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Abstract: The standardized methods used in carbon markets require measurement of the biomass
and carbon stored in trees, which can be quantified through allometric equations. The objective of
this study was to analyze aboveground biomass estimates with allometric models in three mangrove
species and compare them with those used by the Climate Action Reserve (CAR) standard. The
mangrove forest in Tabasco, Mexico, was certified with the Forest Protocol for Mexico Version 2.0
(FPM) of the CAR standard. Allometric equations for mangrove species were reviewed to determine
the most suitable equation for the calculation of biomass. The predictions of the allometric equations
of the FPM were analyzed with data from Tabasco from the National Forest and Soil Inventory
2015–2020, and the percentages of trees within the ranges of diameters of the FPM equations were
determined. The FPM equations generated higher biomass values for Rhizophora mangle and lower
values for Avicennia germinans than the seven equations with which they were compared. In the
mangrove swamp of Ejido Úrsulo Galván, Tabasco, 81.8% of the biomass of A. germinans, 34.4% of
Laguncularia racemosa and 24.0% of R. mangle were within the diameter range of the FPM equations,
and in Tabasco, 28.5% of A. germinans, 16.7% of L. racemosa and 5.7% of R. mangle were within the
diameter range. For A. germinans and R. mangle, we recommend using the equation that considers
greater maximum diameters. The allometric equations of the FPM do not adequately predict a large
percentage of the biomass.

Keywords: forestry protocol for Mexico; ecosystem service; forest inventory

1. Introduction

Mangrove forests represent a type of ecosystem dominated by arboreal or shrubby
plant species called mangroves, supporting saline soils that are flooded for most of the year.
They are considered a type of coastal wetland since they are found at the mouths of rivers,
coastal lagoons and estuaries and are influenced by saltwater from the sea and fresh water
from runoff from hydrological basins through rivers [1].

To estimate a part of the carbon stored in trees, the weight of the biomass must be
known. Various methods have been developed to estimate the biomass of forests. There
are three main methods: the harvest method, the middle tree method and the allometric
method [2]. The most accurate method to estimate biomass weight and subsequently
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determine the amount of carbon is to destructively analyze tree samples divided into
constituent components (stem, branches, leaves, flowers, fruits, and roots). However,
cutting down forest trees often runs counter to the objective of conserving forests. An
alternative approach is to use established allometric equations to estimate biomass and
then calculate biomass carbon as a fraction of this value [3]. Allometry is a powerful tool
for estimating tree weight from independent variables, such as trunk diameter and height,
which are quantifiable in the field [4].

Site-specific aboveground biomass models estimate biomass with greater precision
since they have been generated for a specific species and in a specific area; however, to
reduce the error in the estimates, these models must be applied for that particular species
and in the region of the study area where the model was generated or a very similar
area [5,6]. In addition, given the physiographic and muddy soil conditions in which
mangroves are located, the equations reported in the literature were developed on the basis
of measuring the diameter of the trees [5].

The use of preexisting allometric equations, instead of specific site equations, is an
important source of uncertainty in the determination of biomass and carbon. When the
use of preexisting equations is necessary, multiple potentially applicable equations should
be used to determine plausible ranges of aboveground biomass. Species and physical
characteristics vary from one site to another, and the applicability of equations developed
in different places may also be limited, even if the equations are specific to a certain
species [3]. The use of species-specific equations over general equations is recommended
since the species have structural differences [3,7], and in addition, the general equations
overestimate the aboveground biomass in comparison with the specific species equations [6].
The general equations are recommended only when they contain the density of wood
measured at the site as a predictor variable and when they are adjusted with trees that
grow in environmental conditions similar to the area in which the estimation is made, since
these environmental variables control the growth of trees and anatomical characteristics
associated with wood density [6,8]. When general equations are used, it is essential to
verify that the species present are similar to those used to develop the original equations [3].

In Mexico, equations have been developed for Rhizophora mangle, Avicennia germinans
and Laguncularia racemosa in Laguna de Terminos, Campeche [9] and L. racemosa in Maris-
mas Nacionales, Nayarit [10]. The low number of allometric equations in Mexico and the
high structural variation in mangroves in Mexico underscore the need for the development
of new and different species-specific allometric equations to reduce the uncertainty associ-
ated with the use of external data and their inappropriate use in the estimation of plant
biomass [3,8].

