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Abstract

The restoration of mangroves has gained prominence in recent decades. Hydrological
rehabilitation has been undertaken to connect impaired mangroves with the sea, lagoons
or estuaries. Because mangrove hydrodynamics occurs on the surface and interstitial
spaces in the sediment, we propose to determine the hydrological flow paths to restore the
hydrological regimes of the impaired mangroves. The hydrological flow paths were deter-
mined through a micro basin analysis based on microtopographic data to generate a digital
elevation model. Applying this methodological approach, the hydrology of an impaired
area on a barrier island in the Gulf of Mexico was restored by excavating, desilting or clear-
ing the channels on the identified hydrological flow paths. This area was compared to one
in which impaired mangroves were reconnected to the marine lagoon but disregarding the
flow paths. Data collected in both areas were evaluated by flood level analysis, using two
methods: (i) a simple linear regression model (SLRM) and (ii) spectral analysis (SA), also
known as dominant frequency analysis. The results suggest that restoration based on the
hydrological flow paths was more effective than the direct opening to the nearest main
water body without accounting for the microtopography. In both areas, soil salinity and
sulfides decreased after hydrological reconnection. However, a greater efficiency in the
investment of time and human resources was achieved when preferential flow paths were
identified and taken into account. The methodological procedures described in this study
are of universal application to other mangrove restoration programs.

Introduction

Mangroves are found at the land-sea interphase in the tropical and subtropical regions of the
world [1,2]. These systems protect coastlines against erosive and flooding processes caused
by storms and hurricanes [3] and improve coastal water quality [4], among other
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environmental services. Their horizontal distribution is restricted to the intertidal zone, and
they are hydrologically and biologically connected to other water bodies or marine ecosys-
tems such as tropical flooded forests, marshes, seagrasses and reefs. Mangroves form a habi-
tat for diverse vertebrate and invertebrate groups [5] and are among the most efficient
ecosystems to the sequestration of carbon [6,7]. However, they are also among the most
threatened ecosystems worldwide [8].

Different scenarios of sea level rise predict the possibility of more frequent flooding events
that may impair areas of mangrove vegetation due to the alteration of the hydrology, with
severe consequences for the survival, establishment and regeneration of this ecosystem [9].

Sea level rise has a greater effect on mangroves from carbonate environments’, since their
adequate functioning depends on the relative elevation of the soil regarding to the flooding
level [10]. Moreover, tropical storms and road infrastructure construction frequently have an
immediate and severe effect on the hydrological flow regimens in mangrove areas [11]. Thus,
it is essential to develop strategies against the effects of global climate change and for the recov-
ery of ecological processes through ecological restoration [12]. Therefore, it is necessary to
monitor key environmental factors, such as hydrology and biogeochemical characteristics,

to use them as mangroves restoration success indicators [13].

The hydrology of mangroves has three components: the hydroperiod, the hydrodynam-
ics and the water inputs given by rainfall, surface and subsurface fresh or seawater [14]. The
hydroperiod is the most important one, characterized by the level, frequency and duration of
flooding through time [15-17]. The hydroperiod is the hydrological signature of each man-
grove ecotype [18] and determines the gradients of nutrients (such as N, P, and C) and biogeo-
chemical regulators of the soil (salinity, sulfides and oxidation-reduction). The water flow
into the mangrove results from the seasonal regimes of the water sources, such as the astro-
nomical and meteorological tides [19]. The currents of water flowing out of the mangrove are
stronger than the currents flowingin, which occurs mainly during high or extraordinary tides
and defines the regimes of water circulation and velocity within the mangrove. The water
flows into the mangrove through the surface and through the subsurface (porewater) although
it is lower due to sediment resistance [20,21]. The hydrological connectivity in mangroves is
regulated by their interaction with the adjacent water bodies through lotic, semi-lotic or lentic
currents and by tidal exchange [20,22]. For this reason, a method for quantifying hydrological
connectivity in mangroves is to measure the duration of flooding (i.e., hours per month)
[21,23].

The mangrove environment can vary between extreme periods of minimum and maxi-
mum flooding. Low tides and scarce precipitation characterize the minimum flooding
period, which produces a heterogeneous soil matrix and controls the biogeochemical charac-
teristics by increasing the salinity as a result of a higher evaporation rate and low connectiv-
ity. In contrast, high tides and abundant precipitation characterize the maximum flooding
period which produces a homogeneous soil matrix, lower salinity and high connectivity [24].

Mangrove degradation begins with the partial or total interruption of the hydrological con-
nectivity due to anthropic or natural disturbances that drastically modify the hydroperiod [25-
27]. Because of a reduced water flow, deposition of sediments in the tidal channels increases
[28], along with the duration of the flood. The evaporation in turn, increases the concentration
of salts and sulfides in the porewater to the point that these elements become stressors that hin-
der seedling establishment and adult survival [16,29]. In order to reverse this process of deteri-
oration, the first necessary action is to recover the hydrological, biogeochemical and biological
condition of the mangroves by implementing hydrological and sedimentological restoration
[13,26,30]. Unfortunately, it is difficult to determine the exact location in which to conduct
such a restoration. This is because the topographic conditions of the mangroves may
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complicate the identification of the tidal channels that should connect to the adjacent water
bodies. Moreover, the impaired mangrove soils undergo processes of reduction and oxidation
that depend on the presence or absence of standing water [31] and that favor soil subsidence
due to the increased decomposition rate of dead roots. These factors further complicate the
identification of hydrological flow paths.

Some proposed using hydraulic modeling to simulate flooding to perform hydrological and
sedimentological restoration [32], while others considered the presence of mangrove species to
classify the hydrological patterns and to make decisions on restoration actions [33]. Moreover,
strategies aimed to improve mangrove recruitment have been applied. However, as it requires
the modification of the terrain’s relief [34], the necessary investment is always considerable. A
less costly method is to connect the impaired mangroves with the adjacent main water bodies
to re-establish hydrological flows [27,35,36].

We used hydrological restoration to improve water and soil quality with the aim to prom-
ote the natural regeneration of the vegetation cover and to recover the ecosystem functions of
impaired mangroves [27,35-39]. Considering the diversity of existing restoration strategies
[40], the objective of this study is to describe the application of microtopographic analysis to
identify the hydrological flow paths to improve the results of hydrological and sedimentologi-
cal restoration in an impaired mangrove forest. The measurement and characterization of the
hydroperiod, flooding patterns and biogeochemistry characteristics as salinity and sulfide
concentration in porewater were considered as indicators of restoration success. Finally, the
monetary expenses of this strategy were compared with those of a different methodological
approach implemented in a nearby area, where the impaired mangrove was directly connected
to the adjacent water body without taking into account the preferential hydrological flow
paths.

We hypothesize that restoration would result in more dynamic reconnection and water
flow following the preferential flow paths that merely connect the impaired mangroves to
many tidal channels along the perimeter of Laguna de Términos. By modeling the prefere-
ntial flow paths, we expect that natural regeneration of impaired mangroves will occur in a
shorter time and that the monetary investment will be lower.

Materials and methods
Study area

The study site (18.672544°N; 91.667494°W) is located in Isla del Carmen Campeche, Mexico,
a barrier island formed by carbonate sediments. The island is bordered by Laguna de Térmi-
nos in the south and by the Gulf of Mexico in the north (Fig 1A). There are four tributary riv-
ers that discharge continental water, sediments and nutrients into the lagoon. The climate is
warm to humid with a yearly average temperature of 34 °C and 1,680 millimeter (mm) of
annual rainfall concentrated between June and October [41].

