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Coastal erosion is a common issue in urbanized areas located on sandy barriers in Latin America, making them
highly vulnerable to both natural and human induced disasters. This pose a significant threat to the long-term
sustainability of these coastal systems. The main objective of this study was to evaluate the medium-term
shoreline evolution of a highly-anthropized beach sector located within a coastal barrier system of Buenos
Aires, Argentina. For this purpose, a geospatial analysis based on aerial imagery and high-resolution satellite data
was conducted for the 1965-2021 period. Additionally, the study aimed to identify critical erosive sectors and to
provide estimations for the near-future shoreline evolution of these beaches. The results showed contrasting
patterns, with sectors presenting shoreline retreat rates up to 0.7 m/yr while others demonstrated accretion rates
exceeding 0.6 m/yr. Despite these along-shore variations in erosion/accretion balances, more than 70% of the
shoreline presented an erosional trend for the studied period. This led to the identification of an erosional hot
spot covering 30% of the urbanized waterfront. Furthermore, the 2030 forecast suggests that a highly urbanized
beach sector could suffer a shoreline retreat of about 20 m. These results could be directly linked to the historical
land use/land cover changes, mainly related to dune stabilization processes and to the implantation of urban
surfaces. At this point, erosive patterns could be mainly caused by local cross-shore imbalances due to these
anthropogenic disturbances. It is expected that the results of the present study will serve as a basis for coastal
management policies, and the proposed method will be a useful tool for assessing coastal erosion hazard.

1. Introduction

Coastal areas are highly important environments for socio-economic
development and human well-being (Gogoberidze, 2012). Multiple uses
and opportunities are linked to these areas due to their valuable
ecosystem goods and services (Enriquez-Acevedo et al., 2018). Nowa-
days more than 40% of the Earth’s population lives at less than 100 km
away from the coast and about 10% lives in coastal zones below 10-m
topographic altitude (Busayo and Kalumba, 2021). Moreover, popula-
tion density is expected to increase about 25% for 2050 (Zhao et al.,
2022).

However, their population concentration and the large number of
economic activities involved, make them highly vulnerable to both
natural and human induced disasters, as well as the impacts of climate

change. These events pose significant threats to the long-term sustain-
ability of coastal areas (Hanson et al., 2011; Neumann et al., 2015).
Flooding, coastal erosion, saline intrusion and land subsidence (Pivel
et al., 2001; Esteves et al., 2002; Dillenburg et al., 2004; Poulter and
Halpin, 2008; Van Rijn, 2011; Rahman and Bhattacharya, 2014; Erkens
et al., 2016; Barboza et al., 2018), among other impacts, affect coastal
areas at a global scale.

Particularly, coastal erosion is a hazard that severely affects urban-
ized areas developed over barrier sectors (De Oliveira et al., 2019;
Simoes et al., 2022). Beaches are vital in tourism-based coastal econo-
mies (Phillips and Jones, 2006). The shoreline retreat causes diverse
socioeconomic impacts including destruction of coastal infrastructure,
landscape damage, loss of recreational value of beaches and economic
impacts for the touristic sector (Esteves, 2004; Mentaschi et al., 2018).

Abbreviations: DSAS, Digital Shoreline Analysis System; EHS, Erosional Hotspot; EPR, End Point Rate; LULC, Land Use/Land Cover; MET, Maximum Erosional
Transect; MAT, Maximum Accretional Transect; NSM, Net Shoreline Movement; SCE, Shoreline Change Envelope; WLR, Weighted Linear Regression.
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Land use and land cover (LULC) changes are one of the main
anthropogenic impacts over coastal areas around the world (Clark,
1997). El-Khalidi et al., 2021 identified the alternation of accretional
and erosional sectors in the Mediterranean coast of Morocco in relation
to LULC such as afforestation for dune fixation and coastal urbanization.
Rangel-Buitrago et al. (2015) assessed erosional zones in the Colombian
Caribe induced by coastal urbanization and mangrove destruction. By
contrast, Ferreira et al. (2021) identified a highly stable coastline over
the Parnaiba Delta, Brazil, attributable to a low anthropogenic influence
over this area. In addition, some authors propose the restriction of LULC
changes over those areas severely affected by coastal erosion processes
(Coca and Ricaurte-Villota, 2022).

Remote sensing data has been widely used for monitoring changes in
the Earth’s surface (Coppin et al., 2002; Lu et al., 2004; Hansen and
Loveland, 2012), including coastal areas (Cabezas-Rabadan et al., 2019;
Garzo et al., 2019; Vos et al., 2019; Spinosa et al., 2021). Coastal erosion
studies play a crucial role in supporting coastal management policies.
Various methods based on imagery data have been developed to assess
shoreline changes at different time scales (Scarelli et al., 2016, 2017;
Gracia et al., 2018; Williams et al., 2018; Bilmes et al., 2019; Sowmya
et al., 2019).

Thus, the spatial alternation of erosional and accretional sectors for
continuous coastlines was documented by several authors (Dominguez
et al., 2005; Anfuso et al., 2007; Virdis et al., 2012; Jana et al., 2016;
Carvalho et al., 2020; Guimaraes-Santos et al., 2021; Zanchi-Watanabe
et al., 2023; among others). Temporal changes in the erosional/accre-
tional rates were also studied (Stive et al., 2002; Fletcher et al., 2003;
Rozynski, 2005; Pianca et al., 2015; Turner et al., 2016; Bitencourt et al.,
2020; Dillenburg et al., 2020; Vallarino-Castillo et al., 2022, among
others). In addition, this techniques enable the identification of
erosional hotspots (EHS), defined by Kraus and Galgano (2001) as an
area that erodes more rapidly than the adjacent beaches or than antic-
ipated during design, and can be quantified and qualified by several
metrics (e.g. loss of beach width, loss of sediment volume, or percentage
of fill remaining of the amount placed).

Virdis et al. (2012) identified zones with accretional conditions as
well as zones with highly erosional conditions alongshore in an 18 km
study area in Sardinia, Italy, for the 1955-2010 period; Dominguez et al.
(2005) documented shoreline change rates which ranged from strongly
erosional to strongly accretional over a 23 km shoreline in
south-western Spain between 1956 and 2021; Guimaraes-Santos et al.
(2021) identified alternating accretional and erosional zones over a
17.6 km long coastal stretch in Joao Pessoa City, Brazil, for the
1985-2019 period; Vallarino-Castillo et al. (2022) observed different
periods of erosional and accretional tendencies over 11.8 km of qua-
ternary beaches in the Pacific Coast of Panama between 1998 and 2021.
In all those cases, the temporal and spatial alternation of erosional and
accretional coastline sectors could be explained by geomorphological
differences as well as coastal anthropization impacts (e.g. LULC changes,
coastal tourism, defense structures or harbor development).

The Digital Shoreline Analysis System (DSAS) is an open source
software application that works within the framework of the Esri
Geographic Information System (ArcGIS) software. It is a widely used
tool for computing rate-of-change statistics for a time series of shoreline
vector data (Himmelstoss et al., 2018). It can be applied to a wide range
of coastal settings and environments (Albuquerque et al., 2013; Ran-
gel-Buitrago et al., 2015; Abreu et al., 2016; Martin Prieto et al., 2018;
Nassar et al., 2018; Santos and Bonetti, 2018; Lemos and Sopchaki,
2020; Mishra et al., 2020; Villate-Daza et al., 2020; Martinez et al.,
2022). This tool has been applied recently in Argentina (Cellone et al.,
2016; D’Amico et al., 2019; Bacino et al., 2020), but only related to the
fluvial or mixed coasts of the De La Plata River estuary.

The main objective of this work was to assess medium-term shoreline
changes over a beach sector located in a coastal barrier system of Buenos
Aires, Argentina. For this purpose, a geospatial analysis was carried out.
Aerial imagery and high resolution remote sensing data for the
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1965-2021 period was used; the DSAS software was implemented, being
one of the first use cases of this technique in maritime coasts of
Argentina; and GIS based techniques allowed the data and results
interpretation. The study area constitutes a highly anthropized coast
with an almost exclusively tourism-based economy and a background of
several LULC changes since the ‘30s. At this point it was intended to
identify erosional hot spots and accretional sectors as well as to propose
a zonification related to historical shoreline evolution trends. Finally
this study aimed to provide estimates for the near future evolution of
these beaches. It is expected that the results of the present study will
serve as a basis for coastal management policies, and the proposed
method will be a useful tool for assessing coastal erosion hazard.

1.1. Eastern sandy barrier and study area

The coastal sandy barriers of Buenos Aires, Argentina, evolved in
relation to the Mid-Holocene sea-level fluctuation as well as the great
majority of barriers and spits of the South American coast (Isla, 1998;
Isla and Angulo, 2016). This fluctuation affected the low-lying areas of
the extensive plain of the Salado River basin, in the northeastern of the
Buenos Aires Province, by burying coastal lagoons and marshes with a
dune field (Isla et al., 1996). This process involved the formation of the
Eastern Barrier, located in the northernmost sector of the Argentinian
Atlantic Coast (Fig. 1).

According to previous studies (Schnack et al., 1982; Violante, 1992),
this barrier grew from a former cape located approximately in the pre-
sent day Villa Gesell City following a NNE-SSO direction. This evidence
proposes a coastal drift reversal, taking into account that the undergoing
beach drift is from south to north (Fasano et al., 1982). Transverse,
parabolic, barchanoid and star dunes have been recognized in this
barrier. They are mainly composed of mid-grain sands with the presence
of fine textures in the inter-dune depressions (Isla et al., 1998). Changes
in dune morphology was associated to natural colonization by psam-
mophilous plants (Panicum racemosum, Hydrocotyle bonariensis, Cakile
maritima, Calycera crassifolia, among other native species) that induced a
reduction in the sand availability (Marcomini et al., 2017).

The exponential development shown by the “sun and beach” tourism
during the second half of the XX century led to different LULC changes
over this barrier. On the one hand, the afforestation processes for ground
stabilization transformed active dunes into semi-fixed or fixed dune
fields (Turno-Orellano and Isla, 2004). This process led to higher dunes
but with narrower beaches. On the other hand, the impervious urban
covers were established in replacement of natural sandy substrate. This
provoked several changes in the hydrological local balance, including
increases in surface runoff and diminish of coastal aquifer recharge areas
(Carretero et al., 2014).

The study area of this work is delimited by the urban and peri-urban
beaches of the Villa Gesell County, located in the Eastern Barrier of the
Buenos Aires Province, Argentina. This county is represented by a total
waterfront extent of approximately 60 km. However, the urbanized
sector only comprises 14 km and it is divided into 4 coastal villages: Mar
Azul, Las Gaviotas, Mar de Las Pampas and Villa Gesell (Fig. 1). Its
beaches are represented by a micromareal and semi-diurnal tidal regime
with a mean tidal amplitude of 0.74 m (SHN, Servicio de Hidrografia
Naval de la Reptblica Argentina, 2021). These beaches are naturally
dissipative. However, some sectors had turned into reflective beaches in
response to anthropogenic impacts (Bértola, 2006). The littoral drift
provides a continuous sand supply of about 400,000 m¥yr in a S-N
direction (Veron and Bértola, 2014). The mean wave height was recor-
ded as 0.89 m and the peak wave period between 7 and 10 s for the
neighboring county of Pinamar. Winds do not have a dominant direction
as those from the south and north are abundant. However, southerly
winds are the most intense and represent the extreme climate events
(called sudestadas) (Lanfredi et al., 1992).
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Fig. 1. Location of the Eastern Barrier in the Buenos Aires Province (B), Argentina (A). The Villa Gesell County’s waterfront represents a total extension of about 60
km (C); this study only comprises the urbanized waterfront of about 14 km (D). Background image corresponds to the Google Satellite QuickMapService basemap for

ArcGIS software.

