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Abstract

:

Coastal erosion affects several beaches worldwide in association with natural and human pressures. In recent decades, the coastland located on the Paraíba do Sul River mouth has been recognized as one of the main areas that suffer from this geomorphological dynamic. Furthermore, the scientific literature, even if scarce, has pointed out that these dynamics are causing negative socio-environmental responses and making the area less resilient. In the last few decades, hundreds of homes and other urban structures have become debris due to erosion caused by sea ingression, triggered by the coupling of environmental processes and dynamics occurring at different spatial and temporal scales. Thus, the present research aimed to analyze how the anthropic changes carried out in the Paraíba do Sul hydrographic basin are related to the intense coastal erosion at the mouth. Variations in fluvial–marine hydrosedimentary dynamics triggered this due to the construction of dams to supply large cities and for agricultural purposes. Water and sediment samples were collected and analyzed in different sectors of the main channel and on the adjacent coast, mapping land use in the basin area and surveying socioeconomic data. The results suggest that human pressures on the hydrographic basin during the last century are directly associated with the imbalance of the environmental system and, consequently, the progression of coastal erosion on the Paraíba do Sul delta shoreline.
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1. Introduction


Transitional environments, such as deltas and estuaries, are sensitive to the different anthropic and/or natural stressors induced by the coupling of continental and ocean processes [1,2,3,4,5,6]. Furthermore, these environments perform highly valuable functions as habitats, recreation sites, and storm protection along the world’s coasts [7,8,9,10]. In the Brazilian littoral, these environments are associated with high ecosystem diversity (e.g., dunes, restingas, and mangroves), presenting linkages with many climatic, fluvial, geological, geomorphological, and pedological settings [11,12,13]. Consequently, the complexity [14,15,16] of processes responsible for the configurations and transformations of these environments has been investigated for a long time, contributing to considerable methodological advances [17,18,19,20,21]. Notably, in the delta environments, these complex dynamics depend on the multi-scalar couplings between fluvial and marine processes [22,23,24,25].



The deltas, such as the Paraíba do Sul mouth, are built up where fluvial sediments supply the coastal and continental shelf more efficiently than their removal and reworking by waves, ocean currents, or tides [26,27,28]. In turn, the connectivity between fluvial and coastal environments represents a framework for conducting the development and evolution of both wave- and tide-dominated deltas in different climate contexts [2,29,30,31,32,33]. From this perspective, deltas respond to the sediment budget (supplies, losses, and exchanges of sediment) and natural or human-induced changes in the sedimentary fluvial–marine features, largely affecting the shoreline position and delta morphology [10,34,35,36,37,38,39].



As suggested by many recent studies [40,41,42,43,44], delta morphodynamics is a scale-dependent geomorphic process. Therefore, the natural or anthropic changes at the basin scale—i.e., construction and removal of dams, discharge variations associated with climate change trends, land-use intensifications, and river channel/discharge diversion—can result in coastal erosion intensifications [45,46,47]. On the other hand, dynamic alterations occurring on the local scale also have important implications for the environmental health of the littorals. Many studies have shown the direct dependency of the ecological and environmental effects caused by port structure construction, the opening of artificial channels, and urban irregular occupations on the coastline [48,49,50].



Coastal erosion is defined as a negative sedimentary balance in a coastline segment during a given time interval, and, in river mouth areas, this dynamic is particularly important since the sedimentary balance depends directly on material transport efficiencies along the hydrographic basin [51]. Particularly in the Paraíba do Sul River delta (PSRD), coastal erosion emerges as an issue of international relevance due to the onsite and offsite impacts resulting from the intensity and large spatial dimension of erosion processes [52,53,54] that lead to losses of thousands of dollars annually to the public and private sectors due to damages. Between 1975 and 2004, coastal erosion had already destroyed or damaged 183 buildings along 14 urban blocks in the village of Atafona (a district from the São João da Barra city) [55]. Mello et al. [56] found that the erosion advanced over another seven urban blocks, destroying 40 buildings, between 2005 and 2016. Recently, Lämmle and Bulhões [18] identified coastline alterations induced by the new port complex in consonance with other studies showing similar processes in different parts of the world [1,57,58,59,60].



