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Mangroves are coastal ecosystems recognized by their capacity to store
organic carbon, even more so than tropical and temperate forests. Therefore,
they contribute to the local adaptation and mitigation of climate change.
Mangroves have different characteristics that origin mangrove ecological
types. There are few studies on mangroves in karstic environments, where
there is spatial heterogeneity associated with topography-hydroperiod-nutrient
interactions. To estimate the total carbon stock in mangroves and determine
whether carbon storage differs according to the mangrove ecological type
in a natural protected area in the karstic region of the Yucatan Peninsula
(northern Ria Celestun Biosphere Reserve), a study was conducted following
the recommendations of the IPCC Good Practice Supplement for wetlands
and standardized methods used in mangroves studies around the world.
According to the results, mangroves associated with springs, called “petenes”
or hammock mangroves, showed higher total ecosystem carbon stock (683.7
Mg C ha~1) than fringe, basin, and dwarf mangrove ecological types (429,
385, and 214 Mg C ha™!, respectively). Above- and below-ground carbon
stock was different between mangrove ecological types. Carbon stock variation
was related to environmental hydrology variables (flooding level, interstitial
water salinity, and redox potential). According to the $!3C analysis from the
surface soil, carbon accumulated in mangrove sediments in a karstic scenario
is mainly autochthonous and predominantly originates from mangrove leaves.
Carbon stock in mangroves in the northern Ria Celestun Biosphere Reserve
was 9.7 Tg C, of which 40.7% comes from dwarf mangroves due to their
extension. These results could be used as a tool for developing specific
management actions at regional or local scales for mangrove restoration
and conservation.

blue carbon, climate change, karstic environments, ecosystem services, mangrove types
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1. Introduction

Coastal ecosystems are in the confluence zone between
terrestrial and marine environments, essential to human
communities for the variety of ecosystem services (ES) they
provide (Costanza et al., 1997; Daily, 1997; Millennium Ecosystem
Assessment [MEA], 2005). Mangroves have specific adaptations
to tolerate salinity, periodic flooding, and changing sediment
characteristics (Lewis, 1995). Derived from these characteristics,
mangroves are habitats for commercially important species,
provide protection against storms and hurricanes, improve water
quality, regulate greenhouse gas, and are a tourism and cultural
attraction (Marois and Mitsch, 2015; Menéndez et al., 2020; Rijal
et al., 2020; Zu Ermgassen et al., 2020; Maza et al., 2021).

For regulatory ESs, mangroves significantly influence various
processes, including those related to gas dynamics, mainly carbon
dioxide (CO;). Mangroves have the capacity to sequester and store
organic carbon at high concentrations. They are forests with a
greater storage capacity in the form of organic carbon above and
belowground, achieving up to 856 Mg C ha~! (Kauffman et al,
2020), which is twice that of tropical forests (400 Mg C ha=1)
and four times more than that of temperate forests (220 Mg C
ha=1!) (Taillardat et al, 2018). According to global evaluations,
mangrove carbon storage varies considering environmental and
geomorphic settings and exists a data scarcity for carbonate
settings (Breithaupt and Steinmuller, 2022; Taillardat, 2022). Based
on this, it is important to generate data at the local level to
support global carbon estimates related to stock, fluxes, and
sequestration rates; this would allow to increase in the number
of studies and samples and improve the statistical power to
detect differences for all sedimentary and geomorphic settings
(Breithaupt and Steinmuller, 2022).

In other matters, mangrove loss is a situation of global concern;
however, it has reduced from 2% to < 0.4% per year in the last
century (Friess et al., 2019). In fact, in recent years, the mangrove
loss rate is 0.13% yearly, and it is caused by anthropogenic factors
mainly, as land-use change, joined to natural factors, such as storms
and hurricanes impacts (Goldberg et al., 2020). Mangrove loss
changes the ecosystem’s functional role from sinks to emitters of
carbon (Lovelock et al., 2011; Adame et al., 2015).

The importance of mangroves forests in the mitigation of
greenhouse gas emissions has driven the valuation of carbon
storage in mangroves under different conditions and scenarios,
mainly in regions where the water supply derives from surface
runoff as rivers (Rahman et al, 2015; Bhomia et al, 2016;
Kauffman et al., 2016; Njana et al., 2018). Forecasts of aboveground
and belowground carbon in mangroves based on climate
and geomorphological characteristics show high variability and
uncertainty in their predictions (Herrera-Silveira et al, 20165
Twilley et al., 2019). This uncertainty on a global scale is related
to the lack of data for some regions, such as those influenced by
groundwater discharge in karstic geomorphologic environmental
scenarios (Herrera-Silveira et al., 2020; Twilley et al., 2019) and
variations in the influence of local characteristics, such as the
hydrology, resources, and stressors (Sherman et al., 2003; Twilley
and Rivera-Monroy, 2005). In this regard, generating knowledge of
karstic mangroves is important due to the limited number of karstic
mangroves samples in global analysis causing an overestimation
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of carbon stock in carbonated settings when models are used
(Rovai et al., 2018).

Mangroves have differences in hydrology, resources, and
stressors that influence carbon stock sources. These differences have
implications for the management of mangroves and the carbon
dynamic. Thus, knowing how changes in mangrove characteristics
at the local level permit making the best decisions for the
conservation and restoration of mangroves.

Mexico is the fourth country with the largest extension
of mangroves in the world with 905,086 ha; 60% of Mexican
mangroves are in the Yucatan Peninsula region (CONABIO,
2021) and the specific setting favors the development of different
mangrove ecological types (fringe, basin, dwarf, and hammock)
(Lugo and Snedaker, 1974).