2. Materials and methods
2.1. Method workflow

In order to assess the medium-term shoreline evolution in the study
area, five main steps were conducted: imagery data acquisition and pre-
proccesing, multitemporal shoreline position mapping, wave climate
characterization, shoreline positional uncertainty estimation and
shoreline change assessment. Fig. 2 schematically summarizes these
steps, which are described in the following sections.

2.2. Imagery data

Five sets of aerial photographs were used to identify the shoreline
position between 1965 and 1997 (Table 1). This dataset was retrieved
from the National Geographic Institute (Instituto Geografico Nacional -
IGN), the Naval Hidropography Service (Servicio de Hidrografia Naval -
SHN) and the Photogrammetry Division of the Ministry of Public Work
(Ministerio de Obras Ptblicas - MOP). Images corresponding to 1965
and 1985 were firstly digitized by scanning at a 1200 dpi (dots per inch)
resolution. The remaining (1975 and 1997) were already digitized. Pixel
size of about 1 m or below is suggested for aerial orthophotos utilization
(Araujo et al., 2009). The digitalization resolution was used in order to
define pixel size of the images according to:

0.0254 x Spatial Scale [m]
Resolution [dpi]

Pixel size =

; (€Y

where the spatial scale was determined by the photogrammetric flight
characteristics and the digitalization resolution depends on the quality
of the scanning process.

In addition, two sets of satellite images corresponding to the
QuickBird orbital sensor and available in the free access software Goo-
gleEarth™ (GE; https://earth.google.com/web/) were retrieved for the
years 2011 and 2021 (Table 2). Since this global representation imagery
does not have a defined nominal scale, downloads were performed at a
maximum resolution of 4800 x 2700 pixels and covering an area of

[A] Aerial Satelite GPS/GNSS
Photographs Images Data
1965 1975 2011
1985 1997 2021
Y

Y
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Fig. 2. Schematic workflow considering the main steps of this work: imagery
data acquisition and pre-processing [A]; multitemporal shoreline mapping [B];
wave climate characterization [C]; shoreline positional uncertainty estimation
[D]; and shoreline change assessment [E].
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Table 1

Details of the aerial photographs. Source of the data, date, film type (B&W =
Black and White), number of images used to make up the photomosaics; images’
size and nominal scale; scanning resolution, pixel size, lineal waterfront
coverage of each generated photomosaic and estimated RMSE.

Aerial Photograph 1965 1975 1985 1997
Source SHN MOP MOP MOP
Date 26 Jun 14 Aug 3 Dec 6 Dec

1965 1975 1985 1997
Film B&W B&W B&W Colour
Number of 2 3 4 16

Photographs
Image Size [cm] 23 x 23 23 x 23 23 x 23 23 x 23
Nominal Scale 1:20,000 1:20,000 1:20,000 1:5000
Scanning Resolution 1200 1200 1200 1200

[dpi]

Pixel Size [m] 0.42 0.42 0.42 0.11
Waterfront Coverage 6.37 6.99 14.01 14.30

[km]

RMSE [m] 1.92 1.94 1.18 0.51
Table 2

Details of the digital images. Source of the data, date, number of images used to
make up the photomosaics; pixel size, lineal waterfront coverage of each
generated photomosaic and estimated RMSE.

Digital Image 2011 2021
Source GE GE
Date 10 Jan 2011 20 Nov 2021
Number of Photographs 10 10
Pixel Size [m] 0.33 0.33
Waterfront Coverage [km] 14.30 14.30
RMSE [m] 0.73 0.69

1600 m x 900 m and resulting in a pixel size of 0.33 m.

Aerial and satellite images were orthorectified and georeferenced
(WGS84 - UTM Zone 21 S) by 10 evenly distributed ground control
points (GCPs) in order to avoid geometric distortions and the
misalignment of photomosaics. For this purpose, real-time kinematic
(RTK) GPS/GNSS surveys were carried out during 2022. Two L1/L2/L5
GPS receivers corresponding to the Kolida K7/K58 System. The GCPs
were located along reference points such as road intersections, corners
of buildings and other infrastructure features common to all the avail-
able images. The root mean square error (RMSE) was taken as the ac-
curacy measure to assess the orthorectifying process based on at least 10
points per image. The RMSE is formulated as:

n

> (% —x) + (v — v)’

RMSE = 4| = - , (2

where n is the number of checkpoints, x; and y; represent the image
coordinates, x; and y; represent the checkpoints coordinates. Emerging
from the orthorectification process, the RMSE of the images ranged from
0.51 mto 1.94 m (Table 1; Table 2). For each time slice, the images were
combined to make up photomosaics covering the study area. The im-
agery availability did not allow for a complete waterfront coverage
throughout the whole time scale. The RMSE adopted for each photo-
mosaic corresponds to that of the image with the highest RMSE (Araujo
et al., 2009). The above-mentioned geospatial processing steps were
performed using the Esri Geographic Information System (ArcGIS)
software (https://www.esri.com/en-us/home).

2.3. Multitemporal shoreline mapping

In order to define the shoreline position, the wet/dry boundary was
selected as a shoreline proxy. This feature provides a good estimation of
shoreline position under microtidal regimes (Virdis et al., 2012), which
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is the condition in the study area. Multitemporal shoreline position
across the approximately 14 km of waterfront were mapped from the six
constructed photomosaics (1965-1975 - 1985-1997 - 2011-2021). This
step was conducted by a manual digitization of the shoreline features,
supported by ArcGIS software digitization tools.

2.4. Shoreline uncertainty

In order to enhance the shoreline evolution assessment, the un-
certainties affecting each shoreline position were estimated. This
approach aims to reduce the effect of short-term variability (tides,
storms, wave run-up, etc.) and the errors induced by the image acqui-
sition methods over the mid-term analysis. Uncertainties were assumed
to be independent, uncorrelated and random, enabling the estimation of
the total uncertainty (¢T) as (Romine et al., 2009; Virdis et al., 2012;
Manno et al., 2017):

oT = +,/0] + 062+ 02 +02 +0% +oy , 3)

where 64 is the digitization error, evaluated by mapping the same his-
torical shoreline several times and estimating its standard deviation of
position residuals for that feature. It depends on the images’ brightness,
contrast and the ability to accurately visualize the wet/dry boundary; o,
is the pixel error assumed as the pixel size (equation (1)); o, is the
orthorectification error, meaning the checkpoints’ RMSE of the photo-
mosaics (equation (2)); 6, is the coregistration error resulting from the
misalignment between single pixels from the set of images. Some au-
thors consider this error to be equal to the 6, (Manno et al., 2017); 6y, is
the wave run-up error, considered as a short-term effect and based on
the extreme run-up elevation R2% (Ruggiero et al., 2001); finally, the 6q
is the tidal fluctuation error, taking into account the local tide regime.
On the one hand, the oy, and oyq errors are directly related to geo-
morphologic and wave climate characteristics of the analyzed beaches;
on the other hand, o, 6;, 64 and o, are linked to the images’ charac-
teristics and metadata. oy, and oy estimation is discussed in the
following section.

2.5. Wave climate characteristics

Due to the lack of in-situ data for the study area, the ERAS dataset of
the European Centre for Medium-Range Weather Forecasts (ECMWF)
was used in order to estimate the wave climate uncertainties. The ERA5,
which replaces the previous ERA-I model, consists of instantaneous
forecast values of a global grid re-analysis model with 1-hourly temporal
resolution and 0.5° x 0.5° latitude-longitude horizontal resolution
(Hersbach et al., 2019). The global wave data quality of the ERA5 model
has been validated through buoy and altimeter data analyses (Tim-
mermans et al., 2020).

The wave run-up error (6y,) can be estimated if the extreme run-up
elevation (R2%) is known by field surveys. Due to the lack of monitoring
data for our study region, the R2% was predicted by means of empirical
equations (Stockdon et al., 2006), which consider the beach slope, the
significant wave height (Hs) and the wave period (T). Based on ERA5
monthly averaged data for the 1965-2021 period, we assume a Hs of
0.92m (Std =0.11 m) and a T of 6.0 s (Std = 0.5 s). The beach foreshore
slope was estimated from previous beach survey data (Bértola et al.,
2021) as 5.32% (Std = 1.15%). According to Stockdon et al. (2006) the
R2% for natural beaches is estimated by:

\/HSL(0.56367 +0.004)
5 :

R2% = 1.1 (0,35[5\/@ ) + )

where Hs is the significant wave height, f is the beach slope and L is the
wavelength. The latter parameter was previously estimated according to
Stockdon et al. (2006) as:
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gt
—5" 5

2 %)
where g is the gravitational acceleration and T is the wave period taken
from the deep-water ERA5 time-series data. Finally, the oy, was calcu-
lated following Manno et al. (2017) as:

P ©
B

where Stdgay, is the standard deviation of the R2% estimated by equa-

tion (4), and § is the beach slope.

In order to estimate the tidal fluctuation error (6yq) the local tide
records were modelated based on the widely used (Byun and Hart, 2019)
T_Tide as a MATLAB ® package for harmonic analysis and tide pre-
dictions developed by Pawlowicz et al. (2002). As well as for the esti-
mation of the wave run-up, the 3-hourly tide records were modeled for
the 1965-2021 period assuming a mean value of 0.902 m and a standard
deviation of 0.236 m, with a mean tide range of 0.668 m. As proposed in
equation (6), the oyq was calculated as (Manno et al., 2017):

Stdrp

7
P )

G =

where Stdrp is the standard deviation of the mean tide emerging from
the T-Tide modeling, and @ is the beach slope. This allowed the esti-
mation of shoreline change rates through the transect based analysis
(TBA) (Anfuso et al., 2016). It was applied taking into account 288
shore-normal transects spaced every 50 m in a south-north way.

2.6. Shoreline evolution assessment

The delimitation of multitemporal shoreline positions and the esti-
mation of its associated uncertainties allowed the subsequent assess-
ment of shoreline change rates. For this purpose, a transect based
analysis was conducted (Anfuso et al., 2016) by 288 shore-normal
transects spaced every 50 m in a south-north way. The shoreline posi-
tion measurements were referenced using the baseline method (Leath-
erman and Clow, 1983) linked to an arbitrary baseline vector located
offshore. This determined that the positive values meant accretion
processes and the negative values erosion processes.

Based on this, four shoreline change (NSM, SCE, EPR, WLR) statistics
were estimated for each transect by using the DSAS v5.0 tool (Him-
melstoss et al., 2018) within the ArcGIS graphical user interface envi-
ronment. The main characteristics of each result statistic are detailed in
Table 3. In addition, the beach width was estimated taking into account
the shoreline and the foredune foot positions for each image (Virdis
et al., 2012). In those cases where the foredune foot was artificially

Table 3
Detail of the statistics results computed in this work. NSM, SCE, EPR and WLR
were estimated within the framework of the DSAS tool.

Result Statistic Concept Measurement
Unit
Net Shoreline Distance between oldest and more m
Movement [NSM] recent shoreline position
Shoreline Change Greatest distance among shorelines m
Envelope [SCE]
End Point Rate [EPR] NSM divided into the time elapsed m/yr

between oldest and more recent

shoreline position

Temporal best fit regression to all m/yr
data weighted by shoreline

uncertainties

Weighted linear
regression rate-of-
change [WLR]

Beach Width (Virdis Distance between shoreline and m
et al., 2012) foredune foot position
Shoreline Forecast Shoreline position emerging from m
2030 2011 to 2021 EPR extrapolation by
2030
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eliminated, the coastal promenade was delimited instead. Finally, a
shoreline position forecast up to 2030 was driven by extrapolating the
estimated EPR of the latest studied period (2011-2021).

All the statistics results were smoothed by averaging the rates
alongshore with the use of a weighted five-transect-sliding filter as
proposed in Fletcher et al. (2003). The absence of artificial surfaces,
infrastructure or defense structures allowed the definition of a contin-
uous shoreline.

