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Abstract: Mangrove forests are considered to be the most productive ecosystems on the planet due
to the multiple ecosystem services they offer, both environmental economic, and social; however,
their area in recent years has been decreasing due to anthropogenic activities such as urbanization
and deforestation. These activities alter the normal cycle of carbon stored in sediments, which is
considered their main function to counteract climate change. Therefore, the objective of this research
was to compare the carbon storage capacity and coverage in forested and non-forested sites of two
tropical wetlands located in Colombia (the Caimanera) and Mexico (the Llano). Methodologically,
we began by identifying the coverages and determining the area in the wetlands with Sentinel-2A
satellite images and a supervised classification; subsequently, soil cores were extracted in all the
coverages to a depth of 70 cm and the apparent density (AD), the percentage of organic carbon (OC),
and the density of carbon in the soil were determined. For analysis of the variables, a trend graph was
constructed between carbon density and depth with descriptive statistics, using one-way ANOVA
to establish which coverage and wetland were the most significant concerning carbon storage. The
results of the supervised classification showed that Rhizophora mangle and Avicennia germinans are the
dominant species, also finding deforested areas in both wetlands. The one-way ANOVA statistical
test indicated that the Caimanera, with the percentage of organic carbon (18.4 & 1.19%), is 1.57 times
greater than of the Llano mangrove swamp with (11.7 & 0.748 MgC/ha). Through the trend graph,
it was observed that the carbon density of the forested area of the Caimanera ranged from 120 to
140 MgC/ha, which is higher than in the deforested areas of the same wetland between 40 and
60 MgC/ha, and the homologous areas of the Llano wetland. The results suggest that deforested
areas are sources of greenhouse gas emissions because they contain less carbon than forested areas.
Therefore, it is concluded that the Caimanera and the Llano wetlands have the same mangrove species
and that the average organic carbon stored in their soil is below the average of other mangrove forest
soils in the American continent; it is recommended that the findings of this work be considered for
the carbon balances by continent and the characterization of mangrove species according to their
carbon storage capacity.
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1. Introduction

Natural wetlands serve as transitional ecosystems between aquatic and terrestrial
environments, predominantly characterized by persistent soil moisture or water coverage,
which provides conducive conditions for vegetation growth [1,2]. Wetlands can be marine
(coral reefs, shallow marine waters, marine aquatic beds), continental (permanent or
seasonal freshwater lakes, shrub-dominated swamps, ponds, and marshes, among others),
or coastal (mangroves, intertidal marshes, estuarine waters, coastal rivers, and streams,
among others). According to their hydrological conditions, wetlands can be classified as
lacustrine, estuarine, riparian, or depressional [3].

Mangrove forests are very common in coastal wetlands and grow in brackish water
conditions. The importance of such ecosystems lies in the multiple environmental services
they provide, one of which is to supply food to coastal communities through artisanal
fishing. In addition, they provide shelter to wildlife [4]. Mangroves also stop extreme winds
and control the rise in sea levels, with their high biomass that functions as a living barrier
and with their roots, which allow the accumulation of sediment quantities, controlling the
sea level and coastal erosion [5]. Additionally, their paramount function lies in the seques-
tration and storage of carbon, primarily through the gradual decomposition of organic
matter. Although such ecosystems occupy a small global area, they help counteract climate
change by capturing atmospheric carbon dioxide through photosynthesis in biomass and
subsequently being stored or sequestered in the soil or sediment [6]. This type of carbon is
also called blue carbon, as it is found in marine coastal areas [7]. This stored carbon can last
thousands of years if sediments are not altered [8], which helps mitigate global warming.

The rate of carbon storage in mangroves ranges from 1.0 to 9.2 Megagrams of carbon
per year (MgC/year); it depends on the content of organic matter in the sediments, the
aerial biomass, and the leaf litter [9]. It has been documented that mangrove forests can
store up to 1023 MgC/ha, capturing three to five times more carbon than terrestrial forests,
thereby serving as critical carbon sinks [10].

Although mangroves cover merely 0.7% of the Earth’s surface, they account for 25%
of carbon stored in coastal zones, with only 10% of carbon naturally lost in gaseous form,
emitted primarily through global deforestation [11]. Nonetheless, the perpetual threat of
habitat loss due to land-use change and deforestation poses a significant concern, resulting
in global emissions of up to 0.3 PgC/year in the mangrove forest, equivalent to approx-
imately 6% of annual global emissions attributed to land-use change [12]. Transitioning
from freshwater wetland forests to grazing sites has been reported to escalate carbon loss
in the form of methane by up to tenfold [13].

