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A B S T R A C T   

The interactions between local tides and river discharges are crucial in the processes related to the recruitment of 
mangrove propagules in estuarine systems. This investigation aimed to determine the causes of the recent natural 
recruitment and expansion of Laguncularia racemosa in mudflats within an ephemeral inlet in Mexico. We con
ducted a fluvial and coastal geomorphology assessment with spaceborne and UAV-based images. We deployed 
and recorded continuous data loggers in the estuarine system to assess water level and salinity. Depending on the 
available data, we used a combination of cloud-computing Google Earth Engine, UAV-Digital Surface Models, 
LiDAR, Google Earth images, and biophysical variables to monitor mangrove forests from 2005 to 2022. When 
the inlet is open, the estuarine system presents a full tidal range (~1–1.5 m) with a strong salinity gradient (0–35 
mS/cm), in contrast to the strong freshwater influence and minimal water level variability (<10 cm) that prevails 
for three months when the inlet is closed. Once the mouth of the river closes, there is considerable sediment 
accumulation, creating mudflat areas adjacent to the mangrove forests where Laguncularia racemosa propagules 
begin to establish under minimal water level variability and oligohaline conditions. After 16 years, the new forest 
expanded by 12.3 ha, presenting a very high density (10000 stems/ha), a considerable basal area (54–63 m2/ha), 
and a maximum canopy height of 15.8 m, which largely surpasses that of other semiarid Laguncularia racemosa 
forests within permanent open-inlet systems or even in ephemeral inlets with different hydrological conditions. 
Our study will help to understand the causes of natural Laguncularia racemosa recruitment in extremely dynamic 
systems.   

1. Introduction 

Mangrove forests provide many ecosystem services, including nurs
ery areas for endangered and commercial species (Muro-Torres et al., 
2022), protection against storm surges and coastal erosion (Vizcaya-
Martínez et al., 2022), and enhanced human development (Ferreira 
et al., 2022). Mangrove trees and shrubs thrive on mudflats, river banks, 
and coastlines in tropical and subtropical environments along the 

intertidal zone (Mafi-Gholami et al., 2020). They are the most capable of 
all aquatic and terrestrial ecosystems to store carbon (Pham et al., 2019; 
Blanco-Sacristán et al., 2022) and absorb dissolved nutrients (De-Le
ón-Herrera et al., 2015). Despite their ecological and economic rele
vance, mangrove ecosystems worldwide may be subject to constant 
degradation due to natural (e.g., hurricanes, sea-level rise, ocean tem
perature fluctuations) and anthropogenic (e.g., deforestation, pollution, 
urbanization, aquaculture) impacts (Arshad et al., 2020). For instance, 
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human repercussions accounted for 62% of the total mangrove area loss 
(3363 km2) between 2000 and 2016 (Goldberg et al., 2020). 

Although there are many studies about the possible causes of 
mangrove ecosystem degradation at a global scale (e.g., Schmitt and 
Duke, 2015; Flores-Verdugo et al., 2018; Kamal et al., 2021), very few 
recent studies have detected worldwide mangrove forest expansion in 
new areas (e.g., Flores-Verdugo et al., 2015; Chen et al., 2017; Mondal 
et al., 2018; Wang et al., 2021; Shih et al., 2022; Zhang et al., 2022). The 
ability of mangrove propagules to colonize new sites depends on recent 
hydrogeomorphic changes because these areas did not commonly have 
optimal conditions for mangrove development (Monroy-Torres et al., 
2014). Results from field observations have suggested that sediment 
variability in the microtopographic profile, related to sediment dy
namics, together with reductions in hydrodynamic forces, constitute the 
leading causes of early mangrove recruitment (Flores-de-Santiago et al., 
2017; Shih et al., 2022). In this sense, while the hydrogeomorphic 
conditions are characteristic of coastal lagoon and estuarine environ
ments, ephemeral inlets, where the connection to the ocean through the 
mouth of a river is not permanent, are unique systems because man
groves are under contrasting hydrosedimentary regimes (God
wyn-Paulson et al., 2021). For example, the temporal variability in 
water level, which quantifies the hydroperiod (frequency, duration, and 
intensity of flooding), together with the salinity of the system and water 
temperature, affects the spatial distribution of each mangrove species 
(Flores-Verdugo et al., 2018). 