The dominant winds blow in the NNW and ESE directions [42,43]. The daily tide regimes
have an average of about 0.43 m of amplitude. Because rainfall is scarce during the dry season
(April to May), there is no flooding, and the minimum tides are about -0.24 m [43]. In con-
trast, during the late autumn and winter (November to January, also locally called “nortes”
season), moderate rainfall, the lowest temperatures, and strong northerly winds are present,
there is regular flooding, and the tide reaches its maximum interval of 0.92 m [43]. The salin-
ity of the lagoon ranges from 18 to 36 [44]. The vegetation around the lagoon includes fresh-
water marsh vegetation, mangroves, and coastal dunes [45].

Mangrove forests dominate Isla del Carmen and are distributed according to topography
and tidal influence [46]. The soil in the mangroves have about 0.71% nitrogen, 0.047%
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Fig 1. (A) Location of Isla del Carmen, a sandy barrier delimited to the north by the Gulf of Mexico and to the south
by Laguna de Términos. (B) Zones I and II where hydrological restoration was carried out. The undisturbed (dark
gray) and impaired (light gray) mangroves are shown. The sampling stations (black circles) where porewater salinity
was monitored are distributed along two transects (T1-T2).

https://doi.org/10.1371/journal.pone.0227665.g001

phosphorus, and 16-30% organic matter, mainly of autochthonous mangrove-derived peat
with a mean bulk density of 0.29 g cm™ [46,47]. Two main mangrove communities are present
in the study area: fringe forests dominated by red mangrove (Rhizophora mangle L.) and a
basin forests dominated by white mangrove (Avicennia germinans L.) [48]. The fringe forests
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are more frequently flooded by tides than the basin forests, which are more vulnerable to over-
flooding and draining [48]. In the study area, the death of mangrove trees in the basin forests
occurred when trees fell on the tidal channels after two severe tropical storms struck the island
in 1995. The fallen trees reduced the flow of water to the basin mangroves and increased chan-
nel sedimentation, which over the years led to impaired mangroves. We selected two zones
with a high proportion of impaired mangroves (Fig 1B): Zone I, an area of 19 ha bordered on
the north side by a basin forest of 9 ha of monospecific A. germinans of about 4-5 m in height,
while on the south side, there is a 5 ha thin slide (900 m x 55 m) of the same type of mangrove
forest. Zone II is an area of 75.5 ha bordered by a patch of basin forest of about 86 ha of A.
germinans at 6-7 m in height, and 16 ha of a fringe mangrove of R. mangle at 8-9 m in height
on the southwest side. The access to the study area was permitted by the Secretaria de Medio
Ambiente y Recursos Naturales (SEMARNAT) under the authorization number SEMARTAT/
TACC/0394/2010.

Hydrological restoration

Zone I was intervened from November 2010 to December 2012 and Zone II was intervened
from October 2011 to January 2013. In both zones, the hydrological restoration included the
cleaning of the main tidal channels by removing the fallen trees (which were up to 20 cm in
diameter at breast height (DBH)) that obstructed the ebb and flow of water. In Zone II, it was
also necessary to excavate secondary channels by moving the sediments out of the flow paths
to allow for the movement of water to and from impaired mangroves.

Microtopography and determination of the preferential flow paths. In mangroves, the
microtopography of hydric soils strongly controls the flow of water, forcing its convergence or
divergence in response to height differences of a few millimeter. To characterize the microto-
pography of the terrain (Zone II), we used the stop-and-go mode with readings from a DGPS
method at a single known point (18.651603 N, 91.7591042 W and 0.446 masl referenced to
WGS84) [49]. With the collected data, a digital elevation model (DEM) was generated and pro-
cessed by using the watershed analysis included in the surface analysis module of the Microim-
ages software (TNT Mips ver. 2013, Nebraska USA). This procedure was used to identify
preferential flow paths along microtopographic gradients to connect Zone II to the adjacent
water body (Fig 2A) [50].

Excavation of channels. The restoration of the main tidal channel in Zone I included the
excavation of 824 m in length, 3 m in width and 0.8 m in depth to connect it by two inlets to
the south of Laguna de Términos. Seven secondary channels of about 2 m wide and 0.7 m in-
depth and a total length of approximately 1,689 m were excavated in a zig-zag shape to increase
the lateral influence area of the channel (i.e., the hydrologic signature).

In Zone II, a natural tidal channel of 1,730 m in length (thick line in Fig 2B) at the east side
of the area was dug 1-2 m deep and 3-5 m wide to eliminate obstacles to water flow. Following
the identified preferential flow paths, nine secondary channels (about 5,313 m) were connected
to the natural tidal channel. Although it was not suggested as a preferential flow path, an addi-
tional secondary channel was dug at the west side of Zone II to connect it with the Laguna de
Términos (Fig 2B). This action carried out to induce variations and responses in the system
regardless of the preferential flow results.

Environmental monitoring

To collect data on the hydrological and soil characteristics, one sampling site was established
in Zone I (site 4) and four were established in Zone II (sites 1, 2, 3, and R; Fig 2B). The site R is
areference site. It locates in the natural mangrove forest adjacent to the restoration site. It has
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Fig 2. (A) Superposition of the microtopography of 75.5 ha as a tridimensional image in Zone II. The dotted lines
indicate the dendritic pattern of the preferential flow paths that converge in the lowest points of the undisturbed
mangrove. (B) Actual excavated main channels (thin lines) based on the preferential flow paths derived from the
microtopography. The thick solid line indicates the main tidal channel that links the internal water bodies with Laguna

de Términos.

https://doi.org/10.1371/journal.pone.0227665.g002

PLOS ONE | https://doi.org/10.1371/journal.pone.0227665 January 30, 2020

6/20


https://doi.org/10.1371/journal.pone.0227665.g002
https://doi.org/10.1371/journal.pone.0227665

@ PLOS|ONE

Determining hydrological flow paths to enhance restoration in mangrove

a forest structure characteristic of R. mangle and A. germinans, with trees of 5.85 m in height
and density of about 3,400 ind ha™* [51].

Prior to the restoration (2010), A. germinans was the dominant species in all sites as indicated
by dead tree trunks and relict mangroves at sites 2 and 3, but only dead trunks at sites 1 and 4.
At the end of the study (2014), there were seedlings and saplings of R. mangle and A. germinans
at site 1 (mean height = 0.43 m; density = 111 ind ha™); there were surviving and developing
shrubs of A. germinans at site 2 (1.86 m; 1,450 ind ha™); slightly taller trees of A. germinans at
site 3 (2.3 m; 1,200 ind ha'); and A. germinans saplings at site 4 (0.55 m; 82 ind ha™).

Water level. At each site, a HOBO water level logger (U-20 ONSET USA) was installed to
record changes in frequency, time, and flood level to identify seasonal patterns, as well as short
term variations of the tides during the years 2012 (at the time of restoration), 2013, and 2014
(after restoration, Fig 2B). The sensors were located below soil surface level (at least 40 cm),
attached to a string fixed to the top of a two-meter long PVC tube buried to a depth of 0.80 m
and grooved every five cm. The water level loggers collected data every 60 minutes. All sites
were georeferred using a single known point (18.651603 N, 91.7591042 W and 0.446 masl ref-
erenced to WGS84) [49].

Biogeochemistry. The biogeochemical characterization was carried out using two tran-
sects of 600 m in length (Zone I = T1, Zone II = T2, Fig 1B). Along each transect, ten sampling
stations were established at a distance of 50 m from each other. Samples were collected during
and after the restoration (Zone I: 2010-2014, Zone II: 2012-2014) at a depth of 35 cm using a
60 ml syringe coupled to a plastic hosepipe [52]. An aliquot of each sample was used to deter-
mine the temperature and salinity with a portable YSI 30 meter (YSI Inc., Yellow Springs,
Ohio, USA).