Concerning research on carbon storage the different types of wetlands that have
been studied are forested marshes (11.3%), non-forested peatlands (14.3%), freshwater
marshes (19.1%), coastal marshes (43.7%), and mangroves only (7.7%); These studies were
distributed by areas as follows: (35.4%) in temperate climates, (40.5%) in boreal climates
and with little research, tropical climates representing (22.2%) of the 333 capture rates
investigated to date in 2018 [14,15].

According to Jennerjahn, T. C. [16], the carbon stored by continent in mangrove soils is
ordered as follows: Oceania 360 Mg/ha, America 320 Mg/ha, Asia 295 Mg/ha, and finally
Africa 250 Mg/ha; however, other research shows different results to these, such as the
study carried out by Kauffman et al. [17], in the mangrove forests in Palau, Micronesia,
where they obtained data of 479 Mg/ha in the areas closest to the sea and the most distant,
that is, towards the continent with an approximate value of 1068 MgC/ha. Specifically, at
the site called Yap, an interval in the same direction of 853 to 1385 MgC/ha was obtained.

Not only anthropogenic activities affect mangroves in relation to carbon sequestration,
but also climate change with strong cyclones that flood the coasts of these ecosystems with
high concentrations of salt, altering soil conditions. Chowdhury et al. [18] found, in the
mangroves of Sundarbans, India, between 2017 and 2021, that an increase in salinity by
31% can reduce the organic carbon stored in the soil by up to 46%, as well as reducing
available phosphorus and available nitrogen by 33% and 30%, respectively. Some sensitive
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mangroves have disappeared with these saline concentrations, so the actions of climate
change must be counteracted so as not to affect these carbon sinks.

Globally, studies conducted on the comparative analysis of carbon sequestration in
sediments are important. One such study was carried out by Kusumaningtyas et al. [19]
in Indonesia, where a natural mangrove and a rehabilitated mangrove, which had been
altered by aquaculture, were taken as examples. The results showed that, up to 1 m in
depth, the carbon sequestered in the rehabilitated mangrove was greater than in the natural
one, with 364 MgC/ha and 126 MgC/ha, respectively.

On the American continent, a study was conducted in Brazil, a country that has the
second largest area of mangroves globally. Given the limited number of studies on carbon
sequestration in its mangrove forests, Rovai et al. [20] decided to evaluate this ecosystem
function. They found that Brazil holds 8.5% of the world’s carbon reserves in sediments and
aerial biomass. Additionally, they discovered that the upper meter of Brazilian mangroves
contains 4.3 times more carbon than other Brazilian ecosystems, with a sequestration rate in
sediments between 15% and 30%, which is higher than recent global estimates. Despite the
American continent exhibiting relatively high carbon storage rates in mangrove forest soils,
limited data are available for Latin American coastal zones, consequently impeding their
inclusion in global carbon assessments. This scarcity of data underscores the critical need
for comprehensive studies on carbon storage, particularly in mangrove sites in Colombia
and Mexico. Furthermore, few studies have investigated the impact of deforestation on
carbon storage in mangrove forests in those countries. Thus, conducting such studies in
mangrove ecosystems in Colombia and Mexico is imperative to assess soil carbon content in
both vegetated and deforested areas, facilitating comparison and informing rehabilitation
strategies to mitigate climate change.

Ballut-Dajud et al. [2] developed a review by continent, finding the factors that most
affect the loss of wetlands were agriculture (25%), urbanization (16.8%), aquaculture (10.7%),
and industry (7.6%) affecting mangroves (25.7%), lagoons (19.11%), and marine waters
(11.7%), which are among the sites most deteriorated by anthropogenic activities, hence the
importance of this study.

At the local Colombian level, in the Gulf of Uraba, mangrove forests have been
deforested since 2003 due to agricultural and pastoral activities. An approximate carbon
storage of 89.3 MgC/ha was found in Colombia in general. Between approximately 0.69
and 1.18% of mangrove forests have been lost between the years 1980-1990 and 2000-2005,
a representative rate in South America [21].

In México, Marin-Muiiiz et al. [3] compared five herbaceous and arboreal freshwater
wetlands with different geomorphic characteristics (estuarine, depressional, and perilacus-
trine) and found that all wetlands are located on the coastal plains of the Gulf of Mexico in
the state of Veracruz, Mexico, and showed that the range of average carbon concentration
in the soil was greater in wetlands with tree vegetation (50 to 225 gC/kg) than in those
with herbaceous vegetation (50 to 150 gC/kg), without detecting significant differences in
the carbon accumulated in the soil.