The human-induced alterations occurring at the catchment area scale also constitute an important element to analyze the coastal erosions since they may induce (dis)connectivities among different hydrographic basins’ compartments [61,62,63]. From this perspective, the Paraíba do Sul basin (PSB) encompasses the most populated region of Brazil and has suffered from intense processes of land use and cover change (LUCC) since the 1950s, with the multiple uses of its water for domestic and rural consumption, animal consumption, electricity generation, industry, agriculture, and mining [64,65,66].



According to Paiva et al. [66], the PSB is responsible for supplying water to the entire Paraíba Valley, and approximately 75% of the total water consumption for 13 million inhabitants of the Rio de Janeiro and São Paulo metropolitan areas, the two most populated cities in Brazil. Therefore, human stressors have been causing negative impacts on the basin’s environmental health through dam constructions, land use, hydrological transposition, and irregular human occupation [40]. Additionally, these negative impacts on the basin (e.g., fluvial discharge decrease, deforestation, and water pollution) have been transferred to the Paraíba do Sul River mouth and changed the social context [67].



In particular, anthropogenic actions have effects capable of producing relevant changes in the fluvial and coastal systems and spatial organizations, triggering the need for multi-scalar studies that offer support for the planning and management of these regions. Although works on coastal erosion in the region are not uncommon, the intense processes are, for the first time, assessed by the systematic analysis of the hydrographic basin as a whole. From this perspective, the main objectives of this research are (1) to identify the main anthropic interferences associated with use in the hydrographic basin, (2) to relate them to the hydrosedimentary changes, and (3) to discuss the process of intense coastal erosion and loss of environmental quality, suggesting possible measures of mitigation. For this, orbital and non-orbital images, fieldwork, water sediment analysis, and hydrological data analysis are used.



Study Area


The Paraíba do Sul hydrographic basin, PSHB, drains ~55.5 km2, encompassing parts of São Paulo (13.9 km2), Rio de Janeiro (20.9 km2), and Minas Gerais (20.7 km2) states, the most populated region of Brazil (Figure 1). The channel length exceeds 1 km and the average discharge ranges from Qm > 100 m3 s−1 (December–April) to ~0.250 m3 s−1 (June–October) [68]. In detail, four notable dams are present along the whole mainstem, namely Funil, Jaguari, Paraibuna-Paraitinga, and Santa Branca, and countless minor dams in its affluents.



The coastal plain is a natural system located in the northern sector of Rio de Janeiro state that resulted from the Holocene marine regression [44,70] and where predominate unconsolidated sedimentary rocks outcrop, while the slope angle and topography do not exceed 6° and 10 m a.s.l. Previous studies associated the developments of these environments leading to geomorphological transformations taking place during transgressive and regressive phases that occurred in the Late Pleistocene and Holocene [70,71,72,73,74,75]. Additionally, it is noteworthy that the area has a geographic fetch >7000 km (7800 km NE and 7300 km SE) with an angle of around 120°. In this sense, the orthogonal wave-current interaction is a factor that must be considered in order to understand the dynamics of the studied area [76].



Dominguez et al. [72] pointed out that the Paraíba do Sul delta has evolved since the Pleistocene into eight stages: the last stages (VII and VIII) are related to the intra-lagoon delta built up and Holocene marine terrace development. Considering the above-quoted authors, the terraces and their sediments analyzed in the present research correspond to units deposited after 3000 yr BP. Soils of the order of cambisols, argisols, spodosols, neosols, gleysols, and organosols (Brazilian classification [77]) were found in the area. The Holocene surficial cover in the coastal plain [65] is related to strand plains, mangrove deposits, and sandy sediments (current beach). In the littoral regions, the residual longshore drift is predominant from the south to north and, similarly to fluvial sedimentation, has a key role in the coastline dynamics [78]. The waves are frequently from the NE and E, while the waves, more energetic from SSE, S, and SSW, are less frequent in the area [79].



