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Abstract: The hydroperiod determines the biogeochemical conditions and processes developing in the
mangrove soil. Floods control the input of nutrients and the presence of regulators such as salinity and
sulfides that, in high concentrations, degrade mangrove vegetation. This work aimed to determine
biogeochemical and hydroperiod characteristics in natural and degraded mangrove conditions.
Three sampling sites were placed along a spatial gradient, including fringe and basin mangroves
with different conditions. Tree characteristics and biogeochemical variables (temperature, salinity,
pH, redox potential, sulfides) were measured. The structural analysis indicated two conditions:
undisturbed (Rhizophora mangle fringe and Avicennia germinans basin under natural conditions) and
disturbed (degraded basin, with standing A. germinans tree trunks). The soil porewater salinity,
concentration of sulfides, and temperature were significantly higher, and redox potential lower in
the disturbed site. The fringe mangrove was permanently waterlogged with higher tides than the
basin mangrove. There were more extended flooding periods on the degraded mangrove due to
the loss of hydrological connection with the adjacent water body. Waterlogging in basin mangroves
increased soil porewater salinity to 87.8 and sulfides to 153 mg L™}, causing stress and death in
A. germinans mangroves. Our results show that the loss of hydraulic connectivity causes the chronic
accumulation of salinity and sulfides, with consequences on tree metabolism, ultimately causing its
death. It probably also involves the succession in microbial communities.

Keywords: hydroperiod; biogeochemical parameters; hydrological connectivity; porewater salinity
and sulfides; Términos lagoon

1. Introduction

Mangroves had evolved at the interface between sea and land [1]. They thrive in
environments with high salinity and flooded soils, primarily by the entrance of seawater [2].
In these environments, mangroves develop aerial root structures with lenticels that allow
for an oxidized rhizosphere, exclude salt through the root endodermis, and secrete salt
through leaf glands [3,4]. Moreover, its location within the coastal zone provides ecosys-
tem services to the society, such as protecting against wind and tidal surges caused by
storms and hurricanes; it acts as a water filter, improving its quality. Furthermore, they
host a great diversity of fish, crustaceans, aquatic marine and terrestrial vertebrates, and
invertebrates [5].
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Mangroves depend on the hydroperiod (level, frequency, and time of flooding) for
their ecological functioning. The hydroperiod is the primary driver of biogeochemical
and biological characteristics in mangroves; the properties of soil, the organic matter
content, and flooding frequency control the microbial activity and, consequently, the sulfate
cycle [6,7]. Natural or anthropic disturbances may cause prolonged periods of flooding or
drought and consequently the alteration of the biogeochemical processes on which primary
productivity, carbon stored, and nutrients availability rely [6,8-11].

Biogeochemical regulators respond to altered hydrologic conditions and stress vege-
tation, ultimately causing their death. Among those regulators affecting mangroves are
salinity, temperature, pH, redox potential (Eh), and sulfide concentration. High porewater
salinity concentration alters the competitive balance among species [12]. High temperature
inhibits seedlings’ growth [13], while low temperature limits their survival and dissemina-
tion [14]. The soil redox potential (Eh) and pH indicate the system’s proportion of reducers
and oxidants. They regulate many biogeochemical reactions that determine the stability of
minerals and nutrients in the soil [13].

Furthermore, Eh influences the spatial distribution of mangroves due to species-
specific tolerance to soil oxidation-reduction gradients [2], and sulfides have a toxic effect
on plants, affecting metabolic and physiological processes and, ultimately, plant survival
and growth [15]. Sulfides can degrade seagrass (Thalassia testudinum) leaves, decoupling
photosynthesis and causing their death when concentrations exceed 16.03 mg L~!. In
marsh vegetation (such as Spartina alterniflora communities) and mangroves, productivity
declined when sulfide concentrations were higher than 32.06 mg L~!. Mangrove trees can
tolerate higher concentrations of sulfides contrasting with seedlings [16], but it is unknown
if this behavior is the same in a tidal regime for mangrove species.

