of Costa Rica. We
harvested 87 palms of a wide range of sizes, and separated them into roots, stems,
and leaves, measured their fresh and dry biomass, and calculated their carbon content,
tissue density, and dry mass fraction (dmf). Our general palm model estimating total
carbon content based on these seven species and 87 samples accounted for 92%
of the variation across species. We generated a similar model to estimate AGC and
explained 91% of the variation. We compared our AGC model with two models used
to estimate palm carbon content: Goodman et al. (2013)’s and Chave et al. (2014)’s
models and found that all three converged on the estimation of AGC although our
model was the most parsimonious because it achieved the same efficiency with only
two variables, stem diameter and stem height. To improve the accuracy of allometric
models we need to incorporate more species, a greater diversity of growth forms, a
wider range of sizes, a larger sample size, and more diversity of habitats dominated by
palms. Estimating carbon content using allometric approaches could benefit from more
consistency in data collection across plant groups.
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INTRODUCTION

Tropical forests are important carbon sinks, influencing the atmospheric concentration of CO,
and thus playing a significant role in mitigating the consequences of climate change (Houghton,
2007; Saatchi et al., 2011; Goers et al., 2012). However, as logging, land-use changes, droughts, and
forest fires reduce their ability to absorb and store carbon, these ecosystems can become net carbon
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sources (Brando et al, 2019; Friedlingstein et al., 2020). To
better understand how different species, ontogenetic stages,
and life forms contribute to carbon sequestration in terrestrial
ecosystems, we must refine methodologies for quantifying carbon
inventories in tropical forests, as well as expand the information
on plant groups other than trees (Dewar, 1991; Dewar and
Cannell, 1992; Brown, 1997; Achard et al., 2004).

There are several methods for estimating carbon stocks in
tropical forests (Zhang et al., 2012). Remote sensing techniques
enable low-cost monitoring of large areas (Jucker et al., 2017;
Rodriguez-Veiga et al.,, 2019), but are limited by field validation
using ground-based techniques. Traditional allometric methods,
on the other hand, are time-consuming and often expensive.
These methods are based on regression models that relate
morphological measurements to biomass or stored carbon
(Hairiah et al., 2001; Chave et al., 2005, 2014; Montero and
Montagnini, 2005; Zhang et al., 2012), and can use morphological
traits available in extensive databases (Chave et al., 2005;
Curtis, 2008; Lal, 2008; Lorenz and Lal, 2010; Kissling et al,,
2019). However, most allometric studies were developed for
woody dicotyledonous trees, particularly the most common and
commercially important species (Brown, 1997; Hairiah et al,
2001; Chave et al., 2005, 2014; Zhang et al., 2012), and typically
include only a handful of individuals of a limited size range per
species and restricted geographic range, and have excluded life
forms such as lianas, hemiepiphytes, ferns, and palms (Clark
et al., 2001; Chave et al., 2005, 2014; Jucker et al., 2017). Our
understanding of the biomass contribution of different life forms
is thus very limited because few studies have considered them in
their biomass inventories (Saldarriaga et al., 1988; Hughes et al.,
1999; Nascimento and Laurance, 2002; Lima et al., 2012).

With over 2,600 species and 181 genera, palms (Arecaceae)
are one of the most diverse and extensively distributed plant
families in tropical and subtropical environments (Baker and
Dransfield, 2016). They dominate many tropical ecosystems
(Mejia and Kahn, 1990; Myers, 2013). Seasonally or permanently
inundated wetlands, such as the “aguajales” of the Peruvian
Amazon (dominated by Mauritia flexuosa, Sampaio et al., 2008),
the “yolillales” of Costa Rica (dominated by Raphia taedigera,
Serrano-Sandi et al., 2013; Yaap et al.,, 2015), and peatlands in
tropical swamp forests of the Congo basin (some dominated
by R. laurentii and R. hookeri), are important soil carbon
reservoirs (Lihteenoja et al., 2009; Dargie et al., 2017). Due
to their abundance in the Amazon lowlands, palms have been
considered “hyperdominant” elements (ter Steege et al., 2013),
with seven out of the 20 most abundant species being palms.
In the tropical rainforest of La Selva Biological Station in Costa
Rica, palms account for 5.4% of AGB, but make up 25% of
stems > 10 cm DBH (Clark and Clark, 2000). Although palms
contribute a small percentage of above ground biomass (AGB) in
neotropical rainforests (ranging from 0.44% in Manaus, Brazil,
DeWalt and Chave, 2004, to 10.9% at the Luquillo tropical
rainforest in Puerto Rico, which is dominated by the palm
Prestoea montana, Frangi and Lugo, 1985) their high abundance
ensures a significant role in forest structure and function (ter
Steege et al., 2013; Boukili and Chazdon, 2017). Palms, for
example, play an important role in food webs by providing

habitat and food for a variety of animal species (Zona and
Henderson, 1989; Howard et al., 2001; Onstein et al., 2017).
Thus, they provide key resources for seed dispersers, which in
turn secure the dispersal of old growth canopy species that
store most of the carbon in mature forests (Bello et al., 2015).
This is an example of how functional diversity (i.e., the variety
and number of species that fulfill different functional roles that
influence ecosystem functioning, Petchey and Gaston, 2006)
affect carbon sequestration. Palms are also valuable to many
human groups who use them as raw materials for construction,
food, drink, clothing, fuel, medicine, and fibers (Jones, 1995;
Henderson, 2002; Dransfield et al., 2008; Sylvester et al., 2012).
To understand the link between carbon stocks and functional
diversity it is essential to comprehend how the allometry and
carbon sequestration of groups like palms differ from that of
dicotyledonous woody plants.