According to Nautical Chart CN1550, surveys carried out between 2012 and 2016 [80], the tides reach 1.3 m and characterize the area as micro-tidal, and the bathymetry of the submerged beach shows morphological variation down to a 12 m depth [18]. On the beach morphologies, Bastos and Silva [74] pointed out that the beach profile has an average width of 100 m, with a flat and gently sloping backshore, an elevated beach berm, a steep foreshore (8°), and a coarse sand composition (0.670 mm). The PSHB is located in the Tropical Zone, where the rainfall precipitation is influenced by the South American Monsoon System (SASM) and South Atlantic Convergence Zone (SACZ) [81,82,83,84]. In detail, the average temperature ranges from 24 °C to 27 °C during summer, and between 21 °C and 24 °C during winter. In the coastal region, the High South Atlantic Subtropical (HSAS) induces dominant winds blowing from the northeast direction, which reach the examined region under cold fronts. Furthermore, the south, southeast, and southwest winds also cross the area during the autumn and winter [85]. Nonetheless, the South Atlantic Subtropical Anticyclone (SASA) also influences the delta dynamics [86,87].





2. Materials and Methods


2.1. Fluvial Discharge Analysis


Data referring to river discharges cover historical series from 1950 to 2020 and were obtained from the rainfall station “Ponte municipal” (code: 02141002) of the National Water Agency of Brazil (ANA), which is located in the Campos dos Goytacazes municipality, Rio de Janeiro state. However, we used only data from 1950 to 2019 as the data from 2020 were incomplete. Subsequently, the data were subdivided into a 10-year time series, organized into a database, and analyzed by calculating the maximum decadal discharge (Qmax), minimum decadal discharge (Qmin), decadal mean discharge (Qmed), standard deviation, and variance index population for a 10-year time series. Statistical procedures were performed using Microsoft Excel 2021 software.



The fluviometric data from several stations in the region were preliminarily analyzed, with the objective of choosing those whose data would be more complete (smaller gap and greater temporal space) in determining the water availability associated with flow, quota, and rainfall. In this sense, for the reference station, in addition to being positioned closer to the mouth area (where the erosive processes are triggered with greater intensity), the available measurement period successfully meets the objectives of the work, offering a hydrological panorama of the low course that allows us to understand the hydrosedimentary behavior before and during the main anthropic interventions along the river basin.




2.2. Land Use and Land Cover (LULC)


The data were obtained from the MAPBIOMAS v 6.0 dataset [88]. The MapBiomas is a multidisciplinary network aiming to reveal the Brazilian territory transformations and making knowledge about land use accessible. The project has produced annual mapping of LULC since 1985, with validations and reports for each deforestation event detected in Brazil since January 2019, as well as having monitored the water surface and fires monthly since 1985.



In our study, we used data referring to the years 1985, 1990, 2000, 2010, and 2020, which were classified into four main groups: Forest and Non-Forest Natural Formation (Forest Formation, Savanna Formation, Mangrove, Wooded Restinga, Wetlands, Grassland, Salt Flat, Rocky Outcrop, Other Non-Forest Formations), Farming (Pasture, Agriculture, Temporary Crops, Soybean, Sugar Cane, Rice, Other Temporary Crops, Perennial Crops, Coffee, Citrus, Other Perennial Crops, Forest Plantation, Mosaic Agriculture, and Pasture), Non-Vegetated Areas (Beach, Dune and Sand Spot, Urban Area, Mining, Other Non-Vegetated Areas), Water (River, Lake and Ocean, Aquaculture), and Non-Observed. After, we performed the calculation of areas, proportional areas in relation to the PSHB area, and 10-year (except for the 1985–1990 period) change rates. The calculations were performed using the ArcGIS v.10.6 software and Microsoft Excel 2021.