Accurate determination of mangrove extent due to natural expansion 
is not always straightforward (Nguyen et al., 2022); it implies extensive 
field studies, which can be labor-intensive and costly due to the inherent 
muddy environmental conditions in which mangroves grow (Field, 
1998). In addition, historical analyses of biophysical data, such as forest 
structure, are usually unavailable for most places where mangrove 
expansion has occurred (Wang et al., 2018). Therefore, it appears that 
the only alternative for this endeavor is spatial data from remote sensing 
platforms (Guo et al., 2017). The relatively recent development of 
remote sensing technology has allowed the possibility of selecting a 
wide range of passive (multispectral) and active (LiDAR, radar) image 
datasets with spatial resolutions (pixel size) from sub-meter to tens of 
meters (Flores-de-Santiago et al., 2013; Tran et al., 2022; Lassalle et al., 
2023). With the development of robust classification techniques (Las
salle et al., 2022), complex BigData processing application software, and 
cloud computing platforms, such as Google Earth Engine (GEE), the 
possibility of acquiring dense time series from remote sensing data has 
opened a new frontier in mangrove assessments, even at the species level 
(Vizcaya-Martínez et al., 2022). While global interest in the use of GEE 
in mangroves started in 2013 (Hansen et al., 2013), followed by case 
studies in Thailand (Pimple et al., 2018), Bangladesh (Mahmud et al., 
2022), and China (Li et al., 2019; Zhang et al., 2022), only three recent 
studies have demonstrated the feasibility of GEE in Mexico (e.g., Val
derrama-Landeros et al., 2021; Celis-Hernandez et al., 2022; Vizcaya-
Martínez et al., 2022). 

We hypothesized that the temporal variability between the conti
nental water regime and the tides from the ocean controls the spatial 
geomorphology of the river mouth. If true, early white mangrove 
(Laguncularia racemosa) recruitment success will occur on recently 
created mudflats within the river when the flood regime presents min
imal variability. We tested this hypothesis by evaluating the fluctuations 
of water level, coastal geomorphology of the river, and mangrove can
opy area growth by means of several in situ and remote sensing ap
proaches. The primary goal of this study was to evaluate historical 
trends in the natural expansion of Laguncularia racemosa in an estuarine 
system with an ephemeral inlet. Specifically, the objective of this study 
was fourfold. First, we assessed fluvial geomorphology changes 
throughout the river bank from the hydroelectric dam to the river 
mouth. Second, we analyzed the time series of water levels, salinity, 
temperature near the river mouth, and the height of the tides coming 
from the ocean. Third, we measured the coastal geomorphology 

complexity at the river mouth by means of remote sensing platforms. 
Finally, we quantify Laguncularia racemosa growth using a combination 
of historical remote sensing images, UAV flights, cloud computing time 
series, and a ground survey approach. 

2. Materials and methods 

2.1. Study area 

The State of Sinaloa, located in the northwestern coastal region of 
Mexico, presents eleven main rivers that discharge into the southern 
entrance of the Gulf of California (Fig. 1a). The Sierra Madre Occidental 
Mountain range system (~3000 m amsl), which is part of the North 
American Cordillera, acts as a source of water in an otherwise arid/ 
semiarid environment (Fig. 1b). The Presidio River rises in the high 
mountains and flows for ~170 km in a southwesterly direction across 
the state of Sinaloa until it reaches the coastal plain near the city of 
Mazatlan (Fig. 1c). Its catchment area is 5614 km2, which causes an 
average annual discharge of 1779 hm m3 (CONAGUA, 2015). Specif
ically, 76% of the drained volume occurs between June to October, 
being September the highest runoff (283 hm m3). The climate near the 
river mouth is hot semiarid, causing an average annual air temperature 
of 24 ◦C, with monthly ranges from 21 ◦C in winter to 31 ◦C in summer 
(CONAGUA, 2019). The rainy season occurs during the summer (June to 
October), providing 78% of the total annual rainfall (500–1200 mm). 
There is additional lower rainfall (~35 mm) in winter (November to 
February) due to cold fronts from the upper Gulf of California. During 
the summer, extreme atmospheric events, such as tropical storms and 
hurricanes, may impact the study site (Vizcaya-Martínez et al., 2022). 

The Presidio River is controlled by a dam (Picachos) which started 
operation in July 2009 (Fig. 1c). The dam is located at 75 m amsl and has 
a storage capacity of 328 hm m3 within 2070 ha and a maximum depth 
of 50 m at the dam gate (Beltrá-Álvarez et al., 2012). The soil along the 
mouth of the Presidio River is of alluvial origin, with a high percentage 
of sand and silt recently deposited on the river bank. The dominant 
vegetation is low deciduous forests (<15 m height) and dense Lagun
cularia racemosa with a 16-m height (Fig. 1d). During the rainy season, 
the energy from the river breaks a sand bar at the mouth of the river 
(<200 m wide), exporting a massive amount of terrigenous material into 
the ocean. As river runoff decreases during the dry season, the ebb and 
flow of the tidal current and littoral transport tend to close the river inlet 
(CONAGUA, 2015). 

2.2. Environmental data and mangrove field-based inventory 

We collected field stem parameters of two mangrove plots where the 
natural expansion of Laguncularia racemosa occurred (Fig. 1d). We laid 
out two circular 0.012 ha plots as described by Kovacs et al. (2010) on 
February 22, 2022. Specifically, we determined the central location of 
each plot using a handheld Garmin GPSMAP 65s and recorded all stems 
of diameter at breast height (DBH) greater than 2.5 cm. We calculated 
stem density and basal area with the aforementioned data (Flor
es-Verdugo et al., 1987). The ideal way to determine the radius of the 
plot within the dense and muddy forest environment was using a 
waterproof distance meter STABILA Ld 420. We measured the height of 
the mangrove forest with a portable Vertex Laser VL400 hypsometer as 
described by Vizcaya-Martínez et al. (2022) and collected a series of 
photographs within the Laguncularia racemosa forest. 

