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Mangrove vegetation is strongly dependent on the climate, the physicochemical variables

of the sediment, and the hydrological dynamics. These drivers regulate the distribution

of different mangrove ecotypes and their ecosystem services, so the net sediment

accumulation rates in different mangrove ecotypes in Celestun Lagoon, a karstic zone in

the NW Yucatan Peninsula, SE Mexico, were estimated. The measurements considering

mangrove ecotypes and their spatial variability concerning the lagoon’s salinity gradient

(inner, middle, and outer lagoon zones) in three climate seasons (dry, rain, and “nortes”)

were realized. We registered the structural variables of the forest, interstitial water

physicochemical characteristics, and sediment variables that could influence the net

sediment deposition. Fringe mangroves are exposed to low hydrodynamism and show

the highest sedimentation rate (3.37 ± 0.49 kg m−2 year−1) compared to basin (1.68 ±

0.22 kg m−2 year−1), dwarf (1.27 ± 0.27 kg m−2 year−1), and “peten” (0.52 ± 0.12 kg

m−2 year−1) mangroves. The highest sedimentation rate was recorded in the rainy

season (0.24 ± 0.08 kg m−2 month−1), while spatially, the highest value was registered

in the outer zone (0.44 ± 0.09 kg m−2 month−1). If the extension of each mangrove

ecotype is considered, dwarf mangroves have the highest annual sediment accumulation

(1,465 t year−1 in 14,706 ha). The structural, physicochemical, and sediment variables

of the sites by mangrove ecotype show that dwarf mangroves represent a distinct group

from those formed by fringe, basin, and peten mangroves. However, the sedimentation

is high in fringe mangroves at the front of the lagoon and diminishes inland where peten

mangroves exist. The differences are given by tree density, but salinity, as a proxy variable

of the freshwater influence, significantly influences the sedimentation rate. These results

indicate that mangroves in karstic environments can have critical roles in confronting

climate change, considering water and sediment flows are the basis of sediment

accumulation. According to their hydrogeomorphological drivers, conserving, managing,

and restoring the mosaic of mangrove ecotypes improves ecosystem services, including

mitigation and adaptation to climate change.
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INTRODUCTION

Mangroves grow in the sea–land confluence zone of tropical
and subtropical regions. This ecosystem shows variability in
its vegetation characteristics and adaptations like prop roots
and succulent leaves (Naskar and Palit, 2015). Different forest
types can be observed according to their vegetation structure,
growing in diverse areas with hydrological, physicochemical, and
sediment characteristics (Middelburg et al., 1996). The sediment
accumulation in mangroves shows patterns (Adame et al.,
2010) at spatial and temporal scales related to hydrodynamics
(e.g., floods, water flows, precipitation, tides, surges, and
storms), which, in turn, control organic and inorganic sediment
supplies (Woodroffe et al., 2016), modulated by terrain slopes,
topography, and geomorphological features (Twilley and Rivera-
Monroy, 2009; Cannon et al., 2020; MacKenzie et al., 2021).

The interactions between these characteristics generate many
ecosystem services (Getzner and Islam, 2020). Some of them
are related to reducing mangroves and adjacent habitats’
vulnerability to climate change impacts, including supporting
ecosystem services originating from key ecological processes such
as soil formation, nutrient cycling, and primary productivity.
These processes are essential for other mangrove ecosystem
services, such as wood and food provision (Mitsch et al., 2015).

The sediment capture is one of these critical ecological
processes that contribute to a supporting ecosystem service, as
the sedimentation in coastal ecosystems is associated with the
regulation of tidal flow speed (Kobashi and Mazda, 2005) and
the concentrations of suspended sediment and organic matter
in the water flowing through mangroves (Kobashi and Mazda,
2005; Adame et al., 2015; Friess and McKee, 2021). There is a
direct relationship between features such as tree density and dead
trunks and water flow, thus determining sedimentation patterns
in mangroves (Mazda et al., 1997; Montgomery et al., 2019).

In response to mesoscale processes related to hydrodynamics
and sediment supply, the mangrove trees develop different
associations and structures of vegetation that originate diverse
mangrove ecological types (mangrove ecotypes): fringe, basin,
dwarf, hammock, overwash, and riverine (Lugo and Snedaker,
1974), which show different functioning that may provide
ecosystem services at different intensities (Agardy and Alder,
2005).

The mangrove capacity to capture sediments is reflected in the
relatively high carbon accumulation observed (5 to 1,722 g Cm−2

year−1; MacKenzie et al., 2021). This carbon accumulation in
mangrove sediments contributes to other ecosystem services that
mangroves provide, such as greenhouse gas regulation, removal
of atmospheric CO2, coastal zone protection against sea storms,
and sea-level rise through the vertical elevation of soil (Alongi,
2008; McKee, 2011). The accumulation of carbon in the sediment
favors an increase in the soil level. This accumulation must be
greater than the decomposition–respiration processes for the
vertical balance of the soil to be positive. If the capture of C
in the soil is not sufficient to overcome subsidence, the site
sinks and is vulnerable to sea-level rise, causing flooding and
putting the stability of the coastal zone at risk (Spalding et al.,
2014). Although the rates of carbon sequestration in sediments

are relatively high in the process of vertical soil accumulation,
there are other factors involved, such as accretion, compaction,
water flows, and the composition and formation of soil by living
organisms, as well as deeper processes at the regional level (Lynch
et al., 2015), that must also be considered.

The source of the sediments deposited in a determined zone is
an essential factor influencing the sediment accumulation rate in
different mangrove ecotypes. According to the geomorphological
features of mangroves, their sediments can have different origins,
so the mineral composition and the size of the particles that
settle can be determined. The size of the particles is crucial
because it is involved in the dispersion: small particles are
usually transported greater distances and settle when the energy
decreases; furthermore, the size of the sediment particles is
related to the absorption of organic material and therefore to the
carbon content at the site.

