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Abstract Within the last few decades, tropical coastal
systems such as beaches, dunes, and mangrove forests
have experienced high annual rates of loss worldwide
due to natural and anthropogenic impacts. Historical
remote sensing data have been used to map and monitor
these fragile systems, as well as to track specific events
through time. The purpose of this study was to examine

coastal trends along Marismas Nacionales in Mexico,
which is the largest wetland complex of the western
coast of the Pacific Ocean. The opening of the Cuautla
Canal in 1976 and the construction of several hydro-
electric power dams have severely impacted this wet-
land system. Shoreline variability was estimated based
on representative remote sensing images over half a
century (1970 to 2019). Results indicate that, after
49 years, 805 ha of beach deposits have been lost in
the Cuautla Canal and at the beach ridge region that
should otherwise be an accretional coastal zone. Con-
versely, the southern section of the study site shows
406 ha of constant accretion during the same period
due to the presence of the unobstructed San Pedro River.
Our study highlights the adverse effects of engineering
projects, such as inlets and hydroelectric dams through-
out tropical coastal systems that have strongly depended
on freshwater input from upstream rivers.
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Introduction

Tropical intertidal ecosystems (e.g., tidal marshes,
beaches, barrier islands, coral reefs, seagrasses, and
mangrove forests) are dynamic environments owing to
the presence of abiotic gradients (Rogers et al. 2019),
wave exposure (Román-Rivera and Ellis 2019), sedi-
ment dynamics (Bishop et al. 2017), and seasonal soil
salinity variability (Ouyang et al. 2017). These habitats
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likewise serve as critical nesting areas for many wildlife
species of high conservation concern (Powell et al.
2019), as well as an essential nursery habitat for com-
mercial fisheries (Mahoney and Bishop 2017). Unfortu-
nately, anthropogenic impacts on coastal ecosystems
have been notable over large scales, with habitat loss
due to land alterations, such as conversion of wetlands
into shrimp farms (Ahmed and Glaser 2016), lack of
freshwater availability (Valderrama-Landeros and
Flores-de-Santiago 2019), and alteration of coastal hy-
drology and geomorphology due to the introduction of
artificial coastal structures (Perkins et al. 2015). For
example, shore-parallel (e.g., seawall and breakwaters)
and shore-perpendicular structures (e.g., groins, canals)
affect wave rarefaction, littoral currents, and sediment
dynamics, and thus biotic responses (Bishop et al.
2017). The magnitude of these impacts varies according
to the design, location (i.e., site-specific), and tidal ele-
vation, thus the methods or techniques used to assess
ecosystem degradation depend on the study site (Ro-
mán-Rivera and Ellis 2019). Moreover, the geomorpho-
logical effects of these coastal perturbations are likely to
be intensified by the impacts of climate change, such as
the predicted sea-level rise of 30 to 180 cm by 2100
(McLeman 2018; Powell et al. 2019) and the increasing
frequency of tropical storms and hurricanes (Perkins
et al. 2015).

Monitoring the spatiotemporal variability of intertid-
al environments has been an essential ecological aim
during the last decades because of the persistent degra-
dation of biogenic habitats worldwide (Mahoney and
Bishop 2017). Traditional monitoring assessments are
commonly based on historical coastline trends (e.g.,
Nassar et al. 2018; Williams et al. 2018) and changes
in species composition (e.g., Mahoney and Bishop
2017). Concerning the estimation of coastal variability,
even though in situ methods, such as topographic sur-
veys, have made the task of repeatedly measuring shoal
and beach profiles easier, these methods are still time-
consuming, expensive, and spatially limited (Román-
Rivera and Ellis 2019). Furthermore, harsh coastal con-
ditions, such as saline environment, water-level changes
related to tidal fluctuations, and storm waves, could
permanently damage electronic field instrumentation,
hindering the feasibility of field-based surveys.

An alternative approach to coping with in situ limi-
tations could be the use of geographic information sys-
tems (Harik et al., 2017), multi-criteria decision analysis
(Maanan et al., 2018), and remote sensing technologies.