We installed a series of data loggers near the field survey transects 
and at a distance of ~800 m from the river mouth (Fig. 1d). Two initial 
Onset HOBO U20 instruments measured the river water level every 20 
min for 278 days (11/20/2019 to 8/24/2020). Because of equipment 
loss (stolen), we could only install two new loggers eight months af
terward that recorded water level data for 589 days (4/20/2021 to 12/ 
1/2022). Although we were only able to install one Onset HOBO U24- 
002-C salt water conductivity (0.1–55 mS/cm) and temperature 
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(5–35 ◦C) logger for 90 days (5/9/2022 to 8/7/2022) due to budget 
constraints, the logger stopped recording data after the first deployment 
and required essential technical service. The underwater HOBO U20 
measure absolute pressure (kPa), so they must be standardized accord
ing to atmospheric variability, so we recorded continuous atmospheric 
pressure with another HOBO U20 located on the roof of a nearby 
building, avoiding direct sunlight and rain. We determined the ocean’s 
mean lower low water level (MLLWL) using the dominant lunar semi- 
diurnal M2 tidal amplitude harmonic from freely available software 
downloaded at the Centro de Investigación Científica y de Educación 
Superior de Ensenada (http://predmar.cicese.mx). We extracted the 
time series of rainfall from NOAA (https://psl.noaa.gov/data/gridded/d 
ata.cpc.globalprecip.html) for the same time lapses recorded with the 
HOBO U20. 

2.3. Remote sensing data collection and analysis 

With a quick manual vectorization technique of the coastal plain 
river bank (~61 km long) on ArcMap software V.10.2.2 (Vizcaya-
Martínez et al., 2022), we assessed the relatively recent (~18 years) 
geomorphological change detection through the Presidio River by 

means of freely available very-high spatial resolution Google Earth im
ages (Nagarajan et al., 2022) from the last available date, prior to the 
construction of the Picachos dam (4/20/2003) and until the most recent 
image (3/29/2021). Regarding the recent mangrove expansion evalua
tion, we first detected the areas where this process occurred in the his
torical Google Earth dataset and verified the Laguncularia racemosa 
recruitment in the field. Subsequently, we selected all the available 
images from the beginning of the mangrove recruitment (March 8, 
2005) until the most recent image. We used visual identification (Las
salle et al., 2022) and a vectorization technique to detect Laguncularia 
racemosa, according to Blanco-Sacristán et al. (2022), and calculated the 
increase in the canopy area (ha). 

Selecting a representative location within the mangrove forest 
allowed us to understand the historical phenological trajectory of the 
naturally expanded Laguncularia racemosa. Due to the lack of high- 
resolution satellite images prior to 2005, we extracted the vegetation 
index NDVI, which is the most representative of abrupt mangrove forest 
phenology changes in this semiarid region (Vizcaya-Martínez et al., 
2022) and other worldwide locations (Wang et al., 2018), by down
loading individual bands (red and near-infrared) of the Landsat mission 
during the last 29 years (9/2/1992 to 6/2/2021). We analyzed the 

Fig. 1. (a) Hydrological system of the northwestern 
coast of Mexico (INEGI). The red rectangle indicates 
the border between the Sinaloa and Nayarit states. (b) 
Digital elevation model (m) of the east coast of the 
Gulf of California based on freely available TOPEX 
data (https://topex.ucsd.edu/cgi-bin/get_data.cgi). 
The red rectangle indicates the location of the Pre
sidio River basin. (c) The coastal plain basin of the 
Presidio river between the Picachos reservoir and the 
Pacific Ocean (Enhanced Near-infrared, Red, Green of 
Sentinel-2 dated May 10, 2022). The black arrow in
dicates the Picacho’s dam, and the red arrow the 
Presidio river inlet. (d) Visible Google Earth image of 
the white mangrove (Laguncularia racemosa) forests 
ecosystem along the Presidio river inlet. The red cir
cle denotes the location of the HOBO water level 
logger. The yellow circles indicate the central posi
tion of the two mangrove field-based inventories.   
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overall NDVI time series using the built-in GEE tool installed on the 
Quantum GIS V.3.16.13 software. 

Regarding coastal geomorphology and the mangrove vertical struc
ture, we acquired four seasonal sequences of UAV images at the Presidio 
River mouth in 2018 and 2019 and one fly mission over the mangrove 
forest in 2022, utilizing a rotary-wing DJI Phantom series quadcopter 
and its built-in visible camera, which is the most versatile UAV platform 
for coastal studies (Minervino Amodio et al., 2022). The UAV flight 
system captures individual images at the nadir view at 2 s intervals per 
image and stores the UAV location for each captured image in the flight 
log file (.csv) in the onboard internal measurement unit (IMU) and GPS. 
The autopilot software Map Pilot V.2.0.1 configured the flight missions 
over 30 ha and 10 ha for the Presidio River mouth and mangrove forest, 
respectively, following the approach described by Flores-de-Santiago 
et al. (2020). 

