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Abstract

Predicting responses of ecological systems to anthropogenic modifications has been challenging in
landscape management. This study aimed to analyze the socio-environmental dynamics and
sustainability of coastal lagoons in the municipality of Balnedrio Gaivota, south of Santa Catarina
state, Brazil. Based on geoprocessing techniques, we analyzed the evolution of post-colonial human
occupation, and the spatiotemporal coastal lagoon hydrodynamics in the period 1980-2022, with
the aim of predicting water use sustainability for the next three decades. The lagoons suffered a
reduction of approximately 31.8% in surface area, from 19.3 km? in 1980 to 13.1 km? in 2021, with a
projected reduction to 9.6 km? in 2050. However, the population showed geometric growth during
the same period and in future projections. Currently, the total population in the study area is 15,600
inhabitants, and the water consumption is approximately 3,760 m® day-'. By the year 2050, the
estimated population will be 92,305 inhabitants, and the estimated water consumption will be 14,058
m?3 day-!. The water balance, carried out with current availability and consumption data, points to
the unsustainability of the public supply system, a trend that will worsen in the years 2030, 2040,
and 2050, highlighting the need for better water consumption management.

Keywords: environmental sustainability; urban sprawl; coastal lagoons; landscape management;
GIS; water demand

1. Introduction

Humans are currently facing several challenges caused by anthropogenic and natural stressors.
Natural stressors include natural forest fires, earthquakes, sea level variations, permafrost, mud
volcanoes, and volcanoes, whereas anthropogenic activities are predominantly related to energy
production, industrial activities, agriculture, forestry, urban sprawl, and several other land-use
activities [1]. These stressors result in the depletion of natural resources, the occurrence of
droughts/floods, soil degradation, declines in crop production, freshwater scarcity, and biodiversity
loss [2]. In addition, they cause climate change, which contributes directly and indirectly to the
increase in global temperatures, rising levels, and acidification of the seas and oceans [3,4], primarily
affecting coastal zones.

The implicit space of coastal zones is not universally defined, since the criteria adopted to
delimitation depend on the approach or objective pursued [5]. In this study, they comprise a system
that include ecosystem and socioeconomic characteristics, where the land and sea exchange processes
take place, and where the economic activities associated with the marine environment are most
present, namely the shoreland [6-8].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.2182.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 August 2025 d0i:10.20944/preprints202508.2182.v1

2 of 20

The costal zones encompass only 3% of the Earth’s surface [9], however, they contain
disproportionately high populations, hosting approximately 30-60% of the world population (a
figure set to increase to 80% by 2050), and are among the most diverse and disturbed environments
on Earth [6,8,10,11,12). They have experienced profound changes over the last 100 years [13]. Coastal
zones are home to a mosaic of ecosystems with high fragility and environmental relevance, marked
by the transition between terrestrial and marine environments [6,14-16], which require special
attention because the health, wellness, and survival of coastal populations depend on the health of
the coastal and marine ecosystems [11,17]. They provide valuable ecosystem services, including
climate regulation, soil formation, and stabilization support [18], fish and wildlife resources [14,19],
and an abundant supply of subsistence, such as water resources, tourism, and recreational and
cultural services [13,20].

Coastal ecosystems are among the most productive on the planet; they are diversely populated
and disturbed [8,11,21,22] owing to the disorderly occupation and use of environmental resources,
making their management a challenge [10]. The pressures caused by the human occupation of coastal
areas are of concern, mainly because of the mismatch between the speed at which anthropogenic
activities occur, the carrying out of scientific studies on the impacts caused, and the environmental
restoration carried out [23].

The current occupation of coastal ecosystems needs to be urgently replanned to develop other
management models for coastal areas [6,13,24]. Faced with the need to sustainably manage the
natural resources of the Brazilian coastal systems, a National Coastal Management Plan (PNGC) [25]
was instituted in 1988, which is a set of actions, procedures, and instruments that allow the
management of natural resources in an integrated and participatory manner, aiming at improving
the quality of life of local resident and floating populations, protecting the natural, historical, ethnic,
and cultural heritage, as well as environmental sustainability [26].

Among the environments present in the Brazilian coastal zone, lagoons, which are sources of
drinking water and habitats with high biodiversity, are in a state of fragility. The southern sector of
southern Brazilian, which extends from Cabo de Santa Marta, in Santa Catarina state, to Arroio Chui,
in Rio Grande do Sul state, is the Coastal Plain of Rio Grande do Sul (CPRS) [27] and houses the
Lagoon-Barrier IV System [28]. Over time, in this system, southern Brazilian coastal lagoons
developed near the Atlantic Ocean, which are distributed along plains characterized by the richness
of lagoon environments, including the presence of dunes, marshes, sandy forests, fields, and an
abundance of fresh water [28-31].