Studies such as that of Rahman et al. [6] note that the choice of an appropriate al-
lometric model is essential for reducing uncertainties in the estimation of aboveground
biomass. Furthermore, their use outside the minimum and maximum diameter range
from which they were developed results in significant errors [5], which tend to increase
as the diameter increases [6]. In addition, different allometric equations applied to the
same species can generate very different results [3,5]. For example, standards such as the
Climate Action Reserve (CAR) apply a single allometric equation to estimate the biomass
of a species throughout Mexico without considering the range of diameters that can be
observed in different physiographic regions [11]. Therefore, it is appropriate to evaluate
the models applied by a standard such as CAR, examine the differences in these estimates
with different allometric models, determine the influence of the diameter in which they
were developed in the biomass estimates and select the most adequate allometric model.

The objective of this study was to analyze various models for the determination of
aboveground biomass in mangrove species in Tabasco in comparison with the equations
applied by the Forest Protocol for Mexico Version 2.0 of the CAR standard used for payment
for environmental services. The results provide a better understanding of the estimation of
biomass in these ecosystems and the precise determination of the carbon stored in trees for
fair payment in carbon credits.
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2. Materials and Methods
2.1. Study Area

The study area is located at Ejido Úrsulo Galván, Jalpa de Méndez, Tabasco, in south-
eastern Mexico. The geographical location is 18◦20′32.12′′ and 18◦24′25.21′′ north latitude
and 93◦3′56.86′′ and 92◦59′56.05′′ west longitude. It is located in the Grijalva–Mezcalapa
delta system in the eastern part of the Mecoacán Lagoon [12]. The climate in the municipal-
ity of Jalpa de Méndez is hot-humid, with abundant rains in summer. The precipitation
ranges between 1500 and 2000 mm per year, and the average annual temperature is between
24 and 26 ◦C. The soils of the study area, according to the map of major groups of soils of
the state of Tabasco [13], are Histosols. Furthermore, Domínguez-Domínguez et al. [14]
included Solonchak soil in mangrove areas. Mangrove soils are generally rich in organic
matter and nutrients; however, they have severe limitations due to flooding, the water
table, salinity and sodicity, so they do not have the capacity for agricultural use [14,15].

2.2. Sampling Design

The methodology used to determine aboveground biomass is based on the Forest
Protocol for Mexico Version 2.0 (FPM) published by the CAR [11].

The forest inventory was conducted by dividing the study area (930 ha) into a grid of
25 × 25 m plots with the open access program QGIS and identifying the coordinates of each
plot [11]. A total of 130 grid cells with mangrove vegetation were randomly selected using
the randomization tool of the software CALCBOSK (version 2.0, a database application
developed by the FPM (Bohemia, NY, USA)). Nested design plots were established in the
selected grids using the threshold DBH values proposed by the FPM, which are used for
all forest types in Mexico. Given the randomness of plot selection, the average distance
between plots varied. Some plots were situated close to the water, while others were located
farther away within the inventory grid. Consequently, no criteria related to distance to
water were considered when establishing the plots. To conduct the inventory, in each plot
with a fixed radius of 11.28 m (area = 439 m2), trees with a diameter at breast height (DBH)
≥ 30 cm and height ≥ 3 m were measured. Within the large plots, a smaller plot with a
fixed radius of 5.64 m (area = 100 m2) was located for the purpose of inventorying smaller
trees, which can provide information on biomass and carbon increase. In the small plot, all
trees with DBHs ≥ 5 and <30 cm were measured. The inventoried trees were those with
more than 50% of their main stem within the circumference of the plot. The DBH of A.
germinans and L. racemosa was measured at a height of 1.30 m from the stem. For R. mangle,
the measurement was made 30 cm above the last aerial root. Trees with forked stems below
the diameter measurement height were considered to be two individual trees, while trees
with forked stems above the diameter measurement height were considered to be a single
tree.

The total number of plots, n, was obtained with Equation (1) [5].

n =
t2s2

E2 (1)

where t = test statistic of the Student’s t distribution, s = known standard deviation of
previous data, E = error obtained by multiplying the average carbon pool by the desired
precision. The size of the estimation error adjusted by the finite population correction factor
at 95% confidence was obtained with Equation (2):

S.E. = 2

√
s2

n

(
1 − n

N

)
(2)

where S.E. represents the standard error, N is the size of the population and n is the sample
size. Since

( n
N
)

was less than 0.05, the correction factor for the finite population did not
represent a significant adjustment in the average estimated biomass.
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2.3. Allometric Equations Available for Mangrove Species

The aboveground biomass of the mangrove was determined via the allometric equa-
tions proposed in the Forest Protocol for Mexico Version 2.0 (FPM V2.0) published by the
CAR [11]. The equations used to determine the aboveground biomass of R. mangle and L.
racemosa were developed and validated by Day et al. [9] in the mangroves of Campeche,
Mexico, and the equation for A. germinans was developed by Smith and Whelan [16] in the
mangroves of Florida, USA.