Pre-flight white and black targets deployed at the control base 

station helped with the radiometric calibration of all individual images, 
as suggested by Flores-de-Santiago et al. (2020) and Dronova et al. 
(2021). We used Agisoft Metashape software V.1.5.2 (http://www.ag 
isoft.com) to generate orthorectified images and digital surface models 
(DSM). Overall, the whole semiautomatic process involved three stages: 
(1) image alignment, (2) dense cloud construction, and (3) orthoima
ge/DSM generation. We traced a series of linear transects through the 
Presidio River sand barrier and the expanded Laguncularia racemosa 
forests and measured vertical profiles following the DSM approach 
described by Di Paola et al. (2022) and Vizcaya-Martínez et al. (2022). 
Additionally, we downloaded the only available airborne laser scanner 
(LiDAR) data (2012) from INEGI for historical upper canopy foliage 
comparisons, as suggested by Salum et al. (2020). We performed all the 
computer processing on a portable workstation, DELL Precision 7720, 
with Intel Core i7 processors (2.9 GHz), 64 GB of RAM, an NVIDIA 
Quadro P3000 6 GB graphic card, and 8 TB of storage divided into three 

Fig. 2. Water level time series between the ocean (tidal harmonic) and the Presidio river inlet (HOBO U20). (a) The first nine-month period from November 20, 2019 
to August 24, 2020. (b) and (c) The second 19-month period from April 20, 2021 to December 1, 2022. The green circles indicate the impact of major tropical storms 
and hurricanes. 
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Solid State Drives. 

3. Results 

The fluvial geomorphology of the Presidio River bank along the last 
61 km of the coastal plain has had minimal variability in the last 18 
years (Fig. S1a). Although both images represent dry season conditions 
(i.e., low water flow), there have been some geomorphic modifications, 
such as in the upper part close to the Picachos dam, as seen on the visible 
satellite comparisons (Fig. S1). However, the river’s overall river bank 
and inlet do not present any apparent geomorphological change. 

The water level of the Presidio River near the inlet presents the 
seasonal pattern expected for a river with an ephemeral sandbar. At the 
same time, the ocean tide shows typical behavior for this North Pacific 
coastline, with two daily high and low tides and a series of spring and 
neap tides every 15 days (Fig. 2). In the first time series of 278 days, the 
oscillation of the river water level was equivalent to the tide level 
coming from the ocean, but with a much lower intensity because the 
inlet of the river was not completely open. We detected punctual sea
sonal winter rainfall on January 3 and 22, 2020 (green dots). The river 
water level steadily decreased between February 2 and April 12, 2020. 
From April 12 to July 29, 2020, the river water level was practically 
stable, with water level changes of less than 10 cm because the inlet was 
fully closed. A hydrostatic head occurred between July 29 and 30 when 
the river water level increased to 125 cm in less than 12 h and caused the 
opening of the sandy barrier (green dot); consequently, the oscillation in 
the water level according to the ocean tide was once again appreciated 
(Fig. 2a). 

In the second time series of 589 days, divided into two (Fig. 2 b and 
c), the river’s water level was minimal because the mouth of the river 
was closed at the beginning of the time series on April 20, 2021. Another 
hydrostatic head appeared in July (green dot), but did not cause the inlet 
to open until August 2, 2021. The river water level presented abrupt 
increases of 175 cm and 170 cm during Hurricanes Nora (Aug 29–31, 
2021) and Pamela (October 13, 2021), respectively (green dots). The 
river mouth opened at the beginning of November, represented by the 
onset of tidal oscillation (Fig. 2b). However, the inlet of the river began 

to close in December 2021, when there was a decrease in the river water 
level, until it closed completely on July 18, 2022 (Fig. 2c). Although the 
mouth of the river was semi-closed since December 2021, the water level 
began to decrease drastically from mid-May until it was completely 
closed on July 20, 2022. Following this process, the inlet of the river 
quickly reopened again on August 20 (green dot) during a heavy rain 
creating a hydrostatic head of 175 cm. In addition, a second hydrostatic 
head occurred at the beginning of September 2022 (green dot), which 
completely opened the inlet, reflecting an increase in tidal amplitude 
(Fig. 2c). The rainfall data from NOAA are similar to the river water level 
data. For example, the hydrostatic heads at the HOBOS water level 
coincide with the highest rainfall (Fig. S2). 