In addition, the effect of the flooding periods (minimum and maximum) on the biogeo-
chemical conditions; sulfide, and salinity concentrations were measured during the years 2013
and 2014 in the undisturbed mangrove (site R), and in the impaired sites subject to restoration
(1to 4). An impaired mangrove with dead trees of A. germinans, but with no restoration activi-
ties, was added to compare sulfide concentrations to those of site R. The concentration sulfide
was measured by the methylene blue method [53] using a V-2000 field spectrophotometer
(CHEMetrics Inc., Midland, VA).

Data analysis

Analysis of the water level. The comparison between sites was carried out in two ways:
(i) through a simple linear regression model (SLRM) and (ii) using spectral analysis (SA) or
dominant frequency analysis applied to the time series of the water level. The SLRM consid-
ered the flood time recorded in reference site R as the response variable and the flood time
recorded in the impaired sites subject to restoration (1 to 4) as explanatory variables. To ana-
lyze the influence of the rainfall on the hydrological connectivity, an additional multiple linear
regression model (MLRM) was carried out for each site, but including rainfall (mm month™)
data for all years. The hypothesis to be tested is that there is a significant linear relationship
when comparing sites 1-4 and site R, and that the correlation coefficient (r) will increase as
the flood patterns become more similar after hydrological reconnection.

The hydrological processes characteristic of the Laguna de Términos are the astronomical
tide, the water discharges, and the oceanic circulation, which modulate the water levels in a
way that differs from that of climatic season. Thus, if the hydrological and sedimentological
restorations are successful, the dominant frequencies will be similar between site R and the
restored sites (1-4), indicating synchronized seasonal and tidal (astronomical or meteorologi-
cal) variations [42].

PLOS ONE | https://doi.org/10.1371/journal.pone.0227665 January 30, 2020 7/20


https://doi.org/10.1371/journal.pone.0227665

@ PLOS|ONE

Determining hydrological flow paths to enhance restoration in mangrove

The time series of the flood levels allowed distinguishing the seasonal variation (monthly,
semesterly and annually), as well as the tidal changes in specific cycles. The change of the
water levels is a physical process that can be analyzed using sinusoidal functions of a known
frequency, e.i., the sampling interval. A signal recorded within the time domain can be trans-
formed into dominant frequency or Fourier’s spectral analysis [19,54,55]. The dominant fre-
quencies are sinusoidal functions of known frequency in the sampling interval, and, therefore,
the Fourier transform is a discrete-time series x(n) of finite length N (number of data),
obtained at a uniform sampling frequency £(s)

N-1
X(k) Y x(m)e™ N k=0,1,....,N—1 (1)

n=0

where X(k) is the discrete Fourier series. For a geometric interpretation, the discrete Fourier
transform:

A 2mkn 2mkn
X(k):Zx(n)(cosine N — i sine N ) k=0,1...,.N—1 (2)

n=0

The discrete Fourier series X(k) is a complex series of the same length (N) as the original
time series x(n), which comprises a part of the real cosine a(k) and a part of the imaginary sine

b(k):

X(k) = a(k) — ib(k) k=0,1....... ,N-—-1 (3)
where:
X(k) = Z;:)l x(n)cosine 27;\1;11 (4)
and
X(k) = 3 x(n)sine 2’;‘” (5)

n=0

The length of series (N) and sampling frequency f(s) are used to determine the K™ Fourier
coefficient:

fo = Kf/N (6)

The Fourier transform allows representing a time series by a series of cosines and sines
whose frequencies are multiples of f/N.

The SA was divided into three stages that correspond to each assessed year: 2012 (during),
2013 and 2014 (after) the restoration activities occurred. Once the SA was performed, a spec-
trum of dominant frequencies was plotted for sites 1 and R.

Statistical analyses. To test for significant differences in the frequency of inundation,
water level, and flooding duration variables during as well as after the restoration, we applied
Wilcoxon and Kruskal-Wallis rank sum tests since the data did not meet the assumptions of
normality and homocedasticity. The analyses were conducted for 2012, 2013, and 2014 in the
five sites (1 to 4 and R). For each site, the hydroperiod variables were compared between years.

When significant differences in these variables were detected between the treatments,
Tukey-Kramer pairwise comparisons were performed using the PMCMR routine of the
statistical software R [56].

PLOS ONE | https://doi.org/10.1371/journal.pone.0227665 January 30, 2020 8/20


https://doi.org/10.1371/journal.pone.0227665

@ PLOS|ONE

Determining hydrological flow paths to enhance restoration in mangrove

The exploration of the salinity data included Shapiro-Wilks tests and Levene’s or Bartlett’s
test to check the assumptions of normality and homocedasticity. The Shapiro-Wilks test esti-
mates the variance of the samples as a regression line in a quantile-quantile plot and as an
estimator of the population variance. If the quotient of both estimated values is close to 1,
then the samples come from a normal distribution. The Levene’s test is useful to compare
the equality of the variances between groups of samples using the group medians, while Bart-
lett’s test is based on a y statistic with k' degrees of freedom, k being the number of catego-
ries or groups in the data set. Salinity values were centered using the R function scale(), while
sulfide data were normalized to get approximately normally distributed data before the
analyses.

Comparisons of salinity values during and after the restoration activities were carried out
using a two-sided t-test. All of these tests were performed using the "car" and "stat” R-pack-
ages [57,58]. To explore the effects of restoration in salinity and sulfide concentration for
the minimum and maximum flooding periods, the reference and restoration sites were com-
pared between them and with an external impaired site through two-way analysis of
variance.

Results
Tidal channel restoration

In the impaired mangrove of Zone II, which lack vegetation, the microtopographic gradient
ranged from -0.63 to 0037 masl. The microtopographic gradient of the sites with relict vegeta-
tion ranged from 0.12 and 0.14 masl in sites 2 and 3, respectively. Meanwhile, the microtopo-
graphic level on the reference site averaged 0.19 m. In the area with no natural mangrove
forest, elevation points of 0.037 m were found to the west and north sides of Zone II, which
was close to undisturbed mangrove vegetation.

Hydroperiod

Prior to restoration (2012), There were no significant differences in the frequency of inunda-
tion between sites in 2012 (Kruskal-Wallis test, x> = 3.67, df = 4, p = 0.451). Regarding the
flooding duration as well as the water level, there were statistically significant differences
between sites in this year (3 = 37.84, df = 4, p < 0.0001; 3* = 34.95, df = 4, p < 0.0001,
respectively). For 2013, significant differences between sites were observed regarding the fre-
quency (x° = 21.93, df = 4, p < 0.0002), the duration (x> = 23.42, df = 4, p = 0.0001), and the
level of flooding (3* = 15.45, df = 4, p < 0.0038). Similarly, in 2014 the frequency (x* = 32.79,
df =4, p < 0.0001), the flooding duration (x*=128.12,df = 4, p =0.0001), and the water level
(x* = 18.63, df = 4, p < 0.0009) differed significantly between sites (Fig 3).

The regression coefficients between the flooding duration in sites 1, 2, 3 and 4 vs site R
were not significant, and the slope showed a negative trend at all sites in 2012, the time at
which restoration works occurred (Fig 4). However, the linear regressions were significant,
and the slopes were positive for sites 2—-4 vs the R site in 2013 one year after the restoration
actions and for sites 1, 3, and 4 vs the R site in 2014 (Fig 4). The tested MLRM showed that
there were not significant effect of the rainfall on the flooding duration at any sites and years
(S1 Table).