For this reason, we assessed the total ecosystem carbon stock
in the mangrove ecological types located in a karstic region and
its relationship with vegetation, water, and soil variables. The
hypothesis consists of different mangrove ecological types defined
by characteristics such as hydrology, soils, and forest structure
should have different aboveground, belowground, and total
carbon stocks. Information derived from mangrove carbon stocks
permits us to estimate greenhouse gas mitigation, considering
avoided emissions for mangrove conservation and contributing to
compliance with national and international agreements related to
confronting climate change.

2. Study area

The study area was the northern portion of the protected
natural area of the Ria Celestun Biosphere Reserve (RCBR),
located northwest of the Yucatan Peninsula. The RCBR polygon
occupies an area of 81,482 ha, and the northern area occupies
42,338 ha. Celestun has a coastal lagoon of the same name, which
is 22.5 km long and 1.25 km wide, with an average depth of
1.2 m (Acosta-Lugo et al., 2010; Supplementary Figure A). The
topography is relatively flat with a slope of <1%, except for some
dunes on the sandy bar. The geology is tertiary limestone with
a significant infiltration potential; therefore, there are no surface
water bodies (Batllori-Sampedro, 1995). The soils are shallow
and have limestone-karst characteristics (SEMARNAT, 2000). The
climate is predominantly semi-arid, with rain in the summer
(average annual rainfall of 767 mm). Celestun Lagoon presents
a spatial and temporal salinity gradient, given by its interaction
with the sea and freshwater groundwater discharge as springs
(Herrera-Silveira, 1994; SEMARNAT, 2000).

The RCBR presents various coastal environments, including
dunes, mangroves, petenes, low rainforests, floodplains, aquatic
vegetation, and low deciduous rainforests. The main mangrove
species were Rhizophora mangle, Laguncularia racemosa, and
Avicennia germinans. Within the RCBR, natural resources are
used either for self-consumption or indirectly through fishing,
salt extraction, and ecotourism projects. The identified threats
include loss of mangrove areas, submerged aquatic vegetation,
siltation, and eutrophication of the lagoon; however, the area is
thought to be in good condition, where the main impacted areas
are around urban zones (SEMARNAT, 2000; RAMSAR, 2004;
Herrera-Silveira, 2006).
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3. Materials and methods

3.1. Image classification

Image analysis was carried out using an image to obtain the
mangrove extent in the study area. A Landsat 8 OLI image from
21 to 45 scenes from 01 March 2020, with a 30 m resolution, was
downloaded from the USGS Earth Explorer. The DOS method
was applied for atmospheric correction (Wicaksono and Hafizt,
2018) which transforms the digital values to reflectance, assuming
reflectance from dark objects includes atmospheric scattering
(Cinco-Castro et al., 2022).

A preliminary visual analysis was performed using a “false
color” composition (Villajos, 2006). Five mangrove classes were
observed (fringe, basin, dwarf, disperse dwarf, and “petén”). In
addition, dune vegetation and no-vegetation zones were identified.
For this classification, fringe mangroves border the Celestun’s
lagoon. Basin mangroves are located just behind fringe mangroves
in sites where the terrain topography is low, “petén” mangroves
occur as vegetation islands mainly with a circular shape; and dwarf
mangroves are smaller mangroves.

For each class, polygonal “training sites” were defined using
false color composition and study site knowledge. Supervised
classification was performed using the maximum-likelihood
algorithm (Villajos, 2006; Macedo-Cruz et al., 2010) and the Kappa
index (range 0 to 1) and error matrix were obtained to indicate
classification accuracy based on classification and reference data
differences.

Additionally, the files with polygons for mangrove coverage
were downloaded from INEGI (2016), CONAFOR (2018), and
CONABIO (2021). The extension of each for the delimited study
area was estimated using QGIS 3.22.16.

3.2. Fieldwork and sampling processing

Based on the distribution of the mangrove ecological types
in Celestun, 12 sites were selected around the lagoon (Figure 1).
Three sites were selected for each mangrove forest type. At each
site, one transect was performed, following the methodology and
recommendations of Kauffman and Donato (2012). For each
transect, data collection was carried out at six plots of 0.0025 ha in
dwarf mangroves and 0.01 ha in plots in fringe, basin, and “petén”

mangroves (N = 72).

3.2.1. Aboveground carbon
3.2.1.1. Trees

In each plot, species, height, and diameter at breast height
(DBH) data were recorded at 1.3 m for trees with a DBH greater
than 2.5 cm because, in Mexico, the frequency of trees with a DBH
from 2.5 to 5 cm is high (Rodriguez-Zaniga et al., 2018). For dwarf
mangroves and mangroves with a DBH of less than 2.5 cm, the DBH
of the main trunk and canopy coverage (length, width, and height)
were recorded according to the guidelines of Ross et al. (2001).
The average basal area, height, and density were estimated based
on mangrove type. Based on the structural and site characteristics,
allometric equations (Smith and Whelan, 2006) were used to
calculate the biomass in kilograms (Supplementary Table A).
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Biomass in megagrams (Mg) was converted to carbon (Mg C)
using a conversion factor of 0.46, considering that approximately
46-50% of tree biomass corresponds to carbon (IPCC, 2003;
Kauffman and Donato, 2012).

3.2.1.2. Litter

Considering that organic soils have a significant quantity of
decomposed plant remains accumulated in an anaerobic manner
due to wetland characteristics, such as the flood level, flood time,
and flood frequency (Mitsch and Gosselink, 2007), it is important
to understand the litter accumulated on the forest floor, which
influences the carbon stock. The contents of 50 x 50 cm quadrants
were collected, including stems, leaves, fruits, and seeds, to measure
the aboveground component of the downed material. This material
was dried at 70°C for 36 h and weighed to obtain the biomass (kg).
These values were converted to carbon using a conversion factor of
0.45 (Bouillon et al., 2008; Kauffman and Donato, 2012).

3.2.1.3. Dead and downed wood (DDW)

Dead and downed wood were registered using the line intersect
technique described by Kauffman and Donato (2012). In this
technique, wood pieces of different sizes were measured along the
transect using perpendicular lines. The lengths of the perpendicular
lines represented the different wood diameters. Carbon was
calculated using the quadratic diameter and wood density of pieces
in the line of the transect.