Despite their critical functional roles, palms have been
excluded from most tropical forest carbon stock inventories
(DeWalt and Chave, 2004; Chave et al., 2005; Lorenz and Lal,
2010), as well as from comprehensive allometric analyses of
diameter vs. height relationships (Feldpausch et al., 2011). The
few studies that have generated allometric equations to estimate
carbon sequestration in tropical forest palms are limited to
the nine wetland and terra firme species of Goodman et al.
(2013), Euterpe precatoria (Da Silva et al., 2015) and Astrocaryum
mexicanum (Hughes et al, 1999), as well as commercially
important species, such as peach palm, Bactris gasipaes (Ares
et al, 2002), oil palm, Elaeis guineensis (Thenkabail et al.,
2004; Syahrinudin., 2005; Leblanc et al., 2006; Ekadinata et al.,
2010; Khasanah et al., 2012; Pulhin et al., 2014), the betel nut
palm, Areca catechu (i.e., Das et al., 2021), and coconut, Cocos
nucifera (Zahabu et al., 2018). These latter studies have been
conducted mostly in monocrop plantations. Palms, as monocots,
have a different structure, allometry, and strategy of resource
use than trees (Tomlinson, 2006, 2011). With a few exceptions,
palms are monopodial and lack aerial branching, have only
one shoot meristem, and lack dormancy and secondary growth.
In palm species where stem diameter and stem height show
a significant relationship, diameter increases through sustained
primary growth (i.e., through the division, lignification, and
expansion of parenchyma cells, which also differentiate into
fibers, Tomlinson, 2011). Furthermore, palms show higher leaf
longevity and leaf construction costs than dicotyledonous trees
(Renninger and Phillips, 2016), which have smaller leaves than
palms and may drop leaflets rather than the entire frond to
acclimate to new light conditions.

The goals of this research are: (a) to generate allometric models
to estimate carbon content in seven species of neotropical palms
from different forest strata, (b) to produce general models to
estimate above-ground carbon and total carbon for the family
Arecaceae based on these species using measurements commonly
taken in forest inventories, and (c) to compare our models with
two of the most widely used models to estimate the contribution
of palms to carbon storage: the Goodman et al. (2013)’s model,
developed for a subset of nine species of neotropical palms,
and the pantropical model of Chave et al. (2014), developed for
dicotyledonous trees.
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We expected that the diameter and stem height would be the
best predictors of carbon content, because they are related to
biomass accumulation (Goodman et al., 2013), are functionally
linked to carbon sequestration, determine mechanical support
(Avalos et al., 2019), and reflect palm size. We do not expect wood
density (or the density of the sclerotized tissue in palms) to be a
good predictor of carbon content because palms do not develop
wood; instead, they have a sclerotized tissue that is often unevenly
distributed along the stem, and which increases in density and
mechanical strength from the base and the stem periphery toward
the crown (Rich, 1986; Henderson, 2002). We also expected that
using the Chave et al. (2014)’s model, which was developed for
trees, would lead to an erroneous estimation of carbon storage in
palms, due to the significant structural and allometric differences
between dicotyledonous trees and palms, and the importance that
this model places on wood density.

It is essential to increase the knowledge on the allometry
of functional groups like palms, not only for developing more
accurate estimates of carbon stocks in tropical forests, but also
for understanding the ecological basis of species differences
in morphological structure and determining how allometry
drives resource allocation and plant responses to environmental
gradients, influencing species diversity (Weiner, 2004; Vasseur
etal., 2012).

MATERIALS AND METHODS
Study Site

Palms were harvested in three tropical rain forest sites in
the Caribbean lowlands of Costa Rica (Figure 1). The first
two were La Selva Biological Station (10°26’N - 83°59°W,
30-150 masl, annual precipitation 4,162 mm) and Tirimbina
Biological Reserve (10°24’N - 84°06W, 180-220 masl, annual
precipitation 3,833 mm), both situated in Sarapiqui, Heredia.
The third site was the lowland forest of the agroecological
farm El Progreso (10°30’35” N - 83°44’39” W, 45 masl, annual
precipitation of 4,000 to 5,000 mm), located in Pococi, Limon.
The three sites present an average daily temperature of 25°C and
have a weak climatic seasonality, with November, December and
February being the rainiest months (McDade et al., 1994).

Study Species

We selected four understory and three canopy palm species
representing a wide range of growth forms and regeneration
strategies. Understory species included Prestoea decurrens
(n = 10), Chamaedorea tepejilote (n = 22), Geonoma interrupta
(n = 10), and Asterogyne martiana (n = 15). Prestoea decurrens
(Nicaragua to Ecuador, 0-900 masl), is a clonal species reaching
10 m in height in the tallest individuals (Grayum, 2003).
Chamaedorea tepejilote (S Mexico to Colombia, 0-1,600 masl) is
a dioecious species which can grow up to 5 m (Castillo-Mont
et al., 1994; Grayum, 2003). Geonoma interrupta (S Mexico to
Peru, 0-850 masl) has a solitary stem and may reach 6 m in
height (or over 10 m in exceptional cases), being considered as
one of the tallest species in the genus (Grayum, 2003). Finally,

Asterogyne martiana (Belize to Ecuador, 0-1,000 masl) is shade-
tolerant species with a decumbent stem often reaching 2 m in
height, and with simple, bifid leaves. The canopy species Socratea
exorrhiza (n = 10, S Nicaragua to Brazil, 0-750 masl) and Iriartea
deltoidea (n = 10, SE Nicaragua to Brazil, 0-800 masl) can reach
25 and 30 m of stem height, respectively, and are characteristic
canopy components of mature forests (Grayum, 2003). Both
species have a cone of stilt roots, although roots in I. deltoidea
are clustered at the base of the stem and grow up to 1.5 m above
ground, and in S. exorrhiza roots are well-separated, covered by
spines, and can grow up to 4 m above the ground (Henderson
et al., 1995). Both species show plasticity in the diameter vs.
height allometry associated with geographic location and terrain
slope (Avalos et al., 2019). Euterpe precatoria (n = 10, Belize
to Bolivia, 0-1,150 masl) var longevaginata (Henderson, 1995)
is often classified as a subcanopy species (Zuidema and Boot,
2000). It is a single-stemmed palm that can reach 26 m in height,
developing a stilt root cone that in extreme cases may reach
over 2 m above the ground (Avalos and Schneider, 2011). It is
a cryptic pioneer since it regenerates under disturbed conditions
like canopy gaps but can also withstand shade and regenerates
along with the forest as the gap closes (Avalos, 2019).