In order to generate a zonification of the study area, the entire
waterfront was divided into 29 sectors from south to north. Each of them
comprised 10 transects (500 m) and was analyzed on the basis of the
WLR and average beach width. The latter was defined as the arithmetic
mean of the average beach width of every transect on the sector. Finally,
the presence of EHS was defined on the basis of the WLR parameter as an
area with an average WLR lower than —0,3 m/yr for at least two
consecutive sectors (1 km). The shoreline delimitation and the geo-
spatial data processing were carried out by the users’ graphical interface
of the ArcGIS software including the DSAS tool (v5.0).

3. Results
3.1. Shoreline positional uncertainties

In order to obtain the total uncertainty (o1) estimation (Table 4),
those errors linked to the image’s acquisition characteristics and meta-
data were estimated: the digitization error (64) was estimated between
1.63 and 3.84 m; the pixel error (cp) and the coregistration error (c.)
(see equation (1)) showed values between 0.11 and 0.42 m; and the
orthorectification error (c,) resulting from the checkpoints’ RMSE (see
equation (2)) ranged from 0.51 to 1.94 m. At the same time, those errors
related to geomorphologic and wave climate characteristics of the study
zone were also calculated: the R2% was estimated as 0.44 m (Std = 0.07
m) resulting on a wave run-up error (6y,) of 1.27 m (see equations (4)—
(6)); the mean tide record was 0.90 m (Std = 0.24) and the tidal fluc-
tuation error (6yq) was calculated as 4.43 m emerging from equation (7).
Finally, on the basis of equation (3), the total shoreline delimitation
uncertainty (o) ranged from +5.06 m in 1985 to + 6.02 m in 1997
(Table 4; Fig. 2).

3.2. Shoreline evolution (1965-2021)

The waterfront coverage of the photomosaics only allowed a full
shoreline analysis (288 transects) for the 1985-2021 period. However,
in the 1965-2021 period, 131 transects were analyzed by 6 shoreline
positions, while in the 1975-2021 period 143 transects were computed
for 5 shoreline positions. The analysis showed, for 1965-2021, an
average NSM of —14.6 m, with a maximum erosion transect (MET) of
—44.8 m (n° 200) and a maximum accretion transect (MAT) of 27.1 m
(n° 266). Between 1975 and 2021 shorelines, the average NSM was
—4.3 m, with a MET of —41.1 m (n° 167) and a MAT of 32.1 m (n° 255).
Finally, for the 1985-2021 period, the average NSM was —10.8 m, with
a MET of —43.1 m (n° 201) and a MAT of 34.7 m (n° 281). The maximum
SCE transect value was 62.5 m for the three considered periods; the
minimum SCE values for 1965-2021, 1975-2021 and 1985-2021 pe-
riods were 17.9 m, 17.3 m and 4.79 m respectively (Fig. 3).

Table 4
Total shoreline mapping uncertainty for each time span (units in meters).
Uncertainties 1965 1975 1985 1997 2011 2021
[} 2.33 1.98 1.63 3.84 2.73 2.54
Gp 0.42 0.42 0.42 0.11 0.33 0.33
[ 1.92 1.94 1.18 0.51 0.73 0.69
Gco 0.42 0.42 0.42 0.11 0.33 0.33
Guwr 1.27 1.27 1.27 1.27 1.27 1.27
Gid 4.43 4.43 4.43 4.43 4.43 4.43

Gt 5.54 5.41 5.06 6.02 5.43 5.33
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Fig. 3. NSM and SCE for the 1965-2021, 1975-2021 and 1985-2021 periods. Top left: waterfront coverage and temporal separation between the six shorelines used
in this study,
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The WLR, obtained by taking into account the shoreline un-
certainties, showed an average value of —0.20 £ 0.47 m/yr with a MAT
of 0.871 m/yr and a MET of —0.713 m/yr (Fig. 4). 72.1% of the transects
showed negative values with an average of —0.346 m/yr while the
remaining showed an accretional average value of 0.186 m/yr.

In order to generate a zonification of the study area, the average WLR
and the average beach width were estimated for each sector (Fig. 5). The
maximum average WLR was 0.631 m/yr (sector n° 29) and the minimum
was —0.664 m/yr (sector n° 17). 7 sectors presented positive WLR values
(accretion) while the remaining 22 sectors presented negative WLR
values (erosion). The average for the accretional sectors was 0.202 m/
yr; the average for the erosional sectors was —0.326 m/yr. The beach
width ranged from 54.54 m (sector n° 22) to 143.19 m (sector n° 29)
with an average value of 88.54 m. 19 sectors presented beach width
values below 100 m.

These results allowed us to identify five zones (Fig. 5): Las Gaviotas/
Mar Azul zone (sectors 1 to 4), Mar de Las Pampas zone (sectors 5 to 8),
Southern Villa Gesell zone (sectors 9 to 15), Villa Gesell Midtown (sec-
tors 16 to 25) and Northern Villa Gesell zone (sectors 26 to 29).

3.2.1. Zone A - Las Gaviotas/Mar Azul

This zone included sectors 1 to 4 with a linear waterfront coverage of
2 km and comprised the homonymous coastal villages. It represented the
transition from an erosional to an accretional coast in a N-S direction
(Fig. 6). Three of its sectors showed negative WLR values with an
average of —0.242 m/yr and a maximum of —0.340 m/yr; the south-
ernmost sector showed an accretional WLR average of 0.429 m/yr. The
average beach width varied between 110.6 m in 2011 and 133.9 m in
1985. The maximum beach width was registered as 160.2 m in 2021 and

WLR [m/yr]
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— 05-03 — 01-01
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the minimum was 91.0 m in 2011. Taking into account the average EPR
value, the maximum erosional period was 1985-1997 with —0.97 m/yr
while the maximum accretional period was 2011-2021 a value of 1.90
m/yr. The NSM represented an average value of —1.2 m, with a
maximum of 19.9 m and a minimum of —10.0 m. 58% of the transects
showed erosional NSM values, all of them located in the northern area of
this zone. The SCE values ranged between 17.2 and 34.0 m.

3.2.2. Zone B - Mar de Las Pampas

This zone was delimited between sectors 5 and 8 including Mar de
Las Pampas village (Fig. 7). It showed a transition from shorter to wider
and from stable to erosional beaches in a N-S direction. The average
beach width ranged from 80.3 m in 1997 to 90.8 m in 1985. The
maximum beach width was observed in 1985 (161.1 m) while the
minimum in 1997 (52.3 m). The average WLR value was —0.009 m/yr,
which denotes a stable coastline over time. The maximum erosional EPR
period was 1985-1997 (—0.83 m/yr); the maximum accretional EPR
period was 2011-2021 with a value of 0.81 m/yr. The average NSM
showed a value of —2.0 m, with a maximum of 7.3 m and a minimum of
—11.3 m. 60% of the transects showed erosional values, most of them
located in the transition towards the Las Gaviotas/Mar Azul zone. The
SCE ranged between 4.8 and 24.5 m.

3.2.3. Zone C - Southern Villa Gesell

This zone was delimited between sectors 9 and 16 including Colonia
Marina village and the southernmost sector of Villa Gesell city. It
showed an erosional coastline over time with an alternation of wider and
shorter beaches alongshore. The average beach width was estimated
between 93.2 m in 2021 and 117.76 m in 2011. The maximum beach

Fig. 5. Average WLR (top) and average beach width (mid) for the 29 sectors. Red-dotted lines indicate the five delimited zones (bottom): Las Gaviotas/Mar Azul (A),
Mar de Las Pampas (B), Southern Villa Gesell (C), Villa Gesell Midtown (D) and Northern Villa Gesell (E). Background image corresponds to the Google Satellite

QuickMapService basemap for ArcGIS software.
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width value was observed in 2011 (159.8 m) and the minimum in 2021
(59.6 m). The average WLR value was —0.249 m/yr. The EPR ranged
from —2.26 m/yr (2011-2021 period) to 1.08 m/yr (1997-2011
period). The average NSM was —16.1 m (Min = —26.9 m; Max = —0.7
m) with the 100% of the transects associated with erosional values. The
SCE ranged between 12.4 and 38.3 m (Fig. 8).

3.2.4. Zone D - Villa Gesell Midtown

The Villa Gesell Midtown zone comprised 10 sectors (16-25) with a
linear waterfront coverage of about 5 km. It represented the highest
erosional coast and the narrowest beaches of the study area. 80% of this
one meets the defined criteria to be considered an EHS (sectors 18 to 25).
It showcases a wide array of anthropic modifications of the littoral
environment, including a dock, the placement of beach facilities on the
coastal dunes, and even the complete removal of the foredune. The
average WLR value was estimated as —0.422 m/yr and the average NSM
as —25.8 m (Max = —1.2 m; Min = —43.1 m). The 100% of the transects
showed erosional NSM values. The maximum erosional EPR was the
1965-1975 period (—1.35 m/yr) while the only accretional EPR period
was 1997-2011 (0.23 m/yr). The 2011-2021 period showed a non-
significant change rate of about 1 cm/yr. The average beach width
ranged from 50.5 m in 1997 to 78.4 m in 1965. The maximum beach
width was registered in 2011 (98.5 m) while the minimum was 31.5 in
1997. The SCE values ranged between 15.2 and 62.5 m (Fig. 9).

3.2.5. Zone E — Northern Villa Gesell

This zone comprised sectors 26 to 29 and represented an accretional
coast with the highest beach width values of the study area (Fig. 10). At
the same time, it represented a transition from the shorter to wider
beaches in a S-N direction. The average beach width ranged from 69.7 m
in 1997 to 110.1 m in 2021. The shortest beach was observed in 1997
(30.9 m) while the widest in 2021 (163.6 m). The average WLR value
was 0.221 m/yr, which denotes an accretional coastline for the studied

Journal of South American Earth Sciences 128 (2023) 104453

period. This zone showed 3 erosional EPR periods (1965-1975,
1975-1985 and 1985-1997) with values of —0.39, —0.59 and —1.49 m/
yr respectively. However, 1997-2011 and 2011-2021 periods repre-
sented important accretion conditions with 1.61 and 1.79 m/yr
respectively. The NSM showed only accretional transects; the average
value was 19.31 m, with a maximum of 34.70 m and a minimum of 4.29
m. The SCE ranged between 27.6 and 56.4 m.

3.3. Shoreline forecast

Based on the shoreline position forecast, the beach width was esti-
mated by considering the year 2030 as time horizon (Fig. 11). The
average beach width for the study area was almost stable between 2021
(86.25 m) and 2030 (87.34 m). However, the forecast results were
different between zones: three of them showed an accretional tendency,
one of them a highly erosional tendency and the remaining was almost
stable through the predicted time lapse.

The Las Gaviotas/Mar Azul zone showed a net movement of 17.14 m,
representing an average beach width of 149.21 m for 2030 (Max =
163.18 m; Min = 140.03 m) (Fig. 12); the Northern Villa Gesell zone
showed an accretional net balance of 16.11 m, representing an average
beach width of 124.98 m for the same year (Max = 159.32 m; Min =
97.15 m); and the Mar de Las Pampas zone average beach width was
calculated as 95.17 m (Max = 119.01 m; Min = 80.99 m) resulting from
a positive net movement of 7.29 m. In contrast, the Southern Villa Gesell
zone showed a net movement of —20.43 m resulting in an average beach
width of 72.37 m (Max = 93.62; Min = 55.41 m) (Fig. 12). Finally, the
Villa Gesell Midtown zone showed a net movement of —0.09 m resulting
in an average beach width of 53.72 m (Max = 72.22 m; Min = 41.41 m).