Water salinity within the river depicts a transition between an open 
and closed inlet, which varied across the short 90-day time series 
(Fig. 3). When comparing the paired riverine water level and the 
salinity, we found a strong relationship between tidal force and river 
discharge at the river mouth. Water temperature within the river inlet 
fluctuated according to tidal amplitude and continued having a stable 
increase as the summer went by. For example, oligohaline conditions 
(0–2 mS/cm) and temperature (27 ◦C) appeared during neap tides when 
the river had full freshwater strength. On the contrary, salinity increases 
to full ocean water conditions (~35 mS/cm) during spring tides, and 
there was a natural fluctuation from 0 to 35 mS/cm that depended on 
the tidal amplitude. This pattern changed after the river inlet closure on 
July 18, when full oligohaline conditions prevailed because saltwater 
from the ocean could not enter the estuarine system directly. 

The coastal geomorphology of the ephemeral inlet of the Presidio 
River shows a marked seasonal pattern. At the beginning of the opening 
of the inlet, the main river channel tends to present a direct connection 
with the ocean. As the dry season goes by and the discharge of the river 
decreases, the main channel begins to form a meandering configuration 
until the inlet closes, forming a perpendicular sandbar (Fig. 4). This 
seasonal pattern is annual, as observed in the UAV flights between 2018 
and 2019, as well as in the two representatives Google Earth images in 
2021. The river’s water level is approximately 1 m above the mean sea 
level, as shown in the profiles extracted from the DSM of the UAV flights. 
The first coastal dune of around 3 m in height appears in the first 52 m- 

Fig. 3. Time series of water level, conductivity, and water temperature in the Presidio river inlet from May 9, 2022 to August 7, 2022.  
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distance, followed by an extensive backshore of 2 m (~150 m), a berm 
(~40 m), and an abrupt beach slope. The most notable difference was 
seen in the berm zone between the DSMs of February and April 2019, 
where there was a 1-m high increase due to the accumulation of sedi
mentary material in two months (Fig. 4). 

The expansion of Laguncularia racemosa in the area of the Presidio 
River inlet presents a different pattern between the two river banks. For 
example, growth in the western zone (right bank) does not occur along 
the main river bank, but rather in the sheltered areas behind the sandbar 
(Fig. 5a). In contrast, there has been a natural expansion along the river 
bank in the eastern zone (left bank), which is at approximately 800 m 
from the sandbar (Fig. 5b). The original area of the mangrove forest in 
2005 was 23.7 ha and increased to 36 ha in 16 years. Considering a 
representative new mangrove forest area, the time series analysis of the 
NDVI vegetation index through the GEE platform indicates that the 
forest began to form between August 2005 and December 2007, 
depending on the area within the river. However, it was not until 
January 2017 that the mangrove forest canopy started to exhibit the 

classic phenological trend for subtropical mangroves, which is charac
terized by increases in the NDVI signal during the rainy season and 
decreases in the dry season (Fig. 5). 

The vertical configuration of the mangrove forest varied along the 
river bank (Fig. 6). The DSM of the 2012 airborne LiDAR data shows a 
maximum tree height of 15–16 m at both edges of the river bank 
(Fig. 6a). Likewise, the orthomosaic and DSM of the 2022 UAV flights 
indicates a similar vertical configuration (Fig. 6b and c). Mangrove 
structure field data in this area show a maximum height of 15.8 m, using 
a digital hypsometer, which is very similar to that obtained by the LiDAR 
and UAV DSM data. Moreover, the stem density of both field plots was 
10,345 stems/ha, and the basal area varied between 54 m2/ha and 63.5 
m2/ha. The two vertical transects of 120 m in length throughout 
representative zones of natural expansion (T1 and T2) suggest that the 
LiDAR (2012) and UAV (2022) data show a different configuration that 
depends on the location of such transects because of the difference in 
data acquisition time. Both areas within the transects did not present 
mangrove seedlings before August 2005, indicating that the mangrove 

Fig. 4. Four orthomosaics from the UAV flights and two freely available Google Earth images depicting the coastal geomorphology variability of the ephemeral sandy 
bar. The red lines depict the 235-m path of the beach profile transects extracted from the UAV-DEM. 
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forest began to expand in a southwesterly direction at T1. It is thus not 
surprising that the LiDAR data is similar to that of the UAV at the end of 
the transect (~110–120 m), given that this is the original mangrove 
forest which had established before the beginning of the time series. The 
evolution of the natural expansion in the vertical configuration of T1 is 
clear because there is a strong zonation between the young forest (<5 m) 

and the mature forest (~12 m). The T2 zone was initially an isolated 
mudflat area without vegetation; the mangrove seedlings started the 
natural recruitment process from the island’s center. In this case, the 
recruitment was faster because the mangrove canopy showed the same 
height (~12 m) between both platforms, despite a 10-year difference. 
The recent seedling recruitment of Laguncularia racemosa was towards 

Fig. 5. Overall natural mangrove expansion (2005–2021) at the (a) right bank (West side) and (b) left bank (East side) of the Presidio river inlet. The green triangles 
depict the location of examples of field photos taken during low tide in August 2022. From left to right: tidal mudflats without Laguncularia racemosa seedlings, tidal 
mudflats colonized by Laguncularia racemosa seedlings, and a semi-hemispherical image of the expanded mangrove forest. The two graphs at the bottom depict the 
overall canopy area (ha) and the vegetation index (NDVI) time series extracted from the Google Earth Engine tool at the yellow triangle location. 
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the north near the main channel where the sedimentation process was 
higher, enhancing the mangrove expansion, which was notable when 
comparing the vertical structure between the LiDAR data of 2012 (8 m) 
and those of the UAV of 2022 (12–13 m). 