Palm Harvesting, Morphological

Measurements, and Biomass Estimation

From September 2013 to May 2015, we harvested 87 palms,
taking care to represent the full range of size classes representative
of the population structure of each species (Appendix Table 1).
We selected individual palms to obtain a sufficient spread of the
data and reflect the size classes characteristic of the population
of each species. We measured stem diameter at 1.3 m above the
ground (DBH), at half the stem length in palms less than 1.3 m
in height, or immediately above the stilt roots in palms with a
stilt root cone higher than 1.3 m. We termed this measurement
in all cases as diameter (abbreviated as diam), since strictly DBH
was not measured in all cases. Harvested palms were separated
into modules (stems, roots, and leaves) and we measured the total
fresh biomass of each module using a Pesola® Macro-Line Spring
Scale (30 = 0.25 kg). We carefully dug out the roots, collected all
the root material to the extent that was possible, including fine
roots (2-5 mm in diameter). In instances in which it was difficult
to extract all the roots, due to their size or depth, a representative
section was extracted, and from this, we estimated the total root
biomass. We washed out the roots in the field and sun-dried
them before weighing them in the laboratory. To determine the
dry biomass (and carbon content) we collected 300 mg samples
from each module. For leaves, this sample included one young,
one intermediate, and one mature frond, determined according
to their position from the tip of the apical meristem. In stems,
the biomass sample was collected from the base, middle, and
upper parts of the stem until reaching the base of the leaf crown.
The total stem height of the palm (Hy.) was measured from
stem base above the stilt roots (if present) to the base of the
crown We also measured the height of the stilt root cone in
stilt-rooted palms (S. exorrhiza, I. deltoidea, E. precatoria, and
P. decurrens) from the ground to the base of the stem (Hg;). In
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FIGURE 1 | Location of study sites in the lowland rainforests of the NE Caribbean slope of Costa Rica.

palms without stilt roots, Hy,. corresponded to the total length
of the stem, from the connection with the first root to the base
of the crown. In A. martiana Hy, also included the section of
the subterranean stem from the first root to the insertion of
the oldest frond. Finally, to estimate the tissue density of the
stem (specific gravity, p), we used a Haglof 2-Thread Increment
Borer, to collect a tissue sample from the stem, following the
methods of Chave et al. (2005). Accordingly, we selected a point
of entry for the increment borer near the base of the stem, in the
middle, and near the base of the palm crown to place the borer
at the center of the internode and carry out the perforation. Once
the sclerotized tissue was extracted, the sample was placed in a
test tube, sealed, and transferred back to the laboratory for the
estimation of tissue density.

Estimation of Carbon Content and Stem

Tissue Density

We dried the samples in an oven at 65°C for 48 h or until constant
weight. Once dried, we ground the samples and determined
their carbon content using an automatic analyzer TruSpec CN,
LECO Corporation, at the Department of Systematic Botany at
the University of Ulm, Germany, and an automatic elemental
carbon and nitrogen analyzer, VarioMacrocube, at the University
of Costa Rica. The magnitude of the carbon content in g was
calculated by multiplying the total dry weight of each module
by the percentage of carbon obtained in the laboratory and
adding up all the dry biomass per individual palm. The average

carbon fraction for the palms analyzed here was 43.9% =+ 1.28
(Cambronero et al., 2018), but for our models we used the
average carbon fraction obtained for each species. Stem tissue
density (specific gravity, p) was calculated as the ratio of dry
biomass (g) over volume (cm?). Volume was measured by water
displacement. A summary table of all measured morphological
characters is shown in (Appendix Table 1).

Calculation of Species-Specific
Allometric Models for Estimating Carbon
Content

Palms were selected to represent a broad range of sizes
characteristic of the species in the field. Thus, our sampling
in these regards was not random and corresponded to an
ordinary least squares regression (model I) since the magnitude
of the predictor variable was selected by the experimenter. As
a result, a model II regression with a random predictor variable
was not practical.

We developed models including a combination of variables
commonly measured under field conditions, such as diameter
and stem height, aiming for simplicity. Therefore, only linear (or
log-transformed) models were tested, and we did not consider
non-linear models even though they could have provided better
fits because we consider that linear (and logarithmic) models
better represented the mechanistic relationship between the
allometric variables.
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We included stem tissue density to investigate the significance
of this parameter in palms, even though measuring it requires
access to instrumentation that may not be readily available in
the field. To predict carbon content, we calculated linear and
logarithmic backward stepwise regressions between the natural
logarithm of the total amount of carbon content in kg per
palm (LnC, response variable), and a set of explanatory variables
including diameter in cm (diam), total stem height from the base
of the stem to the base of the leaf crown (Hp., m, excluding
stilt roots if present), the height of the stilt root cone above the
ground (Hg;) if present, the dry mass fraction or tissue moisture
(dry mass over fresh mass, dmf), and stem tissue density (g
cm™3). This latter parameter was calculated so that we could
compare our family-level models to those of Goodman et al.
(2013), who include this variable. The predictor variables were
included in the models with their Ln-transformed values as
well as in their linear scales. We performed backward stepwise
regression analysis for each species, and then chose the most
parsimonious general regression models for all seven species
based on the magnitudes of the R? value, the mean square
of error (MSE), and the Akaike Information Criterion (AIC).
The chosen models were listed in decreasing order of R?, and
the lowest MSE and AIC values. We chose models with at
least one size-related variable (i.e., diameter and height). We
discarded models that were not statistically significant or had R?
values < 0.8 and included models with a single variable only if the
model was statistically significant. Because the response variable
required a logarithmic transformation, a correction factor was
calculated following Sprugel (1983). The correction factor was
used to remove the systematic bias introduced by the logarithmic
transformation. The predicted value coming from the regression
was multiplied by this correction factor, which is calculated as:

2
SEE )
CF = e 2 (1)

Where SEE = standard error of estimate of the regression (the
absolute value of Iny; in boldface):

SEE = \/ > (inyi - Inyi)" /(N — 2)

Allometric Models for Estimating Total
Carbon Content and Above Ground
Carbon at the Family Level

We combined all the data from the seven species to generate
a series of family-level models to estimate total carbon per
palm. The response variable was the natural logarithm of the
total amount of carbon content in kg per palm (LnC), and
the predictor variables were the set of morphological variables
described above (except for Hsr, which was not present in
all palms). We applied the same backward stepwise regression
protocol to find the most parsimonious models based on the
magnitudes of the R? value, MSE, the AIC, and in this case,
the Mean Absolute Error (MAE), which is the average absolute
difference between predicted and observed values. We compared
the saturated model including all the predictor variables, with

simpler, more parsimonious models coming from the stepwise
regression, using a k-fold cross-validation protocol (James et al.,
2013) where k = 8. We randomly divided the data into eight-folds
of approximately equal size, one of which served as the test set and
the rest as the training set. The resampling process was carried
out in R using the library “caret;” which allowed us to estimate
the value of MAE, in addition to the R?, MSE and AIC values,
and obtained the most parsimonious models by considering the
number of predictor variables and the magnitude of the selection
parameters (R2, MSE, AIC). We used a similar cross-validation
procedure to generate the AGC models.

Comparison Between Models Estimating

Above Ground Carbon for Arecaceae
To compare our Arecaceae AGC family model with those of
Goodman et al. (2013) and Chave et al. (2014), we estimated the
aboveground carbon content (AGC in kg) by adding the carbon
content fractions of stems and leaves without considering the
carbon content of roots (AGB). Goodman et al. (2013)’s model
estimates AGB for nine species of neotropical palms, including
E. precatoria, 1. deltoidea and S. exorrhiza, examined here, using
AGB%2? = 0.56*(dmfD?Hgern)*2°, where dmf is the dry mass
fraction defined above, D is DBH, and Hjte, is the height of the
palm from the ground to the highest leaf. To determine AGC, we
applied the conversion factor of 50% of the dry biomass, which
has traditionally been used to determine the carbon accumulated
in trees (Chave et al., 2005; Houghton, 2007; Lorenz and Lal,
2010). This model is only valid for individuals with a stem
height > 1 m. The pantropical model of Chave et al. (2014)
estimates AGB using 0.0673 (pD*H)%°7%, where p corresponds
to wood stem density (g cm™> or tissue density for palms), D is
the DBH (cm), and H is the total height (m); this model is based
on data from 4,004 trees > 5 cm DBH. AGC was then calculated
by applying the carbon fraction of 50% to AGB as in the case of
Goodman et al. (2013)’s model. We did not include other models
developed for palms such as the one by Frangi and Lugo (1985),
or by Brown (1997) since these had lower performance and lower
R? values when applied to our data (0.78 and 0.79, respectively).
We used the actual carbon fraction per palm species measured
directly here (Cambronero et al., 2018) for the comparison with
Goodman et al. (2013) and Chave et al. (2014) models. In
both cases, the accuracy of all models was contrasted against
the observed values of AGC using the R? value and the
magnitude of their residuals. We used natural logarithmic models
for the comparisons. For all regression analyses we used R
software (R Core Team, 2022), and the library MASS with the
function stepAIC().

RESULTS

Species-Level Allometric Models to
Estimate Total Carbon Content

Canopy and Subcanopy Species

In S. exorrhiza the most parsimonious model for predicting
total carbon content had the linear form of diameter. Entering
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other variables in the model (total height and stem height
from the base, in linear and logarithmic forms), in addition
to Ln(diam), produced similar R? values but not a lower
AIC (Table 1). In I deltoidea, the most parsimonious model
had logarithmic forms of diameter and total height. For the
subcanopy palm, E. precatoria, the most parsimonious models
had the logarithmic form of total height and diameter. As
expected, height and diameter were the most frequent variables
in the models to predict carbon content, while tissue density
explained the variation in carbon content only in the understory
species P. decurrens and A. martiana.

Understory Species

In C. tepejilote, we did not find differences in morphological
parameters among male and female plants, and thus, the analyses
were done for the overall species. In this species, the best-
fit model included the logarithmic form of total height and
diameter. In P. decurrens, the best-fit model had the logarithmic
forms of stem length and tissue density (R? value = 0.95). For
A. martiana, the model with the highest R* had the logarithmic
forms of the four predictor variables diameter, total height, dmf
and tissue density. Finally, G. interrupta showed the highest fit for
models including stem height (logarithmic and linear, with a R?
0f 0.98 and 0.91, respectively).