4. Discussion

The results of this study evidenced contrasting zones with distinct
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Fig. 8. Top: beach width for the four shoreline positions. Bottom left: end-point rate for the three studied periods. Bottom right: net shoreline movement
(1985-2021) and shoreline change envelope for the 70 transects included in the Southern Villa Gesell zone.
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Fig. 11. Observed (2021 - top) and forecasted (2030 - bottom) beach width based on the shoreline change forecasting. Background image corresponds to the Google

Satellite QuickMapService basemap for ArcGIS software.
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Fig. 12. Forecasted shoreline change between 2021 and 2030 for Las Gaviotas/Mar Azul zone (left) and Southern Villa Gesell zone (right). Background image

corresponds to the 2021 orthorectified photomosaic (see Table 2).

patterns of change and observed differences in erosion/accretion bal-
ances. These results are consistent with previous studies conducted for
this coastline sector (Marcomini and Lopez, 1997; Isla et al., 1998;
Bértola et al., 1999; Bértola, 2006; Isla et al., 2018; Bértola et al., 2021).

Emerging from the WLR parameter, the ~70% of the shoreline pre-
sented erosional rates. In addition, an EHS was identified representing
the ~80% of the Villa Gesell Midtown zone and the ~30% of the study
area. This characterization of critical zones represents the first milestone
of a line of research that could ultimately provide a comprehensive
assessment of beach morphodynamics in the coast of Villa Gesell.
Following that line, two important and interconnected issues arise: (1)
the distinction between natural and anthropogenic factors conditioning
the occurrence and location of the EHS, and (2) the evaluation and, if
possible, quantification of cross-shore and along-shore processes con-
trolling local coastal dynamics.

Regarding the first issue, it is well accepted that nearshore ba-
thymetry and its influence over wave energy and circulation has an
impact on beach and sandbar morphology (Wright and Short, 1984;
Wright, 1995; Komar, 1998; Plant et al., 2001; Bose et al., 2020). This

11

effect has been suggested by previous work on the coast of Villa Gesell
(Bértola, 2006), but has not been thoroughly assessed. Some processes
affecting local sediment budgets (e.g., alongshore variations in sediment
transport, variations in the delivery and storage capacity of sources and
sinks over time) can be difficult to quantify, and in some cases, along-
shore variability of shoreline change in relatively straight sandy beaches
still remains poorly understood (Fenster and Dolan, 1993). Alves (2009)
explained the occurrence and behavior of an EHS in the southern sandy
coast of Brazil through coastal instability (induced by wave obliqueness)
and sediment transport analysis. A multi-proxy approach that in-
corporates numerical modeling and the acquisition of bathymetry and
beach topography data would be optimal for addressing this series of
factors.

The second issue becomes particularly important when considering
the role of anthropogenic activities over the development of an EHS.
Martin Martin Prieto et al. (2018) obtained, in the southern beaches of
Mallorca (Spain) and for the period 1956-2015, WLR rates between —0,
38 and 0,29 m/yr. The higher erosional rates were found in locations
affected by human activities, such as parking lots, access points for
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tourism and earthmoving machinery, etc. Cellone et al. (2016) deter-
mined, in a storm-dominated marshland in the Rio de La Plata estuary
(Argentina), an average WLR of —0,4 m/yr, with the highest erosional
values being up to —7,4 m/yr. The latter were linked to the removal of
native vegetation, as in these tidal environments, the vegetation acts as a
stabilizer of the fine sediment that forms the marshland, and therefore
its removal promotes higher erosion scenarios during storm events.
These studies provide further evidence supporting the concept proposed
by Clark (1997) that LULC changes have significant impacts on coastal
areas worldwide. The Villa Gesell shoreline evolution analysis regarding
these changes is discussed below.

The results of this study allowed us to associate each zone’s evolution
with different historical LULC. Since 1930, a total of ~1700 ha corre-
sponding to zones C, D, and E, have undergone intensive dune fixation
processes using rapid-growth exotic tree species (Juarez and Mantobani,
2006). In zones A and B, a similar dune fixation approach was not
implemented until the 1980s, covering an area of ~1400 ha.

In Zone D (Villa Gesell City midtown), the dune stabilization allowed
the establishment of asphalted streets, buildings and other urban fea-
tures. Furthermore, foredunes were eliminated to construct a coastal
promenade and bathing facilities. This zone encompasses the EHS
defined in the present work, which would imply that local cross-shore
imbalances are heavily responsible for the high erosion rates of these
beaches. However, the influence of alongshore imbalances due to dune
fixation and updrift modification of the sediment budget shouldn’t be
discarded (Isla et al., 1998). Moreover, the implementation of higher
resolution field surveys could provide a useful insight about the role of
very specific interventions (such as urban storm drains) over the
development of a larger erosional hot spot.

The remaining zones were mainly affected by the afforestation pro-
cesses, but with significantly lower urbanization trends; foredune was
conserved, streets were not asphalted and urban expansion was driven
by residential villages instead of dense building zones. Erosional rates
were lower and even accretional sectors were identified. Zones A, B and
E, despite showing erosion during the first stages of its afforestation
process, are now representing an accretional coast. LULC changes could
have promoted wider beaches over these zones (Fig. 13).

In zones D and E those balances related to 1997-2011 and
2011-2021 periods showed different trends related to previous ones. In
2006, based on several damages caused by coastal erosion, the Villa
Gesell Government carried out the Integrated Coastal Management Plan
(Plan de Manejo Integrado del Frente Costero de VIlla Gesell - Ordinance
N° 2050/06). It implied, among other policies, the replacement of the
coastal promenade built by 1981 and the bathing facilities (called
“balnearios”). These changes represented the increase of the accretional

56.96°W
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rates for zone E and the transition from an erosional to an accretional
coast. A beach recovery was identified during 1997-2011 for zone D,
which represented its only accretional period. However, the 2011-2021
period was associated with erosional trends as before these management
policies were implemented (Fig. 14).

In addition, the shoreline position forecasted up to 2030 provided an
estimation based on the more recent shoreline change rates observed for
each sector. Future LULC changes of the coastal zone could have a
negative or positive impact on these rates. The Villa Gesell Assessment
Plan for Coastal Urbanization (Plan de Ordenamiento Municipal; Decree
No. 13621/21) proposes an increase in the tourist population of about
200% for 2045. To this end, it is proposed to extend the developable
waterfront in 9 km and to expand the urban sprawl in about 1300 ha.
The execution of the research lines derived from this contribution could
be crucial for the implementation of this urbanization plan.

In order to support the obtained results, several methodological as-
pects deserve to be discussed. Regarding the geospatial analysis, it was
mainly limited by the aerial photographs availability and its waterfront
coverage (Table 1). The assessment of the entire Villa Gesell shoreline
was only possible for the 1985-2021 period by the implementation of
288 transects (~14,5 km). In contrast, for the 1965-2021 and
1975-2021 periods, 131 (~6,5 km) and 143 (~7 km) transects were
obtained, respectively. This resulted in a lack of evidence between 1965
and 1985 for the shoreline corresponding to zones A, B and C principally
(Fig. 3). Other remote sensing techniques such as optical band-
combination methods can be used (Nassar et al., 2018), however,
these techniques significantly reduce the time span of the analysis due to
the lesser availability of historical data.

The 1997 aerophoto showed the highest overall uncertainty value
(o1 = 6.02 m) due to the greatest digitization error (64 = 3.84 m). This
error is linked to some images’ characteristics which define the feasi-
bility of shoreline delimitation through the selected proxy, the digiti-
zation tool configuration (e.g. line thickness), and the experience of the
operator (Moore, 2000). The pixel size was obtained from aerial pho-
tographs’ nominal scale (1:20,000 and 1:5000). According to Moore
(2000) these are the optimal scales for shoreline delimitation studies.
Blount et al. (2022) propose to consider the digitization (c4) error equal
to pixel error (6},). Sensors such as TM and ETM+ from Landsat 5 and 7
missions, respectively, have a pixel spatial resolution of about 30 m for
optical bands. This reinforces the advantages of using aerial photo-
graphs by manual digitization methods over multiespectral automatic or
semi-automatic techniques.

The wet/dry boundary is widely used and considered as a practical
solution to identify shoreline position (Pajak and Leatherman, 2002),
but it is also questioned due to its stational variability and sometimes

SeST'LE

56.96°W

Fig. 13. Shoreline position for 1965 and 2021 in zones D (left) and E (right). The image corresponds to the 1965 orthorectified photomosaic (see Table 1); the green
rectangle indicates zones of foredune fixation by exotic plant species; the yellow star indicates the original afforestation processes carried out since the ‘30s.
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Fig. 14. Shoreline position for 1997, 2011 and 2021 in zones D (left) and E (right). In 2006, the Villa Gesell government carried out different management policies
throughout the waterfront of these zones. Background image corresponds to the 2021 orthorectified photomosaic (see Table 2).

low visibility in satellite images (Moore, 2000). It is affected by astro-
nomical tides, seasonal beach changes, storm events, and wind tides
(Pajak and Leatherman, 2002). However, the effect of these variables is
reduced when dealing with a larger time scale such as the 1965-2021
period of this study (Crowell et al., 1993; Muehe and Klumb-Oliveira,
2014). In addition, the error provided by high tide and wave action in
aerial photographs and satellite images is covered by tide and run-up
errors estimation (Moore, 2000).

The lack of in situ wave climate data has led to the use of modeled
and reanalysis data. While this information has been validated and
widely used (Timmermans et al., 2020), it may not include information
about factors and processes that condition the specific coastal dynamics
(eg. near-shore bathymetry). For this study, tidal fluctuation represented
the greatest source of error (6¢q = 4.43 m) even representing a microtidal
coast. In contrast, Virdis et al. (2012) obtained 6¢q = 1.5 m for the coast
of Sardinia, Italy, based on in situ measurements.

Regarding the shoreline forecasting method, the DSAS v5.0 includes
a widely used tool for this purpose based on the WLR rate (Apostolo-
poulos and Nikolakopoulos, 2020; Apostolopoulos et al., 2022 Cellone
etal., 2016; Chrisben and Gurugnanam, 2022; Al-Ruheili and Boluwade,
2021). In a general context, with no information about the factors
conditioning the specific coastal dynamics, such a method would be
appropriate. However, the analysis presented in this work shows a direct
influence of anthropogenic activity over coastal dynamics, and some of
the changes observed in the erosion/accretion rates of the identified
zones can be linked to specific modifications of the dune-beach system
carried out by the local administration. Therefore, the EPR of the last
period (2011-2021) is considered to reflect the coastal dynamics under
the current geomorphological and anthropogenic conditions, and thus
provide a better estimation for shoreline evolution in the near future. In
this situation, the exception to using the longest term data should be the
right approach (Crowell et al., 1993).

Despite these method considerations, the o1 values corresponding to
the six delimited shorelines ranged from 5.06 to 6.02 m (Table 4), being
below the approximate average of uncertainty (10 m) proposed by the
National Assessment of Shoreline Change Project, estimated by the U.S.
Geological Survey (USGS) (Himmelstoss et al., 2018). This demonstrates
the validity of this study in identifying erosion/accretion balances and
critical sectors (EHS). Moreover, the correlation between these findings
and the LULC changes and historical coastal policies further emphasizes
its significance regarding the near-future coastal management actions.

5. Conclusions

This paper presents a medium-term evolution assessment of a linear
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shoreline sector within a coastal barrier system for the 1965-2021
period. It represents the first study to approach the shoreline evolution
for urban and peri-urban beaches of the Villa Gesell County, located in
the Eastern Barrier of Buenos Aires, Argentina.

The results showed an average shoreline retreat of ~15 m and an
average weighted rate-of-change of —0.2 m/yr for the study area.
However, the studied coastline evidenced pronounced along-shore
variations in its erosion/accretion balances. The most erosional and
the most accretional sectors represented WLRs of —0.664 and 0.631 m/
yr, respectively. The proposed zonification allowed for the identification
of these contrasting shoreline sectors.

In a S-N direction, the Las Gaviotas/Mar Azul zone represented the
transition from accretional to slightly erosional beaches with the highest
average beach width of the study area; the Mar de Las Pampas zone
showed the transition to narrower and more stable beaches while the
Southern Villa Gesell zone represented the beginning of an erosive coast
with the alternation of wider and narrower beaches alongshore. Villa
Gesell Midtown showed the highest erosional and narrowest beaches of
the study area, followed by a transition to an extremely accretional coast
(Northern Villa Gesell) with the highest beach width values of the study
area.