2.3. Sediment and Water Chemical Analysis


Nine samples were taken along specific sectors in the lower course of the PDS, as shown in Figure 1 and Figure 2. All nine samples were characterized for sediment chemical features, P1-S, P2-S, P3-S, P4-S, P5-WS, P6-WS, P7-WS, P8-WS, and P9-WS, whereas selected sites, P5-WS, P6-WS, P7-WS, P8-WS, and P9-WS, were assayed for water chemical properties. In more detail, samples were taken in the perimeter that preceded the coastal plain, in its transition and final course to the mouth, and along the coast, to the north and south of the delta. The sampling design was based on land use, distance from the coastal erosion area, and intensity of the erosion process, much more significant in the southern delta than in the northern part. On the left flank, S5 and W5, and S9 and W9, are from sugarcane fields and pasture areas; S7 and W7 are from urban settling on the right bank; S8 and W8 are nearby industrial settlements associated with dredging, and S6 and W6 are close to the urbanized area of the municipality of Campos dos Goytacazes. Along the coastline, S1, S2, S3, and S4 are from the locations placed at the north and south of the mouth.



Granulometric analysis was determined according to the standard procedure. After washing and oven drying at 80 °C for 72 h, mechanically quartered samples were weighed with an analytical balance and sieved by a series of stacked sieves up to 63 μm with a 1/2 ϕ class interval, in a mechanical sieve shaker for 15′. Fractions from 63 to 2 μm were analyzed through sedimentation in distilled water with 10% sodium oxalate at specific temperatures [89]. The geographic coordinates of samples, granulometric fraction percentages, and sediment classification [90] are shown in the Section 3.4.



Sediment samples were analyzed for Cu, K, Na, Fe, P, Mn, and Zn, by the Mehlich 1 method [91]. Ca, Mg, and Al concentrations were determined by a KCl extractor. Sediments were collected at a depth of 20 cm, according to the Brazilian Agricultural Research Corporation (EMBRAPA) [91]. Water samples were performed in 500 mL sterilized polyethylene containers at a depth of 25 cm, following the methodology of the Environmental Protection Authority (EPA) [92], whereas sulfur by phosphate ion extraction of 500 mg of P L/1. To measure the hydrogenic potential (pH), a sensor and an electrode capable of capturing the difference in electrical potential were used [93]. The determination of TOC was performed by an elemental analyzer, PrimacsSNC-100 Skalar (Breda, The Netherlands); 0.5 g of ≤2000 μm dry sediment was weighed in ceramic vessels and combusted at a high-temperature range of 900–1100 °C in a chamber in the presence of oxygen. The gases of carbon dioxide were separated and measured with a non-dispersive infrared detector (NDIR) and thermal conductivity detector (TCD). Total organic carbon was determined by the difference between total carbon (TC) and inorganic carbon (IC) concentration. TC was determined by catalytic oxidation of the sample at 1100 °C, converting the carbon to CO2, which was detected by the NDIR detector.




2.4. Shoreline Changes and Coastal Erosion


The definition of coastline used in this research considers the dry/wet border, as proposed by Kraus and Rosati [94]. This definition is highly dependent on the beach profile, sea level, swell, wind, and tide regime, not related to a specific vertical datum and derived from the differentiation of tonalities visible through aerial photographs. In this way, the coastlines (vectors) of different satellite images was traced in Google Earth Pro v. 7.3.4.8642 at a scale of 1:5000, using a mosaic of images for 1985 and 2022. The limits followed the methodology used by Lämmle and Bulhões [18] and sought to consist of the maximum range of the sprawling waves and visual distinction of how far the sprawling waves reached, considering the difference in surface reflectance (dry sand × wet sand) on images in RGB color composites.



