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Abstract: The aboveground contributions of mangroves to global carbon sequestration reinforce the
need to estimate biomass in these systems. The objective was to determine the aboveground biomass
storage and quantify the carbon and CO2e content in Rhizophora mangle, Avicennia germinans, and
Laguncularia racemosa present in southeastern Mexico. Based on the Forest Protocol for Mexico Version
2.0 methodology, published by Climate Action Reserve, 130 circular plots were randomly selected
and established in an area of 930 ha of mangrove vegetation, and the aboveground biomass and
stored carbon were determined. The mangrove had a density of 3515 ± 428.5 individuals per hectare.
The aboveground biomass of the three species was 120.5 Mg ha−1. The biomass of L. racemosa was
99.5 Mg ha−1, which represents 82.6% of the total biomass. The biomass of R. mangle was 20.33 Mg
ha−1, and that of A. germinans was 0.32 Mg ha−1. The total carbon retained in the trees was 60.25 Mg
C ha−1 and 221.1 Mg CO2e ha−1. Laguncularia racemosa generated the highest contributions of CO2e.
The area of mangroves accumulated 112,065 Mg of aboveground biomass. The carbon contained in
this biomass corresponds to 205,623 Mg CO2e. This mangrove contributes to mitigating the effects of
climate change globally through the reduction in greenhouse gases.

Keywords: allometric equation; carbon dioxide; forest protocol for Mexico; ecosystem services;
tree density

1. Introduction

Carbon storage in habitats with plant species that grow in coastal strips and offshore
environments (mangroves, seagrasses, and marshes) is called blue carbon and is essential
to mitigate the effects of global climate change [1–3]. Mangrove ecosystems are considered
highly productive due to their high carbon storage capacity [4]. The aboveground and
underground contributions of mangroves to global carbon sequestration reinforce the need
for a better understanding of the estimation of their biomass [5].

Blue carbon is distributed but not limited to two regions of greater importance. The
first region, Southeast Asia Pacific, has the largest area, with 11,860,561 ha distributed in
Indonesia, the Philippines, Papua New Guinea, Myanmar, Malaysia, Thailand, tropical
China, Vietnam, and Cambodia [6]. The second region, the Greater Caribbean Sea (in-
cluding the Gulf of Mexico), covers an area of 2,161,444 ha [7]. The mangrove forests of
Mexico are located in 17 coastal states, have a total area of 905,086 ha, and cover the fourth

Resources 2024, 13, 41. https://doi.org/10.3390/resources13030041 https://www.mdpi.com/journal/resources

https://doi.org/10.3390/resources13030041
https://doi.org/10.3390/resources13030041
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/resources
https://www.mdpi.com
https://orcid.org/0009-0000-0320-762X
https://orcid.org/0000-0001-7579-1378
https://orcid.org/0000-0003-1071-6232
https://orcid.org/0000-0002-8855-765X
https://orcid.org/0000-0002-8031-6448
https://doi.org/10.3390/resources13030041
https://www.mdpi.com/journal/resources
https://www.mdpi.com/article/10.3390/resources13030041?type=check_update&version=2


Resources 2024, 13, 41 2 of 16

largest surface area globally. Quintana Roo is the state with the largest mangrove area, with
247,017 ha, while Tabasco ranks sixth, with 49,225 ha [8].

The elements comprising mangroves (living and dead trees, seedlings, and even
fallen dead wood) represent potential aboveground carbon storage [9,10]. In undisturbed
mangroves of Central Africa, an aboveground biomass carbon amount of 538 Mg C ha−1

has been reported [11]. In Asia, the state of Kerala, located in southwestern India, has
an average vegetation carbon reserve of 58.56 Mg C ha−1 [12]. In mangroves in South
America, in southeastern Brazil, 1.46 Mg C ha−1 of carbon was reported [13]. In Mexico,
the average carbon stock for Chiapas, Tabasco, Campeche, and Veracruz is 70 Mg C
ha−1 [14]. In Nayarit, the average carbon stock is 36.22 Mg C ha−1 [15]. At a global level,
the aboveground biomass of mangroves has been estimated at 2.83 Pg (dry weight), with
184.8 Mg ha−1 being the average per unit area [4,16].