Dominant frequency of flooding levels during and after restoration

For all sampling sites the SA indicated changes in the water level at 9, 20, and 43 days in 2012
(Fig 5A). These results do not correspond to the hydrological phenomena characteristic of
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Fig 3. Box plots indicating hydroperiod patterns (flood duration, frequency, and level) in three consecutive years
after implementation of restoration activities in impaired mangrove areas in Laguna de Términos, Campeche,
Mexico. The boxplot represent the 25 to 75 percentiles (interquartile range) and the maximum—minimum
distributions if the data, respectively. The line in the box is the median.

https://doi.org/10.1371/journal.pone.0227665.9003

the Laguna de Términos, such as tidal and climatic seasons. However, the diurnal and semi-
diurnal tidal regimes were observed in all sites (Figs 5A and 6A). After the restoration (2013),
the SA for all sampling sites indicated changes in the water level as compared to 2012 with
cycles of 16, 38, and 76 days. The cycle of 16 days associated with the astronomical tide (Figs
5B and 6B). In 2014, after completing the activities of hydrological and sedimentological res-
toration, changes in the water level related to climate seasonality were recorded in periods of
121 and 153 days for site 2 and 3 to 4, respectively (Fig 6C). Monthly changes in cycles of 28
days and the changes due to the tide were recorded in cyclesof about 15 days for sites 2, 3, 4
and R (Figs 5C and 6C). However, in site 1, the secondary channel was excavated without fol-
lowing the preferential flow paths, seasonality was not recorded during 2014, although there
were changes in the cycles of water level (27 days) and due to the tide (15 days) (Fig 6C).
These results indicate that the hydrological reconnection with the Laguna de Términos was
successful.

Biogeochemistry

The mean values of salinity before and after the restoration was compared through a two-
sided t-test. Significant differences in the mean of salinity concentration were observed
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https://doi.org/10.1371/journal.pone.0227665.9004

before and after the hydrological restoration in both, transect 1 (mean before = 78.09;

mean after = 56.09; t = 15.97, df = 213.96, p < 0.0001), and 2 (mean before = 91.32; mean
after = 70.92; t = 6.95, df = 75.77, p < 0.0001; Fig 7). In addition, a spatial pattern was identi-
fied in T2 (Zone II) with porewater salinity increasing from the inlet of the channel adjacent
to the lagoon to the inner part of the restoration area (500 m). This pattern was present every
year.

Furthermore, there were significant differences when the interaction between salinity,
flooding, and sites was accounted for (F = 4.6, df = 52., p = 0.01) with higher salt concentration
occurring in the periods of minimal flooding. Regarding the sulfide concentration (Fig 8), sig-
nificant differences were found between flooding (minimum and maximum) and sites
(F=17.8,df =52, p=0.001). The highest sulfide concentrations (58 to 76 mg L") were recorded
only in the impaired sites during the season of maximum flooding while the lowest concentra-
tions were found in the season of minimum flooding in the impaired (13.6 mg L") and R sites
(15.6 mg LY.
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Discussion

By using a microtopography-based model to identify the preferential flow paths, the entire
channel was hydrologically restored, cloging was avoided, and it became the main entry point
of tidal water.

We compared two approaches to rehabilitate the hydrology of mangroves; both cases
involved clearing and dredging. However, in Zone I, connections between the main water
body and the impaired mangrove areas were selected based only on the distance to the main
tidal channel. Alternatively, in Zone II, the hydrological connection was enhanced by follow-
ing the preferential flow paths inferred from the microtopography model. The limiting factor
for the first approach was the selection of the appropriate tidal channels when lacking topo-
graphical information. Additionally, when excavating linear channels, the exportation of
sediment to the lagoon increased, and the channel was rapidly clogged. Applying such a meth-
odological approach require a considerably higher investment of money and time to keep the
water flow moving when compared with the zig-zag shaped channels.

The results suggest that following the flow paths is more effective than merely connecting
the impaired mangrove to the nearest water body. For example, the dredging of the channels
of sites 1 and 2 resulted in a lack of synchronicity between the hydroperiod and dominant fre-
quencies as compared to site R. In site 1; we did observe an increased time and level of flooding
while flooding frequency decreased. However, in site 2, the time, level, and frequency of flood-
ing decreased which resulted in more significant flooding in site 1 and draining in site 2. The
ecological effect of a higher draining in site 2 was the death of mature trees, juveniles and seed-
lings of A. germinans [60]. The opening of the channel at site 1 had a severe impact on the
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vegetation of site 2, supporting the reports that hydrological alteration can lead to rapid mor-
tality of healthy and undisturbed mangroves [61].

The modification of the topography may increase the strength of the tidal ebb and flow as
topographic levels are reduced [33]. In Zone II, the hydrological gradient produced by tides
and by the internal circulation caused by the wind spontaneously carved secondary tidal chan-
nels <1 m in width and <0.5 m in depth. Such secondary tidal channels constituted a hydro-
logical network connected to the broader and deeper excavated channels.

The time of flooding of the restored vs. the R site correlated with the connectivity to Laguna
de Términos. On the other hand, the Fourier analysis allowed the observation of seasonal pat-
terns with greater detail than linear regressions, enabling to associate it to tides, wind, and the
water flow in Laguna de Términos. Accordingly, this is a successful strategy to explore the tem-
poral changes in the surface and subsurface water levels [42,55].

After restoration, significant changes in the time and level of flooding occurred. Moreover,
seasonal and astronomical tidal variations were detected, but only two years after conclusion
of the hydrological restoration. Because the mangrove forests of Isla del Carmen are dependant
on the tides and not on the freshwater supply [42, 46], no effect of the rainfall was evident for
any year after the implementation of the restoration works. On the other hand, a differential
seasonal effect was identified in site 2, and 3 during the study. This variation occurred because
site 2 is adjacent to a patch of undisturbed mangrove, and it has relict vegetation over a higher
topographic level (0.138 masl), contrasting with the impaired area where only dead trunks
were found. Finally, site 1 did not present a significant correlation with site R, and fluctuations
in the levels of flooding were related to the astronomical tides, but not to seasonality.

Soil subsidence occurred at the sites where dead trees were found (site 1 and 4). This phe-
nomenon was caused by the decomposition of organic matter and dead roots during the process
of degradation of the mangroves. The topographic elevation recorded at sites 1 and 4 was 0.004
and 0.031 masl, respectively, which suggests that the soil collapsed between 0.10 and 0.16 m.
The collapse of the soil, in turn, increased the level and duration of flooding to values similar to
those of the fringe mangrove (on the edges of the Laguna de Términos), which explains why
individuals of R. mangle colonized these sites after the hydrological rehabilitation. These results
confirm the postulate that, while the restoration of the mangroves serves to rehabilitate the sites,
recovery of the original biological community remains a challenge [40,62].

Accordingly, the changes in the hydroperiod in restored mangroves determined the behav-
ior of the biogeochemical variables. The identified salinity and sulfide patterns are associated
with maximum and minimum flooding during the rainy and dry season, respectively [59].
During the maximum flooding there were lowest frequencies, highest levels and longer times
of flooding, which reduced porewater salinity and oxygen concentration but increased soil sul-
fide concentration [63]. In the minimum flooding, there were higher frequencies, lower levels
and shorter times of flooding, increasing oxygen, and decreasing sulfide concentration. In a
flooding condition with null precipitation, the high temperatures increased evaporation in the
impaired sites, drying the soils and chronically increasing the soil salinity and the physiological
stress of the mangroves [61]. Concentrations of sulfide as high as 34 mg L™" are toxic to the
mangroves, and salt marshes decreased aboveground and belowground production [64-66].