In this sense, the hydroperiod gradients in wetlands have implications for the bio-
geochemical characteristics and consequences in the conservation or degradation of these
systems. On a global scale, the mangrove degradation rate has risen to 35% over the last
20 years, and 62% of global losses between 2000-2016 resulted from land-use change [17,18].
In Mexico, 9.4% of mangrove cover (80,850 ha) was lost from 1970 to 2015 [19]. However, a
local loss may be higher, such as in Isla del Carmen, Campeche, where 27% (1584 ha) of
its original coverage is in an active degradation process. Hence, restoration programs are
a priority. Evaluating the hydroperiod and biogeochemical characteristics is essential to
achieve cost-effective interventions in the recovery of the coverage of these wetlands [20].

In Isla del Carmen, the degradation increased after hurricanes Roxana and Opal made
landfall in 1995 [21]. The fall of trees by hurricane winds clogged the tidal creeks and
affected their hydroperiod regime [6]. This research aims to determine the effect of flooding
time on the mangrove biogeochemical characteristics, such as salinity concentrations,
sulfides, and nutrients. In addition, we determined which regulator of porewater was
associated with the hydrological degradation and death of tidal-dominated mangroves.

2. Materials and Methods
2.1. Study Area

Laguna de Términos is an extensive and shallow (average: 3.5 m) coastal lagoon in
the Gulf of Mexico [22], located southwest of the Yucatan Peninsula in Campeche state,
Meéxico. It is part of the Laguna de Términos Flora and Fauna Protection Area (LTFFPA),
with about 750,000 ha, which encompasses a marine area and the largest coastal lagoon in
Mexico. This region has mangroves, freshwater wetlands, submerged aquatic vegetation,
lowland rainforest, palm groves, scrub vegetation, semi-deciduous forest, and coastal dune
vegetation [23-25].

The study area is in Estero Pargo, north of Laguna de Términos lagoon, at Isla del
Carmen, Campeche. Climate is tropical rainy with a mean of 26.7 °C and three climatic
seasons: (i) dry, from February to April, (ii) rainy, from June to November; and (iii) cold
and windy ‘nortes’, from December to February.
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Mangrove communities are distributed according to tide variations [26], with mini-
mum and maximum flooding as the two critical seasons: minimum flooding (from —0.24 m),
with low rainfall and reduced riparian discharge, and maximum flooding, with high and
extraordinary tides up to 0.92 m [27], low temperature, strong north winds, and moderate
rainfall [6].

The mangroves from Estero Pargo form two central ecotypes: fringe and basin. The
fringe mangrove is in direct contact with the main tidal creek, and it is a diverse community
composed of R. mangle, A. germinans, and L. racemosa. Dominated by A. germinans, the basin
mangrove is behind the fringe mangrove [28]. In Estero Pargo mangroves, total soil nitrogen
ranges from 0.57% to 0.86% and total phosphorus from 0.06% to 0.04%, respectively, in the
basin and fringe areas. Nevertheless, phosphorus limitation is higher in the basin area [29].

2.2. Sampling Design

Three sampling sites were established in the study area: the first site is on the fringe
dominated by R. mangle. The second and third sites were set on a basin area dominated by
A. germinans; one site was conserved, and another was disturbed, with about 90% of the
dead trees (Figure 1). At each site, the vegetation structure was characterized by two-100
m? plots. Furthermore, we measured the porewater temperature, redox potential salinity,
sulfides, nutrients, soil density and organic matter, and hydroperiod (level, frequency, and
flooding time).
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Figure 1. Location of Estero Pargo mangrove in Ciudad del Carmen, Campeche, Mexico. (a) Fringe
mangrove, (b) basin mangrove, and (c) impaired site.

2.2.1. Forest Structure

Structural attributes of mangroves were assessed at the beginning of the study. The
forest structure of each site was determined, including adults, saplings, and seedlings. The
height of seedlings and saplings was measured with a ruler, and a hypsometer was used
to measure tree height. Diameter at Breast Height (DBH) was measured with calipers or
a diameter tape. Individuals with a DBH of <2.5 cm and <50 cm height were considered
seedlings; those with a DBH of <2.5 and height of >50 cm were considered saplings; and
the rest (DBH > 2.5 and height > 50 cm) were considered trees. Plot sizes were 4 m? for
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seedlings, 25 m? for saplings, and 100 m? for trees. We calculated basal area, density, and
importance values index (IVI) based on these measurements. Finally, natural regeneration
was estimated based on the number of seedlings and saplings per site [30-32].