3.2.2. Belowground carbon
3.2.2.1. Fine roots

For the live belowground carbon component, fine root samples
were collected using a nucleator of known volume (10 c¢m in
diameter and 35 cm in length cylinder). The collected roots were
washed, separated from the sediment, and divided into three
classes: 1 (0-2 mm), 2 (2-5 mm), and 3 (5-20 mm). Subsequently,
they were dried in an oven at 70°C for 36 h to obtain a constant
dry weight (Castaneda-Moya et al, 2011). The registered dry
weight corresponded to the biomass (kg). Carbon conversion was
performed using a factor of 0.36 (Kauffman and Donato, 2012).

3.2.2.2. Soil

Two sediment samples were collected from each plot using a
100 cm deep core. Samples were divided into intervals of 0-15, 15-
30, 30-50, 50-100, and >100 cm (Kauffman and Donato, 2012).
In the laboratory, the sediments were dried at 70°C for 72 h to
obtain dry weight. The bulk density and organic matter content
(%) were determined (Kauffman and Donato, 2012). Organic C
was determined from the difference between total C and inorganic
C. Total C was obtained through an autoanalyzer, based on the
complete oxidation of the sample and its conversion to a gas
mixture. Inorganic C was determined by ignition (LOI = Loss on
ignition), where organic matter was burned from the sample in a
muffle for 5 h at 550°C (Dean, 1974; Holme and McIntyre, 1984).
The dry weight was considered before and after the burning, finally
obtaining the ash percentage that remained.

3.2.3. Physicochemical characteristics

In each plot, three interstitial water samples were obtained at
a depth of 30 cm using a syringe and acrylic tubes adapted for this

frontiersin.org


https://doi.org/10.3389/ffgc.2023.1181542
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/

Cinco-Castro et al.

10.3389/ffgc.2023.1181542

T
“004E

T
2304004N

144(|)O4E

T
160004E

SIMBOLOGY
[ Study area

Sampling points
Mangroves
Dwarf
Disperse Dwarf
0 Basin
Il Fringe
Il Peten
Coastal dune
Other coverages

2320004N
1

GCS: WGS 84

Datum: D WGS84

Angular unit: Grades
Produced by: Siuling Cinco

2304004N
I

Cartographic sources:

- Classification: Héctor Hernandez
- OpenStreetMap tiles

104
sy,

Cinvestav

160?04E

FIGURE 1

Mangrove ecological types derived from image classification and sampling points north of Ria Celestun Biosphere Reserve, Yucatan.

purpose. Subsequently, physicochemical data were recorded in situ,
as described below.

3.2.3.1. Salinity (PSU)
This reading was done with an Atago refractometer.

3.2.3.2. Temperature, pH, and redox potential

These variables were measured using an Ultrameter 1™
6PFCE device by Myron L Company. Sensors were calibrated using
the NIST traceable Standard Solution and delivered an accuracy

of £ 1% of reading.

3.2.3.3. Flood level

In each plot, at random points and using a 1 m graduated ruler,
three measurements in centimeters of the water level were taken
from the ground to its surface.

3.3. Isotopic analysis

Stable isotope analysis (8'*C and §!°N) was performed to
determine the organic carbon sources in mangrove sediments.
Twenty-three samples at a depth of 10 cm in the surface sediment
cores were obtained to determine the isotopic composition of
mangrove sediment around Celestun Lagoon. Samples were dried,
weighed, ground to a fine powder using an agate mortar, and
sieved through a 1 mm mesh. Samples were acidified, dried,
and capsulated using 10% acid (HCI) for analysis. Stable isotope
signatures (3'C and §'°N) were determined at the Stable Isotope

Frontiers in

Analysis Laboratory (UNAM) using a continuous-flow gas isotope
ratio mass spectrometer (Delta V Plus). The procedure was
performed in duplicate with an instrumental precision of 0.2%.
The $!3C and 8!°N signals (%) were calculated using ratios of
B3C:12C and NN (heavy and light isotopes, respectively). As
input to the Stable Isotope Mixing Model of the autochthonous and
allochthonous carbon sources, our values for mangrove sediments
and leaves in the mangrove ecological types and values generated
by ( ) for marine sediments,
seagrasses, and other terrestrial wetlands have been used. To run
the Bayesian mixing model the simmr package ( ) was
used for the R software version 4.2.1.

3.4. Carbon estimates

The total ecosystem carbon stock was obtained by the addition
of each of the components analyzed in megagrams of carbon per
hectare (Mg C ha=!):

(1) Total Ecosystem Carbon Stock = Tree C+ DDW C
+ Necromass C + Fine root C
+ Soil C

Values for carbon stock are represented by mean and
minimum-maximum values of the confidence interval at 95%
(Clgsg).

Estimates of ecosystem carbon in Celestun were obtained from
the average carbon storage (C) of each ecological type of mangrove
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and its corresponding area (A), calculated after image classification

( ):
(2) ECOS}’Stem Cstock = [C fringe*Afringe] + [C basin*A basin]
+ [C dwarf*A dwarf] + [C peten*A peten] .

The uncertainty associated with the estimates corresponded
to the propagated error among all the compartments (

). The final values of the carbon content in the
ecosystem were expressed in teragrams (Tg C).

For the emissions derived from mangrove losses, the C
content was converted to equivalent carbon dioxide (COje) by
multiplying the reserve of C (total and by type of mangrove) by
3.67, corresponding to the molecular ratio between CO, and C
( ) because CO; is the most common
gas derived from C; the inventories and emissions are reported in
units of CO,e. Additionally, emissions for the area were calculated
using the average carbon storage and extent of degraded mangroves
in the reserve polygon considering the oxidation of organic carbon
in the first meter in soil deep when mangroves are loss (

; ). In addition to this, 10-year potential
emissions were estimated considering the loss of mangroves and
their stocks and the ( ) emission factor for drained soils
(TIER 1).