The use of stable isotopes, mainly carbon and nitrogen, is a
valuable tool to determine the transference routes of materials
(Adame and Fry, 2016), which is essential to identify the
origin and transport routes of organic and inorganic material
in sediments. This information allows us to deduce the role
of an ecosystem as a sink, transformer, or source of organic
material. In the places with relatively low hydrological dynamics
(low energy level, small tidal ranges, no surface currents),
mangroves are transformers and carbon sinks, which is reflected
in high capture rates in the soil. The drivers that influence
the accumulation and retention of sediments have been studied
little (MacKenzie et al., 2021), but they respond to the influence
of the local characteristics of the area. Knowing the sediment
sources, such as where they come from, how the sediments
support the processes, and functions of the mangrove forest is an
essential tool for decision-making on management, considering
the local dynamics.

The knowledge of the functions and processes of mangroves
is the starting point for adequate management of the ecosystem,
including decisions related to conservation and restoration based
on these features that result in an essential tool for adaptation and
mitigation to climate change. Knowing the factors associated with
the processes; for example, what characteristic is responsible for
the role of a sink, source, or transformer that a certain mangrove
plays, as well as the source of sediments and carbon, helps to
spatially and temporally delimit the implementation of actions
that achieve conservation and restoration objectives.

However, mangroves are differentially vulnerable to climate
change impacts according to variables related to hydrodynamics
(Cinco-Castro and Herrera-Silveira, 2020). This hydrodynamic
in the coastal zone is modified according to predictions on
changes in precipitation patterns and sea-level rise (IPCC, 2021)
because the water dynamics at a site depend on what happens
in the basin and how much water reaches the coastal area. The
predictions related to more or less precipitation then influence
the hydroperiod, salinity, redox potential, productivity, and
decomposition processes of organic matter in mangroves, which
translates into different sedimentation rates.

As sedimentation dynamics in mangroves contribute to
conserving these ecosystems for a long time, maintaining
and improving their hydrologic and topographic characteristics
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should be part of management policies (Chow, 2018). These
characteristics guarantee ecosystem services at local, regional,
and global scales. Based on the above, the objectives of this
study were to determine differences in net sedimentation rates
in different mangrove ecotypes distributed in a spatial gradient.
The gradient is due to salinity in the lagoon and functions as the
main stressor in mangrove ecosystems. The temporal variability
takes into account distinct climatic seasons. Also, variables that
influence sediment capture changes are identified, considering
the sediment origin and composition.

STUDY AREA

The study area is in the mangrove forest in the north of
Ria Celestun Biosphere Reserve (RCBR) in the NW Yucatan
Peninsula (SE Mexico, Figure 1). The Yucatan Peninsula is
geomorphologically formed by Tertiary limestone with high
infiltration potential, which causes the absence of surface water
but high groundwater flows (Batllori-Sampedro, 1995). The soils
are shallow limestone, and topographically, the soil surface
slope is less than 1% (SEMARNAT, 2000). These settings create
an aquifer with a hydraulic gradient of 7–10mm km−1 (Rey,
2012). The climate is predominantly dry, with an average
annual precipitation of 759mm but high interannual variability
(395–1,239mm year−1). However, there is a marked seasonal
variation, with a dry period from March to May, heavy tropical
rainfalls from June to October, and soft rains from November to
February. This last season, called the “Nortes” season, represents
a meteorological phenomenon that usually appears with rains,
wind, and surges that change the hydrologic dynamics in the
coastal zone.

Ria Celestun is a 22-km-long coastal lagoon with an average
width of 1.25 km and an average depth of 1.2m (Acosta-Lugo
et al., 2010). This lagoon has a marked spatial salinity gradient
that varies with the seasonal meteorological characteristics
mentioned above (Herrera-Silveira, 1994) and the sea–lagoon
flows, which establish minimum and maximum water residence
times between 7 and 63 days, respectively, at the outer and inner
parts of the lagoon (Herrera-Silveira and Comin, 1995). The
groundwater springs are freshwater inputs with a maximum flow
of 7 m3 s−1 during the rainy season and a minimum of 1.2 m3

s−1 in the dry season (SEMARNAT, 2000). The tides are 0.76m
in breadth (Torres-Mota et al., 2014) and they have a propagation
efficiency in the aquifer of 39% (Rey, 2012).

Celestun has a great diversity of submerged aquatic vegetation,
coastal dunes, mangroves, water bodies, floodplains, and lowland
rainforests. The mangrove forests in the reserve polygon
cover ∼45,000 ha (CONABIO, 2021), and based on vegetation
structural characteristics, the following mangrove ecotypes could
be observed: fringe, basin, dwarf, and peten. On the Yucatan
Peninsula, peten refers to a type of mangrove growing like a
vegetation island associated with springs or “ojos de agua” that
provide freshwater. These water inputs are characterized by
low salinity and high nutrient concentrations, mainly nitrates,
favoring less stress and resources available for tree growth. The
Peten term is similar to the “hammock” mangrove ecotype
described by Lugo and Snedaker (1974) in Florida.

Within the limits of the RCBR, the use of natural resources
is made both for self-consumption and for commercial purposes
through fishing, salt extraction, and ecotourism projects
(SEMARNAT, 2000; Ramsar, 2004). Among the identified threats
are mangrove and submerged aquatic vegetation losses, lagoon
siltation, and eutrophication; however, altogether, mangroves in
Celestun are considered in good condition from an ecological
conservation point of view (Herrera-Silveira and Morales-Ojeda,
2010).

METHODOLOGY

Mangrove Ecological Types
A satellite image analysis was carried out to obtain the mangrove
extent in the study area. The mage from 1 March, 2020,
from 21–45 scene (path and row), referred to Worldwide
Reference System, from Landsat 8 OLI with 30m resolution
were downloaded from USGS Earth Explorer. During the
preprocessing, an atmospheric correction was applied using the
dark object subtraction (DOS) method, one of the most effective
atmospheric correction methods (Wicaksono and Hafizt, 2018).
The DOS directly transforms the digital values to reflectance,
assuming reflectance from dark objects includes the atmospheric
scattering (see Supplementary Annex A).

A preliminary visual analysis was carried out using a “false
color” composition [Near-Infrared (NIR), red, and green].
For mangroves, five classes were observed according to their
reflectance (fringe, basin, dwarf, disperse dwarf, and peten).
Additionally, dune vegetation, without vegetation zones, and
saline soil areas were identified. The polygonal “training
sites” were defined using false-color composition and in situ
verification for each class. A supervised classification was carried
out using the maximum likelihood algorithm considering bands
2, 3, 4, and 5. The Kappa index (range 0 to 1) and error
matrix were obtained to indicate classification accuracy based on
classification and reference data differences.