Initially, the range of DBH considered in the equations proposed by the FPM V2.0 was
reviewed and compared with those obtained in the mangroves of the UMA to determine if
they were within the range used by the protocol for the entire country. A literature review
was conducted on the allometric equations available for the species R. mangle, A. germinans
and L. racemosa under conditions similar to those used in this study. For each allometric
equation, the range of diameters in which they were developed was analyzed. Equations
that use the DBH were revised to compare them with those used by the FPM V2.0, omitting
the equations that use the height because of the difficulty of measuring this parameter in
the field [5]. According to Rodríguez-Zúñiga et al. [8], in mangroves, the measurement of
height has a sampling error of 10–15%, so the use of equations that use the normal diameter
is recommended.

The aboveground biomass of each tree in the nested plot was calculated by dividing
the biomass in Mg by the total number of plots (n = 130). Subsequently, to convert the
biomass in Mg to Mg ha−1, the biomass of the trees in the largest plot (DBH ≥ 30 cm)
was multiplied by 25 (area = 0.04 ha), and the biomass of the trees in the small plot was
multiplied by 100 (area = 0.01 ha).

2.4. Determination of Variables

The equations of Imbert and Rollet [17], Fromard et al. [18], Gomes and Schaeffer-
Novelli [19], Komiyama et al. [4], Chave et al. [20], Medeiros and Sampaio [21] and Yepes
et al. [22] were applied to the results of the UMA Úrsulo Galván inventory. The equations
applied for the mangrove species were developed for countries in Latin America and Asia
under similar climate conditions, with temperatures ranging from 20 to 30 ◦C and annual
rainfall ranging from 1000 to 3000 mm year−1.

The aboveground biomass of the trees was calculated within the range of diameters
of each of the equations mentioned above. For this, the biomass of all individual trees
with diameters within the range was summed. Since diameters greater than the range of
diameters of these equations were obtained, the biomass outside these ranges was also
estimated to calculate the amount of biomass that the equation does not determine with
precision (Table 1). According to Kauffman et al. [5] and Yuen et al. [3], the estimates of an
allometric equation outside the maximum diameter that was used for its development had
significant errors. On the other hand, the biomass was calculated with the inclusion of the
data of the maximum DBH of the range of diameters of each equation proposed by FPM
V2.0, and the results were compared with those obtained with equations of other authors
obtained from the bibliographic review, which consider larger diameters.

Table 1. Allometric equations were applied to the species A. germinans, L. racemosa and R. mangle.

Species Group N
D
(cm)

Location Aboveground Biomass Equation R2 Reference:

R. mangle 20 1.0–10.0 Campeche, Mexico logeB = 2.5072 × logeDR − 1.5605 0.94 Day et al. [9]
R. mangle 14 0.5–20.0 Florida, USA log10B = 1.731 × log10DR − 0.112 0.94 Smith and Whelan [16]
R. mangle 9 1.0–32.0 French Guiana B = 0.1282 × DR

2.6 0.92 Fromard et al. [18]

R. mangle 17 6.6–23.2
Guadeloupe, French
Antilles

B = 0.178 × DR
2.47 Imbert and Rollet [17]

R. mangle 33 1.3–22.0 Bertioga, Brazil loge B = 2.61724 × loge DR + 4.89219 0.99
Gomes and Schaeffer-Novelli
[19]

R. mangle 30 2.5–42.5
Cispatá Bay,
Colombia

loge B = 2.59 × loge DR − 1.91 0.99 Yepes et al. [22]

R. mangle 36 2.0–20.7 Pernambuco, Brazil B = 0.2938 × DR
2.384 0.92 Medeiros and Sampaio [21]
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Table 1. Cont.