Family-Level Model to Estimate Total
Carbon and Above-Ground Carbon
Content (AGC)

To predict total carbon content the saturated model (model 1,
Table 2) included all predictor variables and served as a baseline
against which the other models were compared. This model had
the highest R?, and the lowest MSE, AIC and MAE values, but
its practical value was low. Models 2 and 3, which included
logarithmic values of tissue density, diameter, stem length,
and dmf, explained a similar proportion of the variation with
fewer variables. From this point of view, model 4 is the most
parsimonious since it reached an R? value comparable to that
of the previous models with only two variables (diameter and
stem height). MAE values for models 2, 3, and 4 were very
similar showing that these models were not overfit. Model 5
reached the R? threshold value of 0.8 but its AIC and MAE values
were the highest.

We followed a similar procedure to estimate AGC at the family
level (Table 3). As in the previous case, the saturated model
(model 1, Table 3) included all the predictor variables, serving
as a baseline against which the other models could be compared.
Model 2 explained a portion of the variation in Ln (AGC) similar
to that of models 1 and 3, with lower MSE, AIC, and MAE
values, but with an additional variable [Ln(dmf)] in comparison
to model 3. Model 3 was the most parsimonious, since with two
variables (Lndiam and LnH,.) maintained a high R? (0.91) and
low AIC and MAE. Model 4 met the threshold value of R? > 0.80,
but its efficiency in predicting Ln(AGC) was low.

We then compared model 3 to the pantropical model
proposed by Chave et al. (2014) and the palm model of Goodman
et al. (2013) using Ln (AGC). All three models predicted the

observed Ln (AGC) with high R? values ranging from 0.89
to 0.913 (Figure 2). Our model had the highest R? value
(0.913) followed by Goodman et al. (2013)’s with 0.875 and
Chave et al. (2014) with 0.890. We consider all three models
have similar ability to predict the AGC of the palm species
analyzed here although ours is the most parsimonious because
it uses two variables (diameter and stem height) vs. the three
variables of Goodman et al. (2013), diameter, stem height and
dmf, and the three variables of the Chave et al. (2014) model
(diameter, height, and tissue density). Contrary to our prediction,
the Chave et al. (2014)s model satisfactorily predicted the
stored AGC of palms despite of being a model generated for
dicotyledonous trees.

DISCUSSION

Developing allometric models specific for palms will improve
the accuracy of the estimates of tropical forest carbon stocks,
as existing models need to be refined to include this and other
life forms (e.g., lianas, epiphytes, tree ferns), that, while not
as massive as trees, play essential ecological roles and vary in
abundance depending on forest type, elevation, and edaphic
factors (Chazdon, 1996). Palms have a major role as keystone
plant resources providing food, nesting sites, and habitat for a
wide range of vertebrate species (van der Hoek et al., 2019),
many of which are seed dispersers and seed predators that
regulate plant species diversity and carbon storage (Bello et al,,
2015) and contribute to the maintenance of healthy food webs.
Palms may account for a higher proportion of AGB in wetlands
where they are the dominant group and are established on
soils that store large amounts of carbon (Lihteenoja et al.,
2009). Therefore, while palms account for a small proportion
of neotropical rainforest carbon stocks, they are functionally
important by affecting forest succession (Boukili and Chazdon,
2017), food webs (Zona and Henderson, 1989), and varying their
abundance according to topography and edaphic conditions,
being dominant elements in wetlands (Myers, 2013). Allometric
analyses incorporating palm biomass in studies of carbon stocks
in tropical forests are still rare (but see Nascimento and Laurance,
2002; Lima et al., 2012); their inclusion would not only improve
the accuracy of such models, but would also broaden our
understanding of the mechanistic basis of key functional traits,
such as the limits of the allometry of the stem diameter versus
stem height in palms, and the allocation strategies of plants
lacking a vascular cambium in response to wide environmental
gradients (Avalos et al., 2019).

Currently, family-level models proposed for Arecaceae are
based on a small number of species, a small number of tribes
represented, and a limited range of sizes of harvested individuals
(i.e., Goodman et al., 2013; and this study). Many canopy palms
frequently show heights that exceed the ranges included in these
studies. Large individuals are difficult to harvest, and many field
sites do not allow it. In addition to sample size bias, allometric
relationships may change geographically due to environmental
conditions (Avalos et al, 2019), such topography, edaphic
factors, successional stage, climate, and nutrient availability
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TABLE 1 | Models to estimate carbon content (C; Ln kg), in seven species of neotropical paims.