2.2.2. Hydrology

At each site, the flooding regime at hourly intervals was determined with pressure
sensors (Hobo U-20-001-01-Ti, Onset, Cape Cod, Massachusetts, USA) placed inside a 2 m
long, 80 cm deep PVC tube. Pressure data were registered from April 2016 to December
2017 and converted to water levels, correcting for atmospheric pressure, and estimating
water height, frequency, and flooding periods. The water level data were graphed as a
scatterplot and smoothed using Lowess (Matlab, Mathworks, Natick, Mass, USA [33].

2.2.3. Biogeochemical Characteristics

e  Soil porewater

Soil porewater samples at 35 cm depth were collected using a syringe and an acrylic
tube [34]. Temperature, salinity, and pH were measured using a Myron 6P II Ultrameter.
Additionally, we collected 200 mL pore water samples in plastic bottles, stored them
in a cooler, and filtered them through Millipore filters of 0.22 um. The methylene blue
method was used to measure sulfide concentrations using a V-3000 field spectrophotometer
(CHEMetrics Inc., Midland, VA, USA). Samples of nutrients (dissolved inorganic nitrogen
(DIN = NH** + NO,~ + NO3; ") and soluble reactive phosphorus (SRP)) were fixed with
chloroform and frozen until analysis. The nutrients were analyzed with a Skalar San
Plus segmented flow autoanalyzer using the standard methods adopted from [35] and the
circuits suggested by [36].

Soil potential redox (Eh) was measured with platinum electrodes and an Ag/AgCl
reference electrode. The electrodes were placed at 0, 10, 20, and 30 cm deep, and the
reference electrode was placed on the soil surface, 30 cm from the platinum electrode [34,37].
Due to the reference electrode potential, a correction factor of 235 mV was added to each
reading [8]. These variables were determined in situ every two months from May 2016 to
November 2017 (12 readings by each sampling).

e Soil

The soil bulk density and organic matter were determined by extracting two 30 cm
deep cores from each plot. The sample was divided into three segments: 0-10 cm, 10-20 cm,
and 20-30 cm, which were placed in a muffle at 60 °C for 72 h until constant weight [38].
The bulk density was calculated as dry soil weight divided by the volume of the sample [39].
The organic matter was determined with the loss of ignition method (calcination of matter)
and calculated by the weight difference [40]. All variables were determined only once
during the study.

2.2.4. Microtopography Transect

To characterize the microtopography we used the DGPS in static mode to set a bench-
mark in the impaired site (18.65096828 N, 91.757003738 W; and —0.106 masl referenced
to WGS84) from a reference point (18.654027419 N, 91.761414738 W; and 1.1529 masl) [6].
Then, we set a total using a total station (Stonex STS2-R, Paderno Dugnano (MI), Italy) to
trace a transect from the impaired site to the fringe [41]. We used a leveling staff in fixed
reference points along the transect to measure soil elevation differences.

2.3. Analysis

Homoscedasticity and normality tests were performed on the data sets. Kruskal-
Wallis (K-W) tests were used to determine the differences among sites and maximum and
minimum flooding seasons for salinity, temperature, pH, Eh, sulfides, DIN and SRP [42]. A
linear regression model was used to explore the relation between sulfide concentration and
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flooding time. These analyses were done on the InfoStat statistics program (professional
version, Grupo Infostat, Ciudad de Cérdoba, Argentina) [43].

According to the data distribution, Pearson or Spearman correlations were chosen to
test the flooding period. The measured variables were analyzed using corrplot from the R
ggcorrplot package [42]. The effect of the flooding on sulfide concentration, salinity, and
Eh was determined through generalized linear models (GLMs), in which the independent
variable was the number of days of flooding on the sampling sites, and the dependent
variable was the concentration of these variables as limiting factors for the mangrove’s
survival. These analyses were done in the statistical analysis software R 4.0.5 [44]. A 95%
confidence interval was chosen to distinguish significantly different treatments.

3. Results
3.1. Forest Structure

Three species were recorded in the study area: R. mangle, A. germinans, and L. racemosa.
The highest density and IVI were for A. germinans at the basin site (Table 1). At the same
time, the dominant species in the fringe was R. mangle and the less abundant with the
lowest values of all measured parameters (Table 1).

Table 1. Forest structure of the study sites. There were no data on the impaired site because of the
absence of live vegetation. Tre = Trees, Sap = Saplings, See = Seedling.