Species Group N
D
(cm)

Location Aboveground Biomass Equation R2 Reference:

L. racemosa 20 1.0–10.0 Campeche, Mexico logeB = 2.1924 × logeDBH − 1.5919 0.97 Day et al. [9]
L. racemosa 10 0.5–18.0 Florida, USA log10B = 1.93 × log10DBH − 0.441 0.98 Smith and Whelan [16]
L. racemosa 70 1.0–10.0 French Guiana B = 0.1023 × DBH2.5 0.97 Fromard et al., [18]

L. racemosa 17 7.7–25.9
Guadeloupe, French
Antilles

B = 0.209 × DBH2.24 Imbert and Rollet [17]

L. racemosa 35 2.0–17.8 Pernambuco, Brazil B = 0.1442 × DBH2.325 0.96 Medeiros and Sampaio [21]

A. germinans 8 0.7–21.5 Florida, USA log10B = 1.934 × log10DBH − 0.395 0.95 Smith and Whelan [16]
A. germinans 20 1.0–10.0 Campeche, Mexico loge B = 2.3023 × loge DBH − 1.5852 0.97 Day et al. [9]
A. germinans 25 1.0–42.0 French Guiana B = 0.14 × DBH2.4 0.97 Fromard et al. [18]

A. germinans 21 6.7–40.7
Guadeloupe, French
Antilles

B = 0.0942 × DBH2.54 Imbert and Rollet [17]

A. germinans 30 2.5–62.5
Cispatá Bay,
Colombia

loge B = 2.45 × loge DBH − 1.96 0.99 Yepes et al. [22]

* Common Equation 104 5.0–48.9
Thailand (Pang-nga,
Trat, Satun, Ranong,
Halmahera)

B = 0.251 × ρ × DBH2.46 Komiyama et al. [4]

** Common
Equation 136 5.0–42.0

French Guyana and
Guadeloupe, French
Antilles

B = ρ × exp(− 1.349
+ 1.98(loge DBH)
+ 0.207

(
loge DBH2)

− 0.0281
(
loge DBH3)) Chave et al. [20]

B = total biomass (kg), DBH = diameter at breast height (cm), DR = diameter of last aerial root (30 cm), ρ = density,
D = diameter, N = number of trees sampled, R2 = coefficient of determination. Equations proposed by the Forest
Protocol for Mexico Version 2.0 are highlighted in bold type. * Species used: Rhizophora mucronata, Bruguiera
cylindrica, Xylocarpus granatum, Sonneratia alba, Avicennia alba, Sonneratia caseolaris, Rhizophora apiculata, Bruguiera
gymnorrhiza, Ceriops tagal, Xylocarpus moluccensis. ** Species used: A. germinans, L. racemosa and Rhizophora
racemosa.

2.5. Applicability of the Allometric Equations of FPM V2.0

To obtain a broader database than that of the UMA, the applicability of the allometric
equations of the FPM V2.0 was tested. In a state context, the database of the species R.
mangle, A. germinans and L. racemosa of the National Forest and Soil Inventory 2015–2020 [23]
was used for the state of Tabasco. For this purpose, the average diameter was calculated,
and the maximum DBH was obtained, in addition to the percentage of trees within the
range of diameters of the FPM V2.0 equations.

3. Results
3.1. Comparison of the Applied Allometric Equations

From the literature, 16 allometric equations were selected and compared with the
equations proposed by the Forest Protocol for Mexico Version 2.0, of which six applied
to the R. mangle species, four to the L. racemosa species and four to A. germinans and two
were common equations (Table 1). The equations of Day et al. [9] proposed by FPM V2.0
for R. mangle and L. racemosa were developed for very small trees (maximum 10 cm DBH),
whereas the Yepes et al. [22] equation was developed for trees up to 42.5 cm. The Smith
and Whelan equation [16] for A. germinans is applicable to trees up to 21.5 cm, while the
Imbert and Rollet equation [17] presents the largest range of DBHs, with a maximum of
40.7 cm. The general equation of Komiyama et al. [4] was developed for various mangrove
species with a maximum DBH of 48.9 cm, and that of Chave et al. [20] was generated for
the three species included in this study with DBHs up to 42 cm. In the use of common
or multispecies equations, it is essential to verify that the species present are similar to
those used to develop the original equations. The equations analyzed present different
adjustments due to the dimensions of the diameters of the trees and the density of the
wood, which are variables that control biomass. These variables are strongly affected by
site-specific geographic characteristics, such as soil properties, land use history, altitude,
and climatic variables, such as temperature and rainfall [3]. The equations reflect the
variability in the volume and biomass of different ecological zones, tree species, ages, types
of management and sites [7].
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The biomass predictions of the allometric equations applied to A. germinans are pre-
sented in Figure 1. Of the allometric equations, the Smith and Whelan equation [16] used
by the Forest Protocol for Mexico Version 2.0 generated the lowest biomass values within
the same range of DBH. The application of the Komiyama et al. equation [4] to A. germinans
generated the highest biomass values within the same DBH range. Komiyama et al. [4]
developed the equation for Avicennia alba, which belongs to the same genus as A. germinans.
Higher biomass values were generated than would be obtained using the density of A. alba
(0.6987 g cm−3) since the density of A. germinans wood (0.8116 g cm−3) was applied in
the equation.
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Figure 1. Predictions of the allometric equation of Smith and Whelan [16] were applied to A. germinans
and compared with the predictions of equations developed by other authors. Source of the equations:
Smith y Whelan (2006) [16], Day et al. (1987) [9], Fromard et al. (1998) [18], Imbert and Rollet
(1989) [17], Yepes et al. (2016) [22], Komiyama et al. (2005) [4], Chave et al. (2005) [20].