Considering the beach morphology and the fact that it has a microtidal regime, the use of this definition and methodology proves to be effective for the objective of the work, since the small oscillation is not capable of invalidating the interpretation of the results. This fact occurs because the area consumed by coastal erosion is significantly large, and the possible margin of error in the tidal oscillation in the coastline scanning procedure becomes insignificant compared to the eroded area.



The coastline vectorization procedure in vector files of the intense coastal erosion zone was initially performed in Google Earth Pro and later transformed from the .kmz format to the .shp one. Subsequently, the vectors were interpreted in a GIS environment using the QuantumGIS v. 3.16.10 (Hannover, Germany) software, performing the superposition of the 1985 coastline on the current one, obtaining the horizontal spatial differentiation in the period considered with the elaboration of a polygon built from the closing of the ends between the two coastlines in the zone of intense coastal erosion. To better identify the measured area, transects with an equidistance of 40 m were inserted along the calculated sand polygon.





3. Results and Discussion


3.1. Land Use and Anthropic Pressure on the Hydrographic Basin


The Paraíba do Sul hydrographic basin has a complex history of occupation and land use has intensified since the early 19th century, when natural vegetation was replaced by coffee plantations (Figure 3). From the decline of the coffee economy, population growth in Vale do Paraíba do Sul occurred in conjunction with the construction of roads economically integrating the states of Rio de Janeiro and São Paulo, as well as industrial development in these states [66].



Currently, the basin has suffered from several anthropic stressors that include four large water reservoirs (Jaguari, Funil, Paraibuna, Santa Branca), and the extraction of water from aquifers for various uses that include high-technology industries and port structures close to the Paraíba do Sul delta. As for the use of water, according to data [65], the amount varies from 0.50 m3/h to 1080.00 m3/h, which is designated mainly for mining, industries, and population supply. Public supply is also provided by the Jaguari, Paraibuna, Funil, and Santa Branca reservoirs, which constitute approximately 1300 km2 of the artificially flooded area. In addition, some of these reservoirs are part of a water transfer system from the drainage of the Paraíba do Sul River to another public supply system called the Cantareira System, which is responsible for supplying the Metropolitan Region of São Paulo (>10 million inhabitants).



It is likely that these human stressors in the PSHB led to the development of blockages that impacted the sedimentary conveyor belts due to sedimentary delivery switch-off (partial or total) toward the river mouth [12,96,97]. These processes can be understood from a conceptual framework on the (dis)connectivity of catchment sediment cascades, as the degree to which human and/or natural limiting factors constrain the efficiency of sediment transfer relationships. According to Brunsden and Thornes [98], a disturbance in a geomorphological system can be classified into pulsed and ramped types of inputs. The first types of inputs are typically extreme and episodic events, while the second one is associated with sustained changes that result in persistent shifts in the controlling variables or boundary conditions [97]. From this framework, the MapBiomas data show that the PSHB has been transformed since 1985 by the intense and sustained replacement of natural cover vegetation to a more anthropized context (Table 1). Therefore, a ramped disturbance can be considered the main driver of negative impacts on the sedimentary transmissions in the PSHB.



However, the LULC changes in the 10-year interval occurred at different rates and this can be noted in Table 2. The results highlighted that, between 1990 and 2000, the non-vegetated areas increased from 1099.32 to 1259.19 km2, corresponding to a variation of 16.61%, the highest value for this class. This high value is associated with the growing urbanized area that increased from 1063.78 km2 (1990) to 1278.43 km2 (2000), corresponding to an expansion of 20.18% in the urban areas. Nonetheless, between 1990 and 2000, the water class also registered significant variation, with an area reduction of 8.87%.



The impacts of different LULC classes’ rate changes rates on the water and sedimentary connectivity in the PSHB are considerably complex to determine, from the perspective of both their impacts on the environmental system and the factors triggering these variations (e.g., economy, cult, legislation). Consequently, the predominance of the water class decreases in the time series analyzed, in contrast with its positive variation in 2010, indicating a possible relationship with the forest/non-forest class increment.