For the monitoring of filed, 16 permanent plots (100 m2 each)
representing different mangrove ecotypes, fringe (5), basin (7),
dwarf (2), and peten (2), were selected to be studied according to
the zone’s knowledge. These plots were distributed in a spatial
gradient given by salinity in three zones of the east shore of
Celestun Lagoon: (a) the inner zone, characterized by freshwater
inputs due to numerous springs (North); (b) the middle zone,
represents the central point of the lagoon and is a mixing
area where freshwater from the inner zone and marine water
from outer zone converge; (c) the outer zone (South), located
in the coastal lagoon inlet showing the marine influence and
generally high salinity to the rest of the lagoon (Figure 1). The
differences in permanent plots number among mangrove types
are due to fringe and basin mangroves that exhibit a significant
variability around the lagoon gradient compared with dwarf
and peten mangroves that are usually more homogeneous. The
forest structure vegetation was recorded in each plot once, and
environmental variables (physical and chemical characterization)
were sampled in all the plots in three seasons: (a) dry (March to
May), (b) rains (June to October), and (c) “nortes” (November
to February).
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FIGURE 1 | Study sites in Celestun (Yucatan, México). Location by lagoon zones (distance among Inner, Middle, and Outer zones is 8 km on average) and by

mangrove ecological type (distance among fringe, basin, dwarf and peten mangroves varies from 300 to 1,500 m).

Structure Vegetation Variables
To determine the forest vegetation structure in each mangrove
ecotype, species, height (H), and the diameter at breast height
(DBH) in all trees with diameters greater than 2.5 cm were
recorded in each plot according to the methods described by
Rodríguez-Zúñiga et al. (2018). From these data, basal area (BA,
m2 ha−1) and density (D, ind ha−1) were calculated, including
seedling density at each site (ind m−2). Seedling density is an
indicator of natural regeneration related to mangroves’ resilience
capabilities (Ellison, 2012).

Sedimentation Rate
Five sediment traps were located at the soil surface level in
each permanent plot to measure the sedimentation rate in dry
weight per area per time. Traps were created using filter paper on
8.2 cm diameter Petri boxes and metal mesh as protection. Wire
fasteners were used to fix traps in soil (Supplementary Figure A).

The traps were exposed in the field for 30 days in each climate
season in 2019: a) dry (from 30 April to 30 May), b) rains (from
23 August to 22 September), and c) “nortes” (5 November to
5 December). Later, the traps were collected and carried to the
laboratory. The materials such as leaves, trunks, and unidentified
elements were separated, and sediments were dried using an oven
at 70◦C for 72 h to obtain the dry weight. The sedimentation rates
were calculated using dry weight, filter area, and exposure days,
according to the following equation:

Sedimentation rate
(

g cm−2day−1
)

=

filter weight t1
(

g
)

−filter weight t0
(

g
)

filter area
(

cm2
)

∗number of days

The sedimentation rate was annually extrapolated by mangrove
ecotype as kg m−2 year−1, considering the seasonal rates
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and the extension of the respective mangrove ecotypes in the
RCBR polygon.

Environmental Variables
The environmental variables influence mangrove structure and
provide information about the processes occurring in the
ecosystem. These processes can be related to the sedimentation
rate so that, in each plot, three samples of interstitial water at
30 cm depth were collected using a syringe and perforated acrylic
tubes. The salinity was recorded using an Atago refractometer.
The temperature, pH, and redox potential were recorded using an
Ultrameter IITM 6PFCE device. Furthermore, in each plot, three
aboveground flood levels were recorded, measuring 3 times the
water height from the soil surface to the water surface using a 1m
ruler at the same sites as sediment, and environmental variables
were recorded.

Sediment Source and Characteristics
A surface sediment sample (0–15 cm deep) was collected using
a metal nucleator 5.25 cm in diameter in each permanent plot.
The samples were characterized and dried at 70◦C for 72 h.
The measures bulk density (BD), organic matter content, total
phosphorous, nitrogen, and carbon content in sediments were
measured to determine sediment variables and register how
they change spatially and temporally. The BD was obtained
from dry weight and sample volume quotient. The organic
matter content was determined using the weight difference after
sediment calcination at 550◦C for 4 h (Chen and Twilley, 1999).
The phosphorous content was determined using Strickland and
Parsons’s (1972) methodology. In sediments, the total nitrogen
and carbon (%) were measured in an elemental autoanalyzer
model Flash-EA-1112 using 20–30mg of previously ground
and homogenized samples. The organic carbon content was
determined from the difference between the total and inorganic
carbon determined after the ignition method (Heiri et al., 2001).

Cores of 5.25 cm in diameter and 5-cm deep surface sediment
were taken for organic matter isotopic composition analysis
to establish the sediment origin in each mangrove type. The
isotopic signatures (δ13C, δ15N)were determined after grounding
the samples with an agate mortar and were analyzed with an
isotope ratio mass spectrometer and an elemental autoanalyzer.
The calibration was based on acetanilide. The procedure was
performed in duplicate, with 0.2% accuracy in both cases.
δ
13C and δ

15N were calculated using the 13C:12C and 15N:14N
relations of the sample (Rx) and standard (Rs) according to the
following formula:

δ [%◦]=

(

Rs

Rx
−1

)

∗1000

A mixed model diagram was used to determine the possible
sediment sources, considering δ

13C and N:C, and to compare our
data in sediments withmangrove leaf values, senescent mangrove
leaves, mangrove sediments, C3 plants, and mangrove-associated
herbs (Batis maritima and Salicornia virginica). A rearranging
isotopic mixing equation was applied (Shultz and Calder, 1976)
to determine the autochthonous carbon fraction, comparing

terrestrial source (mangrove leaves) and marine (phytoplankton)
values with values in our sediment samples:

Ft=
∂C13

sediment− ∂C13
marine

∂C13
terrestrial− ∂C13

marine

Data Analysis
A modified Shapiro–Wilks normality test determined the
sedimentation rate differences between mangrove types, seasons,
and lagoon zones. Amultifactorial analysis of variance (ANOVA)
was run to fulfill this assumption. The same procedure was
carried out for structural, interstitial water physicochemical, and
sediment variables, including isotopic signatures.