The effects of restoration on the hydrology and biogeochemical conditions were similar in
both study zones. However, the hydrological restoration based on the preferential flow paths
was much more effective in cost-benefit terms. For example, in the zone where the preferential
flow paths were not applied, the cost of excavating tidal channels was up to US$10,000 ha™".
While because preferential flow paths eliminated the need to excavate more channels of differ-
ent lengths, widths, and forms to connect with the adjacent water bodies, in the zone where
the preferential flow paths were used the cost was only just US$5,300 ha™. Through the
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identification of the preferential flow paths, it is possible to know the more appropriate place
to excavate the main tidal channel, which in turn helps to spontaneously create a network of
channels that follows the microtopography of the terrain. This in turn, appears to be an effi-
cient way to transport the germplasm produced in the preserved mangrove forest, reducing
the costs of restoration that involve the sowing of propagules and planting of saplings which
may range US$62,689 ha-' to US$108,828 ha-' [67,68]. Such a cost is 92 to 95% higher than
that required when implementing the preferential flow paths.

The recovery of hydrological connectivity was also evidenced when measuring porewater
salinity and sulfides during and after the actions of restoration. Specifically, in Zone I, the
mean salinity decreased from 78.09 to 56.09 two years after the restoration. The decrease in
salinity from 91.32 to 70.92 in Zone II, occurred only one year after excavating the tidal
channels. Although soil salinity in both zones decreased after hydrological reconnection, by
using the preferential flow paths helped to achieve greater efficiency in terms of the invested
resources and time required. Furthermore, through the restoration of the flooding regimen
and with the management (maintenance) of the channels, the survival of the mangroves is
guaranteed in the long term (>50 years) [69, 70].

The changes achieved in the hydroperiod and biogeochemical characteristics allowed for a
positive response in terms of the dispersion and establishment of new seedlings. These changes
also allowed the seedlings’ development into juveniles in the relict mangrove zones [60]. How-
ever, remaining high levels of sulfide and the collapse of the soil only favor the existence of
stressed and dwarf mangrove forests. These conditions also increased the anoxic soil, the level,
and the duration of flooding, and do not yet form the suitable environment for the develop-
ment of a mangrove forest comparable to that of the reference site [29,71]. However, the reacti-
vation of the process of biomass production, which is an indicator of success in the restoration
of the mangroves [51], was achieved. Finally, there is evidence showing that the reactivation of
the hydroperiod gave rise to ideal habitat conditions for fish, crustaceans, and birds [72].

Conclusions

1. The hydrological restoration was based on the identification of the preferential flow of shal-
low water, using a micro basin approach on a digital elevation model for the first time. This
procedure allowed for an informed selection of sites in which to clear, desilt, and excavate
primary and secondary tidal channels.

2. The Fourier’s spectral analysis helped to determine that two years after the implementation
of the restoration works, the flooding levels showed seasonal and astronomical variations.

3. The hydrological restoration reactivated the hydroperiod by reconnecting the restored sites
with the lagoon, which resulted in a reduction of sulfide and salt concentrations in superfi-
cial and porewater.

4. The monitoring of water levels series and the biogeochemical parameters is essential when
comparing impaired vs. reference sites and when documenting the changes due to restora-
tion activities. This process also allows for the early identification of potential hydric stress
to prevent further impairing of mangrove forests.

5. The analysis and modeling of the microtopography and flow paths of shallow water in
impaired mangroves and their adjacent sites significantly improve the ecological and eco-
nomic efficiency effects of hydrological restoration actions.

PLOS ONE | https://doi.org/10.1371/journal.pone.0227665 January 30, 2020 16/20


https://doi.org/10.1371/journal.pone.0227665

@ PLOS | O N E Determining hydrological flow paths to enhance restoration in mangrove

Supporting information

S1 Table. The coefficients of the predictors (year and rainfall) for flooding duration at the
study sites. The last two columns show the significance of the model and the amount of vari-
ance they explain.

(DOCX)

Acknowledgments

We thank Herminia Rejon Salazar and the ‘Community of Mangrove Restorers’ from Isla
Aguada for their support with the field work, Tomas Zaldivar Jiménez, Mario Alejandro
Goémez Ponce, Hernan Alvarez Guillén, Andrés Reda Deara and Fermin S. Castillo-Sandoval
for their assistance with logistics and field data collection. To José Hernandez Nava from
CONANP-Laguna de Términos for the facilities to carry out our surveys.

Author Contributions

Conceptualization: Rosela Pérez-Ceballos, Arturo Zaldivar-Jiménez.

Formal analysis: Rosela Pérez-Ceballos, Julio Canales-Delgadillo, Haydée Lopez-Adame.
Investigation: Rosela Pérez-Ceballos, Arturo Zaldivar-Jiménez.

Methodology: Rosela Pérez-Ceballos, Arturo Zaldivar-Jiménez.

Software: Rosela Pérez-Ceballos, Haydée Lopez-Adame.

Supervision: Rosela Pérez-Ceballos, Arturo Zaldivar-Jiménez, Jorge Lopez-Portillo, Martin
Merino-Ibarra.

Writing - original draft: Rosela Pérez-Ceballos, Arturo Zaldivar-Jiménez.

Writing - review & editing: Rosela Pérez-Ceballos, Arturo Zaldivar-Jiménez, Julio Canales-
Delgadillo, Haydée Lopez-Adame, Jorge Lopez-Portillo, Martin Merino-Ibarra.

References

1. Alongi DM, Brinkman R. Hydrology and Biogeochemistry of Mangrove Forests. In: Levia DF, Carlyle-
Moses D, Tanaka T, editors. Forest hydrology and biogeochemistry, Synthesis of past research and
future directions. Dordrecht: Springer Netherlands; 2011. pp. 203-219.

2. Hayden HL, Granek EF. Coastal sediment elevation change following anthropogenic mangrove clear-
ing. Estuar Coast Shelf Sci. Elsevier Ltd; 2015; 165: 70-74. https://doi.org/10.1016/j.ecss.2015.09.004

3. Barbier EB. Valuing the storm protection service of estuarine and coastal ecosystems. Ecosyst Serv.
2015; 11: 32-38. https://doi.org/10.1016/j.ecoser.2014.06.010

4. Smith J, Burford MA, Revill AT, Haese RR, Fortune J. Effect of nutrient loading on biogeochemical pro-
cesses in tropical tidal creeks. Biogeochemistry. 2012; 108: 359-380. https://doi.org/10.1007/s10533-
011-9605-z

5. Barbier EB. The protective service of mangrove ecosystems: A review of valuation methods. Mar Pollut
Bull. Elsevier Ltd; 2016; 109: 676—681. https://doi.org/10.1016/j.marpolbul.2016.01.033 PMID:
26851868

6. Donato DC, Kauffman JB, Murdiyarso D, Kurnianto S, Stidham M, Kanninen M. Mangroves among the
most carbon-rich forests in the tropics. Nat Geosci. Nature Publishing Group; 2011; 4: 293-297. https://
doi.org/10.1038/ngeo1123

7. Alongi DM. Carbon Cycling and Storage in Mangrove Forests. Annu Rev Mar Sci. 2014; 6: 195-219.
https://doi.org/10.1146/annurev-marine-010213-135020 PMID: 24405426

8. Gilman EL, Ellison J, Duke NC, Field C. Threats to mangroves from climate change and adaptation
options: A review. Aquat Bot. 2008; 89: 237-250. https://doi.org/10.1016/j.aquabot.2007.12.009

PLOS ONE | https://doi.org/10.1371/journal.pone.0227665 January 30, 2020 17/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0227665.s001
https://doi.org/10.1016/j.ecss.2015.09.004
https://doi.org/10.1016/j.ecoser.2014.06.010
https://doi.org/10.1007/s10533-011-9605-z
https://doi.org/10.1007/s10533-011-9605-z
https://doi.org/10.1016/j.marpolbul.2016.01.033
http://www.ncbi.nlm.nih.gov/pubmed/26851868
https://doi.org/10.1038/ngeo1123
https://doi.org/10.1038/ngeo1123
https://doi.org/10.1146/annurev-marine-010213-135020
http://www.ncbi.nlm.nih.gov/pubmed/24405426
https://doi.org/10.1016/j.aquabot.2007.12.009
https://doi.org/10.1371/journal.pone.0227665

@ PLOS|ONE

Determining hydrological flow paths to enhance restoration in mangrove

10.