For context in terms of the emissions mitigated by mangrove
conservation and those emitted into the atmosphere due to their
loss at local level, estimates were made using a conversion factor
of 3.74 Mg COze corresponding to the per capita emissions per
year of hydrocarbon consumption estimated for Mexico (

)

3.5. Data analysis

3.5.1. ANOVA

To determine the differences between aboveground,
belowground and total carbon stocks in the mangrove ecological
types a Shapiro-Wilks normality test (modified) was performed.
To fulfilling this assumption, an analysis of variance (ANOVA) of

one factor was applied using InfoStat software.

3.5.2. Bootstrap confidence intervals

Non-parametric confidence intervals (at 95%) using the
adjusted boot percentile (BCa) method (

) were used to make estimates of the aboveground,
belowground, and total ecosystem carbon stock of mangrove
ecological types. Calculations were made using the boot.ic function
from the boot package ( ) for R version
4.2.1.

3.5.3. Ordination
A Euclidian
standardized variables of aboveground, belowground and total

triangular matrix was calculated using
ecosystem carbon stock. This matrix was ordinated using principal
coordinate analysis (PCoA) ( ). The PCoA method can
be used with all the descriptors ( ).
PCoA analysis was performed using the cmdscale function in the

R Statistical Software (v4.1.2; ). Finally, to fit
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environmental vectors (physical-chemical parameters) and factors
(mangrove ecological types) in the PCoA, the envfit function
was used. The variables with the highest explained deviation (%)
were represented in the PCoA using the ordisurf function. This
function is a GAM (General Additive Model) that fits a smooth
response surface. Both functions belong to the vegan library (v2.
6-2; ).

4.1. Mangrove ecological types

The estimated mangrove area in this study was 22,263 ha
( ). Celestun mangroves were classified according to their
structural characteristics into fringe, basin, dwarf, and “petén”
( ). The spatial distribution of mangroves in Celestun
indicates that fringe mangroves occupy 2,735 ha, mainly border
the lagoon. Basin mangroves have a extent of 811 ha, and grows
where the terrain topography is low, which permits water entrance;
owing to high evaporation, high salinity was registered ( ).
Dwarf mangrove has an average height of 1.5 m and show a
greater extent in the study area (14,706 ha, considering dwarf
and disperse dwarf mangrove). “Petén” mangrove has a vigorous
vegetation reaching approximately 13 m high but occupies only
4,011 ha. These mangroves are associated with other types of
wetlands, such as tulares, popales, and blanquizales ( ).
), are the
“petén” mangroves while the smallest is the dwarf mangrove.
Regarding the density of trees, dwarf mangroves reach >20,000

The largest trees, considering their basal area (

individuals per hectare, whereas fringe mangroves reach only 1,232
trees.

4.2. C stock by mangrove ecological type

The mean total ecosystem carbon stock in Celestun was 434.6
[Close, = 387.7-490.9] Mg C ha~!, of which the aboveground
component represents 15.9%, mainly tree biomass (88.9%,
61.6 + 44 Mg C ha~!), whereas necromass represents 5.8% of
the aboveground carbon stock. Although transects in dwarf and
“petén” mangroves do not present death and down wood, this
component represents 4.2% of total ecosystem carbon stock, with
3.7 £ 1.7 and 2.1 £ 0.5 Mg C ha™! in fringe and basin mangroves,
respectively. The belowground stock represented 84.1% of the total
carbon, mainly represented by the soil stock (97%, 354.5 £ 186 Mg
Cha™h).

According to the mangrove ecological type, the “petén”
mangrove has the high-value aboveground C stock [92.4
(Clgse = 74.8-113.9) Mg C ha=!] respect to dwarf mangroves
have the low-value [16.4 (Closy, = 10.8-25.4) Mg C ha™!]
[F(3,0.05) = 7.80, p = 0.0002]. The high-value in belowground C
stock was also found in “petén” mangroves [591.3 (Clgsy, = 511.4-
724.7) Mg C ha™!], followed by fringe mangroves [342.5
(Closy, = 321.4-363.3) Mg C ha—!]. Dwarf mangroves have the
low-value in carbon stock in the belowground component [182.0
(Closg, = 130.7-207.6) Mg C ha=!] ( ), portraying the
existing differences in the belowground stock among different
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TABLE 1 Structural characteristics of the ecological types of Celestun mangroves.

10.3389/ffgc.2023.1181542

Mangrove Dominant Basal area Density Biomass
type specie (m? ha—Y (ind ha=1) (t ha=?)
Fringe Rom./L.r. 13.6 +£3.6 55.2 £ 30.6 1,232 £ 556 185+73
(7.4-19.4) (20.0-143.5) (450-2,500) (77-341)
Basin Ag 71429 31.5£213 2,939 £ 1,714 129 £77
(3.4-14.1) (8.5-93.8) (1,000-6,300) (43-355)
Dwarf Rom. 17401 62+26 20,051 = 7,686 17.6 £22.3
(1.5-2.1) (0.7-8.0) (4,400-27,778) (0.3-67)
Petén Rm./Lur. 127 + 4.6 46.9 +20.7 1,684 £ 1,051 192 487
(6.1-19.7) (13.6-81.2) (600-4,800) (61-400)

Mean + SD (min - max). *R.m., Rhizophora mangle; L.r., Laguncularia racemosa, A.g., Avicennia germinans.

TABLE 2 Physicochemical characteristics of the interstitial water of the Celestun mangroves.