Despite these along-shore differences, more than 70% of the urban
and peri-urban beaches of Villa Gesell showed an erosional balance with
an average retreat rate of ~35 cm/yr for the 1965-2021 period. This led
to the identification of an erosional hot spot covering ~80% of Villa
Gesell Midtown and ~30% of the urbanized waterfront of the county.
The remaining represented cumulative beaches with an average rate-of-
growth of ~19 cm/yr.

The 2030 shoreline forecast evidenced accretional tendencies be-
tween ~7 and ~17 m for peri-urban beaches (Zones A, B and E).
Furthermore, urban beaches of zone C suggest a worrying scenario with
~20 m of shoreline retreat indicating the potential development of an
erosional hot spot. Zone D represents an almost stable behavior through
the predicted lapse.

These results are directly linked to the historical land use/land cover
changes of Villa Gesell county which are mainly related to dune stabi-
lization processes and to the implantation of urban surfaces. Zone D,
with the most intense development, represented an erosional hotspot
which could be mainly caused by local cross-shore imbalances due to
these anthropogenic disturbances. However, the impact of alongshore
imbalances should not be discarded. In the remaining zones LULC
changes could even have promoted wider beaches. In addition, the
replacement of the coastal promenade in 2006 led to an increase of
accretional rates in Zone E, and even in a beah-recovery period for Zone
D.
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Despite the method limitations, the shoreline positional un-
certainties were better than the recommended parameters, validating
the obtained results. These results were constrained by the availability
of historical imagery and the absence of in situ wave climate data for the
XX century. However, it is suggested that future research should
consider shoreline evolution under extreme conditions (storm surge,
maximum high tides) in order to enhance the understanding of coastal
system dynamics and the role of natural and anthropogenic processes.

Future modifications of the coastal zone could lead to an increase of
the erosional rates. The Villa Gesell Assessment Plan for Coastal Ur-
banization proposes the urban waterfront extension over natural dune
areas. The correlation between the results of this work and the historical
LULC changes suggests worrying scenarios for these near-future pro-
grames. Moreover, the necessity of an integrated coastal zone manage-
ment framework is reinforced.

This work represents a first step into a comprehensive assessment of
an erosional hotspot in a sandy barrier system in Buenos Aires,
Argentina. This will allow the developing of future research lines that
aim to understand the coastal system dynamics and the role of natural
and anthropogenic processes. At the same time, it will support moni-
toring processes considering the implementation of higher resolution
field surveys.
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erosion processes. This paper aims to assess long-term changes in vegetation cover over a
large temperate barrier in Argentina. This complex region includes urban resorts, afforestation
zones, and protected areas. A GIS-based geospatial analysis was conducted using a large
satellite database (> 350 images), and the future evolution of the vegetation was modeled. The
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1 Introduction

Coastal areas are crucial environments for socio-economic development and human
well-being on a global scale. Currently, more than 40% of the Earth’s population lives within
100 km of a coast (Busayo and Kalumba, 2021), and projections point to an increase in pop-
ulation density in these areas by approximately a quarter by 2050 (Zhao ef al., 2022). In par-
ticular, dune barrier systems, which encompass approximately 15% of the world’s coasts
(Pilkey et al., 2009), provide essential ecosystem goods and services related to physical and
ecological protection. These services include flood control, sediment stabilization, wave
attenuation, storm protection, nutrient recycling, salt intrusion control, and freshwater stor-
age and replenishment (Gomez-Pina et al., 2002). These fragile and dynamic environments
are primarily controlled by three major driving forces: wind patterns, sand availability, and
vegetation cover (Hesp et al., 2010). Therefore, climate conditions play a significant role in
the formation, stabilization, and evolution of dunes (Muhs and Maat, 1993).

Dune barrier systems are currently among the most demanded landscapes for sea-and-sun
tourism and recreational uses, supporting many coastal economies worldwide (Schlacher et
al., 2008). As one of the main drivers of coastal development (Da Silva and Schwingel,
2019), tourism leads to several land use and land cover (LULC) changes, and constitutes a
major anthropogenic impact on coastal areas worldwide (Clark, 1997). In particular, coastal
urbanization and dune afforestation are the most relevant LULC changes related to tourism
development (Okello et al., 2015).

Just a century ago, dunes were regarded as hazardous and fragile landforms that threat-
ened human development. In order to stabilize the sandy substrate of dunes, the systematic
implantation of rapid-growth trees, often including exotic species has been the preferred
management strategy (Doody, 2005). This approach has facilitated subsequent urban expan-
sion onto these environments (Castillo and Moreno-Casasola, 1996). However, this
short-term stabilization can lead to the fragmentation of the original dune landscape, result-
ing in several environmental impacts and threatening long-term environmental sustainability
(Feagin et al., 2010). The replacement of native vegetation by exotic species, alterations in
plant assemblages, changes in species richness and diversity, modifications in phytosociologi-
cal distribution, shifts in total vegetation cover, and environmental fragmentation account for
some of these impacts (Pauchard et al., 2006; Calderisi et al., 2021; Pinto et al., 2023).

Regarding abiotic conditions, sedimentary imbalance appears as the primary impact of
dune fixation, as vegetation can drastically alter geomorphological processes by modifying
the aeolian dynamics (Anthonsenet et al., 1996). The stabilization of bare dune areas re-
stricts the natural cycle of sediment exchange between them, the beach and the surf zone (Avis,
1989). Therefore, afforestation practices can promote coastal erosion processes due to a reduc-
tion in sand availability and an alteration in the erosion/deposition balance (Provoost ef al.,
2011). These impacts have been widely recognized for sandy barriers worldwide (Illenberger,
1993; Isla et al., 1998; Ratas et al., 2008; Palma et al., 2011; Luo et al., 2015; Pranzini, 2018).
Many countries have recognized the negative effects of afforestation costal environments and
have enacted regulations to prevent or control the practice (DEFRA, 2007).

The economy of tourism-based coastal villages is directly related to urban development,
and they rely on the preservation of their landscapes and the bathing quality of their beaches
(Klein and Osleeb, 2010). Coastal tourism creates various environmental impacts but is also
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vulnerable to these changes (Li et al., 2016). To protect biodiversity, landscape structure,
and geomorphological features of barrier systems, as well as to preserve these unique and
complex environments, several coastal protected areas have been established as a manage-
ment and conservation strategy (Stoms et al., 2005). In addition, the control of dune plant
communities, whether native or exotic, has been recognized as a crucial aspect of dune
management in recent decades (Vranjic et al., 2012).

Remote sensing data and Geographic Information Systems (GIS) have been widely used
for monitoring geospatial processes. In particular, vegetation monitoring has been exten-
sively carried out by using the Normalized Difference Vegetation Index (NDVI). This spec-
tral index is directly linked to biophysical variables such as leaf area, productivity, biomass,
and canopy coverage (Weiss et al., 2004). In addition, its mathematical simplicity makes it a
valuable tool for analyzing large temporal series across different multispectral remote sens-
ing data (Gu et al., 2009).

Texeira-Pinto and Reis-Fernandes (2011) conducted an NDVI-based evaluation of vege-
tation cover evolution in dune environments along the northeastern Brazilian coast over 21
years (1986—-2007) using a series of four satellite images. Cortizo and Isla (2012) employed
a similar approach to assess a dune barrier system in southern Buenos Aires, Argentina. In
addition, Gofi ef al. (2016) and Bustos et al. (2016) estimated the NDVI temporal variation
for small coastal villages of the Buenos Aires province. These studies relied on small sets of
satellite images. However, in recent years, the Google Earth Engine (GEE; https:// earthen-
gine.google.com/) platform has evolved into a high-performance tool for processing large
geospatial databases within a cloud-based system, enhancing the analysis of extensive
time-series datasets (Gorelick et al., 2017). Moreover, this platform has recently been used
in coastal studies (Chen et al., 2021; Fitton et al., 2021).

The main objective of this paper was to assess long-term vegetation cover changes over a
complex dune barrier system located in Buenos Aires, Argentina. This barrier system has
been subjected to tourism urbanization, afforestation initiatives, recreational activities, and
even conservation management strategies and protected areas. This barrier and its beaches
hold significant local importance as they constitute the primary resource of an exclusively
tourism-based economy. A geospatial analysis, based on the spectral assessment of a large
satellite database processed using the GEE platform was conducted between the years 1986
and 2021. NDVI and GIS-based techniques were used to determine vegetation cover chang-
es over time as an indicator of dune degradation. A predictive model was proposed to esti-
mate the mid-term future evolution of the barrier vegetation coverage. The results of this
study will be useful for the proper management of urban beaches and dune-protected areas.

1.1 The Eastern Sandy Barrier and study area

The Eastern Sandy Barrier, situated in the northernmost sector of the Atlantic coast of the
Buenos Aires province, Argentina, evolved in relation to the mid-Holocene sea-level fluctu-
ation as did the great majority of barriers and spits of the South American coast. This fluctu-
ation resulted in the burial of an extensive plain that included coastal lagoons and marshes of
the Salado River basin, under a dune field that currently extends along 200 linear km of
coastline and reaches widths up to 3 km (Isla, 1998). The study area of this work is repre-
sented by the southernmost sector of this barrier, comprising 60 km of non-interrupted linear
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shoreline extension and covering an area of 13,350 ha of sand barrier landscapes (Figure 1).
In this sector, the barrier narrows gradually from north to south, ultimately reaching its end
point at the sea outlet of the Mar Chiquita coastal lagoon.

This area of interest (AOI) is characterized by a complex array of land uses, land owner-
ship, jurisdictional limits, and conservation states. Its northern sector, corresponding to Villa
Gesell County, encompasses three coastal tourist villages (Mar de Las Pampas, Las Gaviotas,
and Mar Azul; hereafter referred to as northern villages, NV) covering an area of 690 ha. It
also includes the Faro Querandi Nature Reserve (FQ), spanning 4280 ha. In the southern
sector, located in Mar Chiquita County, the Mar Chiquita Nature Reserve (MC) represents
an area of 4380 ha over the dune barrier system. Moreover, there are diverse private estates
situated between the northern villages and the FQ reserve, as well as between reserves, en-
compassing 2100 ha and 1900 ha, respectively (hereafter referred to as northern villages’
private lands, PL-NV, and intra-reserves’ private lands, respectively, PL_IR).

70°W 57°W 57.1°W
n Mar de Las
:‘:1 Pampas
Las Gaviotas
§ Mar Azul
o
Atlantic
Ocean 2 Querandi n
~ Q7 o

n Lighthouse \n
° o~
« -

Mar Chiquita
Coastal Lagoon

57.4°W 57.1°W

Figure 1 Location of the study area, in the southernmost sector of the Eastern Barrier of Buenos Aires province,
Argentina. References: area of interest (AOI); northern villages (NV); northern villages’ private lands (PL-NV);
Faro Querandi Nature Reserve (FQ); intra-reserves’ private lands (PL-IR); Mar Chiquita Nature Reserve (MC).
The Orange dotted line represents the limit between Villa Gesell and Mar Chiquita counties.

In this coastal sector, the littoral drift provides a continuous sand supply representing a
potential net balance between 400,000 and 700,000 m3/yr. in the S-N direction (Framifian,
1990). Both southern and northern winds are frequent. However, southern winds are the
most intense and are associated with extreme weather events (Lanfredi et al., 1992). Dunes
are mainly composed of mid-grain sands, and they exhibit various morphologies, including
transverse, parabolic, and barchanoid (Isla et al., 1998). These coastal landforms host coastal
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aquifers, characterized by a lenticular-shaped water table, which serve as the main hydro-
logical resource for human development as well as for afforestation purposes.