For instance, historical remote sensing images could be
retrieved from data servers or even from analog air
photographs. These remote sensing sensors could cover
a considerable area during a single capture, providing a
cost-effective option that allows the systematic and re-
peatedly global study of coastal systems, thus alleviating
many of the challenges related to field endeavors (Gens
2010). However, there are still limitations regarding the
spatial and temporal capacity of some remote sensing
sensors (Román-Rivera and Ellis 2019). For instance,
spatial resolution (i.e., pixel size) determines the amount
of detail from every image. Also, data acquisition from
passive sensors (e.g., Landsat, SPOT, Sentinel,
IKONOS, andWorldView) is hampered by cloud cover,
which is a common situation along tropical and temper-
ate latitudes. Moreover, the revisiting scene time (i.e.,
temporal resolution) depends on the satellite orbit and is
not possible to modify in most platforms, limiting the
number of free-cloud available images for a particular
location. Nevertheless, remote sensing technology will
continue to advance, increasing the acquisition and pro-
cessing of spaceborne data, which will eventually allow
a more comprehensive and complete framework of
coastal geomorphological analyses.

Multiple remote sensing endeavors have been done
to study coastal geomorphology trends (see reviews by
Gens 2010; Leuven et al. 2016; Román-Rivera and Ellis
2019; Williams et al. 2018). Based on such studies, it is
clear that coastline trends are mainly associated with
tides, waves, storms, sea level, and anthropogenic activ-
ities, especially in estuarine systems under the influence
of coastal constructions. Hence, this study analyzes
coastline changes along the severely affected Marismas
Nacionales (MaNa) estuarine complex in Mexico over
half a century, from 1970 to 2019. Our primary objec-
tive was to map shoreline variability before the con-
struction of the Cuautla Canal in 1976 and to quantify
erosion and accretion trends using a combination of
aerial photographs and satellite data.

Materials and method

Study area

The MaNa complex lies on the Pacific coast of Mexico
between the states of Sinaloa to the north and Nayarit to
the south (Fig. 1). The coastline of this system presents a
subtropical climate, with a mean annual temperature of
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25 °C (INEGI 2016). Overall precipitation ranges from
850 mm at the northern edge in Teacapán, to approxi-
mately 1660 mm at the south section near the San Pedro
River mouth. Indeed, maximum precipitation occurs
during the tropical storms and hurricane season between
the months of May and September, which causes a
seasonally marked flooding pulse. Likewise, coastal
waves show maximum energy during this season, pre-
senting an overall northeastern direction. Coastal winds
are predominant from the northwest during the winter
months and from the west to the southwest during the
summer months. The tidal amplitude presents a semidi-
urnal pattern with a mean height of 1.25 m along the
coastline (Cruz-González 2012).

Twelve rivers have influenced the MaNa system
(Blanco y Correa et al. 2011). Among such streams,
freshwater from the San Pedro and Santiago rivers has
had direct influence on the southern part of the coastline.
Both rivers discharge directly into the Pacific Ocean,

separated by 12 km of beach deposits. The more mas-
sive river of this area is the Santiago River, which has
prograded towards the edge of the continental shelf with
deltaic sediments for centuries (Curray et al. 1969). The
Acaponeta and San Pedro rivers, located in the central
part of the study site, present no infrastructure through
their watershed. The remaining ten rivers show some
water-controlled structure through their caudal. MaNa
presents a unique geomorphologic feature that consists
of a series of 280 parallel beach ridges located between
the Cuautla Canal and the San Pedro River mouth. The
ridges separate the mangrove forests within the coastal
lagoon from the shoreline of the Pacific coast and are
formed by coastal accretion processes due to constant
transport of suspended sediments derived from the main
rivers (i.e., Acaponeta, San Pedro, and Santiago) into the
coastal plain (Curray et al. 1969).

The opening of the Cuautla Canal in 1976 severely
impacted the entire MaNa system, causing drastic
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Fig. 1 a Location of the
Marismas Nacionales coastline,
Pacific coast of Mexico
(Enhanced Near-infrared, Red,
and Green of Sentinel-2 dated
February 15, 2019). The two
small yellow squares indicate the
location of the Cañas River at the
north, and the Acaponeta River at
the south. The yellow dashed line
represents the approximate field-
of-view of both oblique aerial
photographs: b taken in 1943
before the construction of the
Cuautla Canal (red arrow) and c
in 2018. The large yellow square
marks the location of Cuautla
Canal inlet: d vertical aerial
photograph taken in 1960 and e
the only available very-high
spatial resolution Google Earth
image unhampered by cloud
cover (November 2009)
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hydrological changes throughout the lagoon complex
that have adversely affected the mangrove forests due
to changes in salinity levels (Serrano et al., 2019) and
tidal regime (Kovacs et al. 2009). Specifically, Kovacs
et al. (2001) used multi-temporal Landsat data and
reported that an extensive area of mangrove forests has
degraded in both the northern and southern sections of
the Teacapán and Cuautla mouths. More recently,
Kovacs et al. (2005) and Valderrama-Landeros et al.
(2018) confirmed the aforementioned results using
spaceborne images with higher spatial resolution.