Based on the results, the hypothesis is accepted, showing that the 
spatial geomorphology of the river mouth depends on the interaction 
between the continental water and ocean tides. In addition, Laguncularia 
racemosa expansion occurs in areas adjacent to the forest under condi
tions where the flood regime presents minimal variability. 

4. Discussion 

Mangroves are ecologically complex ecosystems because their suc
cessful distribution depends on the species-specific hydro-sedimentary 
regime and the overall coastal geomorphology (Flores-Verdugo et al., 
2018). In this sense, the combination of hydrological data (water level 
and salinity), freely available multispectral data from the GEE platform, 
and the spatial and vertical evolution of the mangrove forest through 
ultra-high spatial resolution orthomosaics/DSM from UAV were suc
cessful in analyzing and understanding the temporal, spatial, and ver
tical distribution of the Laguncularia racemosa canopy in previously 

Fig. 6. (a) The only available LiDAR-DSM image of the study site. The red rectangle indicates the location of the UAV flight. (b) The orthomosaic (2.5 cm/pixel) and 
(c) the DSM from the UAV flights at a representative location where the mangrove expansion occurred. The red lines depict the path (120 m) of the two vertical 
transects (T1 and T2). The two graphs at the bottom depict the vertical configuration (LiDAR and UAV) of the two mangrove canopy transects throughout areas 
where no mangroves existed before 2005. 
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unoccupied river bank mudflat areas. 
The fluvial geomorphology of the Presidio River has not changed 

drastically in recent decades despite the construction of the Picachos 
dam. This situation may sound uncommon because anthropogenic ac
tivities, such as hydroelectric infrastructure, are known to change the 
natural sediment supply conditions, resulting in an overall degradation 
of mangrove habitats in the Mexican Pacific (Valderrama-Landeros 
et al., 2020) and at a global scale (Liang et al., 2023). For instance, the 
Santiago River, located at ~180 km southward, has shown massive 
beach erosion of 1.5 km and mangrove canopy loss of 334 ha since the 
construction of the Aguamilpa dam in 1993 (Valderrama-Landeros & 
Flores-de-Santiago, 2019). Another example is the Sinaloa River inlet, 
located at ~330 km northward, which has presented an overall beach 
erosion of 113 m (− 3.1 m/year) during the last 37 years due to the 
construction of a hydroelectric dam and two breakwaters parallel to the 
inlet of the river (Zambrano-Medina et al., 2022). Contrarily, the 
contribution of sediments to the Presidio River could result from the 
extensive agricultural development along the river’s lower basin 
(SAGARPA, 2018), which causes a constant supply of soil material 
through drained water and sediments from eroded soil that was once a 
natural deciduous forest. Another possibility could be the series of 
tributary streams between the Picachos dam and the mouth of the river 
throughout the 61 km that transports sediment to the coast. Unlike other 
semiarid rivers along the Sinaloa coast that dry up completely, the 
Presidio River always presents water that drains slowly, even in the dry 
season (CONAGUA, 2015). Additionally, the Picachos dam is relatively 
smaller (Beltrán-Álvarez et al., 2012) compared with other hydroelectric 
dams (Valderrama-Landeros and Flores-de-Santiago, 2019). 

Laguncularia racemosa thrives in ephemeral inlet systems because it 
requires considerably less time for root establishment than other 
mangrove species, such as Rhizophora mangle and Avicennia germinans 
(Saenger, 2002; Flores-de-Santiago et al., 2017). Moreover, Laguncularia 
racemosa dominates in areas with a higher water level than the mean sea 
level (Flores-Verdugo et al., 1987), such as recently deposited sediments 
of runoff materials transported from upstream (Mafi-Gholami et al., 
2020). In this case, the water level difference within the Presidio River 
inlet was 1 m above mean sea level when the inlet was closed because of 
the accumulation of freshwater from the river, which creates the ideal 
conditions for the early establishment of seedlings. 

Based on the water level time series, there is an overall direct rela
tionship between rainfall fluctuations and the water level within the 
Laguncularia racemosa forests. However, the latter depended on the 
ephemeral inlet variability. For example, there is a calm water condition 
in the Laguncularia racemosa forests between early March and the 
beginning of July, which creates suitable conditions for mangrove 
establishment. Nevertheless, the release time of the propagules of 
Laguncularia racemosa is from July to September (Benítez-Pardo et al., 
2018), which coincides with the rainy season and the mouth of the river 
at its maximum opening. Hence, although we expected massive expor
tation of mangrove propagules to the ocean with the initial opening of 
the inlet, the remaining propagules trapped within the previously 
established mangrove seedlings would have found ideal conditions for 
early establishment once the inlet closed, creating zones of high accu
mulation of sediments through peat formation (Castillo et al., 2021). We 
expected the overall ephemeral inlet opening to vary through each of the 
rivers. For example, in the Laguncularia racemosa forests of the Quelite 
River, located at ~50 km northward, only 40% of the total litterfall is 
flushed into the ocean during the rainy season, and the mouth is open 
from July to September (Flores-Verdugo et al., 1987). 