The determination of aboveground biomass is an important step in planning the
protection and sustainable use of mangrove resources [17,18] because it provides a valuable
means to compare ecosystems and evaluate their productivity, nutrient cycling, and energy
flow [19]; this step also has potential to contribute to carbon valuation schemes and initia-
tives that revolve around payments for ecosystem services as a route to the conservation,
protection, and restoration of these ecosystems [20]. In aboveground biomass estimates,
field measurements are important since their precise determination ensures an accurate
estimate of the amount of carbon accumulated in mangrove forests [21]. However, esti-
mating biomass and carbon in mangroves through routine field inventories represents a
challenging task [22]. The specific allometric equations for species and sites [23] can be used
to generate accurate, fast, and efficient information in places such as mangrove forests that
present muddy and flooded soils; however, in addition, at a practical level, methodologies
are required that allow owners to subsequently obtain timely and verifiable information
to access payment programs for ecosystem services. This dilemma has been little studied
thus far, and in Mexico, such investigations are incipient [24].

Allometry is a nondestructive sampling method that can be applied to estimate the
weight of a tree from independent variables that are quantifiable in the field, such as the
diameter and height of the stem [19,25]. It must be noted that the allometric equations
developed must be applied to the species and region of the study area or very similar condi-
tions to achieve greater precision in the estimates [8] because the equations constructed for
other sites are an important source of uncertainty [26]. Henry et al. [27] recommend the use
of specific equations for each species instead of general equations, while Rodríguez-Zúñiga
et al. [28] suggest applying general equations only when they include wood density as a
predictor variable.

Tree biomass is affected by the state of health of the tree since tree death generates
a loss in biomass that must be accounted for. In this sense, tree vigor is a variable that
distinguishes living trees from dead trees and is related to well-nourished trees with a
live crown [29]. Determination of vigor is based on considerations of foliage color, crown
ratio and appearance, leaf retention, the appearance of apical growth, the presence of
cavities, and fungal growth [30]. On the other hand, the loss of tree sections modifies the
biomass value obtained from the allometric equation. According to the Forestry Protocol
for Mexico [30], defects correspond to the portion of biomass missing from the trees.

There are differences in biomass storage according to the physiological type of the
mangrove [31]. This is because mangroves present variability in their structure due to the
environmental, physical, and chemical parameters of the water and the substrate in which
they grow [15]. According to Lugo and Snedaker [32], mangrove physiognomic types are
classified as Riverine, Fringe, Basin, Overwash, and Dwarf. Riverine mangroves are located
on the edges of river mouths and deltaic channels and are dominated by rainfall and
fluvial inputs, estuarine salinity of 15 ups, and availability of nutrients from rivers [31,32].
Fringe mangroves are found at the edge of coastal lagoons, estuaries, and bays where
the elevations are higher than the mean high tide [31,32]. They are exposed to a wide
range of salinities and nutrient conditions, from values that exceed those of seawater and
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oligotrophic conditions to freshwater and high nutrient conditions [33]. Basin mangroves
occur in inland areas along drainage depressions at the back of the fringe or riverine
mangrove and are characterized by a periodic inundation by tidal flooding that is less
frequent than for the fringe and riverine mangroves [31,32]. Overwash mangroves are
located on bars, islands, and isolated islets and are constantly affected by tidal currents. The
dwarf mangrove type is characterized by its scant structural development as a consequence
of being removed from sources of nutrients from rivers or being found in areas of intense
evaporation, which generates hypersalinity in the sediment [15].

The objective of this study was to determine the aboveground biomass, carbon content,
and CO2e in Rhizophora mangle, Avicennia germinans, and Laguncularia racemosa in the
mangrove forest in southeastern Mexico, using the standardized methodology of the
Climate Action Reserve. This methodology has been applied for forest carbon inventories
in a pine–oak forest and mountain mesophyll forest in a humid temperate climate zone in
Oaxaca and for a pine and oyamel forest in a subhumid temperate climate in Puebla [34,35];
however, it has not been applied to mangrove ecosystems, although the methodology
permits its application in Mexican mangroves. The standardized methodology will allow
us to estimate the carbon stored in the mangrove ecosystem, giving the owners of the
mangroves of the Environmental Management Unit (UMA, acronym in Spanish) in Mexico
practical tools that provide verifiable evidence not only for better decision-making in the
sustainable management of their resources but also for the successful management leading
to greater economic benefits from payment programs for ecosystem services.

2. Materials and Methods
2.1. The Study Area

The study area is located in the Úrsulo Galván public land in Tabasco, Mexico. The pub-
lic land has an area of 28 km2, and its geographical location is 18◦20′12′′ N and 93◦2′30′′ W.
It is located in the Grijalva–Mezcalapa delta system, bordered to the north by the El
Eslabón—La Tinaja—Sí Señora lakes system; to the south by the Reforma Segunda Sección
public land; to the east by the Cuauhtémoc and Cruz Méndez Jalapita public lands; and to
the west by the Lázaro Cárdenas public land [36]. The Úrsulo Galván public land has a
warm-humid climate, abundant summer rains, precipitation between 1500 and 2000 mm,
and temperatures between 24 and 26 ◦C. The soils correspond to the Histosol classification
but also include Solonchak soil in mangrove areas [37–39]. The population of the Ranchería
Reforma 2da Sección is 1620 people, of whom 805 are women [40].