Remote sensing data acquisition, coastal delimitation,
and sea-surface elevation estimation

Individual aerial photographs were acquired from the
Instituto Nacional de Estadística y Geografía (INEGI,
Mexico) and the ICA Foundation. The available
Landsat data were downloaded via http://earthexplorer.
usgs.gov. The SPOT-5 data were obtained from the
Secretaría de Marina Armada de México (SEMAR,
Mexico) through the Estación de Recepción México
de la Constelación SPOT (ERMEX). The Sentinel-2
data were downloaded via the European Space Agency
(https://sentinel.esa.int/web/sentinel). The aerial
photographs and satellite images were orthorectified
and georeferenced separately based on a series of
ground control points (e.g., roads, channels). The
resulting scale and minimum mapping unit for all of
the 10 remote sensing images were 1:50,000 and 1 ha,
respectively. Finally, the mean sea level at the time of
image acquisition was calculated given the possible
influence of the tidal flooding amplitude on the
coastline delimitation. The specific mean sea level
(MSL) was determined using the lunar semi-diurnal
M2 tidal amplitude harmonic from freely available soft-
ware downloaded at the Centro de Investigación
Científica y de Educación Superior de Ensenada
(http://predmar.cicese.mx/programa/). The date and
time of each satellite image were corrected using GMT
− 7 from the closest tidal station (San Blas, Nayarit)
located at the southern section of the MaNa system
(Table 1).

The online base maps consist of national-level vector
data within a frequently updated GIS platform, and
include a series of layers of geomorphological, topo-
graphical, and hydrological frameworks (https://www.
inegi.org.mx/app/mapas/). The series of analog aerial
photographs were scanned and adjusted for scale, and

their coastline was digitized using the commonly
employed analog (visual) image processing method
(Boak and Turner 2005). We used the near-infrared
waveband (NIR) in order to separate coastal landforms
from the sea in the remaining spaceborne images. Spe-
cifically, we selected the NIR waveband because it is
well-known that this region of the electromagnetic spec-
trum enhances the interface between land and water due
to the inherent optical properties of water (Jensen 2005;
Valderrama-Landeros & Flores-de-Santiago et al., 2019
). The digital shorelines from each remote sensing data
source were separated and vectorized into a shapefile
format in ArcMap v10.3. We identified the overall dif-
ferences in the land cover features through the coastal
region between the 1970 aerial photograph and the
Sentinel-2 image of 2019, using the vector files. We
specifically selected six representative classes for this
study area: sand deposits, terrestrial vegetation, man-
grove forest, agricultural fields, non-forested wetlands,
and infrastructure. Monthly sea-surface circulation (di-
rection and speed) and sea-surface elevation data (2013–
2017) were obtained in NetCDF format from the Co-
pernicus database (European Space Agency) via
https://www.esa.int/Applications/Observing_the_
Earth/Copernicus. Sea-surface circulation data were
processed in the open-source software R using the
netcdf4 function in order to obtain the u and v compo-
nents. We plotted surface circulation vectors using the
open-source software QuantumGIS. The sea-surface el-
evation (cm) maps were generated using a pixel-by-
pixel mesh in QuantumGIS software.

Coastal analysis using the GIS-based DSAS method

The traditional software Digital Shoreline Analysis Sys-
tem (DSAS) automatically determines coastal change
rates using several vectorized shorelines through a GIS-
based routine (Thieler and Danforth 1994). DSAS
v4.03.4730 is an extension tool of ArcGIS v10.3 soft-
ware, which was developed jointly by the US Geolog-
ical Survey (USGS) and the TPMC Environmental Ser-
vices. The DSAS method automatically generates tran-
sect lines perpendicular to the coastal baseline and
across the shoreline at specific intervals determined by
the user. Actual rate-of-change variables are quantified
using each coastline intersection among transects. In this
study, we generated 955 transects at a 100-m spacing
distance and at about 2 km perpendicular to the coastal
baseline. It is beyond the scope of this article to
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explicitly review existing shoreline extraction methods,
but several reviews on such approaches exist (e.g., Boak
and Turner 2005; Gens 2010; Nel et al. 2014; Román-
Rivera and Ellis 2019).