In that sense, Colombia and Mexico are among the megadiverse countries with a
large number of wetlands on their coasts, and where studies on carbon storage are scarce,
despite the constant annual loss of these forests, which is why was the proposed objective
of this research was to compare the carbon storage and coverage in forested and non-
forested sites of two tropical wetlands located in Colombia (the Caimanera) and Mexico
(the Llano). Remote sensing techniques with Sentinel-2A images were used to identify
the existing coverage, followed of a field verification, also estimating the areas of each
coverage; the possible anthropogenic activities that affect them were identified; and, finally,
the percentage of organic carbon in the soil in the forested and deforested areas of each site
was determined.

The rationale for this study stems from the direct impact of human activities on these
ecosystems and their crucial role in mitigating climate change. It is imperative for the
scientific community and the entities responsible for monitoring, managing, and controlling
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wetlands to have access to valuable information for future studies. This understanding is
essential to comprehend the true extent of their contribution to climate change mitigation,
facilitating swift and effective conservation efforts. Moreover, there has been a growing
awareness of the significance of these ecosystems.

The function of carbon sequestration in mangroves has become relevant in recent
years, which is why studying these ecosystems is a focus of interest. Although research
has increased in this decade, there are still gaps in knowledge about these data. At least
50% of the countries that have mangroves lack data on the carbon stored in their biomass
and soil [22]. On the other hand, Arifanti et al. [23], state that it is important to quantify
the dynamics of soil carbon sequestration in intact and degraded mangroves in such a way
that it allows a better analysis of their behavior under anthropogenic activities that affect
their land cover.

The present work contributes to the field of knowledge through the analysis of mixed
methodologies of tropical wetlands to monitor their evolution and propose sustainable
management actions.

2. Materials and Methods
2.1. Study Areas

(A) In the Gulf of Morrosquillo-Sucre, Colombia, between latitude 9°27'00” and
9°23/24” N with longitudes 75°39'45" and 75°36/40” W, is located ‘The Caimanera’ man-
grove swamp, with an approximate area of 1800 Ha.

(B) In the Gulf of Mexico Veracruz, Mexico, between latitudes 19°40'4.07" and 19°38'23.29"
N with longitudes 96°24/38.66” and 96°23/56.61” W, is located ‘The Llano’ mangrove swamp
with an approximate area of 320 ha (Figure 1).

The Llano mangrove swamp (MEXICO)
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Figure 1. Location of wetlands.

Both wetlands have different climatological characteristics with average temperatures
between 22 °C and 30 °C for the Llano, the coldest season being between November and
February and the warmest from March to June. In the other wetland, average tempera-
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tures are 30-37 °C for the Caimanera, the coldest season is November to December and
the warmest from January to April. Table 1 shows some variables such as temperature,
precipitation, humidity. (Table 1). According to the World Reference Base for Soil Resources
(WRB), the types of soils found are histosols (sandy loam), with high organic matter content
and slow decomposition rates.

Table 1. Climatological characteristics of the study sites.

The Llano Mangrove The Caimanera Mangrove

Characteristics Swamp [24] Swamp [25]
Temperature of the air 22-30 °C annually 30-37 °C annually
Precipitation 166 mm/month 112 mm/month
Humidity 80% 80%

Climate type Aw, (savanna tropical) Am (tropical monsoon)

Both wetlands are situated along the Atlantic coast, each featuring a central body of
saltwater. In the Caimanera, the body of water is deeper, reaching 2 m in depth, while in
the Llano, it measures only 1 m. Surrounding these bodies of water are red mangroves (Rhi-
zophora mangle) and black mangroves (Avicennia germinans). On a socioeconomic level, field
interviews revealed that the Caimanera is home to over 100 families whose livelihoods de-
pend on fishing, tourism, and the mangroves. Similarly, the Llano supports approximately
20 families whose main sources of income are fishing and mangrove-related activities.

2.2. Sampling Area

The reviewed literature on research related to carbon storage in sediments revealed a
variety of criteria regarding the number of sampling points and plots to be established, as
well as the sampling depth. Similarly, methods for subsampling wetlands varied, possibly
due to challenges associated with wetland access, such as its characteristics or the cost of
processing samples [26-32].