Changes in water and, consequently, the environmental sustainability of coastal lagoons in the
CPRS are indeed a serious problem [32-37]. It is important to mention that the process of siltation of
coastal lagoons occurs naturally over geological time scales, that is, over long periods [29], and that
the CPRS emerged around 5000 years BP as a result of the maximum transgressive range of the sea
during the last glaciation [38]. However, human activities have accelerated this natural process [39].

The municipality of Balneario Gaivota and its immediate surroundings, located in the south of
Santa Catarina state, are part of a complex and fragile lagoon region located in the hydrographic
region 10 (HR10) of the state [37]. Data on water conservation at HR10 show that it is already in
critical condition, both in quantitative and qualitative terms, revealing the need for urgent action by
2027, such as reducing water consumption, discovering water resources in locations beyond the
territory of the municipality, and even the desalination of seawater and brackish environments [37].
Such critical conditions result from socio-environmental problems characteristic of coastal
environments, such as the occupation of environmentally fragile areas for agriculture and livestock,
forestry of exotic species, sand extraction for civil construction, housing (urban expansion), real estate
speculation, and predatory tourism [32-34,40].

Thus, this study aimed to analyze the evolution of post-colonial human occupation in the
municipality of Balneario Gaivota and the spatiotemporal hydrodynamics of coastal lagoons in the
period 1980-2022, intending to predict water use sustainability for the next three decades.
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2. Materials and Methods

2.1. Study Area Natural Characteristics

The municipality of Balneario Gaivota which extends from 29°5’4”’S to 29°14'45”’S latitude and
49°30°39”W to 49°39'8”W longitude, in the south of Santa Catarina state, southern Brazil (Figure 1),
occupies a territorial extension of 145.7 km?, with 20.3 km in the North-South direction, represented
by the coastal line, and 7.2 km in the East-West direction.
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Figure 1. Location of the municipality of Balneario Gaivota in the south of Santa Catarina state, southern

Brazil.
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The study area, according to the Koppen climate classification, is located within a humid
subtropical climate zone, with a mean annual precipitation range of 1,200-1,600 mm and a mean
annual temperature range of 17-19.3 °C [41]. The mean hottest temperatures range from 23.4 to 25.9
°Cin January, and the mean coldest temperatures range from 12 to 15 °C in July [41].

The southern coastal plain of Santa Catarina state, located in the southern sector of southern
Brazil, is very similar to the coastal plain of Rio Grande do Sul state in terms of its physical
characteristics [31,38]. Its origin and development were greatly influenced by erosional and
depositional phenomena that occurred during marine transgressions and regressions during the
Pleistocene (400,000-11,000 years BP) and Holocene (11,000 years—present) [31]. The study area is
based mainly on the Laguna-Barreira IV System (aged 5,000 years BP). The coastline retreated by
approximately 5 m relative to the current sea level, originating from regressive coastal ridges (beach
and foredune ridges) that gave rise to Barreira IV [38]. Currently, Barreira IV is well developed, with
a variable width between 2 and 8 km, and is characterized by the presence of large lagoon bodies,
including lagoons with and without sea contact, meandering rivers and inter-lagoon channels, and
swamps and peat bogs [31,38].

The Balneario Gaivota municipality is located in the Mampituba River basin (MRB), a
transboundary basin that covers parts of the extreme northeast territory of Rio Grande do Sul state
(709 km?) [42], and parts of the extreme southeast territory of Santa Catarina state (1,249 km?), totaling
a drainage area of approximately 1,958 km? [43]. According to Law n°. 10,949 of November 9, 1998
[44], 10 hydrographic regions are recognized for the purposes of planning and management of water
resources in the Santa Catarina state. The Santa Catarina state region of the MRB belongs to the
Hydrographic Region of the Extreme South of Santa Catarina state (HR10); although the municipality
of Balneario Gaivota is fully inserted in HR10, it does not have any rivers in its territory. Water flows
mainly through streams and spillways that cross the municipality from the west to the east,
interconnecting the lagoon system of the region to the Atlantic Ocean [45]. The HR10 lagoon system
comprises 12 main lagoons: Urussanga Velha, Freitas, Jacaré, Rincao, Faxinal, Esteves, Mae Luzia,
Dourada, Serra, Cavera, Sombrio, and Brago Morto, and a set of smaller lagoons, called lagoa de Fora,
formed by the de Fora, Rodeio, and Terneira lagoons [37]. The territory of Balneario Gaivota is bathed
by the Fora, Rodeio, and Terneira lagoons, and partly by the Cavera and Sombrio lagoons.