11.

12

13.

14.
15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Sasmito SD, Murdiyarso D, Friess DA, Kurnianto S. Can mangroves keep pace with contemporary sea
level rise? A global data review. Wetl Ecol Manag. Springer Netherlands; 2016; 24: 263—-278. https://
doi.org/10.1007/s11273-015-9466-7

Lovelock C, Ellison J. Vulnerability of mangroves and tidal wetlands of the Great Barrier Reef to climate
change. Clim Chang Gt Barrier Reef A Vulnerability Assess. 2007; 237-269.

Zhao Q, Bai J, Huang L, Gu B, Lu Q, Gao Z. A review of methodologies and success indicators for
coastal wetland restoration. Ecol Indic. Elsevier Ltd; 2016; 60: 442—452. https://doi.org/10.1016/j.
ecolind.2015.07.003

Macreadie PI, Nielsen DA, Kelleway JJ, Atwood TB, Seymour JR, Petrou K, et al. Can we manage
coastal ecosystems to sequester more blue carbon? 2017; 15; 206—213 https://doi.org/10.1002/fee.
1484

Zaldivar-Jimenez M a., Herrera-Silveira J a., Teutli-Hernandez C, Comin F a., Andrade JL, Molina CC,
et al. Conceptual Framework for Mangrove Restoration in the Yucatan Peninsula. Ecol Restor. 2010;
28: 333-342. https://doi.org/10.3368/er.28.3.333

Lai DYF. Electrochemical Properties. Biogeochemistry of Wetlands. CRC Press; 2008. pp. 67—110.

Jackson CR, Thompson JA, Kolka RK. Wetland Soils, Hydrology, and Geomorphology. In Ecology of
Freshwater and Estuarine Wetlands. 2014. pp. 23-60.

Krauss KW, Lovelock CE, McKee KL, Lépez-Hoffman L, Ewe SML, Sousa WP. Environmental drivers
in mangrove establishment and early development: A review. Aquat Bot. 2008; 89: 105—127. hitps://doi.
org/10.1016/j.aquabot.2007.12.014

Twilley RR, Rivera-Monroy VH. Developing performance measures of mangrove wetlands using simu-
lation models of hydrology, nutrient biogeochemistry, and community dynamics. J Coast Res. 2005;
79-93.

Crase B, Liedloff A, Vesk PA, Burgman MA, Wintle BA. Hydroperiod is the main driver of the spatial pat-
tern of dominance in mangrove communities. Glob Ecol Biogeogr. 2013; 22: 806—817. https://doi.org/
10.1111/geb.12063

Juki¢ D, Deni¢-Jukic¢ V. Partial spectral analysis of hydrological time series. J Hydrol. 2011; 400: 223—
233. https://doi.org/10.1016/j.jhydrol.2011.01.044

Covino T. Hydrologic connectivity as a framework for understanding biogeochemical flux through water-
sheds and along fluvial networks. Geomorphology. Elsevier B.V.; 2017; 277: 133—144. https://doi.org/
10.1016/j.geomorph.2016.09.030

Ward J V., Tockner K, Arscott DB, Claret C. Riverine landscape diversity. Freshw Biol. 2002; 47: 517—
539. https://doi.org/10.1046/j.1365-2427.2002.00893.x

Wilcox D. Hydrologic Connectivity and Wetlands. Natl Wetl Newsl. 2011; 33: 6-7. Available: http:/
digitalcommons.brockport.edu/env_facpub/71/

Swenson EM, Turner RE. Spoil banks: Effects on a coastal marsh water-level regime. Estuar Coast
Shelf Sci. Academic Press; 1987; 24: 599-609. https://doi.org/10.1016/0272-7714(87)90101-6

Friess DA, Watson JG. Inundation Classes, and their Influence on Paradigms in Mangrove Forest Ecol-
ogy. Wetlands. 2016; 37; 603—613

Krauss KW, Twilley RR, Doyle TW, Gardiner ES. Leaf gas exchange characteristics of three neotropical
mangrove species in response to varying hydroperiod. Tree Physiol. 2006; 26: 959-968. https://doi.org/
10.1093/treephys/26.7.959 PMID: 16585041

Lewis RR. Ecological engineering for successful management and restoration of mangrove forests.
Ecol Eng. 2005; 24: 403—418. https://doi.org/10.1016/j.ecoleng.2004.10.003

Turner RE, Lewis RR. Hydrologic restoration of coastal wetlands. Wetl Ecol Manag. 1997; 4: 65-72.
https://doi.org/10.1007/BF01876229

Elster C. Reasons for reforestation success and failure with three mangrove species in Colombia. For
Ecol Manage. 2000; 131: 201-214. https://doi.org/10.1016/S0378-1127(99)00214-5

Naidoo G. The mangroves of South Africa: An ecophysiological review. South African J Bot. South Afri-
can Association of Botanists; 2016; 107: 101—113 https://doi.org/10.1016/j.sajb.2016.04.014

Perez-Ceballos R, Echeverria-Avila S, Zaldivar-Jimenez A, Zaldivar-Jimenez T, Herrera-Silveira J.
Contribution of microtopography and hydroperiod to the natural regeneration of Avicennia germinans in
a restored mangrove forest. Ciencias Mar. 2017; 43: 55-67. https://doi.org/10.7773/cm.v43i1.2683

Krauss KW, Demopoulos AWJ, Cormier N, From AS, McClain-Counts JP, Lewis RR. Ghost forests of
Marco Island: Mangrove mortality driven by belowground soil structural shifts during tidal hydrologic alter-
ation. Estuar Coast Shelf Sci. Elsevier; 2018; 212: 51-62. https://doi.org/10.1016/j.ecss.2018.06.026

Marois DE, Mitsch WJ. A mangrove creek restoration plan utilizing hydraulic modeling. Ecol Eng. Else-
vier B.V.; 2017; 108: 537-546. https://doi.org/10.1016/j.ecoleng.2017.06.063 PMID: 29225422

PLOS ONE | https://doi.org/10.1371/journal.pone.0227665 January 30, 2020 18/20


https://doi.org/10.1007/s11273-015-9466-7
https://doi.org/10.1007/s11273-015-9466-7
https://doi.org/10.1016/j.ecolind.2015.07.003
https://doi.org/10.1016/j.ecolind.2015.07.003
https://doi.org/10.1002/fee.1484
https://doi.org/10.1002/fee.1484
https://doi.org/10.3368/er.28.3.333
https://doi.org/10.1016/j.aquabot.2007.12.014
https://doi.org/10.1016/j.aquabot.2007.12.014
https://doi.org/10.1111/geb.12063
https://doi.org/10.1111/geb.12063
https://doi.org/10.1016/j.jhydrol.2011.01.044
https://doi.org/10.1016/j.geomorph.2016.09.030
https://doi.org/10.1016/j.geomorph.2016.09.030
https://doi.org/10.1046/j.1365-2427.2002.00893.x
http://digitalcommons.brockport.edu/env_facpub/71/
http://digitalcommons.brockport.edu/env_facpub/71/
https://doi.org/10.1016/0272-7714(87)90101-6
https://doi.org/10.1093/treephys/26.7.959
https://doi.org/10.1093/treephys/26.7.959
http://www.ncbi.nlm.nih.gov/pubmed/16585041
https://doi.org/10.1016/j.ecoleng.2004.10.003
https://doi.org/10.1007/BF01876229
https://doi.org/10.1016/S0378-1127(99)00214-5
https://doi.org/10.1016/j.sajb.2016.04.014
https://doi.org/10.7773/cm.v43i1.2683
https://doi.org/10.1016/j.ecss.2018.06.026
https://doi.org/10.1016/j.ecoleng.2017.06.063
http://www.ncbi.nlm.nih.gov/pubmed/29225422
https://doi.org/10.1371/journal.pone.0227665