This research was a methodological guide that was first proposed by Howard et al. [33]:
first, the type of plots is determined, second, their quantity, and finally, their location; both
in areas with vegetation (forested) and in areas without vegetation (deforested) to evaluate
and compare results. Establishing at least a minimum number of plots determines the level
of the research; however, the economic limitation and the scope of our objective delimited
such criteria, being framed within level 2, which according to the manual are reliable results
that will serve as inputs for future research.

The manual specifies that plots can be either permanent or temporary. In this study,
temporary plots were selected due to their practicality and cost-effectiveness compared
to permanent ones, as they allow for the observation of short-term changes over time and
require constant review. In a study conducted in Mexico’s Izta-Popo National Park, nine
permanent plots were established in three zones to determine basal area, biomass, and
carbon content. The findings of this study suggested that permanent plots are preferable
over temporary ones only when continuous, long-term studies are needed, despite the
higher initial cost involved [34]. It is important to note that in this research, the intention
was not to estimate carbon levels at the same site years later.

Despite the availability of tools to determine the optimal number of plots, certain
limitations prevented their implementation. Firstly, as this is a transnational investiga-
tion, logistical challenges arose. Secondly, time constraints and financial costs posed
additional limitations.

Regarding the location of the plots, a numbered grid was established around the bodies
of water to enhance accessibility within the wetlands. Sampling points were then randomly
selected using the “AppLife Team” random number generator application, ensuring a
probabilistic approach in point selection.
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Subsequently, the points were geolocated using Google Earth within the forested area,
with six points designated in each wetland. However, in the deforested areas, there was a
modification. In the Caimanera, only three points were allocated due to the construction
of buildings, resulting in limited areas of bare soil. Similarly, in the Llano, three points
were designated in areas devoid of mangrove vegetation to maintain consistency with
the Caimanera.

A total of 9 plots were located in each wetland, 6 in a forested area and 3 in a non-
forested area. In each plot, 3 sampling points were carried out, and the soil core reached
a depth of 70 cm which was subsampled every 5 cm. A total of 378 subsamples were
processed in the laboratory for each wetland, 252 for the forested area distributed among
the mangrove species and 126 for the non-forested area. Each point was strategically
located around the saltwater body, as depicted in Figure 2.

The Llano mangrove swamp (MEXICO)

96°2530°W 96°250W 96°2430W 96°2330W

The Caimanera mangrove swamp (COLOMBIA)
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Figure 2. Location of sampling points.

2.3. Identification of Coverage and Areas

The use of remote sensors makes it possible to study coverage because of the elec-
tromagnetic energy emitted by the sun, when reflected by land coverage, is captured by
satellite sensors, which facilitate the study of plant communities and can help us under-
stand the dynamics, processes, and functions of these ecosystems [35]. Sentinel-2A 2022
images with a spatial resolution of 10 m obtained from Copernicus [36] were used, to which
atmospheric and radiometric corrections were applied and the supervised classification al-
gorithm was developed for the identification of the vegetation cover and its areas. ArcMap
10.8® software Esri, Redlands, CA, USA, licensed by the University of Sucre, was used to
create the maps with their respective area tables. Finally, precision was evaluated using the
confusion matrix and the Kappa coefficient.

2.4. Soil Profile Sampling

Soil cores were extracted between December 2022 and March 2023 at each site, capital-
izing on the dry season and conducting sampling during morning hours at low tide. In the



Sustainability 2024, 16, 4966

7 of 17

wetlands, 5 x 5 m plots were delineated, with three replicates taken at each a designated
point. A 2-inch diameter, 1.5 m long PVC corer was utilized, and inserted to a depth of
1.2 m to extract 70 cm long cores, as illustrated in Figure 3. Upon retrieval of the corer,
plugs were inserted and sealed to prevent moisture loss and ensure accurate estimation of
organic carbon percentage and apparent density. The soil cores were transported to the
laboratory and stored under consistent temperature conditions to maintain the integrity of
the chain of custody, as outlined in [33].

Figure 3. Sampling and sediment core.

2.5. Soil Analysis

In the soil laboratory of the Universidad de Sucre, Colombia, and in the laboratory
of the Instituto Tecnolégico Superior de Misantla, México, all 378 subsamples from each
wetland were processed; 252 subsamples for the forested area and 126 subsamples for
the non-forested area; cutting the tubes and sectioning the cores in ranges of (0-10 cm),
(10-20 cm), (20-30 cm), (3040 cm), (40-50 cm), (50-60 cm), and (60-70 cm). The apparent
density (AD) was determined following the formula [37]:

AD = Weight (g)/Volume (cm?) 1)

The percentage of organic carbon (OC) was calculated using the Walkey and Black
method, this is a chromic acid wet oxidation method, as also used in their research [38—40].
Finally, the density of organic carbon (DOC) was determined by multiplying (AD) and (OC).