The Similarity Percentages analysis (SIMPER) was carried
out to determine the dissimilarity between mangrove ecotypes.
The Pearson correlation coefficients were considered to identify
correlated variables. A linear discriminate analysis (LDA) was
carried out to determine the relationships of structural, physical–
chemical, and the sediment characteristics with sedimentation
rate, considering only variables that do not correlate between
them. All data analyses were carried out using R 3.6.3 and
InfoStat 2019.

RESULTS

Mangrove Ecotypes
The study area is a polygon in the north of the RCBR
whose terrestrial and marine environments extend 42,739 ha.
The image classification accuracy is 91.2% and 0.9058 for the
Kappa coefficient. All classes were classified with accuracy more
than 80% (Supplementary Figure B). Based on this, mangroves
cover 26,133 ha, and the spatial distribution is related to the
zone’s characteristics, such as hydrology and topography. Fringe
mangroves cover 2,735 ha bordering the lagoon and in the coastal
zones where mangroves are strongly influenced by the ebb and
flow of the tide. Basin mangroves have an extension of 811 ha
and are located behind the fringe mangroves, in zones where the
topographic profile is usually lower, favoring water accumulation
during the ebb and increasing water and soils salinities due to
high evaporation. The peten mangroves are identified as the
highest vegetation (>15m) due to freshwater discharges to which
they are associated. This mangrove type has an extension of
4,011 ha. Finally, dwarf mangroves are smaller trees (see Results
section) because they grow in areas with nutrient limitations.
Despite this, dwarf mangroves cover 14,706 ha. However, in
Celestun, dwarf mangroves can be associated with other types of
wetlands inland (Figure 1).

Vegetation Structure
Mangroves in the Celestun area have structural characteristics of
the vegetation that define the ecotype. The data show that the
peten mangroves (n = 55) have higher DBH and height (29.8
± 2.2 cm and 14.8 ± 2.0m, respectively) than fringe (n = 150,
20.2 ± 1.4 cm, and 11.7 ± 1.3m) and basin mangroves (n =

327, 16.1 ± 1.2 cm, and 11.1 ± 1.0m, respectively). The dwarf
mangroves (n = 119) are, on average, the smallest (1.8 ± 2.4 cm,
1.67± 2.2m), but they show high tree density (26,444± 1,393 ind

Frontiers in Forests and Global Change | www.frontiersin.org 5 May 2022 | Volume 5 | Article 733820

https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org
https://www.frontiersin.org/journals/forests-and-global-change#articles


Cinco-Castro et al. Sedimentation in Types of Mangroves

ha−1), which makes them significantly different from the other
types (p < 0.05). Seedling densities vary from 6 to 12 ind m−2;
however, the mangrove types are not significantly different when
we consider this variable.

According to the lagoon zones, DBH and height were
significantly higher in the inner zone (n = 129, 23.80 ± 1.4 cm,
and 18.26 ± 0.5m, respectively) than in the middle (n = 369,
DBH: 15.66± 1.3 cm, H: 8.59± 0.6m) and outer zones (n= 153,
DBH: 13.63 ± 1.4 cm, H: 7.09 ± 0.6m) (p < 0.0001). However,
the density and the basal area were higher in the middle zone (D:
5,481± 929 ind ha−1, BA: 73.91± 5.8 m2 ha−1) than in the other
zones of the lagoon (p < 0.05). The seedling density is higher in
the middle zone of the lagoon (12 ind m−2) than in the outer (9
ind m−2) and in the inner zones (7 ind m−2).

Sedimentation Rate
The highest sedimentation rate was registered in fringe
mangroves (3.37 ± 0.49 kg m−2 year−1), followed by basin and
dwarf mangroves (1.68± 0.22 kg m−2 year−1 and 1.27± 0.27 kg
m−2 year−1, respectively). The lowest value was observed in
peten mangroves (0.52 ± 0.12 kg m−2 year−1). Therefore, a
decreasing pattern in sedimentation rate is related to the spatial
distribution of mangrove types, from fringe mangroves at the
lagoon edge to peten mangroves located further inland in the
study area. In general, the mean sedimentation rate for the
mangroves in Celestun is 1.71± 0.60 kg m−2 year−1.

In fringe and basin mangroves, the highest sedimentation
rate was registered during the rainy season (0.24 ± 0.08 kg m−2

month−1); it decreased during the nortes period (0.19 ± 0.03 kg
m−2 month−1), and the lowest value was registered during the
dry season (0.04 ± 0.007 kg m−2 month−1) (Table 1). Then,
the sedimentation rate shows a decreasing trend as precipitation
decreases in these two mangrove ecotypes. However, this pattern
is not observed in dwarf and peten mangroves, with the highest
sedimentation rates recorded during the nortes season.

According to the location of mangroves along the coastal
lagoon, mangroves in the inner zone have a sedimentation rate
of 0.05 ± 0.007 kg m−2 month−1, followed by middle zone
mangroves with 0.06±0.01 kg m−2 month−1. The highest value
was registered in the outer zone (0.44± 0.09 kg m−2 month−1).

The statistical analysis shows that the most significant effect
on the sedimentation rate is given by the position concerning the
lagoon (F2,2 3 = 14.05, p = 0.0001), and to a lesser extent, by
the season (F2,23 = 4.01, p = 0.03) (Figure 2). There exists little
interaction between these factors (F4,23 = 3.04, p = 0.04) that
influences the sedimentation rate in Celestun mangroves.

The dwarf mangroves have a more extension (14,706 ha)
than other mangrove ecotypes in the study area, thus capturing
approximately 1,465 t year−1 of sediment under a conservative
approach. However, the fringe mangroves have an extension of
2,735 ha and show the second-highest total sedimentation (923 t
year−1), followed inmagnitude by petenmangroves (211 t year−1

in 4,011 ha) and basinmangroves, which have 811 ha in extension
with a total sedimentation rate of 136 t year−1. The total sediment
capture in the mangroves north of the RCBR is estimated at 3,483
t year−1.

TABLE 1 | Sedimentation rate (kg m−2 month−1) in four mangroves ecotypes

during three climate seasons.