The Úrsulo Galván public land was declared an Environmental Management Unit
(UMA) in 2011, forming part of the protected natural area “Parque Estatal Laguna Mecoacán”
(Laguna Mecoacán State Park), and in 2016, it received the “José Narciso Rovirosa” State
Prize for Ecology in the category of Conservation and Sustainable Use of Natural Resources.
The mangroves of Úrsulo Galván public land are found at a minimum of 2750 m from
the sea and are crossed by the Los Caballos River and influenced by the El Eslabón—La
Tinaja—Sí Señora lakes system, for which reason, according to the classification of Lugo y
Snedaker [32], they comprise riverine and basin type mangroves. The study area presents
sites with a high degree of conservation, with L. racemosa being the predominant species
by density, structure, and surface distribution and, therefore, the most heavily exploited
mangrove species [36].

2.2. Sampling Desing

The methodology for estimating aboveground biomass, carbon, and CO2e is based
on the Forest Protocol for Mexico (Protocolo Forestal para México—PFM) Version 2.0
published by the Climate Action Reserve [30]. The PFM methodology was designed to
achieve an estimated inventory of CO2e at the level of the area of activity, with a sampling
error that does not exceed ±20% of the average and a confidence interval of 90% for living
and dead-standing trees [30].
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The UMA area of the Úrsulo Galván public land is 2914 ha, comprising mangroves,
livestock areas, urban areas, and other plant covers. The 930 ha study area corresponds to
the area of activity defined by the PFM and covers the area where carbon sequestration was
quantified. The study area was obtained by delimiting the mangrove surface of the Úrsulo
Galván public land using the polygon obtained from the National Agrarian Registry [41]
and avoiding overlap with the surfaces of the neighboring public lands.

The forest inventory was carried out by gridding the study area in 25 × 25 m plots with
the open access program QGIS, and the coordinates of each grid cell were identified [30].
A total of 130 grid cells with mangrove vegetation were selected at random with the
randomness tool in CALCBOSK software (version 2.0, a database application developed by
PFM). In the selected grids, nested-design plots were established using the DBH threshold
values proposed by the PFM, which are used for all types of forests in Mexico (Figure 1):
the first had a fixed radius of 11.28 m (surface of 1/25 = 0.04 ha), in which trees with
DBH ≥ 30 cm and height ≥ 3 m were measured, and the second had a fixed radius of
5.64 m (surface area of 1/100 ha = 0.01 ha), in which trees with DBH ≥ 5 and <30 cm were
measured. The inventoried trees were those that had more than 50% of their main stem
within the circumference of the plot.

Resources 2024, 13, x 4 of 16 
 

 

achieve an estimated inventory of CO2e at the level of the area of activity, with a sampling 
error that does not exceed ±20% of the average and a confidence interval of 90% for living 
and dead-standing trees [30]. 

The UMA area of the Úrsulo Galván public land is 2914 ha, comprising mangroves, 
livestock areas, urban areas, and other plant covers. The 930 ha study area corresponds to 
the area of activity defined by the PFM and covers the area where carbon sequestration 
was quantified. The study area was obtained by delimiting the mangrove surface of the 
Úrsulo Galván public land using the polygon obtained from the National Agrarian 
Registry [41] and avoiding overlap with the surfaces of the neighboring public lands. 

The forest inventory was carried out by gridding the study area in 25 × 25 m plots 
with the open access program QGIS, and the coordinates of each grid cell were identified 
[30]. A total of 130 grid cells with mangrove vegetation were selected at random with the 
randomness tool in CALCBOSK software (version 2.0, a database application developed 
by PFM). In the selected grids, nested-design plots were established using the DBH 
threshold values proposed by the PFM, which are used for all types of forests in Mexico 
(Figure 1): the first had a fixed radius of 11.28 m (surface of 1/25 = 0.04 ha), in which trees 
with DBH ≥ 30 cm and height ≥ 3 m were measured, and the second had a fixed radius of 
5.64 m (surface area of 1/100 ha = 0.01 ha), in which trees with DBH ≥ 5 and <30 cm were 
measured. The inventoried trees were those that had more than 50% of their main stem 
within the circumference of the plot. 

 
Figure 1.  Mangrove plots inventoried in Environmental Management Unit (UMA) Úrsulo Galván 
Tabasco, Mexico. 

The basic data recorded in the mangrove forest monitoring were as follows: for each 
plot, the inventory date (month, day, and year), latitude (degree, minute, and second), 

Figure 1. Mangrove plots inventoried in Environmental Management Unit (UMA) Úrsulo Galván
Tabasco, Mexico.