To determine the percentage of organic carbon (OC), with the Walkey—Black method,
the following formula is used:

(B—M) x 0.003 x N x 100
Grams of soil

%0OC = )

where B = the volume of ferrous solution spent on the target; M = the volume of ferrous
solution spent on the sample; N = the dichromate volume/B.

2.6. Estimation of Organic Carbon in Soil

Following finding the percentage of organic carbon in the samples with Equation (2),
the data were grouped statistically in a descriptive way, by wetlands and by forested and
deforested areas, and represented in a table.

2.7. Estimation of Soil Carbon Density

Initially, a graph was constructed to analyze the carbon density trends with respect
to depth in both wetlands, considering both deforested and forested areas. Descriptive
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hectare

( MgC

statistics were then employed to calculate the mean and standard error for each coverage in
both wetlands, presented in a tabular format. The carbon density of each core was summed
and multiplied by the segment thickness (10 cm) and further multiplied by a conversion
factor to translate the values into units consistent with carbon stocks. This approach yielded
the total core carbon, as detailed in reference [33].

1 hectare

2
) = sum of core carbon (%) X ( 1 Mg > X <100’000’000 il ) x 70 cm 3

1,000,000 g

2.8. Statistical Analysis

The data were grouped into three nominal variables: wetlands (Caimanera, Llano),
coverage (forested and non-forested), and depth; and two numerical variables (the carbon
density and the percentage of organic carbon in soil), and assumptions were checked using
the normality test (Shapiro-Wilk) and the homogeneity of variance test (Levene’s test).
When the variances were not equal, Welch's single-factor ANOVA was applied, otherwise
Fisher’s single-factor ANOVA was applied, as proposed by Fox and Weisberg [41]; here
null and alternative hypotheses related to homoscedasticity and heteroscedasticity were
raised, respectively.

A trend graph illustrating the behavior of carbon density in relation to depth was
generated for both forested and non-forested coverage in both wetlands. Finally, a one-way
ANOVA and the Games-Howell post hoc test were conducted to determine the significance
of differences in the carbon density between the groups. Significance levels were denoted
by (*), (**), and (***), with the latter indicating the highest degree of significance.

For the percentage of organic carbon, descriptive statistics were initially computed
to determine the respective organic carbon percentages in each wetland for both forested
and non-forested areas. The data, accompanied by the averages, were presented in a table
format. Subsequently, and based on the results, a single Welch factor ANOVA was applied,
and a post hoc test (Games—Howell) was performed to test the significance because the
variances were not equal between the areas with vegetation (forested) and the areas without
vegetation (deforested) with the organic carbon variable to interpret in which coverage and
wetland more carbon is stored.

For all statistical analyses, Jamovi version 2.4.8 Stats Open Now Sydney, Australia [42,43],
software was utilized.

3. Results and Discussion
3.1. Determination of Coverage and Areas

With the field visit to both wetlands, the different types of coverage were identified,
especially those of mangrove species (Figure 4), corroborating what was found in the
supervised classification. This method has been effective in mapping mangroves, as
demonstrated by Nguyen et al. [44], in Thanh Hoa province in north-central Vietnam,
where 102 km of coastline was accurately mapped with an accuracy of 90%.

After evaluating the accuracy using the confusion matrix and the Kappa coefficient,
employed to assess the effectiveness of algorithms or their validity in the supervised clas-
sifications using Sentinel-2A images for both wetlands, the results indicated percentages
ranging from 92% to 94% for the Caimanera and the Llano, respectively. These figures
are comparable to those reported by Chowdhury et al. [45] in the expansive mangrove
forest in the Sundarbans, Indonesia, situated between latitudes 21° and 22° north, which
demonstrated accuracies between 86% and 92%, confirming their validity within an accept-
able margin.
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Figure 4. Sentinel-2A 2022 supervised classification in the Caimanera (a) and the Llano (b).

Table 2 shows the areas of each coverage in the wetlands after quantifying the super-
vised classification. In the Llano, the Avicennia germinans mangrove does not exist, which
is why it has a symbol (----); the deforested areas in the Caimanera and the Llano were
100.35 ha and 9.18 ha, respectively.