Mangrove type Salinity (PSU) Temperature (°C) Redox (mV) pH Flood level (cm)
(Min-Max) (Min-Max) (Min-Max) (Min-Max) (Min-Max)
Fringe 339 £11.84 27.7 £1.44 —211.3 +28.14 6.9+£024 8 2.1£324
(18.7-58.0) (25.6-29.3) (—249.6—155) (6.6-7.2) (0-9.3)
Basin 58.8 4 19.4° 269 +2.6% —243.6 + 64.5%8 6.7 4+ 0.34 31714
(24.0-80.0) (23.9-33.6) (—365.7—106) (6.0-7.2) (0-23.5)
Dwarf 463 +3.2C 27.7 +1.94 —251.9 +27.28 6.9+ 024 B 27.84+19.7 B
(41.4-53.0) (24.0-30.5) (—298.7—197.4) (6.7-7.6) (0-73.0)
Petén 21.3 +£54P 282+ 154 —256.2 +£27.18 7.0 +0.18 124284
(13.1-28.7) (25.0-30.4) (—295—196.7) (6.8-7.1) (0-8.3)
P-value <0.0001 0.2581 0.0079 0.0266 <0.0001

Mean + SD (min-max). *Means with a common letter are not significantly different.

mangrove ecological types [F(3,0.05) = 27.82, p < 0.0001].
Table 3 lists the carbon stock distribution along the soil
profile, showing that the highest carbon storage was in the
“petén” mangrove [F(3,0.05) = 20.04, p < 0.0001]. When
soil profile is considered, in mangrove ecological types 50-
100 cm and >100 cm profiles are different to top profiles
[F(4,0.05) = 86.12, p < 0.0001]. According to the mean
total ecosystem carbon stock (above + belowground) exist
differences between mangrove ecological types [F(3,0.05) = 38.94,
p < 0.0001]. “Petén” mangrove had the high-value [683.7
(Closy, = 610.6-803.9) Mg C ha—1] while the dwarf mangrove had
the small carbon stock [214 (Closy = 136.5-224.4) Mg C ha=!]
(Figure 2).

4.3. Environment control to carbon stock

Interstitial water variables (salinity, temperature, pH, and
redox potential) in mangroves of Celestun present variability.
Salinity and flood level show significative differences among the
ecological types (Table 2). Basin and dwarf mangroves had higher
salinity; but the most acidic conditions were found in the basin
mangroves, and dwarf mangroves a high value in mean flooding
level (27.8 £ 19.7 cm) in relation to the other mangrove ecological
types (Table 2). As for the soil characteristics, as the deep increases,
the bulk density also increases and organic matter decreases
(Table 3).

The relationship between Euclidian triangular matrix of
carbon values was related with independent variables of water
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characteristics and expressed through determination coefficients
(R?) obtaining the following results: flood level (55.7%), salinity
of interstitial water (40.2%) (Supplementary Figures C, D),
and redox potential (31.9%) (Supplementary Table B). In each
ecological type of mangrove, high variability in the composition
of aboveground and belowground carbon stock was observed.
Despite this, the observed difference between the ecological types
of mangroves was 53.98%. The “petén” mangrove presented the
greatest internal variation, but also the greatest amount of total
carbon, with low estimated salinity values (20 PSU) (Figure 3 and
Supplementary Figure C).

4.4. Carbon sources

Surface sediment isotopic analysis showed high values in
variability in 3'3C in the dwarf mangroves relative to the other
ecological types (Supplementary Table C). Figure 4 shows the
observed proportion of the contribution from different carbon
sources and confidence intervals shows estimated values at 95%
for the expected ratio for each contribution in allochthonous and
autochthonous carbon. Accumulated organic carbon in soils in
Celestun’s mangroves was autochthonous, given by Clgsy, = 3.7-
91.5% for mangrove leaves. Leaf mangrove contribution was
higher in the “petén” mangroves (Supplementary Figures B-
D). In contrast, “petén” mangroves had a higher 8!°N ratio
than other ecological types. This enrichment can be related to
freshwater discharge from springs associated with this mangrove

type.
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FIGURE 2
Total carbon stock by mangrove ecological type in Celestun, Yucatan. Components for aboveground carbon (live trees, death and downed wood,
and necromass) and belowground (roots and sediments) are included. Error bars are propagated error among all compartments. Aboveground,
belowground and total carbon stock values with a common letter are not significantly different (p > 0.05).

TABLE 3 Soil characteristics (bulk density, organic matter content, total nitrogen and carbon and carbon storage by depth in mangroves ecological
types, Celestun.

Mangrove | Soil deep Bulk density Organic Total Total Carbon
type (cm) (gcm=3) matter Nitrogen Carbon Storage
(%) (%) (%) (Mg C ha~?)
Fringe® 0_15 17 0.18 +0.10 53.70 + 16.94 1.26 +0.63 27.32 4+ 6.83 49.30 + 14.804
15_30 17 0.24 £ 0.16 48.17 4 20.53 0.91 =+ 0.62 24.00 + 6.87 90.01 = 24.36"
30_50 17 0.32 +£0.22 34.01 £ 21.34 0.85 £ 0.52 20.14 £ 7.03 80.72 + 38.17A
50_100 17 0.37 £ 0.20 30.92 =+ 22.45 0.70 £ 0.61 17.76 + 6.07 180.80 + 78.46°
Basin® 0_15 18 0.20 £ 0.07 52.40 & 16.47 1.49 & 1.09 25.04 &+ 7.07 46.59 +10.78%
15_30 18 0.37 +£0.18 37.11 = 23.05 0.80 = 0.63 20.44 £ 7.15 4576 + 12.714
3050 18 0.47 £ 0.22 32.50 £ 21.12 0.70 £ 0.53 18.00 + 6.60 59.02 + 21.50°
50_100 18 0.59 + 0.32 25.73 £+ 15.87 0.68 =+ 0.55 16.34 4 5.52 152.06 + 58.15¢
Dwarf® 0_15 14 0.22 4 0.13 45.46 +17.48 1.27 £0.54 24.08 £ 5.58 48.87 & 27.447P
15_30 14 0.47 £0.19 18.65 4+ 11.82 0.42 £ 0.39 14.17 +2.79 35.35 + 10.304
30_50 14 0.58 +0.15 12.38 4 2.51 0.30 £ 0.21 12.67 +2.12 50.97 & 23.2948
50_100 12 0.74 +0.22 10.76 + 1.17 0.28 +0.25 12.86 4 2.81 76.67 + 47.04°
Peten® 0_15 18 0.11 4 0.04 79.42 4+ 3.63 225+ 1.10 34.09 4 7.42 46.93 + 17.834
15_30 18 0.12 +0.03 77.50 £ 11.72 2.31 £ 0.40 34.78 + 6.41 55.16 + 16.50%
30_50 18 0.14 + 0.08 72.83 = 20.96 2.07 £ 0.63 34.02 +7.98 87.31 & 39.36"8
50_100 18 0.17 £ 0.10 77.59 + 14.42 2.11£0.71 37.55 +7.52 300.62 =+ 73.66°
>100 3 0.22 +0.06 75.92 + 1.58 2.05 =+ 0.46 36.90 + 5.14 449.25 4 178.35€