The basic data recorded in the mangrove forest monitoring were as follows: for each
plot, the inventory date (month, day, and year), latitude (degree, minute, and second), and
longitude (degree, minute, and second) measured with a Garmin 64s GPS, plot number,
and personnel conducting the forest inventory were recorded; and for each tree, the tree
number, identification of the species (scientific name of the species), diameter at breast
height (DBH, cm) measured with diameter tape to the nearest millimeter, vigor (%), and
defects (%) of the tree were recorded [30].
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2.3. Determination of Tree Density

Tree density was estimated by summing the number of trees in the nested plots: the
number of trees with DBH ≥ 30 cm in the larger plot was determined and multiplied by 25
to scale up to a hectare (since this plot area is 0.04 ha = 1/25). The number of trees with
DBH ≥ 5 and <30 cm in the smaller plot was then determined and multiplied by 100 (since
this plot area is 0.01 ha = 1/100). The values of both nested plots were then added together,
and finally, the average value of the 130 plots was calculated to obtain the average density
of the study area.

2.4. Determination of Aboveground Biomass

The aboveground biomass of the mangrove area was determined based on the allo-
metric equations proposed in the PFM methodology, which make use of diameter measure-
ments for the mangrove species (Table 1).

Table 1. Allometric equations to determine the aboveground biomass of the trees recorded in the
study area [30].

Species Group Aboveground Biomass Equation Source

R. mangle logeB = 2.5072 × logeDR − 1.5605 Day et al. [42]
A. germinans log10B = 1.934 × log10DBH − 0.395 Smith and Whelan [43]
L. racemosa logeB = 2.1924 × logeDBH − 1.5919 Day et al. [42]

Pachira aquatica B = 0.0447 × DBH2.16175 Rodríguez et al. [44]
Lonchocarpus luteomaculatus B =

(
e4.9375 × DBH2.1166 × 0.00000114

)
× 1000 Hughes et al. [45]

Ficus maxima B = 0.027059 × DBH2.86357 Rodríguez et al. [46]
Annona glabra B = 0.1245 × DBH2.4163 Hung et al. [47]
Cocos nucifera B = 6.666 + 12.826 × H0.5 × loge H Krisnawati et al. [48]

Pithecellobium dulce B = 0.5825 × DBH1.6178 Návar [49]

B = total biomass (kg), DBH = diameter at breast height (cm), DR = stem diameter measured above the highest
aboveground root in trees of R. mangle (cm), H = tree height.

Based on the PFM methodology, the equations to determine the aboveground biomass
in R. mangle and L. racemosa were developed and validated by Day et al. [42] in mangroves
of Campeche, Mexico, and the equation for A. germinans was developed and validated by
Smith and Whelan [43] in mangroves of Florida, USA.

The measurement of DBH in A. germinans and L. racemosa was carried out at a height
of 1.30 m from the bottom of the stem. In R. mangle, the diameter measurement was carried
out at 30 cm above the last aboveground root [8]. Since the PFM methodology has as a
special consideration not to measure the height of mangrove species, this study did not
include it.

The vigor of the tree was determined by direct observation, identifying the presence
and color of the foliage (alive, alive in decay, and absent), the presence of fungal bodies,
and the state of the branches and bark. Vigor adjustments (Table 2) were made according
to the classification presented by Kessler et al. [30].

The estimation of the tree defects was performed by dividing the tree into three
sections and observing the extent of the defects in each section of the tree. Adjustments for
defects (Table 3) were made according to the classification presented by Kessler et al. [30].

The estimation of the area biomass of each tree (kg tree−1) took into account the
adjustment according to the defects and the vigor of the tree.
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Table 2. Codes used to assign the vigor of the inventoried trees [30].

Code Description Decay
Adjustment (%)

Biomass
Considered (%)

1 Very healthy/dominant: The crown is full on all sides. The crown of the tree is
generally above those of other trees around it and has minimal competition. 0 100

2 Healthy/codominant: The crown is not full on all sides due to competition with
annex trees but has a proportion of the crown that receives full sunlight. 0 100

3 Suppressed: The crown is usually under those of other trees and has live but
decaying foliage. 0 100

4 Dead with some deterioration: The tree has no foliage. The branches and the
upper part are intact, and the bark is retained to the tree. 25 75

5
Dead with advanced deterioration: The tree may not have the upper part, it has
fungal bodies, and the bark is not present. The tree no longer has foliage in
the crown.

50 50

Table 3. Tree defect estimation [30].