Species Model CF R? F P MSE AIC
Socratea exorrhiza Ln(C)  —1.79 + 2.21 Ln(diam) + 0.68 Ln(Hpc) + 1.46 Ln(dmf) 1.01 0.99 426.86  <0.0001 0.02 —32.96
Ln(C)  —2.6+ 0.34 diam 1.06 097 280.74  <0.0001 0.12 -19.28
LnC)  —1.64 + 2.16 Ln(Hpc) 116 094 126,52  <0.0001 2.09 -11.64
Ln(C)  —5.25 + 2.91 Ln(diam) 1.01 0.92 101.8 <0.0001 2.56 —9.61
LnC)  —1.1 +0.44 Hy 1.3 0.88 57.76 <0.0001 0.53 —4.49
Iriartea deltoidea Ln(C)  0.03 + 1.01 Ln(diam) + 0.81 Ln(Hpc) + 1.1 Ln(dmf) + 0.68 Ln(Hgr) 1.0 0.99 333 <0.0001 0.01 —38.21
Ln(C)  —1.14 + 0.33 Hpe + 0.58 Hgy 1.06  0.96 76.15 <0.0001 0.14 —-17.57
Ln(C)  —4.43 + 2.48 Ln(diam) 1.07 094 150.18  <0.0001 0.13 -18.16
LnC)  —1.14 + 0.2 diam 112 0.92 86.86 <0.0001 0.22 —13.06
Euterpe precatoria Ln(C) 4.7 + 1.35 Ln(Hpc) + 3.13 Ln(dmf) + 0.79 Ln(Hs) 1.08  0.96 43.93 <0.0001 0.1 —20.06
Ln(C)  —1.49 + 0.37 Ln(diam) 1.04 094 134.3 <0.0001 0.09 -21.5
Ln(C)  —1.5+ 0.38 diam 1.06 093 114.86  <0.0001 0.11 —20.04
LnC)  —0.77 + 0.38 Hpe 1.06 093 109.96  <0.0001 0.94 -19.62
Chamaedorea tepgjilote  Ln(C)  —3.94 + 1.75 Ln(diam) + 0.89 Ln(Hpc) 1.02 0.81 43.18 <0.0001 0.23 —29.43
Prestoea decurrens Ln(C)  1.44 4+ 1.04 Ln(Hpc) + 0.68 Ln(p) 1.04 0.95 70.18 0.0001 0.09 —-21.13
Ln(C)  —0.08 + 1.53 Ln(Hxc) 1.05 087 55.06 0.0001 0.22 —13.31
Asterogyne martiana Ln(C)  —1.42 + 1.48 Ln(diam) 4+ 0.88 Ln(Hpc) + 0.66 Ln(dmf) + 0.31 Ln(p) 1.22  0.93 276.29  <0.0001 0.22 —124.32
Ln(C)  —2.48 + 1.2 Ln(diam) + 0.88 Ln(Hyc) 1.1 0.88 322.17  <0.0001 0.36 -83.72
Ln(C)  —3.78 + 2.84 Ln(diam) + 1.04 Ln(p) 1.06 0.85 34.94 <0.0001 0.14 —26.66
Ln(C)  —6.42 +1.24 diam + 2.7 p 110  0.80 35.85 <0.0001 0.18 —22.42
Geonoma interrupta Ln(C)  —3.23 + 1.34 Ln(diam) + 1.42 Ln(Hpc) 1.02 098 206.98 <0.0001 0.05 —26.93
Ln(C) —1.2 + 0.41 Hye 1.13 0.91 83.58 <0.0001 0.24 —12.34

Diam, stem diameter (cm); dmf, dry mass fraction; Hs:, Height of stilt roots if present (m); Hpc, Height at the base of the crown (m); p, density of the sclerotized tissue
{g/cm3); CF, Correction factor recommended by Sprugel (1983); MSE, Mean square of error; AIC, Akaike’s information criterion; Ln, Natural logarithm. Models are listed

by decreasing R? and increasing AIC values.

TABLE 2 | General allometric models to estimate total carbon content (C; kg) based on seven species of neotropical palms.

Model number CF R? F P MSE AlIC MAE

1 Ln(C) —3.57 - 0.1 diam + 0.02 Hpe + 3.69 p — 4.38 1.14 0.93 143.7 <0.0001 0.30 -97.16 0.43
dmf + 2.97 Ln(diam) — 0.6 Ln(p) + 0.6
Ln(Hpe) + 1.26 Ln(dmf)

2 Ln(C) —3.32 4 0.54 Ln(p) + 2.19 Ln(diam) + 0.68 1.19 0.92 308.09 <0.0001 0.36 —84.54 0.49
Ln(Hpc)

3 Ln(C) —1.4 + 1.4 Ln(diam) + 0.94 Ln(Hyc) + 0.97 1.2 0.91 294.19 <0.0001 0.38 —80.87 0.48
Ln(dmf)

4 Ln(C) —3.64 + 1.84 Ln(diam) + 0.88 Ln(Hpc) 1.22 0.90 403.56 <0.0001 0.40 —74.84 0.50

5 Ln(C) —2.14 + 0.098 diam + 0.32 Hye + 1.9 dmf 1.54 0.80 108.53 <0.0001 0.89 —6.05 0.74

Diam, stem diameter (cm); Hye, stem height from the base of the stem to the base of the crown (m); dmf, dry mass fraction; p, density of the sclerotized tissue (g/cm?). CF,
Correction factor recommended by Sprugel (1983); MSE, Mean square of error; AIC, Akaike’s information criteria; MAE, mean absolute error (average absolute difference
between predicted and observed values); Ln, Natural logarithm. Models are listed by decreasing R? and increasing AIC values. Model 1 is the saturated model, against

which the rest were compared.

(Eiserhardt et al., 2011). The species composition of the palms
also affects the accuracy of a family-level allometric model.

The accuracy of allometric models is also limited by an
incomplete inventory of functional traits for tropical plants,
particularly palms. Tissue density (Rich, 1986, 1987), dmf,
slenderness ratio, leaf toughness, and specific leaf area (SLA),
as well as stem height and gas exchange parameters, are
rarely inventoried for palms as a group or are limited to
specific species (i.e., Araus and Hogan, 1994; Da Silva et al,
2015; Renninger and Phillips, 2016). Much less is known
about how these traits change depending on environmental
and geographic factors, ontogenetic stage, and palm size

(but see Chazdon, 1986a,b). Although Kissling et al. (2019)
provide a highly comprehensive compilation, functional trait
databases still lack data for palms and tropical plants in
general. These databases are built using a few individuals
per species', and frequently lack metadata. It is necessary to
incorporate more species, a larger sample size per species,
a wider range of sizes, and phylogenetic bias corrections.
Finally, many tropical habitats where palms are very abundant
and dominant (Myers, 2013) are not regularly inventoried
for carbon stocks.

http://db.worldagroforestry.org
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TABLE 3 | General allometric models to estimate above-ground carbon content (AGC; kg) based on seven species of neotropical paims.