2.2. Post-Colonial Occupation of the Southern Coastal Region of Santa Catarina State, Intensity of
Occupation of the Balnedrio Gaivota Municipality, and Regional Urban Sprawl

The post-colonial historical human occupation rescue of the southern coastal region of Santa
Catarina state was based on regional classical historical literature. The process of occupation intensity
of the Balneario Gaivota municipality was evaluated for four years (1956, 1978, 2010, and 2020) based
on aerial photographs. For the years 1956 and 1978, in the entire municipality territory, and the years
2010 and 2020, only in the urban perimeter, which is where the highest density of residences is
observed. The images from the years of 1956, 1978, and 2010 were made available by the Secretary of
Sustainable Development of Santa Catarina State, and the images for 2020 were obtained using
Remotely Piloted Aircraft (RPA) technology. The process entails the following steps:

1. The digital processing (DP) of historical aerial images was performed according to Meneses
and Almeida [46] and was adopted as a source of information. The aerial image, with a resolution of
0.39 m, was orthorectified and georeferenced, and dated from 2010. The digital processing was
carried out using ArcGIS® software version 10.2.1 (ESRI, Redlands, CA, US), reference system
SIRGAS 2000, and time zone Universal Transverse Mercator (UTM) #225S.

2. The acquisition of images through RPA technology and the DP of images were performed
according to Silva et al. [47] and Ladwig et al. [48]. The final product, with the geometric fidelity
accuracy (ground sample distance [GSD]) of the buildings being 5 cm, was achieved through
planning, flight execution, and image processing (post-flight), as described by Ladwig et al. [48].

3. The determination of occupation intensity was performed using kernel density analysis, by
defining the georeferenced position of all buildings for 2020, and including building location points
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in aerial photos from 2010 (spatial resolution 0.39 m), 1978, and 1956 (spatial resolution 1.0-1.5 m),
with good clarity for building identification. The kernel density analysis was applied to point data
files to create sampling intensity surfaces, as described by Camara and Carvalho [49]. In the sequence,
the intensity classes were defined through the range of values of unequal sizes such that the number
of values was the same in each class; therefore, the classes at the extremes and in the middle had the
same number of values. Because the intervals were generally wider at extremes, this option was
useful for highlighting changes in the intermediate values of the distribution, which, in this case, was
the edge of territorial expansion. Values of > 0 <70 buildings km2, > 70 < 300 buildings km-2, > 300 <
900 buildings km2, and > 900 buildings km? were defined as low-, medium-, medium-to-high-, and
very high-intensity constructions, respectively. Occupational intensity maps were created for the
years 1956, 1978, 2010, and 2020.

In addition to these data sources, the thematic maps provided by the MapBiomas Project for the
period 1985-2019 were analyzed according to Souza Jr. et al. [50], employing routines of
geoprocessing in the ArcGIS® software version 10.2.1 (ESRL, Redlands, CA, US), with the purpose of
obtaining data on the regional urban sprawl across the entire length of the CPRS, over the Laguna-
Barreira IV System, from Cabo de Santa Marta, Santa Catarina state to Arroio Chui, Rio Grande do
Sul state.

2.3. Human Population Growth Estimates for 2030, 2040, and 2050

The population growth projection of the municipality of Balneario Gaivota for 2030, 2040, and
2050, in line with the Sustainable Development Goals [51], was based on the population censuses of
2000, 2010, and 2020 from the Instituto Brasileiro de Geografia e Estatistica (IBGE) [52] for the period
2000-2020. This period is justified by the fact that Balneario Gaivota was emancipated from Sombrio
in 1995 [53].

2.4. Coastal Lagoon Dynamics

Time-series data from Landsat 5, 7, and 8 sensors were used to analyze the spatiotemporal
dynamics of the lagoons from 1980 to 2021, and the observed trends were used to obtain projections
for the years 2030, 2040, and 2050. In southern Brazil, the summer months are historically those with
the highest rainfall, and the occurrence of rain 30 days before image acquisition influences the
variation in the water depth of the lagoons. Thus, image acquisition was based on standardization at
the intersection of three pieces of information: The imaging period was between November and
January, the accumulated rainfall was between 80 and 150 mm 30 days prior to image acquisition,
and the absence of atmospheric noise such as clouds in the images.