Tree Section Standardized Portion of Biomass in
Each Section of the Tree (%)

Current Portion of Defect in
Each Section of the Tree (%)

Upper 1/3 10 0–100
Middle 1/3 30 0–100
Lower 1/3 60 0–100

2.5. Determination of Carbon and CO2 Equivalent

To determine the aboveground carbon per tree (Mg C tree−1), the aboveground
biomass of each tree (including the adjustments for vigor and default values for the
tree) in Mg [8] was multiplied by the amount of carbon using the conversion factor 0.5
(Equation (1)). Subsequently, the aboveground carbon data per tree were converted to CO2
equivalent per tree (Mg CO2e tree−1) by multiplying the aboveground carbon value by a
factor of 3.67 [30] (Equation (2)).

C =
B

1000
× (0.5) (1)

CO2e = (C)× (3.67) (2)

where C is the carbon per tree in Mg; B is the aboveground biomass per tree in kg, adjusted
for vigor and defects; and CO2e is the CO2 equivalent per tree in Mg.

The aboveground carbon estimate of each nested plot was obtained by adding the
aboveground carbon values of each tree. The aboveground carbon values of each tree in the
largest plot with DBH ≥ 30 cm were added and multiplied by 25 to convert it to hectares
(area of 1/25 = 0.04 ha). Subsequently, the aboveground carbon values of each tree with
DBH ≥ 5 and <30 cm were added and multiplied by 100 (surface area of 1/100 = 0.01 ha).
The carbon estimated in both plots in each nested plot was summed (Equation (3)). A total
of 130 values corresponding to the same number of plots were used to obtain the average
value of aboveground carbon per hectare of the study area (Equation (4)). In a similar way,
the estimation of CO2e per hectare was made for each plot.

xi = (PCi × 100) + (PGi × 25) (3)

x =
∑n

i=1 xi

n
(4)
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where xi is the aboveground biomass in the trees per plot, PCi is the sum of the biomass
in Mg in a small plot, PGi is the sum of the biomass in Mg in a large plot, x is the average
value of aboveground carbon per hectare, and n is the total number of plots.

The total number of plots, n, was obtained from Equation (5) [8].

n =
t2s2

E
(5)

where t = statistic of distribution t for the 95% confidence interval, s = known standard
deviation of previous data, and E = admissible error in the first half of the confidence
interval obtained by multiplying the mean carbon reserve by the desired precision. Thus,
the size of the estimation error adjusted by the finite population correction factor at 95%
confidence was obtained with Equation (6):

2V(y) = 2

√
s2

n

(
N − n

N

)
(6)

where 2V(y) is two times the variance of the mean, N is the population size, and n is the
sample size. Since

(
1 − n

N
)

was lower than 0.05, the correction factor for a finite population
did not represent a significant adjustment in the average carbon estimate.

3. Results
3.1. Tree Density

The mangrove in all tree sizes between 5 and 66 cm in DBH had a density of
3515 ± 428.5 individuals per hectare (ind ha−1, p-value > 0.05). The density by tree species
is presented in Table 4. The species with the highest number of specimens per unit area
was L. racemosa, accounting for 90.3% of the total number of individuals reported. R. mangle
was second at 7.4%, while A. germinans only represented 0.4% of the total. Species other
than mangroves represented 1.8% of the total number of individuals.

Table 4. Average tree density of the mangrove.

Species Individuals ha−1 Number of Plots with the Species

L. racemosa 3178.1 108
R. mangle 258.4 51

Pachira aquatica 29.2 17
A. germinans 15.4 10

Lonchocarpus luteomaculatus 15.4 7
Cocos nucifera 12.3 3
Annona glabra 3.8 2
Ficus maxima 2.3 3