According to the conductivity profiles, the Laguncularia racemosa 
forests have received ample fresh water from the river despite being in a 
semiarid region, creating an oligohaline estuarine system once the inlet 
closes, which increases productivity, humic substances, and the capacity 
to store carbon (Flores-Verdugo et al., 1990; Flores-de-Santiago et al., 
2012; Blanco-Sacristán et al., 2022). Sudden changes in salinity cause 
ecologically advantages for fauna, such as fish assemblages in the 

Presidio estuary (Muro-Torres et al., 2022); in addition, low salinity 
limits access to oceanic predators and increases the presence of typical 
estuarine and freshwater species absent in oceanic systems where the 
salinity is high. Thus, the fish assemblages are similar to those found in 
estuarine coastal waters, as in semiarid coastal lagoons (Amezcua et al., 
2019). Therefore, the overall hydrological balance in the river inlet will 
change with the adverse effects of climate change alterations, such as the 
increase in droughts projected for arid and semiarid coasts (Mafi-Gho
lami et al., 2020). 

The temporal variability of the opening of the Presidio River inlet 
depends on the river’s water level, which must reach approximately a 1- 
m high hydrostatic head (water accumulation) for its inlet to open it. We 
do not know if this hydrostatic head is similar to other ephemeral river 
inlets because we have not found any published work about this. The 
overall geomorphology of the coast in front of the mouth of the Presidio 
River is very similar to the topographic beach profiles of southern 
Sinaloa; however, some differences have prevailed. For instance, the 
dune’s height in areas adjacent to the mouth of the Presidio River os
cillates between 6 and 8 m amsl (Valderrama-Landeros et al., 2022), 
which is higher than the 3.5 m extracted from the UAV-DSM. This 
pattern was foreseeable because the river inlet remains closed for only 
four months, and this does not allow the vertical deposition of enough 
sand (Serrano and Valle-Levinson, 2021). Although the advantages and 
disadvantages of UAV are well-known in the literature regarding coastal 
ecosystems (Dronova et al., 2021 and references therein), UAV data can 
complement freely available very high spatial resolution Google Earth 
images by providing vertical landscape composition. 

Contrary to the vertical distribution of the beach sediment, the 
maximum cross-shore distance in front of the Presidio River mouth (208 
m) is similar to the maximum beach distance (140 m) reported at 4 km to 
the north (Valderrama-Landeros et al., 2022). This pattern indicates 
that, once it closes, the inlet of the Presidio River stores a considerable 
amount of sediments which will flush into the ocean once the mouth 
opens (Vundavilli et al., 2021), thus creating accretion zones along the 
coastline. Consequently, the importance of the Presidio River for the 
coastal management of sandy beaches relies on its proximity with the 
entrance to the port of the city of Mazatlan at only 16 km northward 
from the mouth of the river, and this city has presented serious problems 
of coastal erosion due to unplanned developments (Valderrama-
Landeros et al., 2022). Therefore, the conservation of the ecosystems 
near the Presidio River must be considered, given that there is a recent 
interest in developing the southern coastline of Sinaloa with seafront 
buildings. 

The use of detailed Google Earth images to appreciate coastal 
changes is not new (Nagarajan et al., 2022), and one limitation is the 
lack of continuous data in remote locations. However, freely available 
multispectral data sources, such as the Sentinel-2 mission, could com
plement Google Earth images and benefit holistic assessments by help
ing with logistical surveying demands. Despite the fact that Google Earth 
images were not available before 2005 in this region, the NDVI time 
series shows that Laguncularia racemosa recruitment began between 
2005 and 2007, depending on the river bank location. The growth of 
Laguncularia racemosa was greater than in environments without a 
freshwater source, such as semiarid coastal lagoons, which present sa
linities between 35 and 50 throughout the year (Flores-Verdugo et al., 
2018). Many vegetation indices are available for mangrove ecology as
sessments; nevertheless, the NDVI has been the most widely used index 
(Baloloy et al., 2021; Tran et al., 2022) as it is the one that generates the 
best results in this type of semi-arid mangroves, detecting sudden can
opy changes due to hurricane impact (Vizcaya-Martínez et al., 2022), 
comparisons multiple geomatic platforms (Valderrama-Landeros et al., 
2018), and addressing phenological trajectories (Valderrama-Landeros 
et al., 2021). The errors that appeared in the NDVI time series before 
December 2007 could consist of variations in the water level detected at 
low tide (Kamal et al., 2016; Zhen et al., 2021; Mahmud et al., 2022) or 
were caused by the presence of seasonal patches of water lilies 
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(Flores-de-Santiago et al., 2016). Once the seedlings colonized the 
mudflats, the NDVI time series depicted a classic phenological trend for 
semiarid mangroves (Rioja-Nieto et al., 2017), where there is a marked 
oscillation between the rainy and dry seasons. 