Site Fringe Mangrove Basin Mangrove
Species R. mangle A. germinans L. racemosa A. germinans

Development Stage Tre Sap See Tre Sap See Tre Sap See Tre Sap Seed
Density (ind ha~1) 850 2400 2200 650 100 600 50 300 0 5550 2200 3100
Height (m) 7.9 1.01 0.334 8 1 0325 201 1.21 0 5.8 1.09 0.26

DBH (cm) 104 - 13.5 - - 1.5 - - 7 - -

Basal area (m? ha—1) 8.9 - - 114 - - 0.03 - - 27.5 - -

IVI (%) 69.7 - - 28 - - 2.3 - - 100 - -

The recruiting of saplings and seedlings was similar in both sites (fringe: 5600 ind
ha~! and basin: 5300 ind ha—!). More saplings and seedlings of R. mangle were at the fringe
than A. germinans and L. racemosa. There were no seedlings of L. racemosa, but their saplings
were the tallest (1.21 £ 0.36 m). There were only seedlings and saplings of A. germinans in
the basin, more abundant and taller than in the fringe mangrove (Table 1). Only dead trees
were found at the impaired mangrove site, with no seedlings or saplings.

3.2. Flooding Levels and Hydroperiod

Two well-defined flooding periods were recorded: minimum (April to August 2016)
and maximum (February to August 2017). The lowest flood levels (— 0.32 m) were recorded
on the impaired mangrove in June 2016 and April 2017 (Figure 2). During this season, the
flooding level decreased slowly in the impaired site, mainly in June 2016 and April 2017,
contributing to an extension of the flooding period and waterlogging related to the loss of
hydrological connectivity (Figure 2).

Maximum floods were recorded from September 2016 to January 2017 and September
to December 2017 (Figure 2). The highest flooding level (+0.58 m) was recorded at the
mangrove fringe (November 2016 and October 2017). The flooding levels were similar on
the three sites, evidencing the tide signal.
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Figure 2. Time series of water levels on the fringe, basin, and impaired basin, from April 2016 to
December 2017. Periods by segments of the maximum and minimum floods or water levels are
indicated.

Significant differences were found among the study sites in the hydroperiod (K-W
test, x2 = 7.6; p = 0.009). The highest values of the three hydroperiod components were
recorded at the fringe site, followed by the impaired, and finally by the basin site (Figure 3).
The variation of the flooding level matched the occurrence of maximum and minimum
floodings. For example, the maximum average flooding level (0.31 m) was recorded in
October 2017 at the fringe mangrove. On the other hand, the lowest average flooding level
(0.04 m) occurred during April and July 2017 in the mangrove basin and the impaired site
(Figure 3a).

The most prolonged flooding period occurred during the maximum flooding cycle on
the three study sites. The average value of the flooding period was 730 hours month~!. The
impaired site remained flooded for 733 hours month~!, followed by the basin (729 hours
month~!) and the fringe (727 hours month~!) mangroves. During the minimum flooding
season, mangroves were inundated for 525 hours month~!. The fringe site remained with
the most prolonged average flooding period (583 h per month '), followed by the impaired
(511 hours month~!) and the basin site (480 hours month~!). During the whole study
period at the impaired site, the minimum flooding time was 312 hours month ! (Figure 3b).

The fringe mangrove presented an average flooding frequency of five tides month 1,
followed by the impaired (2.5 tides month ') and the basin sites (1.6 tides month~1!). The
lowest flooding frequency was recorded at the maximum flooding season on the three
study sites, indicating that the mangrove remained flooded for most of the month. The
average flooding frequency was 1.2 tides month~! during the maximum flooding season.
There were 1.6 tides month ! in the fringe mangrove this season, followed by the impaired
and the basin sites with one tide month~!. The average flooding frequency was 4.4 tides
month~! at the minimum flooding season. The highest flooding frequency was 7.8 tides
month~! at the fringe, 3.7 tides month ! in the impaired site, and two tides month~! in
the basin site.
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Figure 3. Characteristics of the hydroperiod, (a) average level, (b) time, and (c) flooding frequency;
black bars and circles, fringe mangrove; blue bars and circles, basin mangrove; red bars and circles,
impaired basin mangrove.