Table 2. Extension of the coverage present in the wetlands.

Coverage

The Llano Mangrove Swamp

The Caimanera Mangrove Swamp

Area (ha) Percentage % Area (ha) Percentage %
Water surface 211.95 64.84 160.38 8.91
Rhizophora mangle 30.87 9.44 564.48 31.38
Rhizophora mangle and 74.88 2291 747.63 4156
Avicennia germinans
Avicennia germinans - - 226.17 12.57
Deforested 9.18 2.81 100.35 5.58
Total 326.88 100 1799.01 100

The first thing to highlight is that, in the Llano mangrove, the deforested area of 9.18 ha
is due to the felling of forests and in the Caimanera, the 100.35 ha is due to the increase
in the population by 8186 people in 15 years, due to having been declared the Coverias
municipality in 2002, according to the census of the National Department of Statistics of
Colombia; and, on the other hand, to livestock activity.

The issue of wetland loss in Colombia and Mexico extends beyond the immediate lo-
cations of these wetlands. Notably, in Colombia, around 40,000 hectares of mangroves have
been lost in the past three decades due to various human activities, including infrastructure
development such as roads, urbanization, tourism facilities, hydrocarbon contamination,
and agricultural expansion [46]. Similarly, in Mexico, particularly in the Gulf of Mexico,
this ecosystem has decreased in area by up to 50% since the 20th century. These challenges
significantly impact blue carbon storage, which is sequestered at shallow depths for ex-
tended periods, predominantly within mangroves. The rapid anthropogenic development
in the Gulf region has led to the release of this stored carbon, exacerbating the situation [47].

Based on the problem of surface loss in wetlands, both mangroves and water surface,
Gillis et al. [48] proposed that more research be carried out on the carbon cycle in deforested
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areas of mangroves. However, Soper et al. [9] stated that it is important to quantify the
compensation in mangroves for the impact of climate change. These impacts are attributed
to anthropogenic activities.

To address wetland decline, Navarro et al. [49] highlighted the importance of the
international chapter of the Society of Wetland Scientists including volunteer scientists, stu-
dents, and early-career professionals, focusing on enhancing the science and conservation
of wetlands in Latin America and the Caribbean (LAC). This region is rich in ecosystem
services, yet it has experienced a significant loss of 60% of its wetlands over the past four
decades. With 46 countries in LAC boasting diverse flora and fauna, crucial and endan-
gered ecosystems necessitate extensive conservation efforts. Research areas including
hydrogeology, climate change, carbon storage, and biodiversity are vital. Notably, countries
like Brazil, Colombia, Costa Rica, Ecuador, Mexico, Peru, and Venezuela harbor substantial
biodiversity within their territories.

3.2. Organic Carbon in Mangrove Soils

The percentage of organic carbon in the soil was also determined. Table 3 groups these
average values by study site and according to the two coverages (forested and deforested)
because these areas are an integral part of the wetlands. In the Caimanera mangrove swamp,
the average value (18.4 £ 1.19) is 1.57 times greater than that of the Llano mangrove swamp
(11.7 £ 0.748), although the difference is evident. Later, with other tests, the significance
between these values was shown because it is logical to launch a trial with this result.

Table 3. Descriptive statistics of organic carbon by coverage.

Wetland Coverage Organic Carbon (%)
The Llano manerove swam Deforested 7.57 £0.508
& P Forested 13.8 % 0.949
The Caimanera mangrove swamp Deforested 564 £ 0.780
Forested 24.3 £+ 0.557

Note: data are average values (+) standard error.

Table 4 as the p-value (p-0.00531) was less than 0.05, it determined that the values
were not normal; and the homogeneity test found that the variances were not equal. Then,
when applying one-way ANOVA using Welch’s method, a significant difference was found
between the percentage of organic carbon and the forested and non-forested areas.

Table 4. One-Way ANOVA (Welch’s).

Variables p
Organic carbon (%) 0.003738
Carbon density (MgC/ha) 0.00001

3.3. Carbon Density in Mangrove Soils

The carbon densities in the studied ecosystems were compared across various depth
ranges within the wetlands (Figure 5). In the forested sites of the Caimanera, carbon density
ranged from 120 to 140 MgC/ha, whereas in the non-forested sites of the Caimanera, and
the forested and non-forested Llano, it varied between 40 and 60 MgC/ha. Across all
locations, it was observed that the carbon density decreased with depth; Table 4. the
statistical test of normality determined that the values were not normal because the p value
(p-0.00531) was less than 0.05. Likewise, after applying the homogeneity test, it was found
that the variances are not equal and, finally, when applying one-way ANOVA by the
Welch’s method, a significant difference was found between carbon density and depth.
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Figure 5. Behavior of carbon density according to wetland depth.