Based on this set of variables, six periods that combined the three aforementioned characteristics
were November 1980 (accumulated precipitation of 109.8 mm), January 1991 (accumulated
precipitation of 102.2 mm), January 1999 (accumulated precipitation of 83.1 mm), November 2005
(accumulated precipitation of 128.9 mm), December 2013 (accumulated precipitation of 98.7 mm),
and January 2021 (accumulated precipitation of 140.5 mm). Rainfall data were obtained from a
historical series collected by a rainfall station in the municipality of Sombrio, which is 12 km from the
center of the urban area of Balneério Gaivota City, and 13 km from the Atlantic Ocean.

The geomorphological variation in the water level of the lagoons was evaluated using the
modified normalized difference water index (MNDWI), developed by McFeeters [54], with
modifications proposed by Xu [55], who recommended the use of the mid infrared (MIR) and green
bands. The MNDWI algorithm is expressed in Equation (1):

MNDWI = Green — MIR (1)

Green + MIR’

The MNDWI has good accuracy in relation to variations in the delineation of water bodies,
which favors the monitoring of these resources. The value obtained by the index varies between -1
and 1; that is, the type of cover is water if the NDWI value is > 0, and is not water if the NDWI value
is < 0 [54]. Following the recommendations of Xu [55] has the following main advantages: 1. The
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water appears with more positive values than in the NDWI, considering the higher absorption rate
of electromagnetic radiation in the mid-infrared region compared with the near-infrared region, and
2. urban areas, areas of vegetation, and exposed soil have negative values, considering the higher
reflectance in the mid-infrared region than in the near-infrared region. Therefore, a positive value
indicates the existence of water, and a negative value indicates the predominance of exposed soil and
vegetation [55].

2.5. Water Consumption Projections for 2030, 2040, and 2050

Based on population growth estimates for 2030, 2040, and 2050, the population numbers
obtained were multiplied by the current water consumption per capita in Santa Catarina, that is, 152.3
L day! [56]. The obtained value was multiplied by 365 days and divided by 1000 L (converted into
m? year!). Thus, the consumption estimates for 2030, 2040, and 2050 were established.

3. Results

3.1. Post-Colonial Occupation of the Southern Coastal Region of Santa Catarina State, Intensity of
Occupation of the Balnedrio Gaivota Municipality, and Regional Urban Sprawl

According to the literature, the occupation of the southern coastal region of Santa Catarina state,
particularly the Balnedrio Gaivota territory, can be broadly described in four main periods: The first,
until 1920; the second, from 1920 to1950; the third, from 1950 to 1980; and the fourth, from 1980 to the
present [34,57].

Based on the analysis of aerial photographs, it was possible to verify the presence of 92 buildings
in 1956, whose distribution was concentrated mainly in the interior areas of the current municipality,
close to the Sombrio and Cavera lagoons (Figure 2A). In 1978, 821 buildings were recorded,
representing an increase of 892% over 22 years and an average annual growth of approximately
36.02%. A high increase in the density of buildings in the urban center of Praia da Gaivota (Figure
2B) was also observed, which in December 1995, was emancipated from the municipality of Sombrio
[53], and became the seat of the current municipality of Balneario Gaivota.

Between 1978 and 2010, a period of 32 years, the number of buildings grew by 376%,
representing a growth rate of approximately 11.76% per year in this period, with a more concentrated
distribution in the central region of Praia da Gaivota (Figures 3A,B). In 2010 (Figure 3A), there were
approximately 3,910 buildings in the municipality. In 2020 (Figure 3B), buildings totaled 7,755 units,
an increase of 98% over 10 years, with an annual growth rate close to 9.83%.

The distribution of building intensity based on the kernel density estimate is presented in
Figures 4 and 5. The values for 1956 and 1978 (Figure 4A,B) represent a uniform distribution among
the low-intensity classes of buildings km? (> 0 at 70 buildings km?). In 1956, 100% of the
municipality’s territory contained between > 0 and 70 buildings km2. In contrast, in 1978, this class
of intensity started to occupy 90% of the current territory of the municipality, showing a 10%
reduction, and was occupied by the middle-to-high intensity construction classes located in the
central region of Balneario Gaivota City.