Mangrove type/Season Sedimentation rate (kg m−2 month−1)

n Mean SE Min Max

Fringe 57 0.26 0.08 0.003 4.60

Rain 14 0.49 0.31 0.020 4.60

”Nortes” 24 0.29 0.07 0.026 1.57

Dry 19 0.07 0.02 0.003 0.27

Basin 99 0.14 0.02 0.00002 1.13

Rain 32 0.24 0.06 0.00002 1.13

“Nortes” 34 0.14 0.04 0.016 1.07

Dry 33 0.04 0.01 0.031 0.23

Dwarf 23 0.08 0.04 0.002 0.92

Rain 10 0.08 0.02 0.019 0.22

“Nortes” 5 0.23 0.15 0.010 0.92

Dry 8 0.00 0.0001 0.002 0.01

Peten 27 0.05 0.02 0.000002 0.45

Rain 7 0.02 0.01 0.002 0.04

“Nortes” 10 0.10 0.04 0.016 0.45

Dry 10 0.01 0.0003 0.000002 0.03

MEAN 206 0.15 0.03 0.002 4.60

Rain 63 0.24 0.08 0.002 4.60

“Nortes” 73 0.19 0.03 0.010 1.57

Dry 70 0.04 0.01 0.031 0.27

Values are samples (n), mean, standard error (SE), minimum (Min), and maximum (Max).

Environmental Variables
The pore–water characteristics showed variability concerning
mangrove ecotype, climate season, and lagoon zones. The
highest salinity was recorded in the pore water from basin
mangroves during the dry season (51.7 ± 17.7 psu), while
the lowest salinity was measured in peten mangroves
during the nortes season (21.2 ± 5.6 psu). However,
there were no differences in pore–water salinity among
mangrove ecotypes or seasons (Supplementary Table A).
Regarding the location of the mangroves in the lagoon
spatial gradient, salinity was significantly different in the
inner, middle, and outer zones (F2,34 = 28.45, p < 0.0001)
(Supplementary Table B).

The temperature does not show differences among
mangrove ecotypes; however, with values ranging from
26.7 ± 0.7◦C in nortes to 30.4 ± 0.7◦C in the dry
season, the main effect is due to climate seasons (F2,40
= 99.7, p < 0.0001). Spatially, the temperature does not
show differences.

The pH values vary from 6.87 in fringe mangroves
to 6.55 in peten mangroves. Therefore, pH decreases
from the shore of the lagoon to inland. Considering
the zones of the lagoon, the pH values ranged from
6.63 in the inner zone to 6.92 in the outer zone; with
these values, the three zones were significantly different
(p= 0.0091).

The redox potential remains with similar values among
ecological types, varying from −184.39mV in basin mangroves
to−219.59mV in peten mangroves. The seasonal gradient shows
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FIGURE 2 | Sedimentation rate (kg m−2 month−1 ) during three seasons (rains, nortes, dry) according to lagoon zones (Outer, Middle, Inner) in Celestun mangroves.

reduced electron conditions in the sediments considering the
redox potential and negative values (Supplementary Table A).
Concerning the spatial distribution, the redox potential varies
from −234.82 in the inner zone to −156.42 in the outer zone
(Supplementary Table B).

The flood levels change according to the climate seasons.
During the dry season, it was significantly lower than that
during the rainfall and nortes seasons (F2,19 = 3.56, p = 0.0486)
(Supplementary Table A). The significant differences are also
observed between flood levels, which are higher in the inner than
in the middle and outer zones of the lagoon (F2,25 = 4.66, p <

0.0201) (Supplementary Table B).

Sediment Characteristics and Source
According to the ecotype, the mangrove surface sediments
show differences in BD, organic matter, total phosphorous,
total nitrogen, and total carbon content. Although fringe
mangrove sediments are denser (0.20 ± 0.16 g cm−3),
there are no differences among ecotypes. In most of the
cases, more than half of the sediment content was organic
matter (52.49 ± 16.55%); however, the highest proportion

was found in peten mangroves (79.64 ± 3.53%), with
significantly higher values than those of other mangrove
ecotypes (F3,86 = 10.27, p < 0.0001). The total carbon and
nitrogen values showed similar differences, significantly
higher in peten mangroves than in the other ecotypes
(Table 2).

The sediment characteristics vary according to their location
around the lagoon. The sediments have a higher BD and
lower organic matter (OM) content in the outer zone than
in the middle and inner zones, while the highest total
nitrogen and carbon contents were recorded in the inner zone
(Supplementary Table C).

Regarding the isotopic composition of sediments, δ
13C

varies from −28.37 to −22.61‰. The dwarf mangroves have
significantly higher δ

13C (−22.65 ± 0.41‰) than fringe, basin,
and peten mangroves. δ

15N is significantly higher in peten
mangroves (7.85 ± 0.45‰) than in the other mangrove types.
The N:C ratio did not present significant differences between
mangrove types (Table 2).

The isotopic composition shows differences in δ
13C, being

higher in the sediment of the outer zone (−26.37± 0.09‰) than
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TABLE 2 | Characteristics of the sediments in four ecological types of mangroves.

Mangrove type BD OM TP TN TC OC δ
13C δ

15N N:C

(g cm−3) (%) (%) (%) (%) (%) (‰) (‰)

Fringe 0.20 47.22a 0.11 1.21a 23.92a 19.77a −27.01a 5.96a 0.06

(0.02) (2.61) (0.01) (0.11) (1.05) (1.17) (0.29) (0.32) (0.01)

Basin 0.17 56.84a 0.07 1.34a 24.41a 21.77a −27.07a,b 4.56a,b 0.07

(0.02) (2.48) (0.01) (0.11) (1.05) (1.17) (0.17) (0.18) (<0.01)

Dwarf 0.14 45.85a 0.07 1.51a,b 24.41a 20.59a −22.65c 3.76b 0.05

(0.03) (3.46) (0.01) (0.12) (1.17) (1.30) (0.41) (0.45) (0.01)

Peten 0.12 76.64b 0.11 1.94b 34.44b 32.97b −28.36b 7.85c 0.05

(0.05) (5.39) (0.02) (0.22) (2.09) (3.23) (0.41) (0.45) (0.01)

p <0.0001 0.0248 0.0003 0.0001 <0.0001 <0.0001

BD, bulk density; OM, organic matter; TP, total phosphorus; TN, total nitrogen; TC, total carbon; OC, organic carbon, δ
13C, δ

15N, and N:C ratio. The values are means, and in

parentheses, standard errors. The different characters indicate significant differences (p < 0.05) in ecological types.

in the inner and middle zones. The δ
15N and N:C ratios did not

differ between zones (Supplementary Table C).
According to the δ

13C isotopic composition and the mass
balance, the carbon source in mangrove sediments is associated
with 92% mangrove leaves; most of the sediment components
are produced in situ. In fringe, basin, and dwarf mangroves,
these proportions are 96, 97, and 90%, respectively, while in
peten mangroves, they are more than 99%. Figure 3 shows the
isotopic signature of different carbon sources and how mangrove
sediment is distributed.