Model number CF R2 F P MSE AlIC MAE
1 Ln(AGC) —7.46 - 005 diam — 0.004 Hbc + 3.18 p + 2.32 1.15 0.92 135.5 <0.0001 0.31 —91.63 0.47
dmf 4+ 2.65 Ln(diam) — 0.31 Ln(p) 4+ 0.56 Ln(Hpc) — 0.58
Ln(dmf)
2 Ln(AGC) —3.8 + 2.32 Ln(diam) + 0.61 Ln(Hpc) + 0.53 Ln(dm) 1.18 0.92 342.09 <0.0001 0.33 —-92.16 0.46
Ln(AGC) —4.11 + 1.96 Ln(diam) 4+ 0.8 Ln(Hpc) 1.2 0.91 443.31 <0.0001 0.38 —81.51 0.48
4 Ln(AGC) —4.77 + 2.82 Ln(diam) 1.4 0.84 464.8 <0.0001 0.66 —33.03 0.66

Diam, stem diameter (cm); Hyc, stem height from the base of the stem to the base of the crown (m); CF, Correction factor recommended by Sprugel (1983); MSE, Mean
square of error; AIC, Akaike’s information criteria; Ln, Natural logarithm,; MAE, mean absolute error (average absolute difference between predicted and observed values);
Ln, Natural logarithm. Models are listed by decreasing R? and increasing AIC values. The first line shows the complete model, against which the rest were compared.
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FIGURE 2 | Predicted vs. observed values (A-C) and residuals (D-F) of the Ln of AGC in kg following the general palm model proposed in this study, Goodman
et al. (2013)’s model, and the pantropical model of Chave et al. (2014).

Developing species-specific models has intrinsic value because
it increases the level of information at the geographic level and
enriches databases, improving the accuracy of carbon inventories
in tropical forests, particularly by adding information on a group
of plants as abundant as palms. Our first hypothesis was correct
because diameter and height were the most common variables in
the models and had a significant role in predicting total carbon
content as well as AGC. Because these variables reflect the size of
the organism it was logical that they would be good predictors
of carbon sequestration. Other functional characteristics, such
as dmf and tissue density, had a lower predictive value
and were more associated with biomass partitioning rather
than organismal size. In general, their influence on carbon
sequestration was limited across the species studied here. Dmf
and tissue density were correlated in Goodman et al. (2013)’s
palm assemblage, and ultimately improved their mixed species

model estimates of AGB, although they did not measure tissue
density directly and instead used data from online databases.
Chave et al. (2014)’s model incorporated wood density, and once
applied to our subset of palm species, the results were very similar
to the general palm family model generated here. The magnitude
of the regression slope and degree of residual dispersion for all
three models were very similar, but we consider that our model
has greater utility value for its application in carbon inventories
because it uses diameter and height of the stem, which are
commonly measured variables that do not require additional
laboratory work, as it is required by the Goodman et al. (2013)
and Chave et al. (2014) models that incorporate tissue density and
dmf, respectively.

Standardizing data collection to construct family-specific
allometric models is difficult due to the variety of palm growth
forms (arborescent, acaulescent, and climbing). We measured
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total stem height from the base of the stem to the base of the leaf
crown (Hy.), whereas other studies (e.g., Goodman et al., 2013;
Chave et al., 2014) measured total stem height from the ground
to the highest point of the plant, which may include the last leaf,
with or without stilt roots, if present. We measured AGB from
the base of the stem to the apex of the meristem, excluding the
cone of stilt roots; this cone is produced above the ground but
we considered it part of the below-ground biomass. Similarly,
in A. martiana a portion of the stem grows underground, but
we considered it as part of AGB. Dioecious palms, such as
C. tepejilote, may differ in biomass allocation between sexes,
as demonstrated by Oyama and Dirzo (1988), although they
harvested 15 individuals, including male and female plants, as
well as juveniles. We found no differences in allometric patterns
between male and female plants and juveniles. The study by
Oyama and Dirzo (1988) was based on the follow-up of 810
individuals in a more comprehensive demographic study. In
other cases, stem height is inferred from species descriptions
rather than measured directly (de Castilho et al., 2006). Despite
efforts to standardize functional trait measurements (e.g., Perez-
Harguindeguy et al, 2013), the emphasis remains on woody
plants, with little regard for the structural and morphological
diversity of other plant groups such as palms.

Estimation of Root Biomass and Carbon

Content

Estimating root biomass and carbon content remains a significant
challenge in palm allometric analyses. Because the data is still
fragmentary and often limited to a few individual species (e.g.,
Goodman et al., 2013; Da Silva et al., 2015), much of the
information focuses on aerial biomass. In general, the functional
ecology of roots is still poorly understood, particularly in
terms of the integration of above- and below-ground characters.
When resources are scarce, for example, leaf life span does not
correlate with fine root longevity (Weemstra et al., 2016). Under
these conditions, long-lived leaves are preferred, but fine roots,
which are responsible for increasing surface area and absorption
capacity, have a high turnover rate. Future research should
examine the degree of integration between above-ground and
below-ground functional traits (Laliberté, 2017). In our case, as
in other studies attempting to estimate root biomass (e.g., Da
Silva et al., 2015), obtaining all roots, particularly fine roots,
was difficult. Many palm species have shallow roots, which may
explain their dominance in flooded environments and very wet
forests, which are rich in palm species or are dominated by
one or two species, because shallow roots perform better in
wet environments (Eiserhardt et al., 2011). There have been few
studies estimating root biomass for palms in the tropics (Frangi
and Lugo, 1985), so comparative data is scarce (but see Da Silva
etal., 2015).

Conclusion

This is the only recent study, following Goodman et al. (2013),
to propose a family-level model to estimate not only AGC but
also total carbon content per individual for Arecaceae. We also
provided individual models for seven of the most common and

abundant palm species in tropical rainforests, as well as estimates
of their below-ground biomass (Appendix Table 1). Allometric
models can be very complex because they include a multitude
of variables often related non-linearly. The goal of this study
was to simplify the selection of allometric models by considering
variables of practical importance and easy to measure in forest
inventories, as well as to investigate the role of morphological
variables on carbon storage without proposing complex variable
combinations. The models proposed here had a logarithmic form,
which is consistent with the functional relationship between
diameter, stem height, and other palm size traits.