Pithecellobium dulce 1.5 1

The density of trees in Úrsulo Galván, Tabasco (3515 ind ha−1, DBH ≥ 5 cm) was higher
than that reported for mangroves on the Tabasco coast (1184 ind ha−1, DBH > 10 cm) [33],
for the Pantanos de Centla and Campeche (2875 ind ha−1, DBH > 5 cm) [49], for Laguna
de Términos (3095 ind ha−1, DBH ≥ 2.5) [50], for the La Encrucijada Reserve, Chiapas
(2103 ind ha−1, DBH > 2.5 cm) [10], and for Ciudad del Carmen, Campeche (1400 ind
ha−1, DBH > 2.5 cm) [51]. The mangrove species recorded in Úrsulo Galván public land
are similar in density to those reported by Agraz-Hernández et al. [15] for basin-type
mangroves (3580 ind ha−1), greater than that reported for riverine mangroves (1730 ind
ha−1), and lower that for fringe mangroves (5930 ind ha−1). The higher density of L.
racemosa coincides with that found in basin mangroves where, with greater distance inland,
the tidal influence decreases, and the density of R. mangle diminishes, while that of L.
racemosa and A. germinans increases [32]. The mangrove species were consistent with those
recorded in Tabasco by Torres et al. [52] and Torres et al. [53] and in Veracruz by Carmona-
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Díaz et al. [54] and Moreno-Casasola et al. [55], comprising three of the six mangrove species
recorded in Mexico. The density of mangroves is a function of growth and developmental
stage due to competition for crown space [52]. The highest density associated with L.
racemosa is consistent with that reported in Colima, Mexico, by Téllez-García et al. [56] and
by Torres-Fernández et al. [54], who reported it as the species with the highest density. The
low density of A. germinans coincides with that found by Torres et al. [52], who reported that
in Laguna Mecoacán, Tabasco, Mexico, A. germinans covers physiologically unfavorable
areas (high salinity) and has a negative correlation with the densities of R. mangle and L.
racemosa. The species A. germinans is found in conditions of lower soil submergence and
higher salinity, having tolerance limits of up to 100 ups [15] and thriving in depressions
prone to hyperhaline conditions [52]. On the other hand, L. racemosa is found in conditions
of higher soil submergence, water residence time, and lower salinity (0 to 42 ups, with
a tolerance up to 80 ups), while R. mangle is found in conditions of lower salinity (0 to
37 ups, with a tolerance up to 65 ups) and soils with high degrees of anoxia. The latter is
considered a pioneer species at the terrestrial and marine limits since it develops in the
mouths of rivers where shallow lagoons are formed with brackish water subject to tidal
activity [15,52].

In mangroves, there are some plant species that inhabit areas together [54] bordering
the mangrove. Torres-Fernández et al. [57] classified the species Ficus insipida Willd as
a species associated with mangroves. Romero-Berny et al. [58] reported the presence of
the species P. aquatica, P. dulce, and Coccoloba barbadensis in association with mangroves of
R. mangle, A. germinans, and L. racemosa, with P. aquatica having the highest density. The
species P. aquatica forms associations with mangroves of R. mangle, A. germinans, and L.
racemosa; it is present along a salinity gradient, mixed with species that occur in flooded
forests and mangroves, and its distribution may be limited to mangroves [59]. Adame
et al. [60] reported the presence of P. aquatica in La Encrucijada, Chiapas, a site characterized
by large areas of wetlands that include mangroves, swamps, and peat swamp forests. In
Tabasco, coconut plantations and cattle pastures are found in small, isolated patches within
mangrove forests [38].

The distribution of mangrove species depends largely on geographic location (seashore
or inland), tidal flooding, and freshwater inflows [61], as well as on companion species
such as P. aquatica, P. dulce, and A. glabra. According to Torres-Fernández et al. [57], the
floristic composition and structure of mangrove vegetation are influenced by the salinity
of interstitial water. The relationship of mangrove vegetation with water is restricted by
the low osmotic potential of saline soils. The structural distribution is also determined by
dissolved oxygen, especially in the rainy season when the soil is saturated with water and
anoxic conditions occur.

3.2. Woodland Diameter

The average DBH of A. germinans was 11.6 ± 1.3 cm; R. mangle, 9.5 ± 0.8 cm; and
L. racemosa, 9.2 ± 0.7 cm. The frequency of the trees of each species by diameter class
is presented in Table 5. For all species, the diameter class with the highest number of
individuals was 5.0–10 cm, representing 68.7% of L. racemosa, 65.8% of R. mangle, and 55.0%
of A. germinans individuals. As the DBH increased, a decrease in the number of individuals
was observed, resulting in the typical reverse j-shaped distribution, a characteristic pattern
of juvenile stands of unequal age [56], and a balanced forest structure [62].

The average DBH of the trees in this study in Tabasco was lower than that recorded
in Colima, Mexico (18.5 cm) [56], Campeche, Mexico (12.1 cm) [51], Sarawak, Malaysia
(20.83 cm) [63], and Indonesia (12.67 cm) [64]. The DBH was similar to that recorded on
Ishigaki Island, Japan, with a value of 10.9–11.2 cm [65], and higher than that observed in
Peninsular Malaysia, with a value of 5.0–11.6 cm at a density of 753–2034 ind ha−1 [19].
According to Torres-Fernández et al. [57], salinity is one of the main factors that influence
the growth of DBH in the rainy season, while pH, salinity, and dissolved oxygen influence
DBH during the dry season.
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Table 5. Frequency of the tree species present in the study area by diameter class.