3.3. Biogeochemical Characteristics of Porewater
3.3.1. Spatio-Temporal

There were significant differences among sites in porewater salinity (x2 =79, p =0.0001),
with an increasing trend from the fringe to the basin and the impaired sites (mean + s.d.
=379+1.0,65.1=+0.7, 71.1 £ 1.3 respectively, Figure 4a). The temperature was signifi-
cantly higher in the impaired site than in the fringe and conserved basin sites (K-W test,
X2 =24, p < 0.0001; Figure 4b).
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Figure 4. Temporal variation (mean =+ SD) of (a) salinity, (b) temperature, (c) sulfide, (d) Eh, (e) dis-
solved inorganic nitrogen (DIN), and (f) soluble reactive phosphorus (SRP) in the fringe (triangles),
basin (circles), and impaired (squares) mangrove sites.

Sulfide concentration was also significantly higher in the impaired site (70.2 = 3.4 mg L~ 1)
than in the fringe and basin sites (16.3 £+ 3.2 mg L1, K-W test, x2 =58, p =0.0001; Figure 4c).
The DIN was significantly higher in the impaired site (10.63 4- 0.07 mg L~') than in the
fringe and basin sites (0.16 &= 0.03 mg L~! and 0.37 + 0.05 mg L1, respectively; Figure 4e).
The same pattern was recorded on phosphate concentration, where the impaired site
presented the highest concentration (0.96 + 0.08 mg L~!; Figure 4f). Conversely, Eh was
significantly lower on the impaired site (—96.1 & 2.74 K-W test, x2 = 19.08, p < 0.0001) than
in the fringe and basin sites (6.39 &= 0.044, Figure 4d).

3.3.2. Seasonality

There was an increase in porewater salinity, temperature, and redox potential in all
sites during the minimum flooding season, while the change direction was inverse during
the maximum flooding season (Figure 5). There were significant differences in salinity
and temperature between seasons (Figure 5a,b; K-W test, x2 = 86, p < 0.0001 and x2 = 24,
p < 0.0001, respectively). There were significant differences between seasons in sulfide
concentration, higher during the maximum flooding period than in the impaired site (K-W
test, x2 = 47.79, p < 0.0001). The oxygen concentration and Eh decrease with maximum
flooding. Similarly, the dissolved inorganic nitrogen and phosphorus concentrations were
significantly different between seasons (K-W test, x2 = 74.49, p < 0.0001 and K-W test,
X2 =56.96, p < 0.0001, respectively) and notably higher on the impaired site (Figure 5f).
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Figure 5. Temporal variability of (a) salinity, (b) temperature, (c) sulfides, (d) Eh, (e) dissolved
inorganic nitrogen (DIN), and (f) soluble reactive phosphorus (SRP) at the minimum and maximum
flooding seasons for the three study sites. The different lower-case letters represent the significant
differences between sites. The different upper-case letters indicate significant seasonal differences
(minimum and maximum flooding).

3.3.3. Soil

There were significant differences between depths in soil bulk density (K-W test,
X2 =20.5, p < 0.0001), with the lowest values (0.22 &= 0.008 g cm~3) at the surface (0-10 cm)
compared to the highest values (0.40 & 0.03 g cm~2) in the 20-30 cm horizon (Figure S1).
There were no significant differences between sites in the superficial depth (0-10 cm,
0.22 + 0.2 g cm~3). At the 10-20 cm depth, the bulk density was highest in the basin site
(0.34 + 0.33 g cm~3). Finally, the bulk density was higher in the basin and impaired sites
than in the fringe site (0.35 £ 0.02 g cm 3 vs. 0.44 £ 0.2 g cm~3; Figure S1).

There were also significant differences in the organic matter between depths (K-W test,
X2 =25.7, p = 0.048). Organic matter was higher in the impaired and basin sites than in the
fringe site (Figure S1). However, this trend was opposite in the deeper depth (20-30 cm),
with lower values in the basin and impaired sites (8.13 £ 1.86) compared to the fringe site
(12 &= 3%; Figure S1).

3.4. Microtopography Transect

An apparent microtopographic variation was observed on each site, influencing the
level and length of the flooding on each site directly. Specifically, the topographic relief
was reduced from the basin (0.126 msnm) to the impaired site (—0.106 msnm; Figure S2).
In addition, signs of degradation were observed with defoliated trees and some dead
in the microtopographic height below 0.09 masl. From 180 m of inland distance, the
microtopographic height was less than 0.069 masl; in this place only, dead trees and
waterlogging were recorded. This section may be divided into subheadings. It should
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provide a concise and precise description of the experimental results, their interpretation,
as well as the experimental conclusions that can be drawn.