Values represent Mean == SD. * Means with a common letter are not significantly different.

4.5, Total carbon stock

Considering that the average C stock in Celestun is 434.6
[Close, = 387.7-490.9] Mg C ha~! and the mangrove extent in the
north portion of the protected area is 22,263.3 ha, the estimate
for ecosystem carbon is 9.7 [Closy = 8.6-10.9] Tg C. Although
the dwarf mangrove has a low average C storage compared to
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the other mangroves, 40.7% of the C stored in this area is in this
ecologic type due to its extension. In contrast, the mangrove basin
had the lowest contribution to the ecosystem service of C stock
(4.4%) (Table 4 and Figure 5). Considering the variability in official
mangrove extension for the same area, the carbon stock was 8.1 Tg
Cin 18,716 ha for CONABIO, 8.8 Tg C in 20,197 ha for CONAFOR,
and 7.9 Tg C in 18,382 ha for INEGI (Supplementary Figure E).
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FIGURE 3
Principal Components Analysis (PCoA) of the mangrove characteristics of C
circles is proportional to the amount of total carbon.
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source to mangrove sediments. Lines inside boxes represent median values.

Contribution of different sources to the accumulated carbon organic in mangrove sediments in Celestun calculated using Bayesian mixing models.
Matrix plot for mangrove sediments shows the probability distributions of each source, and box plots show the proportional contribution of each
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4.6. Carbon emissions

The mangrove carbon stock in Celestun north represents 35.5
Mt COze, contributing to emissions offsets for more than 9.4
million people using fossil fuels per year in Mexico (Table 4).
However, considering the official mangrove extension, the emission
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offsets are 29.8 Mt COze = 7.1 million people for CONABIO,
32.2 Mt COje = 7.6 million people for CONAFOR, and 29.3
Mt COze = 6.9 million people for INEGI. Considering that the
mangrove deforestation rate in Celestun is approximately 12.14
ha year~!, the avoided emissions for mangrove conservation are
18,953 t COze annually. Thus, mangrove conservation in Celestun
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TABLE 4 Total carbon stock (Tg C) by ecological type in Celestun mangroves.

10.3389/ffgc.2023.1181542

Mangrove Carbon stock Total C stock Mitigated emissions

ecological type Mean % DS Mean * DS (Millions of people)*
[Cl 95%] [C1 95%] [C1 95%]

(Mgcha™l) (Tg C)

Fringe 429+ 63 2,735.6 117 £0.17 L15
(401.8-462.2) (1.09-1.26) (1.07-1.23)

Basin 385+ 96 810.8 031 +0.07 0.30
(337.7-432.0) (0.27-0.35) (0.27-0.34)

Dwarf 214 + 38 14,706.0 3.15+0.17 2.85
(136.5-224.4) (2.0-3.3) (1.96-3.22)

Petén 683 + 221 4,010.9 2.74+0.88 2.68
(610.6-803.9) (2.4-32) (2.39-3.15)

All mangroves 434.6 + 210 22,263.3 9.67 + 4.68 9.4
(387.7-490.9) (8.6-10.9) (8.44-10.69)

* Calculation made considering that the emissions from fossil fuel consumption per capita are 3.75 tons of COp (INECC-SEMARNAT, 2018).
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FIGURE 5
Spatial distribution of carbon stocks in Celestun mangroves.

north is equivalent to mitigating the emissions generated by around
5,054 people who use fossil fuels in 1 year. Additionally, considering
that conditions of mangrove deforestation rate (12.14 ha year~!)
and the IPCC emission factor (7.9 t C ha year™ DR mangrove loss in
Celestun has a 10-year potential emissions of 3,500 t COze.

5. Discussion
The mean of the total ecosystem carbon stock in Celestun
[434.6 (Closy, = 387.7-490.9) Mg C ha~—!]. The mangrove carbon

storage capacity is influenced by regional (climate, geology, sea
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level, hydrodynamics, coastal development, and meteorological
phenomena) and local (microtopography and hydrology) factors
(Fromard et al., 1998; Twilley, 1998; Jerath, 2012; Herrera-Silveira
etal., 2014). According to our results, interstitial salinity and flood
level are some of the main controllers of mangrove characteristics
and carbon stocks because, at high concentrations, they act as
a stressor for mangrove vegetation development (Cintrén, 1982).
Salinity has been inversely related to survival rates, height, average
growth rates, and the average total area of leaves (Kodikara et al.,
2018) and influences the roots production in karstic environments
(Medina-Calderon et al., 2021); therefore, we found an inverse
relationship between this variable and carbon stocks (Figure 3). For
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example, in basin mangroves, salinity is high (Table 2), and tree
growth and carbon stock are limited (Supplementary Figure C).