@ PLOS|ONE

Determining hydrological flow paths to enhance restoration in mangrove

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Van Loon AF, Te Brake B, Van Huijgevoort MHJ, Dijksma R. Hydrological classification, a practical tool
for mangrove restoration. PLoS One. 2016; 11: 1-26. https://doi.org/10.1371/journal.pone.0150302
PMID: 27008277

Lewis R. Creation and restoration of coastal plain wetlands in Florida. In: Kusler JA, Kentura ME, edi-
tors. Wetland Creation and Restoration: The Status of the Science. Washington DC: Island Press;
1990. pp. 73—101.

Brockmeyer RE, Rey JR, Virnstein RW, Gilmore RG, Earnest L. Rehabilitation of impounded estuarine
wetlands by hydrologic reconnection to the Indian River Lagoon, Florida (USA). Wetl Ecol Manag.
1997; 4: 93-109. https://doi.org/10.1007/BF01876231

Zaldivar-Jiménez A, Ladrén-de-Guevara-Porras P, Pérez-Ceballos R, Diaz-Mondragén S, Rosado-
Solérzano R. US-Mexico joint Gulf of Mexico large marine ecosystem based assessment and manage-
ment: Experience in community involvement and mangrove wetland restoration in Términos lagoon,
Mexico. Environ Dev. 2017; 22: 206—213. https://doi.org/10.1016/j.envdev.2017.02.007

Lewis RR. Ecologically based goal setting in mangrove forest and tidal marsh restoration. Ecol Eng.
2000; 15: 191-198. https://doi.org/10.1016/S0925-8574(00)00070-7

Lewis RR. Ecological engineering for successful management and restoration of mangrove forests.
Ecol Eng. 2005; 24: 403—418. https://doi.org/10.1016/j.ecoleng.2004.10.003

Lewis RR. Methods and Criteria for Successful Mangrove Forest Restoration. In: Perillo G, Wolanski E,
Cahoon D, Brinson M, editors. Coastal wetlands: An Integrated Ecosystem Approach. Elsevier;
2009. pp. 787-800.

Lépez-Portillo J, Lewis RR, Saenger P, Rovai A, Koedam N, Dahdouh-Guebas F, et al. Mangrove For-
est Restoration and Rehabilitation BT—Mangrove Ecosystems: A Global Biogeographic Perspective:
Structure, Function, and Services. In: Rivera-Monroy VH, Lee SY, Kristensen E, Twilley RR, editors.
Mangrove Ecosystems: A Global Biogeographic Perspective. Springer International Publishing;
2017. pp. 301-345.

Guerra-Santos JJ, Kahl JDW. Redefining the Seasons in the Términos Lagoon Region of Southeastern
México: May Is a Transition Month, Not a Dry Month. J Coast Res. 2018; 341: 193—201. https://doi.org/
10.2112/JCOASTRES-D-16-00114.1

Contreras REA, Douillet P, Zavala-Hidalgo J. Tidal dynamics of the Terminos Lagoon, Mexico: observa-
tions and 3D numerical modelling. Ocean Dyn. 2014; 64: 1349-1371. https://doi.org/10.1007/s10236-
014-0752-3

Escudero M, Silva R, Mendoza E. Beach Erosion Driven by Natural and Human Activity at Isla del Car-
men Barrier Island, Mexico. J Coast Res. 2014; 71: 62—74. https://doi.org/10.2112/S171-008.1

Yanez-Arancibia & Day J. Ecological characterization of Terminos Lagoon, a tropical lagoon-estuarine
system in the Gulf of Mexico. Oceanol Acta. 1982; 5: 431-450.

Grenz C, Fichez R, Silva CA, Benitez LC, Conan P, Esparza ACR, et al. Benthic ecology of tropical
coastal lagoons: Environmental changes over the last decades in the Términos Lagoon, Mexico. Comp-
tes Rendus—Geosci. 2017; 349: 319-329. https://doi.org/10.1016/j.crte.2017.09.016

Coronado-Molina C, Alvarez-Guillen H, Day JW, Reyes E, Perez BC, Vera-Herrera F, Twilley R. Litter-
fall dynamics in carbonate and deltaic mangrove ecosystems in the Gulf of Mexico. Wetlands Ecology
and Management. 2012; 20: 123-136.

Echeverria-Avila SC. Evaluacion de la restauracion ecoldgica a través de la estructura forestal en un
ecosistema de manglar en Laguna de Términos, Campeche, México. Universidad Auténoma del Car-
men (UNACAR). 2016.

Lugo AE, Snedaker SC. The Ecology of Mangroves. Annu Rev Ecol Syst. 1974; 5: 39—-64. https://doi.
org/10.1146/annurev.es.05.110174.000351

Patel A, Katiyar SK, Prasad V. Performances evaluation of different open source DEM using Differential
Global Positioning System (DGPS). Egypt J Remote Sens Sp Sci. Authority for Remote Sensing and
Space Sciences; 2016; 19: 7—16. https://doi.org/10.1016/j.ejrs.2015.12.004

Creed IF, Sass GZ. Digital Terrain Analysis Approaches for Tracking Hydrological and Biogeochemical
Pathways and Processes in Forested Landscapes. In: Levia D, Carlyle-Moses D, Tanaka T, editors.
Forest Hydrology and Biogeochemistry. Springer, Dordrecht. 2011. pp. 69-100.

Perez-Ceballos R, Rivera-Rosales K, Zaldivar-Jiménez A, Canales-Delgadillo J, Brito-Pérez R, Amador
del Angel L, et al. Efecto de la restauracion hidroldgica sobre la productividad de raices subterraneas
en los manglares de Laguna de Términos, México. Bot Sci. 2018; 96: 569. https://doi.org/10.17129/
botsci.1989

McKee KL, Mendelssohn IA, Hester MW. Reexamination of Pore Water Sulfide Concentrations and
Redox Potentials Near the Aerial Roots of Rhizophora mangle and Avicennia germinans. Am J Bot.
1988; 75: 1352. https://doi.org/10.2307/2444458

PLOS ONE | https://doi.org/10.1371/journal.pone.0227665 January 30, 2020 19/20


https://doi.org/10.1371/journal.pone.0150302
http://www.ncbi.nlm.nih.gov/pubmed/27008277
https://doi.org/10.1007/BF01876231
https://doi.org/10.1016/j.envdev.2017.02.007
https://doi.org/10.1016/S0925-8574(00)00070-7
https://doi.org/10.1016/j.ecoleng.2004.10.003
https://doi.org/10.2112/JCOASTRES-D-16-00114.1
https://doi.org/10.2112/JCOASTRES-D-16-00114.1
https://doi.org/10.1007/s10236-014-0752-3
https://doi.org/10.1007/s10236-014-0752-3
https://doi.org/10.2112/SI71-008.1
https://doi.org/10.1016/j.crte.2017.09.016
https://doi.org/10.1146/annurev.es.05.110174.000351
https://doi.org/10.1146/annurev.es.05.110174.000351
https://doi.org/10.1016/j.ejrs.2015.12.004
https://doi.org/10.17129/botsci.1989
https://doi.org/10.17129/botsci.1989
https://doi.org/10.2307/2444458
https://doi.org/10.1371/journal.pone.0227665

@ PLOS|ONE

Determining hydrological flow paths to enhance restoration in mangrove

53.