The national effort undertaken by the Comision Nacional para el 
Conocimiento y Uso de la Biodiversidad (CONABIO) to analyze accu
mulated anomalies in Sentinel-2 NDVI time series using GEE enabled the 
detection of the recent recruitment of Laguncularia racemosa propagules 
in at least five additional rivers along the Mexican Pacific coast from 
2015 to 2020 (CONABIO, 2022). The increased spatial resolution of the 
Sentinel-2 data might have included mangrove stands that had not been 
previously identified using coarse spatial resolution data, such as 
Landsat (30 m) or MODIS (250 m) images (Blanco-Sacristán et al., 
2022). Moreover, there are currently Sentinel-2-derived biophysical 
products that could be useful in identifying different mangrove zones 
despite the 10-m spatial resolution and are worth further study (Baloloy 
et al., 2021). In the future, it will be possible to use images of much 
higher spatial resolution at a low cost or even free to analyze mangroves 
in much greater detail (Lassalle et al., 2022; Tran et al., 2022). In the 
absence of hydrologic and UAV data, and given that the five-river sys
tems vary in geomorphology, we intend to investigate each of them in 
detail. The expansion of Laguncularia racemosa in these fluvial systems 
presents a monospecific forest because, under these hydrosedimentary 
conditions, Laguncularia racemosa is capable of displacing other 
mangrove species (Monroy-Torres et al., 2014; Flores-de-Santiago et al., 
2017), which depend more on tidal influence (Rhizophora mangle) and 
porewater salinity (Avicennia germinans) in semiarid coasts (Mafi-Gho
lami et al., 2020). 

The structure of the recruited Laguncularia racemosa represents a 
highly dense forest (10000 stems/ha) with a high basal area (54–63 m2/ 
ha) and a 15.8-m height. It is completely different from the closest 
ephemeral inlet in the Quelite River, where the same mangrove species 
shows a much lower density (1430 stems/ha), basal area (12 m2/ha), 
and height (7 m) (Flores-Verdugo et al., 1990). Unlike the Presidio 
River, the Quelite River has no constant freshwater supply. We had 
actually expected the mangroves to be under more stress in constant 
salinities of 30 due to only three months of freshwater input during the 
rainy season. Moreover, the structure of the Presidio River is also 
completely different from the closest coastal system without an 
ephemeral inlet (Urias system). This system is located 15 km northward, 
where the Laguncularia racemosa forest presents lower densities (6000 
stems/ha), basal areas (30.8 m2/ha), and height (6.2 m), characteristic 
of a system under the direct influence of the ocean (Valderrama-
Landeros et al., 2021). These forest structure values are unsurprising, 
given that freshwater availability accounts for 74% of the global trends 
in the maximum canopy height and aboveground biomass values (Wang 
et al., 2019; Tran et al., 2022). Hence, detailed mangrove mapping and 
monitoring are of utmost importance to understand the geomorphic and 
environmental conditions that affect the composition of mangrove 
species and biophysical variables, such as leaf area, basal area, and 
canopy (Maurya et al., 2021). 

5. Conclusions 

Detailed maps of the distribution of both geomorphological and 
mangrove forests are needed so decision-makers may implement policy 
initiatives for the conservation of mangrove forests. We developed a 
comprehensive analysis to understand the natural recruitment of 
Laguncularia racemosa in an ephemeral inlet, combining in situ and 
remote sensing data. The variability in the time series of water level, 
salinity, and temperature indicates an alternation between oceanic and 
estuarine conditions depending on the geomorphology of the Presidio 
mouth. Once the river inlet closes during the dry season, the estuarine 
system presents ideal conditions for the recruitment of Laguncularia 
racemosa propagules, such as minimum water level fluctuation and an 
oligohaline water environment and thus accepting our hypothesis. 

Nevertheless, the current Laguncularia racemosa extent (12.3 ha with 
15.8 m height) has provided the highest spatial resolution assessment of 
ephemeral inlets since 2005–something which would have proved to be 
impossible with traditional spaceborne platforms. 

Unlike other rivers throughout Mexico’s Pacific coast, the shoreline 
near the Presidio River mouth does not present major coastal erosion 
despite having a dam ~60 km upstream. Moreover, the recently 
expanded Laguncularia racemosa forest has shown unique biophysical 
variables, higher than mangroves within permanent open inlets or other 
ephemeral systems. Hence, its conservation is of utmost importance for 
sandy beach management. Considering that the recruitment of Lagun
cularia racemosa propagule was not uniform throughout the river bank, 
future work will include model simulations forced by river flow and 
quantification of suspended sediment export to the ocean. 
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México, p. 37. 

De-León-Herrera, R., Flores-Verdugo, F., Flores-de-Santiago, F., González-Farías, F., 
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