As a general rule, the shoreline movement difference
concerning the baseline is considered a seaward shift
(accretion) and a landward shift (erosion) at each tran-
sect, and the statistical values represent accretion
(positive) and erosion (negative) trends. The DSAS
provides five statistical operations in order to quantify
shoreline variability, including end point rate (EPR),
least median of squares (LMS), linear regression rate
(LRR), net shoreline movement (NSM), and shoreline
change envelop (SCE) (Thieler and Danforth 1994).
Among these five available results, EPR calculates the
rate of shoreline movement between two consecutive
vectorized maps, and NSM is the average distance cov-
ered in the obtained images. The overall shoreline
movement distance was represented for all of the avail-
able vectorized maps, and the coastal rates of erosion
and accretion were quantified according to the coastal
baseline location.

Results

Figure 2 depicts the overall accretion and erosion areas
between 1970 and 2019. The total erosion area (red
zone) is 50% larger than the accretion area (green zone)
along the MaNa coastline. Specifically, the coastline
located at the Cuautla Canal and in front of the beach
ridges presents 805 ha of erosion, while the coastline

next to the Teacapán mouth and the San Pedro River
mouth shows 406 ha of accretion, with minimum vari-
ability along the remaining coastline. The highest land
classification losses at the MaNa coastline were sand
deposits (468 ha), followed by terrestrial vegetation
(122 ha), mangrove forest (107 ha), agricultural fields
(82 ha), non-forested wetlands (17 ha), and infrastruc-
ture (9 ha). Conversely, 356 ha from the accretion area
were comprised of sand deposits, followed by non-
forested wetlands (31 ha), terrestrial vegetation
(10 ha), and mangrove forests (9 ha). The historical
(2013 to 2017) monthly averaged sea surface circulation
and sea-elevation model shows a littoral current (i.e.,
10 km from the coast) with a predominant southern
direction year-round (Fig. 3). Moreover, the sea surface
height model depicts higher elevations during the sum-
mer months of July to August, corresponding to the
typical spring tides of this region. Ocean circulation
away from the coast (~ 20 km) shows a southern direc-
tion from February to April and from October to De-
cember. However, there is a reverse pattern during the
hurricane season between May and September, with an
overall northern direction.

Figure 4 depicts the EPR (m/year) interval (1970 to
2019). We separated the EPR diagram into northern and
southern sections based on the position of the Cuautla
Canal. Although both segments show similar pattern in
general, a number of particular anthropogenic and nat-
ural events affected the accretion and erosion trends
during specific periods. For instance, there was a higher
accretion rate in the north (4.4 m/year) and lower one in
the south (0.07 m/year) at the beginning of the historical

Table 1 Remote sensing data collected for the DSAS analysis. Estimated mean sea level (MSL) at the San Blas station (GMT − 7) based on
software http://predmar.cicese.mx/programa/. RMSE (m) based on the geometric correction using ground control points

Data source Date of acquisition
(mm/dd/yyyy)

Time of acquisition
(GMT)

Estimated MSL (m) at
collection

Pixel spacing (m) RMSE (m)

Air photo ND/ND/1970 16:44 ND 4.5 < 1

Landsat-MSS 10/12/1980 16:50 + 0.37 60 31.5

Landsat-TM 03/19/1986 16:44 − 0.19 30 4.6

Landsat-TM 04/15/1990 16:33 − 0.05 30 4.8

Landsat-TM 04/13/1995 16:59 − 0.02 30 4.9

Landsat-TM 04/26/2000 16:59 − 0.24 30 4.8

SPOT-5 12/01/2005 17:58 − 0.08 10 < 1

SPOT-5 03/26/2010 17:51 − 0.41 10 < 1

SPOT-5 02/28/2015 16:33 − 0.15 10 < 1

Sentinel-2 02/15/2019 17:34 − 0.31 10 < 1
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data (i.e., 1970–1980), even though two tropical storms
(Eilee in 1970 and Priscilla in 1971) directly impacted
the study site. There was an apparent erosion rate in the
period from 1980 to 1986 after the Cuautla Canal open-
ing in 1976 with − 8.7 m/year and − 4.1 m/years at the

north and south locations, respectively. Tropical storms
Otis in 1981 and Adolph in 1983, as well as category 4
hurricane Tico in 1983, impacted the north section of the
Teacapán mouth and the southern section of the
Caimanero lagoon (50 km north of the Teacapán
mouth), respectively. Consequently, their natural effects,
such as waves, storm surge, and winds, could have
increased the erosion trend detected in the EPR diagram
during this period.