These results are compared with those found in the Farasan Islands, Saudi Arabia,
where carbon reserves in Avicennia marina and Rhizophora mucronata exhibited a similar
depth-dependent decline due to reduced organic matter content [50]. This is because as
we go deeper, the organic matter decreases and, therefore, so does the carbon content as
the mineral material increases [51,52]. The conditions observed in these wetlands play a
crucial role in climate change mitigation by promoting carbon storage within soil /sediment,
preventing its release into the atmosphere as greenhouse gases. Marin-Muiiz et al. [53] ad-
vocated that maintaining a net carbon balance—balancing what wetlands store versus what
is emitted as greenhouse gases—illustrates the pivotal role of wetlands in carbon storage.

In the introduction, it was stated that Brazil contains reserves of 8.5% of the world’s
stored carbon, Hatje et al. [54]. In a study of the upper meter in the mangroves of
Bahia Santos in eastern Brazil, they found stocks of approximately the density of carbon
(263 £ 14MgC/ha). This value represents double that found in Caimanera and five times
more than that of Llano.

In Figure 5, notably, a correlation exists between decreasing carbon density and depth,
a relationship to be elaborated upon subsequently. The forested area of the Caimanera
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harbors more significant carbon reserves compared to the other three areas, and the loss of
forest results in a decline in these reserves.

In Figure 6, seen in another way, a significant difference is evident between the
coverage of the Caimanera compared to the Llano, then the statistical test will be carried
out to corroborate what the data shows.

140
120 @
100

80

60 M Deforested

" E 71 Forested

20

Carbon Density (Mg¢/Ha)

The Llano The Caimanera

Wetland

Figure 6. Box and whisker plot for wetland carbon density.

The Caimanera is located further south of the tropics and experiences higher tem-
peratures throughout the year, according to Simpson et al. [55], which influences greater
productivity and microbial activity, favoring carbon storage. Additionally, another factor
that favors carbon storage is vegetation. Although the same mangrove species were found
in both wetlands, we observed that in the Caimanera there was more dead organic matter
and leaf litter on the surface at the sampling points. Furthermore, the trees were denser
and taller, reaching heights between 15 and 20 m, while in the Llano they did not exceed
10 m in height, indicating a younger age. These findings are consistent with those of
Mereci-Guaman et al. [4], which suggest that organic matter and the type of vegetation
influence carbon storage.

Among the multiple factors that can explain the growth of the mangrove, such as the
type of soil and its physicochemical properties, the age of the forest, and climatological
conditions, this research took into account only the geographical position and especially the
temperature. According to Wu et al. [56], temperature limits the growth and expansion of
mangroves at higher latitudes such as the Llano compared to the Caimanera. The vegetation
in the Llano is less dense than in the Caimanera because a lower temperature inhibits the
phenological and physiological processes of the plants directly or indirectly [57,58].

Organic matter can be said to be a simple compound mixed with the mineral matrix.
When there is a large amount of leaf litter and root biomass in the soil, it offers high
resistance to decomposition, unlike biomass. Flowers and fruits are more susceptible to
decay. In other words, the stability of organic matter depends on the indigenous source,
and also, an alteration of the mangrove ecosystem makes a difference in the storage and
decomposition of organic matter in the soil [59].

Other factors such as benthic organisms, algae, wave characteristics (including fre-
quency and magnitude), macroorganisms, and microorganisms should also be considered
for future research.

The vegetation, dead in the form of peat, was deposited in the mangrove, occupying
an area in the Caimanera (85.51%) and in the Llano (32.35%). This accumulation of peat
has also been observed in some mangroves in Micronesia, where it was attributed to
the rise in sea levels [60]. Regarding the sediment, it sequesters carbon according to its
texture, which can be silty, clayey, or sandy, each with different sequestering capacities; for
instance, silty sediments tend to sequester more carbon if found in greater proportions than
others [61]. It is important to highlight that despite the results obtained, the heterogeneity
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of mangrove ecosystems poses a challenge for making solid and definitive comparisons
regarding carbon storage, as it depends on multiple hydrogeomorphological variables [53].
Additionally, Chen et al. [62], found contrasting results for carbon reserves and the carbon
storage rate at one meter depth when comparing two mangrove wetlands: one natural and
the other rehabilitated. In the natural area, the carbon storage rate was greater than in the
rehabilitated area; however, the accumulation rate was almost twice as high in the latter,
which was attributed to hydrogeomorphological conditions.