Sedimentation Controls
The SIMPER analyses indicate that dissimilarity (59–99%)
between mangrove ecotypes is due to tree density (ind ha−1).
According to the Pearson correlation coefficients, the tree density
correlates with mangrove structural vegetation characteristics
(DBH, height, and basal area) and waterflood level. The physical–
chemical variables and salinity have inverse relationships
with DBH, height, basal area, and sediment carbon content
concerning pore water. The sediment characteristics and OM
percentage had an inverse relationship with BD and a direct
relationship with total carbon and total nitrogen contents (p
< 0.0001). Based on these relationships, the selected variables
for LDA were tree density, pore-water salinity, flood level,
and sediment OM content. According to these variables and
sedimentation rates, the first axis in the discriminant space
separates dwarf mangroves (CA1 = −7.65) associated with
tree density. In contrast, the second axis shows a gradient
of mangrove ecotypes associated with salinity, although with
significant overlap between fringe, basin, and peten mangroves
(CA2=−1.11) (Figure 4).

DISCUSSION

Sedimentation Rates Related to Spatial
and Other Patterns
The net sedimentation rate is higher in fringe mangroves than
in basin, dwarf, and peten mangroves (Figure 2). This pattern

is similar to the values reported by Adame et al. (2010) in
Australian mangroves, where they found that geomorphological
features influence sedimentation patterns. The geomorphological
influence is reflected in the low values of sedimentation rates
obtained in our study (0.001–0.59 g cm−2 year−1), performed
in the karstic environment of Yucatan Peninsula, and compared
with those reported for mangroves growing in a geomorphologic
scenario with rivers and tides up to 3m, such as the Gulf of Papua
(1.1–6.5 g cm−2 año−1) (Walsh and Nittrouer, 2004).

The lack of statistical significance among the sedimentation
rates of mangrove ecotypes is related to their high seasonal
and spatial variabilities observed in different lagoon zones in
Celestun. This pattern in sedimentation is associated with flood
level, which is minimum in peten mangrove and increases
to fringe mangrove (Supplementary Table A). In this karstic
ecosystem of the Yucatan Peninsula, groundwater discharges
and surface water flow should also be considered because the
contribution of groundwater is of such magnitude that it changes
the structure and function of mangroves, such as in mangroves of
the peten type, structured around a point source of groundwater
that emanates and flows toward the coast, transporting nutrients
and particles from production and decomposition processes. In
the mangroves of Celestun, these particles settle according to the
characteristics of slope, energy, tides, and waves; in other words,
local hydrology affects the transport and production of particles
and how they become part of the sediment (Walsh and Nittrouer,
2004).

Concerning the spatial gradient, mangroves in the inner zone
of the lagoon are influenced by freshwater discharges, which is
showing a high amount of sediment composed of small-sized
particles giving a relatively low BD compared with mangroves
in the middle and outer zones (Supplementary Table B).
Remarkably, the outer zone has a higher sedimentation rate due
to having direct contact with the sea, receiving sandy sediments
that usually have higher BD. This zone is directly influenced
by the tidal dynamics of the Gulf of Mexico, which has an
average tidal range of 35 cm (UNAM—Servicio Mareográfico
Nacional, 2016) but may range up to 76 cm on the coast of
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FIGURE 3 | Isotopic signals (δ13C and N:C) in sediments of mangrove ecological types in Celestun. The values of possible sources of carbon and nitrogen are

included: Reference data are from mangrove leaves (Wooller et al., 2003; Gonneea et al., 2004; Fry and Cormier, 2011), senescent mangrove leaves (Gonneea et al.,

2004), mangrove sediments (Monacci et al., 2011), C3 plants (Adame and Fry, 2016), and mangrove associated herbs (Batis maritima and Salicornia virginica)

(Grijalva, 2015).

Celestun Lagoon (Torres-Mota et al., 2014). These characteristics
are responsible for the differences in sedimentation rate among
lagoon zones. In the outer zone, sandy sediment inputs are
strongly related to the relatively intense hydrodynamics in this
zone, which is close to the sea. In the middle and inner zones,
the hydrodynamics is much lower (Herrera-Silveira and Comin,
1995) because the influence of sea tides does not reach these zones
but has a significant freshwater influence from spring inputs. This
influence is also reflected in the higher OM content observed in
the inner zone (Supplementary Table B).

On the other hand, the measurements performed in different
seasons indicate that temporal variability is associated with
hydrologic dynamics, with the surface flood water level as an
indicator (Supplementary Table A). During the rainy season, the
sedimentation rate is generally higher (Table 1) due to relatively
higher water flows carrying sediments from inland to coastal
zones due to the high freshwater supply and flood level (Zaldívar-
Jiménez et al., 2010). However, there is a continuum of events
from the rainy season to the nortes seasons. First, the fringe
and basin mangroves increase their sedimentation rate, whereas
dwarf and peten mangroves do so during the nortes season.
This behavior could be related to these mangrove ecotypes’
connectivity in the landscape and how the water flows from
inland to mangrove fringes. This hydrological connectivity is
essential because the water comes from the land within and
from the effluents of the peten mangroves, and on a slope,
moves through the shallow and basin mangroves until it reaches
the fringe mangroves. In this displacement, the salinity and

the availability of nutrients that sustain each ecological type
and guarantee more environmental services per unit area are
modified. For this reason, it is crucial to consider that the
hydrological dynamics respond to the frequency and intensity
of regional rainfall due to their connection with groundwater
discharges of the springs and runoff. During rainy and nortes
seasons, the water table rises, and springs in the area show
the highest water discharges (Stalker et al., 2014), increasing
the Wrunoff and sediments distributed in all ecological types
of mangroves.