The overall accretion rate from 1986 to 1990 was of
1.04 m/year and 2.03 m/year at the north and south
sections, respectively, with no natural events along the
coastline. This was also the case from 1990 to 1995,
with 1.06 m/year and 3.4 m/year in the north and south
sections, respectively. However, the increase in erosion
from 1995 to 2000 at the north (− 2.7 m/year) and south
(− 1.4 m/year) locations could be explained by the im-
pact of category 1 hurricane Diana in 1990 and the
hydroelectric Agua Milpa dam construction in 1993. It
is thus believed that such events changed the overall
coastline pattern. Moreover, hurricanes Rosa (category
2, 1994), Dolly (category 1, 1996), and Hernan (cate-
gory 1, 1996) impacted the southern section of the study
area during this period. The erosion rate was exacerbat-
ed during the next sequence of images between 2000
and 2005, due to the aforementioned causes and the
addition of hurricane Kena (category 2, 2002), with −
9.1 m/year and − 9.9 m/year at the north and south
sections, respectively. The absence of recorded tropical
storms and hurricanes between 2005 and 2015 was
reflected by the minimum variability, but the overall
erosion rate was persistent at the north section, as was
the accretion rate at the south. Finally, there was an
erosion rate of − 0.16 m/year in the north and an accre-
tion rate of 5.9 m/year in the south from 2015 to 2019,
due to the massive hurricane Willa (category 5, 2018)
that directly impacted the Teacapán mouth.

Figure 5 shows the specific accretion and erosion
NSM distance (m) of the first 10 km of coastline from
the Cuautla Canal mouth. We decide to separate both
NSM diagrams because the most dynamic region was
the Cuautla Canal mouth (Fig. 2), and thus detailed
temporal NSM results were enhanced. In general, there
was an overall accretion distance of ~ 250 m on both
sides between 1970 and 1980. On the other hand, the
Cuautla Canal mouth presented an overall erosion of ~
100 m during the following period between 1980 and
1986. Erosion and accretion distances were minimum
(< 25 m) from 1986 to 1990, as opposed to an overall
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higher erosion distance of ~ 450 m from 1990 to 1995,
although only at the southern section of the Cuautla
Canal. Higher erosion (~ 750 m south and ~ 350 m
north) was presented during 1995 to 2000, but only
along the first 2 km from the mouth. There was a higher
erosion distance in the north (~ 550 m) from 2000 to
2005. However, considerable accretion (~ 250 m) along
the first km at the north and minor accretion in the south
section were observed between 2005 and 2010. A rela-
tively stable condition was found during 2010 to 2015
with minimum accretion of less than 25 m, whereas the
southern section of the study site presented considerable
accretion (~ 300 m) from 2015 to 2019.

Discussion

Although the MaNa coastal system is considered the
largest wetland complex of the western Pacific Ocean,
our results indicate that this environment strongly depends
on the sediment input from rivers and on sediment trans-
port from the littoral current (Blanco y Correa et al. 2011).
The strong correlation between beach deposits and river-
supplied sediments, as well as shoreline degradation due
to coastal infrastructure, is well-known (Kim et al. 2017;
Williams et al. 2018). Therefore, hydroelectric construc-
tions could hinder the available sediment supply into
coastal systems, and coastal infrastructure could alter the

hydrological patterns within wetland systems (Moussaid
et al. 2015). Our results indicate that the shoreline position
over a mid-centennial period (49 years) was subject to
either accretion or erosion trends, contingent on the influ-
ence of the available river discharge and the opening of
the Cuautla Canal in 1976. Specifically, 806 ha of the
coastline had been eroded at the Cuautla Canal inlet and
in front of the beach ridges (i.e., former depositional sites),
in contrast to the 406 ha of beach deposits we detected
along the San Pedro Rivermouth and the Teacapánmouth
with the latter being influenced by the unobstructed
Acaponeta River (Ezcurra et al. 2019).