1.2 Tourism development and conservation responses

During the second half of the 20th century, the Eastern Sandy Barrier experienced exponen-
tial growth in sea and sun tourism. By the mid-1970s, the city of Villa Gesell reached the
highest urbanization rates in Argentina (Juarez and Isla, 1999). Today, it attracts over 2.1
million visitors during the summer season (Source: Tourism Office of Villa Gesell). The
surge in tourism development was accompanied by a systematic replacement of active dunes
with urban covers and rapid-growth exotic forests for dune fixation (Isla, 2013).

As described by Cabrera (1941), before the advent of massive tourism, the vegetation on
this barrier was characterized as an open grassland composed of about 70 species. It was
dominated by the Panicum spp., with psammophilous species adapted to sand burial and
saltwater conditions (Faggi and Dadon, 2011). The plant coverage was characterized by 80%
species richness of perennial grasses and 20% of low shrubs. Native trees were absent in this
barrier. Moving westwards, the vegetation grades to larger herbaceous and shrub assem-
blages of the Pampean lowlands’ environments, characterized by hygrophilous and fogger
species (Celsi, 2016). The tree species used for dune stabilization purposes were exotic, with
Pinus pinaster, Pinus radiata, Tamarix ramosissima, Cupressus lambertiana, and Acacia
longifolia being the most representative. In addition, domestic gardening and green areas’
stewardship have also been an important source of exotic species introduction (Faggi and
Dadon, 2010). The systematic replacement of dune areas and native vegetation by afforesta-
tion and gardening species has led to a decrease in sand availability in the Eastern Sandy
Barrier (Marcomini et al., 2017). Moreover, this alteration of the original landscape mor-
phology and sedimentary balance has induced coastal erosion problems (Isla et al., 1998).
The environmental impacts have led to the creation of two important dune reserves, with the
primary objective of conserving the regional sedimentary balance and ensuring hydrological
sustainability through the replenishment of coastal aquifers.

The Faro Querandi Nature Reserve (FQ), managed under local jurisdiction, is located in
the southernmost sector of Villa Gesell County. Established in 1996, it spans approximately
20 km of linear shoreline and is categorized as a “multiple-use reserve”, allowing for recrea-
tional, touristic, and research activities within its boundaries. In addition, it includes 60 ha of
exotic afforestation lands, owned by the Argentine Army and corresponding to the Querandi
Lighthouse (Celsi et al., 2016; Figure 1). The Mar Chiquita Nature Reserve (MC), created as
an UNESCO World Biosphere Reserve in 1996 and managed under local jurisdiction, en-
compasses the Mar Chiquita Coastal Lagoon, the only microtidal lagoon in Argentina. Over
time, various conservation statuses were assigned, resulting in an overlap of management
actions and protection strategies. It holds designations such as local reserve, national defense
nature reserve, wildlife refuge, BirdLife International Area, and dune reserve. The latter was
established in 2009 under the administration of the Buenos Aires province, covering exclu-
sively 30 km of linear shoreline and dune landscapes in the terminal sector of the barrier
(Garzo et al., 2019). Both reserves (FQ and MC) are bordered on the west by private rural
estates corresponding to the Pampean region.
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2 Materials and methods
2.1 Method workflow

To assess the vegetation cover changes between 1986 and 2021, four main methodological
steps were conducted: satellite data retrieval (a), pre-processing and NDVI estimation (b),
land cover categorization (c), and vegetation cover change assessment and forecasting (d)
(Figure 2).

’ § @
— Google Earth Engine —_—
Server
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180 LS images 178 L8 images 17 L8 images
1986-2011 2013-2021 2022
I I
®) .
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v \
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NDYI ‘ p Validation Land cover
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Vegetation Cover Changes N 2050
1986-2021 Forecast

Figure 2 Schematic flowchart considering the main steps of this work (a. satellite data retrieval; b.
pre-processing and NDVI estimation; c. land cover categorization; d. vegetation cover change assessment and
forecasting)

2.2 Satellite data

Optical data were retrieved from the GEE catalog (https://developers.google.com/earth-
engine/datasets/catalog/landsat) and consisted of all the available imagery from the USGS
Landsat 5 TM (L5) and Landsat 8 OLI (L8) sensors covering the 19862021 period. For
both sensors, top-of-atmosphere (TOA) reflectance data with 30 m spatial resolution and
less than 10% of pixel-scale mean cloud coverage in the AOI was considered, resulting in
358 images (180 from L5 and 178 from L8; Table 1).
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Table 1 Detail of satellite data used for this study. Dates are in MM/DD/YYY'Y format.

Characteristic L5 L8
Sensor Landsat 5 TM Landsat 8 OLI
Processing level Collection 2 Tier 1 Collection 2 Tier 1
Data type TOA reflectance TOA reflectance
Number of images 180 178
Mean pixel cloud cover (%) 1.38 1.67
From 01/06/1986 04/22/2013
Date
To 08/30/2011 12/24/2021
Spatial resolution (m) 30 30
Path/Row 223/86 and 224/86 223/86 and 224/86

An additional dataset of 17 scenes from L8 images from 2022 was also included. These
images were only taken into account for the calibration and validation steps, while they were
ruled out for the spectral analysis of the data. The data retrieval was conducted using the open
access and free tools provided by the GEE Code Editor Platform (https://code. earthengine.
google.com/).

2.3 Data pre-processing and NDVI estimation

Before conducting the NDVI assessment steps, the spectral transformation method devel-
oped by Roy et al. (2016) was applied to estimate comparable results between L5 and L8
images. This method enables the spectral transformation of reflectance data, taking into ac-
count differences in radiometric resolution among sensors which can lead to inconsistencies
when comparing multi-platform time series satellite data. As a consequence, the red and
near-infrared bands of L8 data (band 4 and band 5, respectively) were subjected to a set of
statistical transformation functions to obtain reflectance data comparable to those of the
corresponding bands in L5 data (Figure 2). Subsequently, NDVI was estimated at a pixel
scale for the entire dataset following:
NDVI=(IR—R) /(IR + R)

where R and IR represent the red and infrared TOA reflectance values, respectively. This
index takes values ranging from —1 to 1, with positive values indicating green vegetated
surfaces. The geospatial data pre-processing and processing steps were also conducted using
the GEE Code Editor Platform tools.

2.4 NDVI categorization and vegetation cover change (1986-2021)

To assess temporal changes in vegetation cover, a pixel categorization was performed by
using the open-source QGIS software (V. 3.8.2 - https://qgis.org/es/site/; QGIS, 2022). To
calibrate the procedure, ground control sites (GCSs) with known land cover were identified.
These GCSs were georeferenced by GPS/GNSS mark points retrieved from 2022 field sur-
veys, corresponding to four land cover classes (LCCs): (1) bare dune areas (D); (2) herba-
ceous dune vegetation (H); (3) Pampean lowlands’ vegetation (P); and (4) urban settlements
vegetation (U). The latter was represented by exotic rapid-growth afforestation for dune fix-
ation and ornamental species used for gardening purposes. Each LCC was characterized us-
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ing 3 GCSs, representing a total of 12 control sites. Mean annual NDVI and standard devia-
tion values were calculated for each GCS by using 12 L8 images (one image per month)
from 2022, resulting in characteristic NDVI ranges for each LCC. In addition, mean season-
al NDVI and standard deviation values were assessed to compare the intra-annual variability
and to determine the existence of statistical significance between seasonal estimations.

A validation step was conducted using the remaining 5 L8 images from 2022. For this
purpose, an accuracy assessment was performed with the SCP Plugin Tool for QGIS soft-
ware (Congedo, 2021), taking into account 2 GCSs for each LCC, and resulting in an overall
accuracy of 88.3%. Table 2 presents the characteristic NDVI ranges for each LCC.

Table 2 Minimum, maximum, mean value, and standard deviation (Std) of characteristic NDVI ranges for the
land cover classes estimated during the calibration procedure with L8 images from 2022

Land cover type Land cover class Min value Max value Mean value Std

Non-vegetation Bare dune areas (D) 0.013 0.112 0.063 0.002
Vegetation Herbaceous (H) 0.153 0.329 0.261 0.018
Vegetation Pampean lowlands (P) 0.351 0.433 0.392 0.027
Vegetation Urban settlements (U) 0.454 0.647 0.550 0.036

Subsequently, the mean annual NDVI was estimated for the 19862021 period using the
358 available images. Each of these mean NDVI maps was categorized based on the char-
acteristic NDVI ranges. Pixels that did not fall within the defined ranges were excluded from
the assessment. Data processing was conducted using the QGIS software and various Python
libraries (http://www.python.org; Python, 2023). The statistical analysis of NDVI estima-
tions and the paired t-test for assessing intra-annual variability significance, assuming nor-
mality of differences between seasonal samples, were performed using the InfoStat v2020
Software (Di Rienzo et al., 2020; https://www.infostat.com.ar/).

2.5 Vegetation cover forecast (2050)

To predict vegetation cover changes through 2050, the Modules for Land-Use Change Sim-
ulation (MOLUSCE) Plugin tool for QGIS software was used (http://hub.qgis.org/ pro-
jects/molusce). Based on the LCC changes for the 1986-2003 period, a transition potential
modeling was conducted following an Artificial Neural Network (ANN) approach. LCC was
considered as the spatial dependent variable while the Argentinian Digital Elevation Model
represented the independent variable (MDE-Ar V2.1 30 m x 30 m IGN; https://www.ign.
gob.ar/NuestrasActividades/Geodesia/ModeloDigitalElevaciones/Mapa). Following the pa-
rameters used in Muhammad et al. (2022), the ANN learning process included 5,000 random
samples and 100 iterations over a neighborhood value of 1x1 pixels with a learning rate of
0.001. The resulting model enabled us to predict the 2004—2021 LCC changes. Subsequently,
the simulated 2021 LCC scenario was validated through a prediction accuracy assessment
based on a kappa validation and using the 2021 LCC image estimated from optical data as a
reference map. Once the model was satisfactorily trained and validated, LCC optical data
maps from 1986 and 2021 were used as inputs following the same ANN approach, generat-
ing a 2050 LCC map prediction.


http://www.ign/

214 Journal of Geographical Sciences

3 Results
3.1 NDVI assessment

The statistical analysis of the 2022 set of L8 images, conducted during the calibration pro-
cedure, revealed that the mean seasonal NDVI values did not exhibit statistically significant
differences among them. The paired t-test for dependent samples was performed for the
seasonal means of the different land cover classes. The p-value for bilateral estimation at a
significance level of 5% ranged between 0.1217 (summer-winter for urban settlements’ veg-
etation) and 0.9340 (summer-spring for bare dune areas). These results did not allow for the
rejection of the equality hypothesis between seasonal means for any of the season-cover
combinations. Moreover, differences of zero between seasonal means were included in the
95% confidence interval during this statistical analysis.

In addition, 2020 was taken as a pilot case as it represented the year with the highest
number of satellite acquisitions (21) distributed throughout the temporal series dataset. Vari-
ations between maximum and minimum NDVI values were calculated at 0.03 (D), 0.05 (U),
0.09 (H), and 0.11 (P), with the lowest values occurring at the end of the winter season
(Figure 3).
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Figure 3 Temporal variation of NDVI values for each land cover class during 2020

The five zones considered exhibited a consistent and gradual increase in the annual aver-
age NDVI for the 1986-2021 period (Figure 4a). FQ and MC, showed rates of NDVI in-
crease of 1.4%/yr (R* = 0.95; p<0.05) and 1.7%/yr (R> = 0.89; p<0.05) respectively. The
PL-NV zone presented NDVI values ranging from 0.249 to 0.351, with a 1.6%/yr increase
(R* = 0.72; p<0.05). Finally, the NV zone had the highest NDVI values, starting at 0.371 in
1986 and reaching 0.432 in 2021. However, its growth rate was estimated as only 0.8%/yr
(R? = 0.67; p<0.05), surpassing only the 0.7%/yr increase (R* = 0.94; p<0.05) observed in
PL-IR.