These water dynamics in the mangrove ecotypes throughout
the lagoon areas and variability across the seasonal scale
are reflected in the physicochemical characteristics of
the pore water, such as salinity, pH, and redox potential
(Supplementary Tables A,B), and with nutrient inputs. For
example, relatively more acidic conditions occur in inland
mangroves, such as dwarfs and petenes, while in the inner
zone of the lagoon, the redox potential is more negative. More
negative redox potential values mean that the flooding time
is probably extensive, and OM degradation occurs in the
absence of oxygen. These processes also affect organic carbon
stocks registered in different mangrove ecotypes (Cinco-Castro,
2022). On the other hand, acidity is lower in fringe mangroves
and the outer zone of the lagoon due to the influence of
seawater on this variable. If we add the temporal variability,
the results are that during the nortes season, the fringe and
basin mangroves show higher pH, which should be related to
local hydrology, as seawater inputs and turbulence favored by
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FIGURE 4 | An LDA. The distribution of sampling sites in four ecological types of mangroves (fringe, basin, dwarf, and peten), according to the density of trees,

salinity, flood level, organic matter content, and sedimentation rate.

meteorological phenomena frequency along the coast during
this period.

There is a relationship between forest vegetation structure
and physicochemical variables of pore water. Salinity shows the
same pattern, where it is relatively high in the outer zone due
to marine influence and low in the inner zone due to water
inputs from springs. Therefore, mangroves in the inner zone
and peten show a better structure according to DBH and height
(see Results section) than other ecotypes and other zones. This
structure could be related to the low salinity in these zones
(Supplementary Table A), where freshwater springs with high
nitrates are dissolved, reducing vegetation stress and favoring
biomass growth (Cintron, 1982; Herrera-Silveira, 1994). Then,
the highest tree and seedling densities in the middle zone are
due to the mixing characteristics reflecting an environment
observed in estuarine conditions, which favors a significant
interaction among species compared with the inner and outer
zones. This interaction among mangrove species (Rhizophora
mangle, Avicennia germinans, and Laguncularia racemosa) favors
the observation of higher biomass production (Camacho-Rico,
2018; Bai et al., 2021).

All of the above factors are especially important due to
directional relationships in different directions of the ecosystem,
as observed among forest vegetation structure, hydrodynamics
(flooding time, water sources), and sedimentation rates. These
characteristics allow the evaluation of the condition and
functioning of the ecosystem and how it could respond to sea-
level rise. The areas with more significant sediment accumulation
and exposed to constant changes in the tide, such as the
outer zone, could be less vulnerable to these impacts from
climate change if the sediment accumulation velocity is greater
than sea-level rise. Knowing the relationship among ecological
processes related to a specific ecosystem service is a pending
issue in mangroves, and it must be approached with greater
scientific rigor.

Much has been written about the interaction between
structure, function, and ecosystem services (Fu et al., 2013);
for example, the dynamics of water in the ecosystem is a
process that translates into the provision of ecosystem services
such as the provision of clean water and irrigation or that
indirectly influences food production, the regulation of the
microclimate or that favors aesthetics of the site. Something

Frontiers in Forests and Global Change | www.frontiersin.org 10 May 2022 | Volume 5 | Article 733820

https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org
https://www.frontiersin.org/journals/forests-and-global-change#articles


Cinco-Castro et al. Sedimentation in Types of Mangroves

similar occurs with the carbon cycle as an ecological process
from which services such as gas and temperature regulation, soil
formation, and biodiversity conservation are derived. However,
in mangroves, few examples (Lee et al., 2014) show this
relationship between ecological processes and ecosystem services
using direct measurements, remarking on the importance of
this document.

Additionally, it is necessary to remember that sedimentation
rates are related to hydrodynamics and that water sources and
flows influence local hydrodynamics. However, precipitation,
temperature, and cyclone frequency could also be considered
sources of variation in hydrologic dynamics, and they explain
the forest vegetation structure (Simard et al., 2019) and their
variability at different spatial scales. Furthermore, climate
change could affect mangrove ecosystems when current
precipitation and sea-level rise patterns are modified (IPCC,
2021), modifying the hydrologic and sedimentary dynamics
as sediment exportation and accumulation. If the climate and
sea-level change, different scenarios of mangroves identified in
this study could be changed, endangering their conservation,
and consequently, the ecosystem services related to each one.

It is crucial to consider that the sediment accumulation rate
measured in this study represents the net rate, and it is necessary
to consider howwater fluxes change spatially and temporally. The
results integrate the exposition of the traps to the field conditions,
sediment resuspension, and transport in each zone according
to their specific hydrodynamic. This study represents a baseline
for tracing sediment accumulation; however, it is necessary to
implement monitoring programs that permit us to register the
variability of sedimentation rates and their relationship with
variables in a long-term context to determine changes that could
be alarming and to implement management policies.

Sediment Composition and Source
The sediment composition is related to the local hydrodynamics
and the sources of the materials that form the sediments.
In the inner zone of the Lagoon, the sediment is mostly
lime, while in the outer zone, it is sandy. The inverse
relationship between BD and organic matter (OM) content
expresses the spatial heterogeneity of sediment composition in
Celestun (Supplementary Tables B,C). The BD of the sediment
in Celestun mangroves (0.12–0.20 g cm−3) is lower than that
reported for other mangroves (0.7–1.42 g cm−3), but our OM
values (45–76%) are higher than those reported from other sites
(from 0.65% to 22.89%) (Hossain and Nuruddin, 2016). From
this, two issues should be highlighted: (1) the inverse relationship
between BD and OM content is evident, and (2) the differences
between our data and global data reported in the literature are
likely related to the variability of local characteristics. Similar
differences are observed contrasting our data of mangroves in
the Yucatan Peninsula with the sediment of other Mexican
mangroves (BD: 0.9–0.22 g cm−3; OM: from 6.9% in deep layers
to 85.8% in superficial layers) (Moreno et al., 2002).