The coastal plain of MaNa can be considered a delta
influenced by 12 rivers that have combined into a pri-
mary coastal lagoon with several beach ridges. Accord-
ing to Curray (1969), this coastal system represents an
example of the turning point from shoreline transgres-
sion to regression across the continental shelf due to the
eustatic sea-level rise (7000 years before the present).
Hence, recent erosion at the beach ridges location could
represent a realignment of the coastline in response to
changes in oceanographic conditions and the sediment
supply rate. However, the erosion pattern found in our
study could be a response to the relatively recent lack of
sediment supply (Ezcurra et al. 2019; Valderrama-
Landeros and Flores-de-Santiago 2019) as well as to
the internal hydrodynamic changes resulting from the
opening of the Cuautla Canal (Serrano et al., 2019).
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Regarding the mangrove forest extension at the coast-
line of the MaNa system, there are three dominant man-
grove species: the black mangrove (Avicennia
germinans), the white mangrove (Laguncularia
racemosa), and the red mangrove (Rhizophora mangle).
Our results indicate that 107 ha of mangrove forests have
been loss, with only 9 ha of mangrove expansion. The
mangroves of this coastal system have experienced con-
siderable degradation due to the adverse hydrologic
changes (e.g., hypersalinity and tidal regime) that follow-
ed the opening of the Cuautla Canal in 1976 (Flores-
Verdugo et al. 1990; Kovacs et al. 2005; Serrano et al.,
2019). For instance, Rollet (1974) had reported a lack of
anthropogenic disturbances or mangrove degradation be-
fore the Cuautla Canal opening and had observed that the
large mangrove trees within the MaNa system were due
to low salinity concentration. However, it was not until a
decade later that Flores-Verdugo et al. (1990) would note

a major degradation of the mangrove forests of the
Teacapán-Agua Brava lagoon section, thereby proposing
that the Cuautla Canal has developed a negative effect on
the mangrove forests by altering the natural hydrological
pattern, which led to increased water salinity.

Regarding shoreline variability, coastal erosion in this
study site has been assessed along the main river mouths
by comparing the influence of sediment trapped in hydro-
electric power dams (e.g., Ezcurra et al. 2019; Valderrama-
Landeros and Flores-de-Santiago 2019). According to the
EPR diagram, it is clear that the opening of the Cuautla
Canal caused an overall erosion trend along with the
MaNa system during the 1980 to 1986 period. Moreover,
hydrodynamic modeling of the MaNa system indicated
that the opening of the Cuautla Canal created strong and
permanent tidal friction through the inlet, causing major
coastal erosion (Serrano et al. 2019). Indeed, the same
situation was seen after the construction of the AguaMilpa
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dam in 1993 with an overall erosion trend from 1995 to
2000, and this erosion was exacerbated by the impact of
category 4 hurricane Kena in 2002. Contrary to the afore-
mentioned results, it appears that the MaNa coastline had
maintained a degree of stability from 2005 to 2019, and
that even some accretion events had been registered at the
southern section. However, natural events such as massive
category 5 hurricane Willa affected the overall shoreline
dynamic, as evidenced by the differences in the EPR
diagram between the northern and southern sections. Even
though it has been reported that the Cuautla Canal has
changed the hydrodynamic patterns throughout the MaNa
wetland (Serrano et al., 2019), the direct erosion trend
along the Cuautla Canal could be considered very site-
specific based on theNSMdiagram. Indeed, it appears that
the Cuautla Canal has become relatively more stable, and
this information was confirmed with the recruitment of
mangrove trees along themain inlet, whose overall erosion
pattern decreased from 1995 to 2005.

Changes in natural conditions throughout the MaNa
system, including freshwater input and hydrological
connectivity, have modified its ecological structure,
such as mayor wetland and coastal losses due to salinity
variability and sediment transport. These adverse an-
thropogenic effects may propagate throughout adjacent
coastal systems (Mahoney and Bishop 2017). The situ-
ation could be additionally exacerbated by poor land-
use planning and climate change, such as an increase in
sea level that could result in coastal erosion further
landward and at higher tidal elevations, extending the
magnitude of flooding events (Rogers and Woodroffe
2016). Indeed, coastal planners and policymakers need
an accurate historical indicator of the vulnerability of
coastal systems to erosion and inundation processes, and
we should leverage this information to contribute to
dynamic coastal research. In this sense, the method
utilized in this study was found to be a practical ap-
proach for assessing changes in shoreline position
through time. Specifically, the detection of shoreline
evolution was feasible by using a combination of aerial
photographs, moderate spatial resolution Landsat,
SPOT, and Sentinel data, and GIS-based analysis. How-
ever, some limitations need to be considered, such as the
different spatial resolutions, satellite data cost, and sea-
surface elevation due to tidal dynamics.