3.5. Relationship between Biogeochemical Variables and Flooding Period

According to the GLM, the effect of the flooding on the sulfide concentration was
significant in the three sites (Table 2). Additionally, there was a positive correlation between
the sulfide concentration and the flooding period (fringe r2 =0.85, p = 0.0001; basin r2 =0.55,
p < 0.0001; impaired r*> = 0.82, p = 0.0001; Figure 6). After 120 days of flooding at the
impaired site, the sulfide concentration was higher (91.2 4- 10.7 mg L~!, December 2017).
In contrast, the sulfide concentration was lower (3.2 + 0.83 mg L~1)in the preserved basin
site after ten days of flooding (3.2 & 0.83 mg L™}, July 2016).

Table 2. The effect of the flooding time over sulfide concentrations in the fringe, basin, and impaired
mangrove forests.

Zone n Coefficient Std. Error t Value Pr(>I1tl)
Fringe 14 0.2 0.04 5.6 0.0001
Basin 14 0.15 0.07 2.3 0.0421

Impaired 14 0.35 0.05 6.4 <0.0001
(a) (b) (©
60
R=085,p=000012 5 R=055p=0042 R=088 p=32x10"
0 y=55:02x y=84+015x 3 y=43-035x

° 100

0 50 100 150 0 50 100 150 0 50 100 150

Flooding duration (hours month™)

Figure 6. The linear relationship between the sulfide concentration and the flooding period in each
mangrove study site. (a) Fringe mangrove, (b) basin mangrove, and (c) impaired site.

The GLM between flooding time and the other environmental variables (temperature,
salinity, pH, Eh, DIN, SRP) was significant. Salinity was significant for the fringe site
(12 = —0.65; p = 0.0111), temperature (r> = —0.71; p = 0.0043), and the Eh (12 = —0.65;
p = 0.0113). Temperature was significant for the basin site (r* = —0.86; p < 0.0001). DIN
(r? = —0.61; p = 0.0161) and temperature (r*> = —0.50; p = 0.0003) were significant correlations
for the impaired site.

4. Discussion

The absence of vegetation on the impaired site was related by the alteration of the
hydroperiod pattern, high sulfide concentration, and low redox potential of soil. Prolonged
soil water saturation at the impaired site reduced oxygen availability, favoring environmen-
tal reduced conditions and the increase of sulfides concentration, which are critical stressors
for vegetation [3,15,45]. The strong correlation of flooding time with sulfide concentration
on the impaired site highlighted the negative effect of this regulator on vegetation. In
contrast, the sulfide concentration was lower in the sites with established vegetation and
higher redox potential. Such a condition is related to high oxygen intake towards the soil
by the pneumatophores and the mangroves’ supporting roots [16,46-49].
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There was a higher frequency but shorter flooding time in the fringe, representing
the natural hydroperiod for native vegetation in a site close to the main water body. The
tide pattern produced variations of up to 35 cm of flooding per day and higher flood
frequency, allowing water entry and exit to the wetland. This behavior favored that the
regulators such as salinity, temperature, and sulfide concentration were not very high. An
inverse pattern occurred in the basin and the impaired sites, as the more distant sites may
have less hydrological connectivity, reduced water movement, and longer flooding times.
This increased sulfide concentration, salinity, and temperature [26,50], which would result
from a reduced or blocked hydrological connectivity between the different basin sites on
estuaries such as in Estero Pargo.

Nutrients (DIN, SRP) gradually increased from the fringe and basin sites towards the
impaired site, probably due to the impaired site’s loss of connectivity, erosion, and soil
compaction. The absence of a tidal regime and lower soil surface level prevented the exit
of the water and organic and inorganic compounds. Stagnation and evaporation increase
the concentration of soil nutrients. The waterlogging and the decrease in topography
from the basin towards the impaired site favor soil anaerobic conditions, increasing the
concentration of reduced compounds such as sulfides, ammonium, and methane [49,51-57].
The increase in organic matter and low soil density result from the loss of connectivity
between the impaired site and the main tidal channel of Estero Pargo.