In general, when the equations were applied to diameter ranges outside of those for
which they were constructed, the differences between the predictions of the equations
increased. According to Vorster et al. [24], large trees are a common problem for biomass
allometry because they have the greatest amount of biomass and the greatest variation in
the form of growth but they are rarely measured because they are the most difficult and
expensive to sample. Additionally, in many cases, it is desirable to conserve and hence
not carry out destructive sampling with them, resulting in difficulty in predicting outside
the diameter range of the sampled trees. This practice is common in biomass assessments
because there are few alternatives for most species and because accessing sampling sites is
difficult. The diameter and height are influenced by environmental conditions, whereas
the density of wood varies between trees of the same species because of the variability
of environmental conditions [25]. Estimates can be erroneous, even when equations are
applied for similar species, due to diverse environmental settings [3].

The biomass predictions of each allometric equation for L. racemosa are presented in
Figure 2. The Smith and Whelan equation [16] generates the lowest biomass values. The
Day et al. equation [9] used by FPM V2.0 predicts conservative biomass values compared
with the other allometric equations. The Komiyama et al. equation [4] generates the highest
biomass values within the same DBH range.
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Figure 2. Predictions of the allometric equation of Day et al. [9] were applied to L. racemosa and
compared with the predictions of equations developed by other authors. Source of the equations: Day
et al. (1987) [9], Smith y Whelan (2006) [16], Fromard et al. (1998) [18], Imbert and Rollet (1989) [17],
Medeiros and Sampaio (2008) [21], Komiyama et al. (2005) [4], Chave et al. (2005) [20].

The biomass predictions of each allometric equation for R. mangle are presented in
Figure 3. The Smith and Whelan equation [16] generates the lowest biomass values of the
equations within the same DBH. The Day et al. equation [9] used by FPM V2.0 predicts the
highest biomass values of the allometric equations. The Komiyama et al. equation [4] gen-
erates intermediate values within the same range of DBHs, despite having been developed
for Rhizophora mucronata and R. apiculata, which are different botanical species.
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3.2. Mangrove Biomass Analysis with Allometric Equations in the Study Area

Considering the mangrove tree diameter data of the forest inventory of the UMA, 90%
of the diameters of the A. germinans trees are within the range of diameters of the Smith and
Whelan equation [16] proposed by FPM V2.0. A total of 68.8% of the L. racemosa trees and
65.9% of the R. mangle trees are within the range of diameters of the equations proposed by
Day et al. [9]. For an equation to be applied with a greater margin of adjustment, the size of
the trees for which the equation was generated must be taken into consideration since the
estimates may be affected if the equations are applied to diameter ranges outside of those
used to generate them [3].

The biomass data obtained for the A. germinans trees in the 130 plots via the different
equations are presented in Figure 4. The biomass of A. germinans predicted by the FPM
V2.0 equation is 0.70 Mg ha−1, of which 0.57 Mg ha−1 is within the range of diameters of
the equation and 0.12 Mg ha−1 is outside the range (18.2%). The equations of Fromard
et al. [18], Imbert and Rollet [17] and Yepes et al. [22] generate very similar biomass values,
where all the trees were within the ranges of diameters of these equations. The general
Komiyama et al. equation [4] generates values that are more than double those of the FPM
V2.0 equation.
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The biomass contributed by A. germinans to the total biomass of the study area was
very small compared to that of L. racemosa and R. mangle, due to the limited number of
individuals of that species present in the study area. The discrepancy in the number of trees
is evident in the distribution per diameter class (Figure S1 in the Supplementary Material),
which accounts for the considerable variability in the standard error.