In 2010 (Figure 5A) and 2020 (Figure 5B), a significant increase in building density was observed.
In 2010, 2.77 km?, representing 5.42% of the municipality’s area, were in the highly built-up class (>
900 buildings km2), while in 2020 the highly built-up class corresponded to 5.64 km? (11.05%) of the
territory’s municipality. The variation from 2010 to 2020 represents an increase of 103.83% over the
ten-year period, or a high built-up patch growth rate of approximately 10.38% per year. The
advancement of the medium-to high-intensity class (301-900 buildings km2) in the area is equally
important, which occupied 3.29 km? in 2010, amounting to 6.45% of the municipality’s territory.
However, in 2020, the area occupied by this class increased to 6.32 km?, representing 12.38% of the
territory and an increase of 92% in the period 2010-2020.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Number and distribution of buildings in the years 1956 (A) and 1978 (B) in the municipality of

Balneario Gaivota, south of Santa Catarina State, southern Brazil.
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municipality of Balneario Gaivota, south of Santa Catarina state, southern Brazil.
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The increase in the number of buildings in the municipality of Balnedrio Gaivota in the period
19562020 shows high adherence (R? = 0.998) and exponential growth behavior, as shown in Figure
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Figure 6. Increase in the number of buildings in the municipality of Balneario Gaivota obtained by counting

buildings in aerial images from 1956, 1978, 2010, and 2020.

The regional urban sprawl in the CPRS over the Laguna-Barreira IV System is shown in Figure
7. It can be seen that there has been constant growth in the urban area over time. In 1985, the urban

area was 157.37 km?, which increased to 317.59 km? in 2019, representing a territorial expansion of
160.22 km? (101.81%) in 35 years.
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Figure 7. The regional urban sprawl in the coastal plain of Rio Grande do Sul (CPRS) in the period 1985-2019.

3.2. Human Population Growth and Growth Estimates for 2030, 2040, and 2050

According to the IBGE data [52], in 1996, the resident population of Balneario Gaivota was 4,344
inhabitants; in 2000, the municipality had 5,450 inhabitants; in 2010, this number grew to 8,234
inhabitants; and in 2022, the number of inhabitants was 15,353. The estimates of human growth for
2030, 2040, and 2050, based on geometric growth, are shown in Figure 8.
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Figure 8. Human population of Balneario Gaivota from 1996 to 2020 and population geometric growth
projections for 2030, 2040, and 2050.

3.3. Coastal Lagoon Dynamics and Water Consumption Projections for 2030, 2040, and 2050

The spatiotemporal dynamics of the lagoons present in the municipality of Balneario Gaivota
were evaluated using the NMDWI, as illustrated in Figure 9.
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Figure 9. Variations in the areas occupied by the water blade of the lagoons present in the municipality of

Balnedrio Gaivota, south of Santa Catarina state, southern Brazil, during 1980-2021.
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Table 1 shows the spatial dynamics of the surface water table of coastal lagoons in the
municipality of Balneario Gaivota in the period 1980-2021.

Table 1. Spatial dynamics of the surface water blade of coastal lagoons present in the municipality of Balneario

Gaivota, south of Santa Catarina state, southern Brazil, in the period 1980-2021.

Years Months Rainfall (mm)  Area (km?  Percentage of Reduction
1980 November 109.8 19.3 0

1991 January 102.2 16.4 15.1

1999 January 83.1 14.9 22.4

2005 November 128.9 16.2 15.8

2013 December 98.7 18.8 23.4

2021 January 140.5 13.1 31.8

The data showed a decrease in the surface area of the lagoons by 31.8% over 41 years (2008-
2021), demonstrating a linear projection behavior (y = -0.1274x + 270.8) with an adherence of R? =
0.8378 for 2030, 2040, and 2050 (Figure 10).
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Figure 10. Projections of the surface reduction of coastal lagoons in the municipality of Balnedrio Gaivota,

south of Santa Catarina state, southern Brazil for 2030, 2040, and 2050.

The Figure 11 illustrates the estimated progression of water consumption flow demand for
human supply for 2030, 2040, and 2050.
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Figure 11. Estimated progression of water consumption flow for supply of human demand in the municipality

of Balneario Gaivota, south of Santa Catarina State, southern Brazil, for 2030, 2040 and 2050.
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4. Discussion

4.1. Post-Colonial Occupation of the Southern Coastal Region of Santa Catarina State, Intensity of
Occupation of the Balnedrio Gaivota Municipality, and Regional Urban Sprawl

The settlement of human population and the consequent development of the coastal cities in
southern Brazil, as well as in other parts of the world, have always been directly linked to water
resources. European colonization marked the beginning of the historic occupation of the southern
coastal region of Santa Catarina. In 1801, Portuguese rule over the region was registered with the
Treaty of Badajoz, creating a process of interest in the occupation of the territory south of Laguna
City [57]. On the lagoon margins of the Sombrio region, small towns began to develop, as they were
paths for production to be transported to the capitals of Santa Catarina and Rio Grande do Sul states,
located to the north and south, respectively [58]. Until 1920, there was practically no occupation; the
land belonged to farms and ranches that bordered the Atlantic Ocean to the east and the Sombrio
Lagoon to the west [32].