Regarding spatial resolution, it is clear that aerial pho-
tographs and coarse spatial resolution Landsat data have
been the only available historical remote sensing data
(Wulder et al. 2016) since the first Landsat satellite was

launched in the early 1970s (Boak and Turner 2005). By
contrast, very-high spatial resolution data such as World-
View, IKONOS, and QuickBird images are expensive,
and continuous image availability is minimal. Neverthe-
less, it has become apparent, mainly through the consid-
erable shoreline loss at the Cuautla Canal mouth (1250m),
that coastline delineation was unhampered by relatively
coarse spatial resolution satellite data in the study site.
Moreover, our coastal trends are similar to those reported
by Cruz-González (2012) and Ezcurra et al. (2019).

The other major limitation that could affect our re-
sults consists of the tidal variability among the remote
sensing data sources. In this regard, Gens (2010) sug-
gested that tidal amplitude is more likely to affect very-
high spatial resolution satellite data than coarser spatial
resolution images. It is difficult, if not nearly impossible,
to acquire spaceborne images during the same tidal
conditions because of different satellite orbital paths;
however, we believe that our results were not hindered
by the different tidal amplitudes (Table 1), because the
MaNa coastline has been classified as a continental
collision coast (Inman and Nordstrom 1971) with a
typical abrupt foreshore height of ~ 1 m, according to
the beach profiles by Cruz-González (2012). Conse-
quently, the combination of a narrow continental shelf
and low semi-diurnal tidal amplitude could result in
minimal influence by tidal differences using coarse spa-
tial resolution spaceborne data.

It has been suggested that the geomorphological
properties of this coastal system are enhanced in relation
to its proximity to the river mouths (Cruz- González
2012). For instance, the beach ridge zone has been
characterized as a constant accretion region due to the
presence of the Acaponeta, Bejuco, Rosa Morada, and
San Pedro rivers (Evans 1979). However, erosion pro-
cesses are continuously detected in the southern section
of these beach ridges southwards to the San Pedro River
mouth. On the other hand, the coastal area located from
the Cuautla Canal to the northern section of the beach
ridges presents a relatively stable coast. Since this area
was affected by the opening of the Cuautla Canal, we
believe that the suspended sediments transported by the
Acaponeta River are carried into the ocean throughout
the Cuautla Canal and then distributed to the southern
section of the coastline via the littoral current (Fig. 3).
However, these suspended sediments may not always
reach the beach ridge shoreline location, and thus ero-
sion processes are more common farther away from the
Cuautla Canal’s influence. In fact, De-la-Lanza-Espino

123 Page 10 of 12 Environ Monit Assess (2020) 192: 123



et al. (2012) indicated that the annual Acaponeta River
volume (981 hm3) is the only freshwater and sediment
source of the MaNa system.

Conclusions

The results of this study emphasize the feasibility of
synergy among historical remote sensing data with me-
dium to high spatial resolutions and automatic GIS
calculation process (DSAS) in providing reliable infor-
mation on coastal geomorphological dynamics for con-
servational purposes. Understanding historical shoreline
trends in a complex system, such as MaNa contributes
to the comprehension of major implications for the
effective management of this crucial coastal environ-
ment. Although our results are based on remote sensing
data, they are expected to provide more insight into
future coastal management decisions, such as major
coastal infrastructure programs in subtropical estuarine
areas. Unfortunately, the absence of comprehensive em-
pirical baseline studies based on biodiversity data, or
data comprising additional ecological parameters, such
as wetland ecosystem function and services in this re-
gion, impedes the quantification of the absolute magni-
tude of ecological impacts, such as fisheries and carbon
burial, due to coastal structures and upstream damns.

The overall erosion (805 ha) and accretion (406 ha)
areas were mapped and detailed using remote sensing
data and automatic GIS analysis (i.e., DSAS) during the
49 years (1970–2019). Our study detected temporal
coastal geomorphological trends according to major
infrastructure projects, such as the Cuautla Canal open-
ing, the construction of the Agua Milpa dam, and even
natural phenomena, such as tropical storms and hurri-
canes along the MaNa coastal region. Also, major ero-
sion processes were detected in front of the beach ridge
section that should otherwise be an accretional coastal
zone due to the influence of several rivers, although
most of this suspended sediment is directly transported
into the ocean through the inlet or abducted by the dams.
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