In a more detailed way, when the percentage of organic carbon was compared by
coverage within the wetlands (Table 3), it was evident that in the forested areas, more
OC was found than in the deforested areas for both wetlands. In the Llano, the carbon
storage in the forested area is 1.82 times greater compared to the deforested area, and in the
Caimanera, the carbon detected in the forested area is 4.30 times greater than the deforested
area. On another plane, comparing coverage between mangroves, the highest value in
the forested areas is attributed to the accumulation of carbon in the sediments due to the
live and dead aerial biomass and the leaf litter found in the vegetated sampling points
and, on the opposite side, anthropogenic activities allowed the return to the atmosphere
of carbon in the form of greenhouse gases, in areas devoid of vegetation, converting this
area of the wetland into a source of CO,, as proposed by Aljenaid et al. [8]. This is why
the value is reduced value compared with the forested areas. The result in relation to the
deforested area confirms the results obtained in research carried out by Taillardat et al. [63],
in mangroves, where they found that the OC was lower in the first 30 cm of depth in the
sites with bare soil than in those that had vegetation.

The decrease in organic carbon in deforested areas is due to the lack of vegetation cover
(Figure 7) and the oxygenation of the surface layer that allows the stored carbon to return
to the atmosphere as a greenhouse gas. When the mangrove soil is deforested, the surface
layer is exposed to the sun, temperature, and erosion, which leads to weathering from the
chemical point of view of the sediment, consequently generating higher decomposition
rates, and resulting in variability in the stored carbon [64].

Figure 7. Current appearance of non-forested areas.
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In the Caimanera, approximately 23.20% of the carbon stored in non-forested areas
was lost, while in the Llano region, the loss amounted to 54%. These findings are akin to
the carbon loss observed in Madagascar due to mangrove deforestation, estimated at 20%
within the upper meter [65].

To verify these assumptions, the normality of the data was assessed using the signifi-
cance of the variables as an indicator. The results indicated that the variable per wetland
site exhibited normal behavior (p = 0.1211). However, no normality of the data was detected
according to the coverage (p = 0.0420). After considering the implications of data normal-
ization, as proposed by Tukey and Placket [66,67], who cautioned that it must be carried
out carefully to avoid hiding information, it was decided not to normalize the coverage.

The one-way ANOVA, conducted using the Welch method between average organic
carbon levels, confirmed the non-normality of the data and unequal variances, with a
p-value < 0.0001, indicating significant differences between the wetlands. It is further
affirmed that, across site depths, the Caimanera mangrove swamp exhibits significantly
higher carbon reserves per unit area compared to the Llano mangrove swamp, as indicated
by the Games—-Howell post hoc test for non-equality (Table 5).

Table 5. Games-Howell Post Hoc Test—Carbon Density (MgC/ha).

The Llano The Caimanera
The Llano Mean difference — —-52.7 HEE
p-value — <0.00001
The Caimanera Mean difference —
p-value —

Note. * p < 0.05, ** p < 0.01, *** p < 0.001.

4. Conclusions

Medium-resolution satellite imagery enabled precise mapping of both wetlands’ ex-
tents. Furthermore, empirical evidence revealed that Colombia’s Caimanera wetland
sequesters a larger amount of organic carbon compared to Mexico’s Llano mangrove. Pre-
sumably, favorable topographic, hydrogeomorphological, and other conditions contribute
to this disparity, providing comparative advantages between the two wetlands. Upon
vegetation assessment, the Caimanera exhibited denser foliage with higher organic matter
content than the Llano wetland. The evidence indicated that forested areas in both wetlands
functioned as more efficient carbon sinks compared to deforested areas. This disparity can
be attributed to anthropogenic activities, such as deforestation and construction, which
have transformed previously forested areas into sources of carbon emissions. A significant
difference in carbon storage capacity was observed between the two studied wetlands, and
this trend mirrored the observed differences in wetland coverage.

Based on the conducted research, the gathered data supports the recommendation of
implementing reforestation programs in wetlands to mitigate emissions in non-forested ar-
eas. This information is pertinent for global carbon budgets, underscoring the necessity for
similar studies in tropical and subtropical regions of Latin America. Further investigations
of this nature are crucial for maintaining accurate global carbon balances.
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