However, between 1920 and 1950, the inhabitants of the so-called Parish of Sombrio, installed in
1938 [59], began to notice the potential of the land close to the sea for fishing and leisure [60]. Thus,
in the mid-1920s, Balneario Gaivota gained its first fishing community, made up of families that
settled on the coast, such as the family of Mister Gildo, who was named Arroio do Gildo [60]. The
dynamism of the southern region of Santa Catarina was greatly driven by Tropeirismo, whose route
left the province of Sao Pedro in Rio Grande do Sul towards Sorocaba City in Sao Paulo, making the
south of Santa Catarina a stopping point [57]. It lasted for approximately 100 years, giving rise to the
original BR 101 road [34].

The period 1950-1980 was marked by urban territorial expansion in the coastal environment that
began in the 1960s [61-63]. During this period, there was an intensification in the irregular occupation
of urban land in the actual territory of Balneario Gaivota, as in other Brazilian coastal areas, many of
which are located in legally protected areas, and is a socio-environmental problem that persists until
the present day. In the rural zone, this period was marked by the presence of small properties,
originating from the division of land surrounding the lagoon bodies over the years [34]. Here, human
occupation is characterized by the presence of permanent residents who mainly subsist on agriculture
and livestock [34].

The last period, from 1980 to the present day, is marked by the migratory movement of the
human population from neighboring cities and the interior region of the extreme south of the Santa
Catarina [34] and Rio Grande do Sul states to the coastal cities, in search of a better quality of life [64].
This movement is accentuated during the summer season, and the urban sprawl in the coastal areas
is strongly related to summer school holidays as well as the annual paid vacation of workers [64].
This allows workers and their families to enjoy leisure activities away from their residences,
promoting the occurrence of a second home and contributing to the elevation of fluctuating
populations in coastal areas. In the last three decades, population growth in coastal areas has
intensified significantly [61,62], as indicated by population surveys during the 2000-2020 censuses
[52].

As a corollary, environmental degradation accompanies population growth as a result of real
estate speculation, precarious sanitary sewage systems, the removal of sand from dunes for civil
construction, biological contamination by exotic species, and the destruction of natural habitats
around the lagoons. All these anthropogenic activities contribute to poor management, resulting in
the scarcity of water resources.

4.2. Coastal Lagoons Dynamics, Human Population Growth Estimates, and Water Consumption Projections
for 2030, 2040, and 2050

The coastal plain of the extreme south of Brazil is composed of diverse environments, such as
dune fields, wetlands, lagoons, bays, estuaries, and swamps, which have been degraded and
fragmented by various natural and anthropogenic activities [31]. The Balneario Gaivota territory and
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its surroundings are a region of increasing urban expansion that has undergone several
transformations due to urban occupation and growth throughout history [33,34,40]. Since the first
occupations by ranches and farms in the mid-1920s, the beginning of urbanization in the 1940-1960s
and intensification from the 1980s to the current predominantly touristic arrangements, Balneario
Gaivota, as well as other municipalities in this region, underwent a series of changes in the land-use
forms [64], whose impacts are reflected in the quality and volume of water in the lagoons.

In November 1980, the analyzed set of lagoons in the territory of Balneario Gaivota occupied a
total surface area of 19.27 km?, and in January 1991, this value decreased to 16.4 km?, indicating a
reduction of 15.1% in the surface area occupied by the water blade. In January 1999, the total surface
area of the lagoons was 14.9 km? (a 22.4% loss compared to 1980). In November 2005, in turn, the
surface area of the lagoons was 16.2 km? (evidencing an increase compared to 1999 and very close to
1991, but still showing a loss of 15.8% compared to 1980). In December 2013, the total water blade
area of the lagoons was 14.8 km? (a reduction of 23.4% compared to 1980) and, finally, in January
2021, the area of the municipality’s coastal lagoons corresponded to 13.1 km?, evidencing losses of
31.8% of its surface area compared to 1980.