To improve the accuracy of allometric models in general,
and specifically for palms, more species, a greater diversity of
growth forms, a wider range of sizes, and a larger sample size are
required. Palm species that dominate wetlands are still lacking in
this regard; despite dominating carbon-rich environments, there
are few studies that include them, possibly due to the logistical
difficulties of conducting research in flooded environments.
Finally, progress in estimating carbon content using allometric
approaches, which remains a viable and efficient option for
estimating carbon stocks, necessitates greater consistency in data
collection across plant groups.
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APPENDIX

TABLE A1 | Summary of morphological variables of seven palm species harvested in the Caribbean lowlands of Costa Rica to obtain allometric models to estimate carbon content and above ground biomass.

Species Stratum Tribe! N DBH H (m) Tissue  Totaldry AGB (kg) Number Leaf Dry Dry Dry Carbon Carbon Carbon Total Root:shoot Root:shoot
(Abbreviation) (cm) density  biomass of area weight weight weight in in in roots carbon (carbon) (biomass)
(g/cm) (kg) leaves (m?) leaves stem roots leaves stems (kg) per palm
(kg) (kg) (kg) (kg) (kg) (kg)
Asterogyne Understory ~ Geonomateae 15 2.5 0.78 0.35 0.3 0.05 9to 26 117 0.10 0.16 0.03 0.04 0.07 0.01 0.3 (0.02- 0.16 0.6
martiana (AM) (1.53- (0.28- 0.26- (0.02- (0.005— (0.13-  (0.0003- (0.005-  (0.002-  (0.005-  (0.002-  (0.001— 0.63) (0.032-0.36) (0.11-2.54)
3.88) 1.66) 0.51) 0.63) 0.12) 3.04) 0.29) 0.4) 0.08) 0.13) 0.18) 0.03)
Chamaedorea Understory ~ Chamaedorea 22 3.04 2.82 0.31 0.9 0.32 3to6 2.34 0.14 0.48 0.28 0.06 0.2 0.12 0.9 (0.04- 0.51 0.2
tepejilote (CT) (1.27- (0.55- ©0.14- (0.05- 0.01- (0.22- (0.02-  (0.01-2) (0.006-  (0.02-  (0.006-  (0.003- 2.93) (0.10-2.54) (0.03-0.76)
5.09) 6.72) 0.6) 2.93) 1.2) 4.65) 0.34) 1.14) 0.15) 0.89) 0.51)
Prestoea Understory Euterpeae 10 6.74 6.31 0.34 9.16 2.88 5to12 8.8 3.8 11.34 5.57 1.64 4.92 2.6 9.15 0.40 0.38
decurrens (PD) (5.0-8.6) (1.1- (0.1-0.6) (0.85- (0.34- (1.67- (0.76- (0.37- (0.63- (0.31- (0.14- (0.28- (0.85- (0.17-0.84) (0.16-0.78)
11.5) 21.1) 7.76) 18.01) 5.8) 28.41) 17.23) 2.46) 12.34) 7.89) 21.1)
Geonoma Understory ~ Geonomateae 10 6.74 4.48 0.34 12.7 3.68 61020 7.9 1.18 7.4 412 0.5 3.28 1.66 12.7 (0.4- 0.36 0.36
interrupta (Gl) (5-8.6) (0.69- (0.16- 0.4- (0.2- (1.58- 0.14- (0.23- (0.02—- (0.06- (0.08- (0.01- 54.51) (0.07-0.56) (0.07-0.56)
11.62) 0.48) 54.51) 14.53) 25.04) 5.16) 32.68) 19.64) 2.21) 14.66) 6.66)
Euterpe Subcanopy Euterpeae 10 7.03 7.01 0.2 5.65 4.38 5t09 10.5 2.26 8.14 2.06 1.06 3.54 0.94 5.55 0.26 0.25
precatoria (EP) 3.5- (@.2- .15 (0.36- (0.33- (2.6~ (0.57- (0.08- (0.08- (0.26- (0.03- (0.03- (0.36- (0.02-1.28) (0.02-1.24)
12.8) 12.6) 0.26) 27.14) 14.75) 28.66) 10.1) 42.97) 7.89) 4.78) 18.75) 3.59) 27.14)
Iriartea Canopy Iriarteeae 10 12.08 5.93 0.14 8.26 11.78 5t09 25.86 6.16 11.01 2.19 2.6 4.68 0.97 8.25 0.15 0.14
deltoidea (ID) (4.4- (1.0- (0.08- (0.22- (0.24- (2.63- (0.34- (0.07- 0.07- 0.14- (0.02- (0.03- (0.22- (0.02-0.36) (0.01-0.31)
23.6) 11.5) 0.2) 28.46) 39.17) 79.66) 20.92) 41.94) 8.82) 9.0) 17.84) 3.84) 28.46)
Socratea Canopy Iriarteeae 10 12.86 8.0 (1.4- 0.17 16.22 14.24 3to 11 21.4 5.62 17.64 12.64 2.54 7.83 5.85 16.22 0.83 0.78
exorrhiza (SE) (2.4-20) 14.8) (0.09- (0.09- 0.11- (1.28- (0.08- (0.02- 0.11- 0.04-  (0.008-  (0.05- (0.09- 0.31-1.9) 0.31-1.7)
0.38) 58.06) 34.64) 53.31) 15.96) 63.19) 49.16) 7.25) 28.62) 22.92) 58.06)

Values correspond to means (minimum-maximum values). ' Follows Dransfield et al. (2008).
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