“Petenes” are a vegetation type formed by islands around
a source of freshwater input (spring), which is rich in nitrates
(Herrera-Silveira et al,, 2014); therefore, the mangrove trees in
these plant formations are in a medium of low water stress
and nutrient richness, which favors the observed vegetation
structure (Table 1). This was reflected in the higher carbon
storage (Figure 2). These high stocks are also associated with the
fact that, as they are the object of constant groundwater inputs,
they remain flooded longer, which is evident when the redox
potential is analyzed, i.e., it is more negative in “petén” mangroves
(Table 2). The prolonged flood time favors the low decomposition
of organic matter, which is incomplete and favors accumulation
(Collins and Kuehl, 2000; Chmura et al., 2003; Herndndez, 2010),
suggesting that this hydrological variable controls the high
potential carbon sequestration, indicating an autochthonous origin.

According to Bouillon et al. (2009), carbon in mangroves
has two crucial components: forest biomass, which serves as a
short-term reservoir (aboveground carbon), and carbon stored in
soils (belowground carbon), which is a long-term reservoir. In
this study, “petén” mangroves had an advantage over the other
mangrove ecological types because they stored the most carbon in
both components.

Fringe mangroves represent the second high value in carbon
stock, followed by basin and dwarf mangroves. This behavior has
also been observed in global and national carbon analysis (Estrada
and Soares, 2017; Adame et al., 2018), in which storage and carbon
sequestration vary according to the mangrove ecological types in a
riverine environmental scenario, highlighting the importance of the
hydroperiod and the characteristics of sediment at the local level in
the variability of these stocks. In Celestun, mangroves are growing
in a karstic geomorphology and semi-arid climate; these scenarios
could suggest low carbon stocks. However, these differences are due
to the hydrology of the zone (Twilley and Rivera-Monroy, 2005).

Dwarf mangroves have a low accumulation of aerial biomass;
although they have low total carbon, they represent a vital carbon
stock (Caamal-Sosa et al., 2012; Adame et al., 2013; Gutiérrez-
Mendoza and Herrera-Silveira, 2015). Carbon storage in dwarf
mangroves could be due to the predominantly karstic conditions,
where phosphorus shortage limits the absorption of nutrients,
whose availability is low in the absence of external contributions.
In addition, the high salinity at some sites acts as a stressor, which
prevents trees from reaching heights greater than 3 m, thus limiting
the productivity of the ecosystem (Lovelock et al., 2011; Adame
etal., 2012). However, the dwarf mangroves carbon stock is of great
importance, given their large extent in the Yucatan Peninsula.

In this sense, in addition to its role in mitigating climate change
by storing GHGs, physical characteristics, such as low heights and
a high branch density provide the dwarf mangrove with advantages
such as a better resistance to storms, floods, and changes in the
tide (Zhang et al.,, 2012). This ecological stability could favor the
accumulation of carbon in mangrove soils over time.

Mean C stock for mangroves in Celestun is less than estimated
by Alongi (2020) and Kauffman et al. (2020) for mangroves
across five continents (856 and 738.9 Mg C ha~!, respectively).
Regionally, the mean C stock in Celestun is near to that reported
for mangroves that also develop in the karst environments of the
Yucatan Peninsula [663 £ 176 Mg C ha™! (Adame et al., 2013) and
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428 4201 Mg Cha~! (Herrera-Silveira et al, 2017)]. These studies
classified mangroves by height, which corresponds to the ecological
types addressed in this study, highlighting that tallest mangroves
have high values in carbon stock in above and belowground
compartments (Supplementary Table D).

The mangroves carbon stock in the karstic ecosystem of
Celestun responds to the hydrological dynamics associated with
topography. The tidal range is relatively low (30-40 cm; Servicio
Mareogrifico Nacional [National Mareographic Service], 2019),
causing a low flow/reflux of nutrients (Camacho-Rico and Herrera-
Silveira, 2015), as well as an almost flat topography (SEMARNAT,
2000) in the zone. Therefore, the export of carbon produced in
the same ecosystem should be low, remaining at the site and
accumulating at different rates, mainly related to the flooding
time in each mangrove type. This accumulation rate increases
when more inland areas are characterized by different vegetation
types (Moreno-Casasola et al., 2017). This information is reflected
in the PCoA results, where the flood level explains the highest
percentage (55.7%) of the variation in the total ecosystem
carbon stocks through mangrove ecological types (Figure 3).
In addition, this analysis has been shown to influence the
physicochemical characteristics of water, mainly those related to
the oxidation/reduction conditions (Mitsch and Gosselink, 2007;
Niedermeier and Robinson, 2007).

Due to the
hydrology, resources, and stressors between mangroves influence
by surface freshwater through rivers and those with groundwater

differences between characteristics such as

discharge, stored carbon sources should be different (Rovai et al.,
2018; Twilley et al., 2019; Kauffman et al., 2020; Taillardat, 2022).
We must understand carbon and other nutrient sources, such as
nitrogen, that accumulate in mangrove soils through stable isotope
analyses (Gonneea et al., 2004). Carbon isotopes are used to know
the energy transfer in ecosystems considering that organic material
in sediments usually contains more carbon than the atmosphere
and plant biomass; however, there is enrichment due to biological
processes that yield 1*C proportions similar to dominant vegetation
(Peterson and Fry, 1987). Stable nitrogen isotopes permit the
identification of whether organic matter sources are mainly related
to anthropogenic activities (Ranjan et al., 2011; Hatje et al., 2020).
Knowing the sources of organic material accumulated in
mangrove sediments allows us to use this information for
management programs. The stable carbon isotope values for
mangroves in this study ranged from -27.92 to -23.01%. These
values have a wide range compared with the mangrove sediments
evaluated, e.g., approximately -26% (Hatje et al, 2020), but
they are consistent with the results of Mancera-Pineda et al.
(2009), who also evaluated the isotopic composition of mangrove
leaves. The difference in carbon isotopes in the sediments
is related to the great diversity of mangroves in Celestun.
Our analysis of the carbon sources determined that “petén”
mangroves had the highest contribution of leaves to the carbon
sediment (Supplementary Figure B). In “petén” mangroves, this
hypothesis is supported by low interstitial salinities that favors
high productivity; the leaves produced are accumulated and
decomposed in situ, becoming part of the carbon soil due to
the time of flooding in this mangrove. This indicates that the
flooding time could be an important variable for organic carbon
accumulation in mangrove ecosystems. These should be considered
for management strategies as restoration programs if the objective
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is to accumulate as much carbon as possible as part of the carbon
market advancement.