Additionally, organic matter in the superficial depth of the impaired site may indi-
cate that litter cannot be drained due to a lack of connectivity to the tidal creeks. Such
determination resulted from the slow decomposition typical of anoxic soils [55,58,59]. The
lower bulk density in the superficial soil depth was related to soil degradation in wetlands,
which was primarily due to waterlogging [60,61]. Furthermore, the microtopographic
gradient at the impaired site indicates that the collapse of organic soils caused the loss in
elevation; the degradation and loss of the mangrove roots and associated soil were the
primary sources for soil formation in mangroves [62,63]. Mangrove basins (A. germinans)
are more vulnerable to submergence from sea-level rise [64].

Furthermore, anoxia, high organic matter, and a high denitrification rate deplete the
nitrite and nitrate reserves and increase ammonia, which is toxic for plants even in low
concentrations [58,59,65]. The lack of vegetation suggests that nutrients at the impaired site
cannot be recycled or used, contributing to eutrophication [66,67]. Although N and P are
limiting factors for vegetation [58], we found no evidence that mangrove degradation was
associated with high nutrient concentrations. Therefore, massive tree mortality must be
due to regulators such as high concentration of sulfides and alterations of the hydroperiod.
There was no natural regeneration because the affected regulators (i.e., sulfides) and relief
loss precluded the propagules’ establishment and growth. Finally, the lack of vegetation,
especially A. germinans trees at the impaired site, cannot be solely attributed to salinity.
Some black mangrove forests can grow and reproduce without damaging their structure in
salinities up to 80 [61,68,69].

This study observed the effect of the maximum and minimum flooding seasons over
the biogeochemical conditions. The increase in salinity during the minimum flooding
season was due to a reduced water flow (lack of rainfall and surface water). Moreover, sun
radiation is relatively high, increasing temperature, water evaporation, and salinity [13]. A
decline in tree density at the fringe and basin sites has been reported [50]. Nevertheless,
A. germinans increased its dominance on both sites except in the impaired area [70]. These
changes result from hydrology-related variations in the biogeochemical conditions.

The hydroperiod and relatively low salinity determine the richness and species dis-
tribution on the study sites. Furthermore, the time and level of flooding on each site
determined the distribution and density of species, reflecting their tolerance to flooding.
For example, A. germinans and L. racemosa develop on shallow flooding sites, and R. mangle
is established on prolonged flooded sites such as the fringe if there is a functional connec-
tion [3,30,71]. Contrariwise, monospecific A. germinans mangroves develop in the basin
under relatively higher salinity [72-75]. The decline of interstitial salinity could be due
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to an increase in the frequency of flooding. Our records from 1994 to 2002 document a
mean decrease of 11%: the average salinity was 45 at the fringe site and 70 at the basin
site [26]. In this study, the mean salinity in the fringe site was 37.9 and 65.1 in the basin.
The interstitial salinity decrease resulted from the greater flooding frequency due to the
restoration actions [13]. Our results show that sulfides, a critical regulator, also decrease.

5. Conclusions

e  The most critical regulator besides salinity in tidal-dominated mangroves was the
sulfides, with the highest concentrations occurring at the end of the peak flood season.

e  The maximum flooding season was from September to January, and the minimum
flooding season was from February to August for Laguna de Terminos.

e In this context, the fringe mangroves are connected to the central water bodies. In
contrast, the black mangrove predominates in inner basin sites, which are more fragile
because they depend on the superficial flow and are distant to the primary water
sources.

e  The interruption of water flow will cause tree death and soil deterioration as regulators
such as lower redox potential, lower sulfide concentration, and high salinity become
critical with prolonged flooding and evaporation.

e Increased hydrological connectivity through the hydrological restoration of areas
affected by soil salinity and sulfides can contribute to the natural establishment and
growth of mangroves. Our results can support decisions on mangrove management
or restoration strategies.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/f13081307/s1, Figure S1: Soil bulk density and organic matter in
three depths in the fringe, basin, and impaired sites. Depth of soil depths are: 0-10 cm, diamonds;
10-20 cm; triangles, 20-30 cm. Vertical bars indicate one SE. Figure S2: Topography along a 160 m
long transect from the fringe to the impaired site at Estero Pargo. The water level corresponds to the
beginning of the maximum flooding season in September 2016.
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