Applying the equation obtained in Figure 10, which assumes a linear projection behavior, it is
observed that in 2030, the lagoon resources of Balneario Gaivota will be 12.2 km?, 36.8% less area than
in 1980. Further, in 2040, this area could be reduced to 10.9 km?, representing a decrease of 43.4% of
its original area from 1980, and in 2050, surface water resources will occupy only 9.6 km?; that is,
more than half of the lagoon areas may cease to exist, a reduction that represents around 50.0%
compared to 1980.

The coastal lagoons of the CPRS are mostly shallow (less than 2 m) [29,65,66]. Therefore, by
multiplying the area obtained by the projections of reduction to the set of lagoons in the Balneario
Gaivota territory, we arrived at an estimate of water availability for consumption. Currently, this
resource has 17,607,600 m?3 of surface water. In 2030, it will be 16,318,520 m3; in 2040, the volume will
be 14,611,630 m3; and in 2050, a reserve volume of 12,904,200 m® may remain.

The population number projection for 2030 using the geometric projection method is 21,610
inhabitants; for 2040, the number of people should be 33,541; and for 2050, the estimated number is
52,060 inhabitants and permanent residents. Considering that 43.6% of the population are permanent
residents in the municipality, if we apply the floating population rate, the total number of inhabitants
will be 38,315 in 2030, 59,470 in 2040, and 92,305 in the high season of 2050. Considering that the water
consumption per capita in Santa Catarina is 152.3 L day! [56], the permanent population will consume
3,291 m3 day! of water in 2030, 5,108 m® day™ in 2040, and 7,929 m? day! in 2050. The consumption
data of the total population (including resident and floating population) are concerning, which
demonstrates that consumption could reach 5,835 m? day in 2030, increase to 9,057 m? day! in 2040,
and reach a maximum peak of consumption of 14,058 m? day~ in 2050; that is, in 2050, the water
supply system will collapse.

Coastal areas are experiencing rapid population growth, which affects coastal and marine
ecosystems [10,16,21,67]. More than one-third of the global human population occupies coastal areas,
and the population density in such areas is increasing exponentially [10,12,61], which makes water
resources have become increasingly fragile [67]. Consequently, recognizing the model of coastal city
development is of great importance for coastal management [6,11].

Land cover is continually transformed by land-use changes caused by environmental, biotic, and
socioeconomic factors. Understanding the spatiotemporal dynamics of land use, land cover, and their
drivers is fundamental for synthesizing knowledge for natural resource management, planning, and
decision-making [68]. Ballut-Dajud et al. [20] conducted a literature review of international databases,
analyzed a sample of 134 research studies from 37 countries, and concluded that the anthropogenic
activities that most affected natural wetlands were agriculture (25%), urbanization (16.8%),
aquaculture (10.7%), and industry (7.6%). These are direct impacts or pressures exerted by human
beings, implying that increasing population growth will be an important determining factor of
damage in the future if this trend is followed. However, the most affected types of wetlands were
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mangroves (25.7%), lagoons (19.1%), and marine waters (11.7%) [20]. Nevertheless, after summing
the marine-coastal and continental wetlands, Ballut-Dajud et al. [20] found that these systems were
affected by 35.7% and 64.3%, respectively. This confirms that more effective environmental
management and control measures are urgently needed to conserve and preserve these ecosystems,
given their multiple ecological functions.

Among the environments explored in coastal zones, continental aquatic systems are
fundamental for the maintenance of biodiversity and biogeochemical and hydrological cycles [69].
Nevertheless, anthropogenic pressure and pollution have caused problems related to the
eutrophication of lagoons, resulting in the impossibility of their use [14]. The coastal lagoons studied
are in a state of eutrophication and have similar environmental conditions to those studied by
Schwarzbold and Schifer [66] and Schifer et al. [29] in the coastal region of Rio Grande do Sul State,
southern Brazil, resulting in socio-environmental challenges that are yet to be solved.

In addition to causing direct habitat loss, urbanization affects the structure and function of
coastal wetlands by affecting the hydrological and sedimentation regimes and the dynamics of
nutrients and pollutants [8,14,20]. Even after treatment, sewage effluents contain toxic metals and are
high in nutrients, particularly nitrogen and phosphorus [14,21]. In addition, bioactive substances,
such as drug residues and endocrine-disrupting substances, are not eliminated through the
conventional treatment of urban domestic effluents [14,70]. These are a major concern, as they result
in eutrophication, which is the major driver of coastal lagoon dynamics [8,14,20].