The NDVI change between 1986 and 2021 revealed that ~37% of the AOI surface expe-
rienced an increase greater than 0.1 in its values, while ~57% did not show significant
changes throughout the tested period (—0.1<<NDVI change=0.1) (Figure 4b). Additionally,
~6% exhibited an NDVI decrease (< —0.1) by 2021. The ~32% and ~36% of MC and FQ
reserve areas presented NDVI increases, respectively. In addition, PL-NV and NV zones
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exhibited that ~46% and ~42% of their surface were subjected to an NDVI increase, respec-
tively. At the same time, ~12% of the Mar Chiquita reserve surface represented a decrease in
the estimated values.
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Figure 4 Annual average NDVI change for the studied period (a), Dotted lines represent the linear regression
fitting curves; NDVI difference between 2021 and 1986 for the study area (b)

3.2 Vegetation cover changes (1986-2021)

The assessment of LCC characteristic ranges presented in table 2 led to the categorization of
the 36 years of annual mean NDVI images for each zone. The northern villages’ zone
showed relative decreases of 3.3% and 19.7% in dune (23 ha) and herbaceous (136 ha) areas,
respectively, between 1986 and 2021 (Figure 5a). In contrast, pampean lowlands and urban
covers presented 3.1% (21 ha) and 20.1% (138 ha) relative increases, respectively. The
PL-NV zone, representing the spatial transition between urban areas and the Faro Querandi
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Nature Reserve, exhibited a similar pattern. D and H areas decreased by 17.6% (370 ha) and
6.7% (141 ha), respectively, while P and U cover increased by 14.2% (297 ha) and 11.5%
(241 ha), respectively (Figure 5b).
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Figure 5 Surface percentage variation of LCCs (1986-2021) for northern villages (a); northern villages’
private lands (b); Faro Querandi Nature Reserve (c); intra-reserves’ private lands (d); Mar Chiquita Nature
Reserve (e)

The FQ, PL-IR, and MC zones exhibited relative decreases in dune surfaces of 38.1%
(1628 ha), 31.5% (598 ha), and 37.1% (1626 ha), respectively. In the case of FQ and PL-IR,
H and P covers increased while urban vegetation areas decreased (Figures 5c and 5d). In FQ,
H and P increased by 31.6% (1350 ha) and 7.6% (323 ha), respectively, while in PL-IR they
increased by 22.1% (426 ha) and 12.0% (228 ha), respectively. However, U vegetation in
both areas decreased by 1.5% (64 ha) and 3.3% (63 ha), respectively. In contrast, for the MC
zone, all three vegetation classes (H, P, and U) showed increases of 16.8% (737 ha), 14.3%
(626 ha), and 5.6% (246 ha), respectively (Figure 5e). Across all five zones, non-classified
pixels ranged between 4% and 8%.

3.3 Vegetation cover forecast (2021-2050)

The 2021 predicted scenario was validated against optical data obtaining an overall per-
centage of accuracy of 86.41% (Overall Kappa Value = 0.85). This training procedure made
it possible to generate the 2050 LCCs forecast based on the 19862021 data (Figure 6). For
NV, PL-NV, and MC zones, the predicted scenario showed relative losses of 0.2% (1 ha),
2.3% (18 ha) and 0.1% (2 ha) in D area, respectively. For NV, a replacement of 18 ha of H
by 12 ha and 6 ha of P and U, respectively, was estimated. In contrast, for PL-NV, a 23 ha
and 47 ha reduction of H and P vegetation were accompanied by an increase of 101 ha in
urban covers. MC followed this pattern, with 100-ha and 57-ha decreases in herbaceous and
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pampean vegetation at the expense of a 153-ha increase in U covers. In contrast, FQ and
PL-IR zones showed consistent decreases in the D area of 17.9% (767 ha) and 15.5% (295
ha), respectively. In both cases, these reductions are linked to an increase in the surface of H
(155 ha and 139 ha, respectively), P (903 ha and 133 ha, respectively) and U (12 ha and 10
ha, respectively) covers.
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Figure 6 Spatial distribution of LCCs in 2021 and 2050-forecasted scenario (Up); LCCs surface percentage
(2021 and 2050) (Down) for the AOI

4 Discussion

Previous satellite-based NDVI estimations for vegetation cover assessment have been con-
ducted for the dune fields of the Buenos Aires province (Cortizo and Isla, 2012; Bustos ef al.,
2016; Goiii et al., 2016). Other authors have assessed this index and its correlation with bi-
ophysical parameters in coastal marshes of the same region through field surveys (Gonzales
Trilla et al., 2013 and 2016). Moreover, previous floristic and coverage censuses have been
carried out for the study area (Cabrera, 1941; Faggi and Dadon, 2010; Faggi and Dadon,
2011; Marcomini et al., 2017). The novelty of this paper lies in presenting the first regional
NDVI long-term analysis for the southernmost sector of the Eastern Sandy Barrier, based on
the spectral assessment of a large satellite database (> 350 images). It also considers the
country’s most important coastal dune reserves as part of a complex single barrier system,
rather than as isolated entities. For this purpose, Google Earth Engine was used to compute a
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large amount of geospatial data, representing the first application of this platform for vege-
tation assessment in the coastal dune fields of the Buenos Aires province.

This methodological approach, calibrated and validated against georeferenced field data
information, reflected an accuracy of over 85%. These results are consistent with recent
elsewhere NDVI assessments (Thomas et al., 2021), as well as coastal LULC classifications
(Vijay et al., 2020). The accuracy loss and the low NDVI values could be attributed to the
surface heterogeneity and sparse vegetation, considering the relationship between vegetation
patches and the spatial resolution of Landsat imagery (30 m x 30 m).

The intra-annual variability analysis did not exhibit statistically significant differences
among mean seasonal NDVI values for the different land cover classes. In addition, urban
vegetation exhibited the highest NDVI values, followed by P, H, and D, respectively (Figure
3). Greater NDVI values of forests over shrublands and grasslands were assessed (Ghe-
brezgabher et al., 2020). Seasonal differences ranged from 0.11 (P) to 0.03 (D). These find-
ings contrast with those related to deciduous forests (Wang et al., 2005), crop fields (Huang
et al., 2014), or even annual vegetation such as coastal grasslands (Trepekli et al., 2016),
where NDVI differences can exceed ~0.40.

In contrast, our data showed a small intra-annual variability with the highest NDVI peaks
occurring in early summer and the lowest in late winter, a seasonal pattern consistent with
previous studies for the Pampean Region (Baeza and Paruelo, 2020). In addition, Marcomini
et al. (2017) identified minor annual changes in plant phenology and growth rates for the
vegetation of this barrier. Therefore, the results suggest that intra-annual variability may be
negligible when estimating the mean annual NDVI time series for vegetation change as-
sessment of the study zone. However, slight differences can be identified in strong EI Ni-
fio-Southern Oscillation (ENSO) periods as 1997-1998 and 2015-2016 (Figure 4a).

The five zones exhibited a generalized and constant increase in their mean annual NDVI
estimates between 1986 and 2021 (Figure 4a), a trend that had already been assessed for
South America at a regional scale (Paruelo et al., 2004). Fairbanks and McGwire. (2004)
indicated that persistent increments in green vegetation between locations represent greater
differences than phenological variations. Thus, interpixel variability seems to be more rep-
resentative than intrapixel variability. Being consistent with the results of this study,
NDVl-increasing time series tend to reflect smoothly progressive patterns of vegetation
growth beyond their seasonal variability (Doughty et al., 2021).

A particular pattern was observed in the southernmost sector of the MC zone, where ~500
ha exhibited a decrease in NDVI values over the studied period (Figure 4b). In this area,
private estates’ owners used to fire the marshy areas as a management practice to prevent
invasive cyperaceous plants to become shrubs. At the same time, psammophilous assem-
blages of Spartina ciliate and Panicum racemosum served as pioneers on the mobile sub-
strate of primary dunes (Celsi, 2016). These species colonize the upper sections between the
backshore and the foredune foot, representing the initial plant cover in a beach-dune direc-
tion (Marcomini et al., 2017). The observed NDVI decrease pattern is representative of
those coastal dune areas under erosion processes where the shoreline retreat displaces the
establishment of pioneer species landwards (Figure 7).
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Figure 7 Comparison between 1986 (left) and 2021 (right) Landsat images for the southernmost sector of the
study area. Color lines represent the location where vegetation establishment begins. Considered images:
01/06/1986 and 12/24/2021, respectively.

4.1 Drivers in vegetation cover changes (1986-2021)

The LCC change assessment and the NDVI time-series analysis revealed two main spatial
patterns over the study period. Firstly, in the case of the northern villages (NV) and their
surrounding private estates (PL-NV), the NDVI evolution was characterized by both periods
of increase and decrease with differences among the vegetation classes between 1986 and
2021 (Figure 5).

The northern villages exhibited a cyclic pattern of expansion and contraction of urban
vegetation, with minimum values for 1993 and 2011 and maximum values for 2000 and
2021 (Figure 8). These anthropogenic landscape modifications are linked to historical Ar-
gentine macroeconomic policies (Sala, 2021). Minimum urban coverage represents defor-
estation stages during periods of economic growth and touristic urbanization expansion,
while the maximum afforestation stages are related to a lack of investment in the touristic
sector.

In addition, the fluctuation in urban vegetation in the northern villages’ zone was accompa-
nied by an almost inversely proportional evolution in Pampean lowlands’ vegetation and a
gradual and irreversible decrease in herbaceous covers (Figure 8). These results indicate a
two-stage successional mechanism for this zone: 1) afforestation promotes the replacement
of dune areas or herbaceous dune vegetation by tree species; 2) deforestation creates space
availability for Pampean lowlands’ vegetation. This mechanism corresponds with evidence
suggesting that changes in abiotic conditions (water resources, thermal range, soil environ-
ment, nutrient availability) triggered by dune afforestation initiatives can create favorable
conditions for the establishment of immigrant species (Provoost et al., 2010). Moreover, the
vertical structure of the anthropogenic canopies created by afforestation could facilitate the
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Figure 8 LCCs’ spatial distribution in 1986, 1997, 2009, and 2021 for NV and PL-NV zones

unintentional introduction of other species, facilitating its dispersal by trapping wind-dispersed
propagules. Faggi and Dadon (2011) have identified wind-blown seeds of Lagurus ovatus,
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Dactylis glomerata, and Festuca arundinacea trapped in Villa Gesell woods, which are typical
Pampean grasses in the surrounding rural areas.

The private estates (PL-NV) showed a similar pattern, with fluctuating urban coverage
until 2015. Subsequently, a rapid increase was observed, reaching its greater surface in 2021.
These results are directly linked to the development of country clubs and private neighbor-
hoods. These new models of urban settlements were promoted by the Buenos Aires province
in decrees N0.9404/86 and 27/98, providing more incentives for private developers, com-
prising also coastal barriers. In the PL-NV zone, two of these developments (“Chacras del
Mar” and “El Salvaje”) were approved by the Villa Gesell County in 2015 under Ordinance
No.2624, even when they still lack approval from the province’s authorities. Consequently,
the trend of dune-to-vegetation replacement in these zones appears to be irreversible, but its
rate may be directly related to socio-economic factors.

The second spatial pattern was related to the vegetation coverage of the nature reserves.
Given their conservation status, these zones have never been a priori directly subjected to
anthropogenic drivers. Thus, climatic and geomorphological factors (variations in wind en-
ergy and aeolian transport, rainfall and humidity conditions, and sand supply driven by lit-
toral drift) should be expected to explain the observed behavior.

The Faro Querandi and the Mar Chiquita reserves exhibited a gradual decrease in their
dune area of ~50% and ~60%, respectively. The intra-reserves private estate (PL-IR) was
consistent with this evolution, presenting a ~45% reduction in dune surface (Figure 9). For
FQ and PL-IR zones, this pattern was accompanied by an inversely proportional expansion
in herbaceous and Pampean covers and ~50% decreases in urban vegetation. The MC re-
serve, in contrast, presented gradual increases in herbaceous and Pampean vegetation, ac-
companied by a 70% increase in urban covers, mainly concentrated between 2011 and 2021.