The increasing BD and decreasing OM in the sediment
of the mangroves from the inner to the outer zones of the
lagoon are also related to the mangrove vegetation structure. The
highest OM contribution occurs in the inner zone, where the
freshwater inflows are high, and tree height shows the maximum

values and structures near the soil level as proper roots and
pneumatophores. These structures directly influence sediment
accumulation, diminishing the water velocities. Additionally,
OM is high in the middle zone due to estuarine water conditions,
which favor overlapping different mangrove species (R. mangle,
A. germinans, and L. racemosa) and favor litterfall production
and OM input to the sediment (Camacho-Rico and Herrera-
Silveira, 2015). In summary, the differences in sedimentation
rates among the lagoon zones are explained by a smaller size of
the sediment particles, and consequently, lower BD and higher
OM in the inner zone than in the outer zone, where marine
influence and sandy materials dominate.

The δ
13C differences among mangrove ecotypes are related to

their hydrology. The significantly higher mean value in dwarf
mangroves can be related to the C4 plant association, such as
Spartina sp. (from−10‰ to 0‰), and due to the accumulation of
carbonates in freshwater (from−20‰ to 14‰), which is usually
present in this mangrove ecotype (Table 2). Regarding spatial
distribution, the inner zone shows low values (−27.52± 0.08‰)
due to the strong influence of continental organic material as
terrestrial plants. The outer zone has the highest values given
by marine influence, probably by phytoplankton and seagrasses
(Supplementary Table C).

Then, the isotope results show that carbon sources in
mangroves, without river influence, are mainly autochthonous,
and management strategies could be locally applied. Like the
ones in this study that do not receive surface water flows from
inland areas, mangroves have productivity mainly stored in the
same place where they are produced, so they are functionally
a sink of sediments, nutrients, and particulate organic carbon.
Therefore, the management strategies must be focused on
avoiding wastewater inputs to the mangrove forest because this
would modify the nutrient dynamics by changing the ecosystem’s
structure due to variations in salinity and hydroperiod, for
example. Additionally, logging and land-use change should be
avoided because the carbon that accumulates and forms part
of the sediments would no longer have its origin in the coastal
ecosystem. Local management of autochthonous material is
essential due to its relationship with blue carbon stocks (Saintilan
et al., 2013).

According to isotope results, δ
15N is a good indicator of

pollution. High δ
15N (7.85 ± 0.45‰) in peten mangroves

indicates anthropic nitrogen inputs (Bergamino et al., 2017)
through sinkholes or springs associated with this mangrove
ecotype. According to the spatial distribution, the inner and
middle zones showed similar δ

15N values, indicating that these
sites were related to nitrogen inputs with anthropic origins, so
the water that reaches the mangroves has had contact with or
comes from human activities. This information highlights the
influence of local management of ecosystems and the importance
of management with a basin approach for conserving mangroves,
which is challenging to implement in a karst environment where
the sources and flows of water are underground, and they present
connectivity at different spatial scales.

In another order of ideas, accretion in Celestun fringe
mangroves is 2.91mm year−1 (Cinco-Castro and Herrera-
Silveira, 2020), while the sea-level rise in the Gulf of
Mexico is 3.13mm year−1 [National Oceanic and Atmospheric
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Administration (NOAA), 2016]. In this sense, the coastal area of
the Yucatan Peninsula has changed since the Pleistocene. Among
the main changes is the formation of ripples on the coastline that
currently represent coastal wetlands with deposits of carbonate
sediments from the quaternary (Bautista et al., 2005) that have
continued to accumulate to the present day, conferring to coastal
ecosystems their capacity to cope with sea-level rise (Kumara
et al., 2010).

Conservation and Management
Implications
The results in this study support the hypothesis that net
sedimentation rates in mangroves are higher in zones
with high hydrodynamism than in quiet zones. Therefore,
restoring hydrodynamics is a significant action to stimulate
sediment accretion and recovery of mangrove ecotypes that
are better adapted to the influence of high hydrodynamism as
fringe mangroves (Teutli-Hernández et al., 2020). However,
organic carbon accumulation is also related to the origin and
accumulation of OM in the sediments. The OM is higher
where hydrodynamics is lowest and markedly contributes to soil
formation, such as in the inner zone. In addition, other ecological
functions and ecosystem services can be provided differentially
by different mangrove ecotypes in a territory (Himes-Cornell
et al., 2018). Therefore, mangrove types must be considered in
mangrove management as part of the mosaic with a landscape
approach since this heterogeneity adds richness and stability to
the ecosystem.

At the interecosystem scale (water body–mangrove), the
seasonal differences between seawater and freshwater flow
determine the role of different mangrove ecotypes. This
information can be helpful to establish mitigation and adaptation
strategies in front of climate change and particularly to
understand how mangroves from karstic regions could adjust
to sea-level rise. The dwarf and peten mangroves may be
essential in mitigating climate change due to their high organic
carbon accumulation. The fringe and basin mangroves have a
more efficient role in buffering sea-level rise and sea storm
effects because of their higher sedimentation rates. According
to the above, the management strategy should be oriented
toward conserving the mosaic of mangrove ecotypes that form
a heterogeneous landscape that functions as a continuum under
hydrogeomorphological drivers (Twilley and Rivera-Monroy,
2009). Actions that favor sediment supply, water flows, and
healthy forest vegetation structure should focus on improving,
recovering, and even maintaining vertical soil accretion as a
proxy of soil formation as a key ecological process for providing
ecosystem services.

CONCLUSIONS

Mangroves in karstic zones have a lower sedimentation rate
than mangroves submitted to other conditions, reflecting the
importance of hydrodynamism on sedimentation patterns.

Spatial and seasonal hydrological dynamics define the changes
in the sedimentation rate of mangroves around Celestun
Lagoon. Mangroves close to the coastal zone submitted to high
hydrodynamism accumulate sand material with low organic
content at high rates, thus protecting against sea storms.
Mangroves in the inner parts of the coastal zone show lower
sediment accumulation rates but with high organic content, thus
contributing to buffering climate change in the long term. The
spatial differences observed in the sedimentation rates and the
provision of related ecosystem services should be considered to
manage a sustainable and desirable mosaic of ecological types of
mangroves in karstic zones.
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