Socio-environmental sustainability problems have assumed a central role in reflections on
human impacts on the forms of economic development established so far. An important and
permanent tension regarding the planet’s environmental conditions relates to the balance between
the demand (need) for water for human consumption and the supply (availability) of water resources
[67,70,71]. The balance between supply and demand has reached a point of unsustainability [67,72].
While demand grows, driven by geometric growth in the occupation of coastal areas [9], surface
water reserves responsible for human supply decrease [73]. The data obtained in this study lead to
the conclusion that the studied area underwent changes characteristic of the Anthropocene, where
geologically significant conditions, such as the water cycle, were profoundly altered by human
activities, as pointed out by [74]. Current development models have contributed to the disappearance
of centuries-old traditional activities that are non-economically profitable [75]. One way to achieve a
sustainable development model is through an ecosystem-based approach that interrelates society
with nature [51].

It should be noted that to improve the way of maintaining the sustainability of coastal
environments, mainly related to surface water resources in lagoons, it is important to reduce water
waste and to promote the preservation of the environments in which this natural source is located.
Environmental planning decisions depend on an understanding of how the preservation or
degradation process has progressed over time and, consequently, on how to define strategies that
will be conducive to environmental conservation [61]. Maintaining wetlands and aquifer recharge
regions can improve water availability for future generations [14,76]. In addition to improving
demand and consumption conditions, the solution to problems related to water management lies in
the development of adequate management systems, a permanent search for technological
innovations, and the adoption of structural and non-structural measures for the integrated and
predictive management of water resources [76].

Historical processes and current and future trends in the occupation of coastal environments are
of concern. The data point to the continuation of accelerated population growth due to the
unsustainable use of natural resources, especially water, which is essential for the sustenance of
human activities [14,67,70,72,73]. We conclude that the current form and future trends of human
occupation of coastal environments impact coastal ecosystems, especially coastal lagoons, which are
natural sources of water for human consumption. Therefore, it is necessary to consider short-term
alternatives for the integrated management of lagoons and their immediate surroundings and to
search for alternative water supply resources for human consumption. Despite being essential to
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human life and the economy of all regions on the planet, there are permanent threats to the
hydrological cycle and the quantity and quality of water [67,70,72,73]. These threats arise from
unsustainable consumption and excessive use of water for various human activities [70]. The
exploited water resources include surface water and groundwater, which are important and
constitute substantial water reserves in some regions of the planet [71]. In this sense, it is essential
that the current forms of consumption, through the most diverse uses, be reduced, as future
generations will need this resource to meet their basic needs.

5. Conclusions

This study analyzed the socio-environmental sustainability of coastal lagoons in the south of the
Santa Catarina state using Balneario Gaivota as a case study on a local scale. The consumption and
availability of good-quality water follow opposite trajectories, which tend to meet at a point that
represents the balance between these two variables. Exceeding this balance represents socio-
environmental unsustainability.

Current land use and future trends, as well as current population numbers and forecasts of
geometric growth for the coming decades, point to unsustainability in the processes of obtaining and
consuming natural resources, especially water resources, which are an invaluable source for human
development.

Even with the maintenance of regional climate trends towards wetter environments in the
coastal zone, regional characteristics include a decrease in surface area and water volume in lagoons
and rivers in coastal environments. Our data indicate the extinction of 50% of coastal lagoon areas by
2050. These losses resulted from human activities that had been occurring for a long time and became
more pronounced from the 1980s onwards, represented by inadequate occupation of
environmentally protected areas; rectification, straightening, and dredging of watercourses; landfills;
and drainage of wetland areas for agriculture and urban expansion.

The current form of human occupation and its future expansion trends are impacting coastal
environments, especially coastal lagoons, which are a source of water for human consumption. The
scenarios for 2030, 2040, and 2050 are unsustainable in terms of the demand for and availability of
high-quality water. A continuous model of environmental and hydrological monitoring of these
lagoons is recommended for future work to improve our understanding and suggest
recommendations for sustainable use.
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GIS Geographic Information System

PNGC National Coastal Management Plan

CPRS Coastal Plain of Rio Grande do Sul

BP Before Present

HRI10 Hydrographic Region 10

MRB Mampituba River Basin

RPA Remotely Piloted Aircraft

DP Digital Processing

ESRI Environmental Systems Research Institute

SIRGAS 2000  Geocentric Reference System for South America

UM Universal Transverse Mercator

GSD Ground Sample Distance

MNDWI Modified Normalized Difference Water Index

IBGE Instituto Brasileiro de Geografia e Estatistica
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