Species
5.0–10 10.1–15 15.1–20 20.1–25 25.1–30 30.1–35 35.1–40 >40

cm

L. racemosa 2853 1063 169 28 18 8 4 6
R. mangle 220 95 13 4 1 0 1 1
P. aquatica 28 10 0 0 0 0 0 0

L. luteomaculatus 18 1 1 0 0 0 0 0
A. germinans 12 4 2 0 0 2 0 0

C. nucifera 0 0 3 8 4 1 0 0
A. glabra 5 0 0 0 0 0 0 0
F. maxima 3 0 0 0 0 0 0 0

P. dulce 2 0 0 0 0 0 0 0

Plots with the diameter class 117 108 70 21 10 8 3 3

3.3. Aboveground Biomass

The unadjusted aboveground biomass was estimated for the three mangrove species,
with a value of 124.8 Mg ha−1; the value for the companion species was 2.2 Mg ha−1.
The mangrove species with the highest biomass contribution (102.2 Mg ha−1) was L.
racemosa, with 82.6% of the total, followed by R. mangle, with 16.8%. The contribution of
A. germinans was very small (0.5%) due to the few individuals present in the study area.
With the adjustments for the defects and the decline of the trees of the three mangrove
species (Figure 2), the aboveground biomass was estimated at 120.5 Mg ha−1, which
represents a decrease of 4.2 Mg ha−1 (3.4% with respect to the total), where 3.6 Mg ha−1

(2.9%) corresponds to tree defects and 0.6 Mg ha−1 (0.5%) corresponds to their vigor. In
L. racemosa, the average decrease in biomass due to adjustments was 2.4 Mg ha−1 (2.4%),
where 2.0 Mg ha−1 (2.0%) was due to defects and 0.4 Mg ha−1 (0.4%) was due to vigor. In
R. mangle, the average decrease was 1.71 Mg ha−1 (7.8%), where 1.5 Mg ha−1 (6.8%) was
due to defects and 0.21 Mg ha−1 (1.0%) was due to vigor. In A. germinans, the average
adjustment was 0.08 Mg ha−1 (11.0%), where 0.07 Mg ha−1 (9.8%) corresponds to the
defects and 0.01 Mg ha−1 (1.2%) corresponds to the vigor. The small loss of biomass due to
tree vigor indicates the presence of a few dead trees, suggesting that the environmental
conditions of the site have not been altered since changes in these conditions are generally
followed by alterations in tree vigor and can lead to widespread vegetation mortality [66].

The biomass generated in the mangroves of Úrsulo Galván (120.5 Mg ha−1 at a density
of 3515 ind ha−1) was lower than that reported in the Gulf of Montijo, Panama (176 Mg ha−1

at a density of 8267 ind ha−1) [67], the Andaman Islands, India (469.20 Mg ha−1 at a density
of 1767 ind ha−1) [68], in Bangladesh (157 Mg ha−1 at a density of 255 ind ha−1) [69], and in
the Amazon region, Brazil (145 Mg ha−1) [70]. The results are close to those recorded in the
La Encrucijada Biosphere Reserve, Chiapas, of 131.8 Mg ha−1 [14] and Peninsular Malaysia
of 108.27–155.58 Mg ha−1 [19] and higher than those found in Kelantan, Malaysia, of
2.66 Mg ha−1 at a density of 1170 ind ha−1 [71]. According to Gross et al. [67] and Shaltout
et al. [72], the density of trees is positively correlated with biomass; that is, it increases
linearly with the increase in the density of stems. In mangroves, the influence of fresh water,
low salinity, and a continuous supply of nutrients have a positive influence, increasing the
biomass and carbon content and increasing with age [15]; however, the average biomass
and carbon content become more variable as the age of the trees increases [73].

The biomass equations used in this study consider maximum diameters: the equation
of Day et al. [42] was developed with maximum diameters of 10 cm for both L. racemosa and
R. mangle, while that of Smith and Whelan [43] used for A. germinans was developed with
maximum diameters of 21.5 cm. In this context, it is important to consider the size of the
trees for which the equation was generated since estimates can be affected if the equations
are applied to diameter ranges beyond those that were used to generate them [26]. For
example, Kauffman et al. [8] consider that the use of equations with larger diameter trees
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than those for which they were developed may produce an overestimation of biomass
values. According to Vorster et al. [74], large trees are a common problem for biomass
allometry since they present the greatest amount of biomass and greatest variation in the
form of growth but are rarely measured because they are the most difficult and expensive to
inventory, leading to the difficulty of predicting outside the diameter range of the sampled
trees. This practice is common in biomass assessments since there are few alternatives for
most species, and there is great difficulty in accessing inventory sites.
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3.4. Aboveground Carbon