54.
55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

APHA. Standard Methods for the Examination of Water & Wastewater. 21st ed. American Public Health
Association, editor. American Public Health Association; 2005.

Chatfield C. The Analysis of Time Series: an Introduction. Boca Raton, F. L.: CRC Press; 2004.

Hegge BJ, Masselink G. Spectral analysis of geomorphic time series: Auto-spectrum. Earth Surf Pro-
cess Landforms. 1996; 21: 1021-1040. https://doi.org/10.1002/(SICI)1096-9837(199611)21:11<1021::
AID-ESP703>3.0.CO;2-D

Pohlert T. The Pairwise Multiple Comparison of Mean Ranks Package (PMCMR). R Package. 2014.;

Fox J, Weisberg S. An R companion to applied regression: appendices. Second Ed Thousand Oaks CA
Sage URL http://socserv.socsci.mcmaster.ca/jfox/Books/Companion. 2011;

R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical
Computing. Vienna, Austria. 2018;

Castafieda-Moya E, Twilley RR, Rivera-Monroy VH. Allocation of biomass and net primary productivity
of mangrove forests along environmental gradients in the Florida Coastal Everglades, USA. For Ecol
Manage. 2013; 307: 226—-241. https://doi.org/10.1016/j.foreco.2013.07.011

Echeverria-Avila S, Pérez-Ceballos R, Zaldivar-Jiménez A, Canales-Delgadillo J, Brito-Pérez R,
Merino-Ibarra M, et al. Regeneracion natural de sitios de manglar degradado en respuesta a la restau-
racién hidrolégica. Madera y Bosques. 2019; 25: e2511754.

Lewis RR, Milbrandt EC, Brown B, Krauss KW, Rovai AS, Beever JW, et al. Stress in mangrove forests:
Early detection and preemptive rehabilitation are essential for future successful worldwide mangrove
forest management. Mar Pollut Bull. Elsevier Ltd; 2016; 109: 764—771. https://doi.org/10.1016/j.
marpolbul.2016.03.006 PMID: 26971817

Dale PER, Knight JM, Dwyer PG. Mangrove rehabilitation: a review focusing on ecological and institu-
tional issues. Wetl Ecol Manag. 2014; 22: 587—604. https://doi.org/10.1007/s11273-014-9383-1

Skelton NJ, Allaway WG. Oxygen and pressure changes measured in situ during flooding in roots of the
Grey Mangrove Avicennia marina (Forssk). Vierh. Aquat Bot. 1996; 54: 165—175. https://doi.org/10.
1016/0304-3770(96)01043-1

Lamers LPM, Govers LL, Janssen ICJM, Geurts JJM, Van der Welle MEW, Van Katwijk MM, et al. Sul-
fide as a soil phytotoxin—a review. Front Plant Sci. Frontiers Media S.A. 2013; 4: 268. https://doi.org/
10.3389/fpls.2013.00268 PMID: 23885259

McKee KL, Mendelssohn IA, Hester MW. Reexamination of Pore Water Sulfide Concentrations and
Redox Potentials Near the Aerial Roots of Rhizophora mangle and Avicennia germinans. Am J Bot.
1988; 75: 1352. https://doi.org/10.2307/2444458

Mendelssohn |, Morris J. Ecophysiological controls on the growth of Spartina alterniflora. In: Weinstein
N, Kreeger D, editors. Concepts and Controversies in Tidal Marsh Ecology. Dordrecht, Neth. Kluwer
Middleton; 2000. pp. 59-80.

Bayraktarov E, Saunders MI, Abdullah S, Mills M, Beher J, Possingham HP, et al. The cost and feasibil-
ity of marine coastal restoration. Ecol Appl. 2016; 26: 1055—1074. https://doi.org/10.1890/15-1077
PMID: 27509748

Lewis RR. Mangrove Restoration—Costs and Benefits of Successful Ecological Restoration. Proceed-
ings of the Mangrove Valuation Workshop. Beijer International Institute of Ecological Economics, Stock-
holm, Sweden, Penang, Malaysia. 2001. http://www.fao.org/forestry/10560-
0fe87b898806287615fceb95a76f613cf.pdf

Salmo S, Juanico DE. An individual-based model of long-term forest growth and carbon sequestration
in planted mangroves under salinity and inundation stresses. Int J Philipp Sci Technol. 2015; 8: 31-35.

Jaramillo F, Licero L, Ahlen L, Manzoni S, Rodriguez-Rodriguez JA, Guittars A, Hylin A, Bolarios J,
Jawitz J, Wdowinski S, Martinez O, Espinosa LF. Effects of hydroclimatic change and rehabilitation
activities on salinity and mangroves in the Ciénega Grande de Santa Marta, Colombia. Wetlands. 2018;
38: 755-767. https://doi.org/10.1007/s13157-018-1024-7

Reef R, Feller I, Lovelock. Nutrition of mangroves. Tree Physiology, 2010; 30: 1148—1160. https://doi.
org/10.1093/treephys/tpq048 PMID: 20566581

Canales-Delgadillo J, Perez-Ceballos R, Merino-Ibarra M, Cardoza-Cota G, Cardoso-Mohedano JG.
The effect of mangrove restoration on avian assemblages of a coastal lagoon in southern Mexico.
Peerd. 2019; 7:e74983. https://doi.org/10.7717/peer].7493 PMID: 31423362

PLOS ONE | https://doi.org/10.1371/journal.pone.0227665 January 30, 2020 20/20


https://doi.org/10.1002/(SICI)1096-9837(199611)21:11<1021::AID-ESP703>3.0.CO;2-D
https://doi.org/10.1002/(SICI)1096-9837(199611)21:11<1021::AID-ESP703>3.0.CO;2-D
http://socserv.socsci.mcmaster.ca/jfox/Books/Companion
https://doi.org/10.1016/j.foreco.2013.07.011
https://doi.org/10.1016/j.marpolbul.2016.03.006
https://doi.org/10.1016/j.marpolbul.2016.03.006
http://www.ncbi.nlm.nih.gov/pubmed/26971817
https://doi.org/10.1007/s11273-014-9383-1
https://doi.org/10.1016/0304-3770(96)01043-1
https://doi.org/10.1016/0304-3770(96)01043-1
https://doi.org/10.3389/fpls.2013.00268
https://doi.org/10.3389/fpls.2013.00268
http://www.ncbi.nlm.nih.gov/pubmed/23885259
https://doi.org/10.2307/2444458
https://doi.org/10.1890/15-1077
http://www.ncbi.nlm.nih.gov/pubmed/27509748
http://www.fao.org/forestry/10560-0fe87b898806287615fceb95a76f613cf.pdf
http://www.fao.org/forestry/10560-0fe87b898806287615fceb95a76f613cf.pdf
https://doi.org/10.1007/s13157-018-1024-7
https://doi.org/10.1093/treephys/tpq048
https://doi.org/10.1093/treephys/tpq048
http://www.ncbi.nlm.nih.gov/pubmed/20566581
https://doi.org/10.7717/peerj.7493
http://www.ncbi.nlm.nih.gov/pubmed/31423362
https://doi.org/10.1371/journal.pone.0227665