In the species A. germinans, the allometric equation proposed by the protocol includes
90% of the trees; however, the equation generates the lowest biomass values of the equations
analyzed. The low biomass values of this equation could be due to the fact that it was
developed for mangroves in Florida, USA, which has average temperatures of 23 ◦C and
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annual precipitation of 1300 mm year−1 [26], different from Tabasco, which has average
temperatures of 28 ◦C and annual rainfall of 1940 mm year−1 [27]. Yuen et al. [3] mentioned
that the specific geographic characteristics of the site, such as the soil properties, land use
history, altitude and climatic variables, such as temperature and rainfall, greatly modify
the dimensions of the trees and the wood density.

The range of diameters of an allometric equation is determined by the range of
diameters in which the equation was developed, and within this range, it has the greatest
precision. Not including A. germinans trees that are outside the range of diameters of
the FPM V2.0 equation, which in this case is 10%, would mean 0.12 Mg ha−1 (18.2%)
biomass would be missed. Therefore, using the Yepes et al. equation [22] is recommended
since it was developed considering a greater range of diameters (62.5 cm) and provides
conservative predictions of the biomass results. The Yepes et al. equation [22] yields higher
biomass values (1.0 Mg ha−1) than the FPM V2.0 equation (0.7 Mg ha−1). Additionally, the
equations of Fromard et al. [18] and Imbert and Rollet [17] cover 100% of the diameter range
of the mangrove trees present in the study area and yield acceptable predictions. On the
other hand, the Chave et al. equation [20] is general. Likewise, although the Komiyama et al.
equation [4] accommodates a wide range of diameters, its use is not recommended because
this equation generates very high values compared with the rest of the allometric equations,
representing overvaluations. Finally, the Day et al. equation [9] does not accommodate an
acceptable range of diameters.

The biomass values obtained for the L. racemosa trees via the different equations are
presented in Figure 5. The biomass of L. racemosa calculated with the FPM V2.0 equation is
103.45 Mg ha−1, of which 35.58 Mg ha−1 are within the range of diameters of the equation
and 67.86 Mg ha−1 are outside the range (65.6%). The equations of Fromard et al. [18],
Imbert and Rollet [17] and Chave et al. [20] yield very similar biomass values; however,
with the Fromard et al. equation [18], 70.06% of the biomass was outside its diameter range,
whereas the Chave et al. equation [20] is a general equation obtained for various mangrove
species. The general equation of Komiyama et al. [4] produces 40.78 Mg ha−1 more biomass
than that proposed by FPM V2.0.
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For L. racemosa, although the FPM V2.0 equation predicts conservative biomass values
compared with the other allometric equations, a high percentage of the biomass is not
calculated accurately because of the small range of diameters of the equation. Not including
R. mangle trees outside the range of diameters in which the equation was developed (34.1%)
would mean that 67.86 Mg ha−1 (65.6%) of biomass would be missed. The use of the Imbert
and Rollet equation [17] is recommended because this equation was developed with a
greater range of diameters than the other specific equations for L. racemosa. The Imbert and
Rollet equation [17] results in higher biomass values (119.55 Mg ha−1) than the FPM V2.0
equation (103.45 Mg ha−1), which positively impacts the total number of carbon credits.
The Chave et al. equation [20] is an alternative in other places where trees with larger
diameters are present since this equation exhibits intermediate behavior compared with
the rest of the allometric equations. The use of the general equation of Komiyama et al. [4]
is not recommended since despite being developed with the largest range of diameters of
the available equations, it generates very different values from the rest of the allometric
equations. Rodríguez-Zúñiga et al. [8] recommend the use of specific equations for each
species over general equations since species have structural variations among themselves.
This criterion is important for estimating the biomass of species of the genus Rhizophora,
whose aerial roots are incorporated into the estimated biomass and contribute up to 17% of
the total biomass of the tree. The use of general equations underestimates the contribution
of the biomass of species with aerial roots to the total biomass of the ecosystem.