In contrast, the stable nitrogen isotope, 5N, is used
to differentiate sources of nitrogen pollution in freshwaters,
particularly those derived from human activities (Matiatos et al,
2021). The N values in mangrove forests are <1% (McKee
et al, 2002), but the range in this study was 4.06-7.59%, values
higher than those reported for Brazilian mangroves (Hatje et al,
2020). High values were obtained in the “petén” mangroves
because sinkholes are their water source. These waters derive from
inland areas that arrive at the mangroves in the coastal zone
as groundwater, transporting nitrogen derived from municipal
sewage, animal waste, and industrial and atmospheric sources. This
5N enrichment directly affects the ecosystem and contributes to
global warming because mangroves may increase N, O fluxes to the
atmosphere (Reis et al., 2017).

Autochthonous sediment sources characterize mangroves in
the karstic scenario of Celestun, which indicates that accumulated
carbon on surface sediments is produced “in situ,” most of which
originate from mangrove leaves. The carbon source distinguishes
them from other geomorphological scenarios in which carbon
originates and accumulates in a different manner (Adame and Fry,
2016). An important aspect to highlight is the need for studies
focused on identifying carbon routes in the ecosystem, which
are essential for an understanding of the stocks and fluxes of
this element and the ESs it represents. However, we must also
consider that the stable isotope results reveal the sources of carbon
accumulated in mangrove ecosystems. This information is key to
designing suitable management strategies with a local approach if
the source is autochthonous, or with a regional approach if the
source is allocated considering the ecosystem’s connectivity. Most
efforts to mitigate the effects of climate change have been focused
on tropical and temperate forests. However, marine and coastal
ecosystems can play important roles and contribute significantly
considering that mangrove coverage loss and negative changes in its
vegetation structure have reduced its carbon sequestration capacity.
Additionally, in the absence of vegetation cover, the carbon stored
in soils is released into the atmosphere, changing their functional
role as net sinks to net emitters of greenhouse gases (Lovelock
et al, 2011; Adame et al,, 2015). In this sense, global emissions
from mangrove loss are projected to reach 2,391 Tg COe by
2,100 (Adame et al,, 2021). However, mangroves in the Celestun
north area have a total organic carbon stock of 35.5 Tg COze,
if the forest is conserved this carbon can remain stored. This
value represents around 30% of the carbon pool in 67,263 ha of
mangroves in the Sian Ka'an Biosphere Reserve (105.7 Tg COze;
Herrera-Silveira et al.,, 2017). In terms of mitigation, this implies a
significant contribution; however, under the current conditions of
an accelerated loss of coastal ecosystems, mainly due to land use
changes, it can represent a severe risk (Reis et al., 2017). The loss of
Celestun mangroves adds to the atmosphere’s significant emissions,
considering a conservative scenario in which 25% of the carbon is
stored in the ecosystem (Pendleton et al., 2012).

The differences among official extensions of mangroves in
the Celestun north area demonstrate that by underestimating
the mangrove areas in the reserve, the emissions offset by the
ecosystem are also underestimated. The same happens with the
emissions estimates derived from mangrove loss. This shows that
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it is important to have activity data and emission factors at the local
level to reduce the uncertainty of the estimates.

The Celestun mangrove forest provides valuable ecosystem
services, such as aboveground and belowground carbon storage.
This service makes mangroves ideal candidates for a part of the
payment scheme for blue carbon ESs, also contemplating other
services they provide (Lau, 2012), depending on the forest structure
and function of each of the mangrove ecological types identified.

Hydrological, topographic, and physicochemical characteristics
determine the mangrove type and sustain ecosystem dynamics.
A change in topography or hydrology can change the condition
of a mangrove. When a mangrove is degraded, we must consider
restoration in the dynamics of carbon storage (Teutli-Herndndez
and Herrera-Silveira, 2016; Pech-Cardenas and Herrera-Silveira,
2017). Carbon capture accelerates in the early stages of recovery
(Zenteno-Diaz et al, 2016; Us-Balam et al., 2018), providing a
service that can address voluntary carbon markets.

6. Conclusion

The distribution of the different mangrove ecological types is
mainly due to patterns related to the hydrology and topography of
the site; therefore, at Celestun, the mangroves of the dwarf type are
the most extensive (14,706 ha).

The mean total ecosystem C stock in the Celestun mangroves
is 434.6 [Closy, = 387.7-490.9] Mg C ha~!. Carbon stocks vary
according to mangrove characteristics, with “petén” mangroves
having the highest aboveground and belowground stocks.

The most significant variables that explain the differences
in carbon storage in the different mangrove ecological types of
Celestun are related to hydrology (salinity, flood level, and flooding
time). Flooding time must be investigated, as well as the climatic
seasons and their influence on the hydrological dynamics and
physicochemical characteristics of the water.

Carbon dynamic acknowledgment support decisions related
to the conservation and restoration of coastal ecosystems.
However, emissions for mangrove deforestation and degradation
are underestimated, but even with these numbers, mangrove
conservation is urgent considering that the information
currently generated highlights the importance of local data in
regional and global carbon evaluations that consider spatial and
temporal variations in mangrove structure, carbon and ecosystem

services that provides.
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