The carbon stored per unit area of the three mangrove species was 60.25 Mg C ha−1,
and CO2e per unit area was 221.1 Mg CO2e ha−1. The carbon stored in the other companion
species was 1.13 Mg C ha−1, and the CO2e was 3.95 Mg CO2e ha−1. The sampling error
based on the estimates of CO2e in the study area was 7.8%, which is within the range
required by the methodology (±20%). Therefore, the estimates are within the norm of the
PFM methodology (Figure 3).
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The amount of aboveground carbon (60.25 Mg C ha−1) stored in mangroves in this
study at DBH > 5 cm and a density of 3515 ind ha−1 and with a conversion factor of 0.5
is similar to the average value of 69.69 Mg C ha−1 in basin-type mangroves in Mexico,
but it is less than that reported in riverine-type mangroves (183.32 Mg C ha−1) [34], as
well that reported for the Gulf of Mexico coast, at 221.9 Mg C ha−1 [75]. The aboveground
carbon content was lower than that present in La Encrucijada, Chiapas (87.0 Mg C ha−1,
DBH > 2.5 cm) [10], and in Campeche, Mexico (76–91 Mg C ha−1 DBH ≥ 2.5 cm) [51].
However, in these two sites, individuals with lower DBH were measured, which led to
the inclusion of more trees per hectare and an increase in the density of trees and biomass
with respect to this study. Furthermore, the aboveground carbon content was lower than
that present in Kerala, India (94.63 Mg C ha−1 with a conversion factor of 0.5 at density
2452 ind ha−1) [76] and in Sri Lanka (75.5–189.1 Mg C ha−1 at density 8594 ind ha−1

with a conversion factor of 0.48) [20]. De Jong et al. [77] found that the use of a 5.0 cm
or 10 cm diameter threshold influences estimates of aboveground carbon; however, the
difference may be small. According to Velázquez-Pérez et al. [10], increases in biomass are
influenced by the presence of mature and declining trees, which at the stand level implies
a higher carbon content. On the other hand, the aboveground carbon data generated in
this study are lower (3.4%) than those reported for other investigations because the PFM
methodology considers the loss of biomass due to the presence of dead trees (vigor) or
tree defects, while other studies have not considered these variables. The aboveground
carbon results are similar to those recorded in Indonesia (57.16 Mg C ha−1) [63]. On the
other hand, the aboveground carbon content was double that reported in Nayarit, Mexico,
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for fringe and riverine mangroves (36.22 Mg C ha−1) [15] and 48 to 77% higher than that
reported in Baja California Sur, Mexico, dwarf mangroves of R. mangle, L. racemosa, and
A. germinans (13.6–31.6 Mg C ha−1) [78]. The lower carbon contents at these sites could
be because they were inhabited by species with small DBHs and low densities, agreeing
with Ragavan et al. [68], who mentioned that larger diameter trees contain more carbon
reserves due to the positive correlation between the density of trees with biomass and
carbon, while Velázquez-Pérez et al. [10] concluded that a higher number of juvenile trees is
associated with lower carbon content. Carbon storage also varies with climatic conditions,
hydrogeomorphic configurations, and mangrove species [79]. According to Velázquez-
Pérez et al. [10], the differences between the different mangrove species may be due to the
growth dynamics between species; for example, R. mangle, generally has greater structural
development than other species because it is located in areas rich in nutrients, while A.
germinans abound in salt flats with low nutrient contents. In this sense, Torres et al. [52]
identified that interspecific interactions among mangrove species change with salinity,
finding greater structural development of A. germinans in basin mangroves associated with
high levels of interstitial salinity while observing a greater density of R. mangle in fringe
mangroves with low interstitial salinity.

4. Conclusions

The mangrove forest of the UMA in Tabasco presented a density of 3515 ind ha−1

in a basin and riverine mangroves. The species with the highest density was L. racemosa,
representing 90.3% of the total number of individuals reported. The average diameter of
A. germinans was 11.6 ± 8.0 cm, that of R. mangle was 9.5 ± 4.7 cm, and that of L. racemosa
was 9.2 ± 3.9 cm. The 5.0–10 cm diameter class had the highest number of individuals, a
characteristic pattern of mangroves with juvenile trees.

The total aboveground biomass in the mangroves was 120.5 Mg ha−1. Laguncularia
racemosa generated the highest biomass contributions, accounting for 82.6% of the total
biomass. The total carbon content was 60.25 Mg ha−1, with 221.1 Mg CO2e ha−1. Laguncu-
laria racemosa generated the highest contribution of CO2e, accounting for 82.6% of the total.
The 930 ha of mangrove area of the UMA stored 112,065 Mg of aboveground biomass. The
carbon contained in this biomass was 56,032.5 Mg, which corresponds to 205,623 Mg CO2e.
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