The biomass data obtained for the R. mangle trees via the various equations are pre-
sented in Figure 6. The biomass of R. mangle calculated with the FPM V2.0 equation is 22.04
Mg ha−1, of which 5.29 Mg ha−1 are within the range of diameters of the equation and
16.75 Mg Mg ha−1 are outside the range (75.98%). The equations of Fromard et al. [18],
Imbert and Rollet [17], Yepes et al. [22] and Gomes and Schaeffer-Novelli [19] generate very
similar biomass values, of which the Gomes and Schaeffer-Novelli equation [19] results in
only 3.81% of the biomass being outside the range of diameters. The general equation of
Komiyama et al. [4] generates biomass values similar to those of the FPM V2.0 equation.
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et al. (2005) [4], Chave et al. (2005) [20].
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The FPM V2.0 equation for R. mangle generates the highest biomass values of the
allometric equations, and only 65.9% of the R. mangle are within the range of diameters of the
equation. Not including the R. mangle trees that are outside the range of diameters (31.2%)
would mean that 16.75 Mg ha−1 (75.98%) of biomass would be missed, which would impact
the amount of carbon calculated. The Yepes et al. equation [22] is recommended since it
was developed based on the largest range of diameters (42.5 cm), excluding the general
equation of Komiyama et al. [4], which has a range of 48.9 cm. The Yepes et al. equation [22]
yields lower biomass values (19.45 Mg ha−1) than the FPM V2.0 equation (22.04 Mg ha−1).
The rest of the allometric equations do not have acceptable diameter ranges.

The results indicate that the FPM V2.0 methodology is limited by the use of allometric
equations that are not suitable for the study area and the evaluated species. The use of these
equations will result in errors in the actual amount of biomass and carbon credits calculated.
Modifications to the standard are necessary so that alternative allometric equations that are
more suitable for a particular species can be applied. In FPM V3.0 [28], no changes have
been made in the equations applied for the determination of aboveground biomass, so it is
suggested that future versions of the FPM analyze the available equations of the species
present in the study area. Yuen et al. [3] reported that when preexisting equations are
needed, multiple potentially applicable equations should be used to determine plausible
ranges of aboveground biomass.

We propose comparing all the existing equations available, verifying the range of
diameters of the equations and calculating the biomass with each of them. We suggest
choosing the allometric equation that presents a better fit of diameters; that is, discarding
equations that are very different, both those that generate very low biomass values and
those that generate very high values. Finally, among the possible equations, we advise
choosing the one with the largest range of diameters.

3.3. National Forest Inventory 2015–2020 for Tabasco

An analysis of the information from the National Forest and Soil Inventory 2015–
2020 for Tabasco [23] is presented in Figure 7. The results indicate that the average DBH
for L. racemosa is 12.27 ± 1.15 cm, with a maximum DBH of 44.9 cm. The species A.
germinans has an average DBH of 18.18 ± 2.23 cm, with a maximum of 53.2 cm, whereas
R. mangle has an average diameter of 14.50 ± 0.69 cm and a maximum of 56.9 cm. The
maximum diameters for A. germinans, L. racemosa and R. mangle are outside the range of
diameters of the equations proposed by FPM V2.0 for these species in Tabasco. A total
of 76.7% of the A. germinans trees inventoried in Tabasco are within the diameter range;
however, this percentage represents only 28.5% of the total biomass of the species. For L.
racemosa, 48% of the trees are within the range of diameters and constitute 16.7% of the
total biomass of the species, whereas for R. mangle, only 26.8% of the trees are within the
range of diameters, which comprises 5.7% of the total biomass of R. mangle. The results
indicate that it is necessary to develop new allometric equations based on a greater range
of maximum diameters.

In future evaluations of mangroves in Tabasco, the development of specific allometric
equations that consider broader ranges of diameters is suggested. This is because, in
Tabasco, many of the A. germinans, L. racemosa and R. mangle trees have diameters greater
than the range of diameters of the allometric equations proposed by FPM V2.0. Rodríguez-
Zúñiga et al. [8] reiterate that it is necessary to generate equations on a regional scale to
incorporate the existing structural heterogeneity in each country’s regions.
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Figure 7. Average diameters of A. germinans, L. racemosa and R. mangle according to the National
Forest and Soil Inventory 2015–2020 CONAFOR for Tabasco.

3.4. Evaluation of the FPM Methodology

The FPM V2.0 methodology ensures the veracity of the quantified and reported green-
house gas removals, ensuring that they meet the strict permanence criteria for projects [11].
Furthermore, the implementation of standardized methodologies should eliminate much
of the subjectivity and facilitate the generation of accurate results [29].

Biomass estimation is a critical factor in accounting for carbon stocks in accordance
with established standards, where the most accurate method for this purpose is the use
of destructive samples of trees [3]. However, mangrove species are considered threatened
under Mexican legislation, and thus the destructive methodology cannot be recommended
in their case. Allometric equations represent an alternative methodology for estimating
biomass [4]. However, their application outside the diameter range for which they were
developed has been shown to produce significant errors and high levels of variability [5,30].
The findings of this study illustrate that the allometric equations proposed by the FPM did
not contemplate the full range of tree diameters present in the study area. Consequently,
the assertion by the standard that it ensures accurate results lacks credibility.