Regarding the direction of vegetation changes, the FQ and PL-IR zones showed a gradual
and constant pattern of herbaceous vegetation advance from W to E, mainly originating from
pre-established nuclei. Accordingly, plant cover, diversity, and endemism showed patterns
characterized by the increase from the distal beach landwards, reaching maximum values in
the stable dunes (Calderisi et al., 2021). Pampean vegetation, in contrast, exhibited a gradual
advance over urban vegetation, reaching an equilibrium scenario between 2000 and 2021.
Almost the entire replacement of U vegetation was driven by P covers in the western
boundaries of these zones. These original trees could be related to the establishment of veg-
etation fences of “Siempre Verde” Myoporum laetum (Marcomini et al., 2017). Once again,
these patterns revealed that Pampean lowlands’ vegetation exploits the ecological availabil-
ity in a later successional stage related to the urban vegetation rollback.

In MC reserve, the gradual and consistent advance in herbaceous vegetation was observed
following a bidirectional pattern: 1) from west to east, originating from pre-established nu-
clei; and 2) from east to west, in response to shoreline retreat and the landward shifting of
dune pioneer species (Figure 7). Additionally, afforestation showed an ongoing increase in a
W-E direction. This pattern is associated with the afforestation initiatives conducted in the
neighboring private lands (Romano Estancia), which extended into the dune reserve areas.
As with the other zones, these results indicate that the dynamics of U vegetation are closely
related to anthropogenic activities (afforestation or deforestation stages). This suggests that
stressful environmental conditions might act as a barrier to alien invasion (Sobrino et al.,
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2002). These findings coincide with those obtained by Faggi and Dadon (2011), who pointed
out that until 2006 there had been no danger of invasions by exotic fast-growing trees for
this barrier system.
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Figure 9 LCCs’ spatial distribution in 1986, 1997, 2009, and 2021 for FQ, PL-IR, and MC zones

4.2 Are regional sand savings at risk?

More than 80% of the world’s coastal barriers are currently impacted by anthropic activities
(Gao et al., 2020). Provoost et al. (2011) have documented an extensive dune fixation pro-
cess across most coastal dunes in Western Europe. Consequently, the influence of LULC
changes on dune mobility is an ongoing global concern, further exacerbated by the effects of
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climate change. In arid and semi-arid dune regions, the increase in drought conditions is
leading to greater dune mobility (Thomas et al., 2005). However, patterns of increased rain-
fall are promoting, by natural- or anthropic-induced processes, the greening and the subse-
quent reduced mobility of coastal dunes on a global scale (Jackson et al., 2019). The results
of this study are consistent with a gradual and irreversible greening of the dune fields of the
Eastern Sandy Barrier. In addition, greening would increase according to the IPCC’s rainfall
forecast for the SE areas of South America (Magrin ef al., 2014). At the same time, the bias
induced by the effects of strong ENSOs would signify a greater inter- and intra-annual vari-
ability as recorded in previous periods (1997-1998).

The dune mobility reduction is directly linked to sediment imbalances in beach-dune sys-
tems and coastal erosion in barrier sectors (Illenberger, 1993). The reduced mobility can
result in foredune growth at the expense of a reduction in beach areas (Kratzmann and Hap-
ke 2012). As a consequence, shoreline retreat can cause several socioeconomic impacts, in
particular those related to a loss in the recreational and touristic value of beaches (Mentaschi
etal., 2018).

A total replacement of 4245 ha of bare dunes by vegetation was assessed, with 3250 ha
falling within the boundaries of nature reserves. The dune/vegetation ratio decreased from
1.75 to 0.42 between 1986 and 2021. Within the nature reserves, this ratio was even more
critical, ranging from 2.14 to 0.39 during the same period. This dune-to-vegetation replace-
ment was driven by an expansion of 2242 ha of herbaceous vegetation, 1498 ha of Pampean
lowland vegetation, and 505 ha of forestry and gardening vegetation. More than 65% of the
plant expansion in the reserves can be attributed to herbaceous covers.

The LULC impacts can be traced to the local geomorphological dynamics. Shoreline re-
treat trends of 0.24 m/yr between 1965 and 2021 were documented for the northern villages’
zone, attributed to the cross-shore sedimentary imbalances induced by afforestation initia-
tives over urban areas (Garzo ef al., 2023). The Faro Querandi and Mar Chiquita nature re-
serves currently comprise more than 10% of the Eastern Sandy Barrier’s surface and repre-
sent the only remaining environments with low local anthropic impacts in the region (Celsi,
et al., 2016). Given this context, their greening and the subsequent reduction in these exten-
sive “sand savings” could potentially disrupt one of their primary objectives: the preserva-
tion of the regional sedimentary balance. Future research must address this issue, aiming to
evaluate geomorphological constraints and sedimentary imbalances resulting from vegeta-
tion expansion through high-temporal-sustainable field surveys and high-resolution geospa-
tial analysis.

4.3 Dune management facing a forecasted greening

The ANN approach, powered by the MOLUSCE tool, showed an overall accuracy consistent
with previous studies on vegetation covers (Kafy et al., 2021). For FQ and PL-IR zones, the
projected scenario for 2050 indicates a gradual reduction in dune areas, with a corresponding
expansion of herbaceous and Pampean vegetation. This scenario replicates the 1986—2021
results, which indicated a west-to-east vegetation advance, primarily originated from
pre-established plant nuclei. The changes would lead to a dune/vegetation ratio of 0.34 for
both zones, restricting bare sand to approximately 30% of their total surface, mainly located
in the beach section of the barrier. In the zones with a low degree of human intervention, the
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forecasted behavior can be attributed to climatic and geomorphological factors, which were
also associated with the 1986-2021 observed changes.

In contrast, for NC, PL-NV, and MC zones, the predicted scenario indicates negligible
reductions in dune areas and a systematic replacement of herbaceous or Pampean lowland’s
vegetation by afforestation and gardening species. At this point, the projected changes could
be directly linked to the anthropogenic influence over the contraction and retraction periods
of afforestation initiatives and touristic urban development, which reduces the reliability of
the forecasted scenarios.

The Villa Gesell County has recently approved an Urbanization Plan (Plan de Or-
denamiento Municipal; Ordinance No.3138/21). It projects a shift in the tourism develop-
ment of the northern villages, with a projected increase in population of 65.000 inhabitants
by 2044. In addition, a new urban development spanning 1,260 ha is planned for their sur-
rounding private lands. The urban area will cover a 4-km linear shoreline extension with a
potential population of 35.000 inhabitants.

According to Decree No0.8912/77, the development of new urban areas in the dune fields
of Buenos Aires province requires prior stabilization and afforestation of the dunes. Moreo-
ver, the urbanization density must allow for the sustainability of these afforestation initia-
tives. Since dune stabilization actions will be imperative in Villa Gesell, the urbanization
plan establishes dune fixation using low water-consumption herbaceous species and trees
lower than 15 m-height. Thus, the introduction of exotic species or even afforestation by
fast-growing exotic trees is not explicitly banned. This approach refutes previous studies for
the zone, which recommend the use of native species for new dune fixation areas, aiming to
restore the original dune landscape (Isla et al., 2022). Based on these future greening sce-
narios, proper management of the beach-dune system is strictly necessary for the mainte-
nance of the local, and even regional, sediment balance. At this point, some considerations
must be taken into account.

In those areas subjected to afforestation initiatives in the past, deforestation has been rec-
ognized as a useful strategy for coastal dune restoration (Litghow et al., 2013). However,
dune deforestation is prohibited in the Buenos Aires province according to the aforemen-
tioned Decree No0.8912/77. In addition, despite their documented environmental impacts,
coastal forests are considered an invaluable community heritage, being part of the local cul-
tural identity. For these reasons, a generalized deforestation strategy does not appear as a
viable option, but the avoidance of new afforestation initiatives with exotic trees must be
ensured. The management of dune areas that will be imperatively fixed must ensure the ex-
clusive establishment of herbaceous native species. This may pose a challenge for stake-
holders and managers, as the current paradigm suggests that native species have no potential
for fixation.

According to the results of this study, the rate of afforestation and deforestation initiatives
is directly related to socio-economic factors. Beyond this, there is no danger of invasions by
exotic fast-growing trees. However, the invasiveness of Pampean lowlands’ vegetation, by
exploiting the ecological availability in deforestation stages, has been demonstrated. Inva-
sive species pose a significant threat to native species worldwide (Vitousek et al., 1997).
Management actions must focus on removing invasive species and aim to restore native
dune vegetation communities in urban areas as well as in nature reserves. Nevertheless, in-
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vasive species might set several challenges when attempting to re-introduce native species in
coastal dune environments (Novoa et al., 2013). The restoration of native species requires a
long-term approach by guaranteeing the reduction of the density of invader species and the
sowing of native seeds and/or planting of established seedlings (Vranjic et al., 2012). This
process could be supported by physical substrate stabilization using sand fences (Van der
Meulen and Salman, 1996). The success of this restoration will depend on the capacity of
native species to recolonize the area and compete for available resources with the managed
invader species (Mason, 2007).

5 Conclusions

This paper presents a large-scale vegetation assessment for the Eastern Sandy Barrier of
Buenos Aires, Argentina. The evaluation relied on the spectral analysis of an extensive satel-
lite database processed using Google Earth Engine, marking the first application of this
platform for this coastal region. Beyond the overall performance of the study, its limitations
were related to the surface heterogeneity, the spatial resolution of satellite imagery, and the
influence of ENSO periods and climate variability. Moreover, afforestation projects and
touristic urban development reduce the reliability of the results obtained for the 2050 fore-
cast in some areas.

The study area exhibited a smoothly progressive trend of vegetation expansion between
1986 and 2021, characterized by the replacement of more than 4,200 ha of dune areas with
green covers. In 1986, the dune area comprised 75% more surface than vegetation, whereas
in 2021, it represented 60% less than vegetation. The Faro Querandi and Mar Chiquita na-
ture reserves faced an even more critical situation, with their dune areas reduced by more
than half, mainly driven by a gradual and consistent advance of herbaceous vegetation in a
west-east direction. In addition, the predicted scenario for 2050 indicates a gradual reduction
in dune areas of the Faro Querandi reserve, restricting the bare sand to only 30% of its total
surface. Despite this, the dynamics of exotic urban vegetation suggest that afforestation does
not pose a danger of spontaneous invasion over dune areas. In contrast, coastal resorts and
private estates exhibited a cyclic pattern characterized by anthropogenic-driven expansion
and contraction of urban vegetation, with a. rapid increase in afforestation practices concur-
rent with the development of private neighborhoods since 2015. This fluctuating pattern was
accompanied by an inversely proportional evolution in Pampean vegetation, suggesting that
changes in abiotic conditions triggered by afforestation can promote favorable conditions for
immigrant and invasive species. Consequently, the trend of dune-to-vegetation replacement
was irreversible, but its rate may be directly linked to anthropogenic activities and so-
cio-economic factors.

The Villa Gesell County has recently approved an urbanization plan that includes dune
fixation initiatives. In consequence, the historical evolution of vegetation covers, as well as
projected future scenarios or even current urbanization plans, point towards a generalized
greening. Moreover, the effects of climate change are expected to exacerbate this scenario.
These processes will inexorably promote a reduction in dune mobility, altering the sedimen-
tary balance, promoting coastal erosion, and causing several socioeconomic impacts. There-
fore, it is important to enhance proper management strategies aimed at maintaining the local



226 Journal of Geographical Sciences

and regional sediment balance. It is suggested that future dune fixation initiatives adopt a
native-species approach. This represents a major challenge for managers, as it involves cul-
tural, regulatory, and social constraints. It is expected that the results of this study will be
useful for urban beaches as well as nature reserve management.
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