The findings of this study illustrate the importance of employing allometric equations
correctly when quantifying biomass. Our results are important for future projects in Mexico
that utilize the FPM, especially when the diameter of the trees in the study area exceeds
the range for which the allometric equation was developed. We propose the use of the
equations of Yepes et al. [22] for A. germinans and R. mangle, and those of Imbert and
Rollet [17] for L. racemosa, since these are the allometric equations available that include
the greatest maximum diameters. Moreover, similar research is required for the species
Conocarpus erectus, which was not present in our study area but does occur in other sites
in Mexico.

We recommend that semi-destructive methodologies, such as that proposed by Picard
et al. [31], be employed to develop allometric equations that take greater maximum diame-
ters into account to produce more accurate results of biomass in mangroves worldwide.
This methodology employs semi-destructive measurement techniques that combine the
direct weighing of specific parts of the tree, such as the branches, as well as measurement of
trunk volume and wood density. Moreover, pruned portions of the tree can be used to mea-
sure biomass [32]. Further research is necessary to develop more accurate non-destructive
methodologies to estimate the biomass of study sites. Methodologies such as the use
of terrestrial laser scanning (TLS), based on light detection and ranging (LiDAR), have
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the potential to serve as a substitute for destructive sampling, facilitating the creation of
allometric equations [32]. Non-destructive methodologies represent a viable approach for
the calculation of carbon in mangroves, particularly given the status of the trees that occur
there as protected species, which limits the use of destructive methodologies. Nevertheless,
standards such as the CAR still necessitate their use.

The FPM methodology establishes random plot locations, which is an acceptable
approach given the importance of avoiding bias in selecting the location of sampling
points [5]. However, the inflexibility of the FPM methodology for plot location selection
may result in inaccuracies due to site-specific conditions such as elevation, temperature,
precipitation and soil properties. Such variables have the potential to influence tree density
and growth (diameter, height), as well as the wood density present at a given site. This
can result in a modification of the total biomass of the site. The FPM does not allow these
inaccuracies to be resolved with the use of alternative methodologies not considered in the
same protocol. We suggest adopting a systematic plot selection when it is deemed that some
parts of the study area present more carbon than others. This approach, as proposed by
Kauffman et al. [5] has been shown to yield more precise data than those obtained through
random selection. Furthermore, the FPM stipulates the use of plots of a predetermined size,
which must be designed with data accuracy and forest inventory efficiency in mind [5].
Finally, up to version 3.0 [28], it should be noted that the FPM does not account for soil
carbon, which consequently excludes this pool from the payment of carbon credits. This
represents a considerable disadvantage given that, depending on site quality [15], soil
carbon constitutes 50% to 90% of the total carbon in mangrove ecosystems [33,34]. In
Mexico, subterranean carbon stocks exceed those of the aboveground biomass. In this
sense, Herrera-Silveira et al. [35] report that the mean subterranean Corg (soil + roots)
represents approximately 77% of the total Corg, (subterranean and aboveground in live
standing trees), not including dead trees.

4. Conclusions

In Mexico, it is necessary to develop allometric equations for mangroves applicable to
a wider diametric range because the equations available in the country for R. mangle and L.
racemosa and proposed by FPM V2.0 were developed for very small trees (maximum 10 cm
DBH), which generate higher biomass predictions than the equations developed by other
authors. On the other hand, the FPM V2.0 equation for A. germinans was developed in
Florida in the USA and predicts lower biomass values than the equations of other authors.

In the UMA Úrsulo Galván, a high percentage of the inventoried trees are outside the
range of diameters of the equations proposed by the FPM V2.0, which means that a high
percentage of biomass is not adequately predicted and that a limitation of the FPM V2.0
methodology is the use of inappropriate allometric equations for the study area and the
evaluated species.

In Tabasco, the range of diameters of the FPM V2.0 equations includes 76.7% of A.
germinans trees, 48% L. racemosa trees and 26.8% R. mangle trees; however, these percentages
represent a small fraction of the total biomass of the inventoried trees.

The foregoing highlights the need to modify the Forest Protocol for Mexico to incorpo-
rate allometric equations that include the diametric range observed in the country to obtain
the aboveground forest biomass.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/resources13090129/s1, Figure S1: Distribution of diameter
classes of mangrove trees in the study area.
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