Furthermore, our analyses support that the entire hydrographic network has been modified by urbanization and environmental changes since 1990 (e.g., hydroelectric dams, aquifer exploitation, stream diversions, channelization, and deforestation). These modifications impacted the transmission of water and sediments, resulting in a decrease in sediment delivered to the Paraíba do Sul River mouth. Furthermore, our analyses contribute to understanding the impact of anthropic pressures on the continent–ocean sedimentary balance, according to other studies [99]. For instance, in Greece [100,101], it is pointed out that, during the 19th century, the water/sediment fluxes were modified extensively by human activities, resulting in a dramatic reduction in river sediment supply to the coastal zone. Recent studies also showed that over ~150 years, the variations in fluvial sediment supply to the coast from the Pearl River (China) were dominated by human activities, and the increases in river flow projected to be driven by climate change in the 21st century will only compensate for around 1% of the human-induced deficit in sediment load [102]. Similarly, in the Entella River floodplain (Northern Italy), the reduction in sediment supply produced due to human intervention caused the regression of the coastline in the river mouth [103].




3.2. Paraíba do Sul River Discharge


The discussions about the negative impact triggered by the complex LULC since the 1980s are consistent with the variations in the fluvial discharge. From this perspective, a 70-year historical dataset (1950–2020) on the average monthly discharge of the Paraíba do Sul River has shown a downward trend since 1950 (Figure 4A). However, the fluvial discharges showed different tendencies on a decadal scale, indicating that the periods 1950–1959, 1960–1969, 1980–1989, and 2010–2019 registered decreases in the flow (Figure 4B). On the other hand, in the periods 1970–1979, 1990–1999, and 2000–2009, the opposite tendencies were observed.



Table 3 shows that the maximum and minimum discharges have varied since 1950. Concerning the maximum discharge values, the time periods that presented the highest and lowest standard deviation values were 1960–1969 and 2010–2019, respectively. The interval with highest variance corresponds to the building of the Paraíbuna dam, and the standard deviation and variance values in the period 1980–1989 seem to reflect influences from the construction of the Jaguari dam system, which is responsible for the water diversion from the PSHB to the Cantareira System, which is responsible for the water supply of the metropolitan region of São Paulo city.



The variations in the Paraíba do Sul River discharge have presented correspondences with the Mapbiomas data, which show intensive deforestation since 1985. Therefore, our study identified that, in almost 40 years, the area occupied by the water class declined by 7.90% (1985–2009) and the non-vegetated class (42.83%) increased significantly, with an emphasis on the urbanized areas. The Qmed = 699.68 m3/s (1990–1999), indicating that the fluvial discharge decreased, in contrast with the past decade’s values, consistent with 20.18% growth in urbanized areas.



Therefore, the main offsite impacts resulting from the coupling between LULC and fluvial discharges in the PSHB are associated with the erosion in the coastal system located near the Paraíba do Sul mouth. From this perspective, we consider that the fluvial discharge decrease in recent decades did not supply sediments to the coastal region, resulting in the continent–ocean sedimentary balance. In turn, the coupling between the basin-scale and the local-scale (e.g., ports, coastal defense structures) human-induced processes contributed to the intensification of the coastal erosion in Atafona village, a district of the São João da Barra city, near the Paraíba do Sul River delta (Figure 5 and Figure 6).




3.3. Hydrographic Basin Changes and Coastal Erosion in the Delta System Shoreline


The anthropic stressors in the basin scale have impacted the cascade of processes in the PSHB. Consequently, the environmental changes should be interpreted from a multi-scalar perspective, including those involving the coastal erosion in the river mouth and littoral region. In the southern river mouth, in the actual context, the morphology is associated with the presence of a sandy barrier due to the coastline retreat, partially submerged (Figure 4). In recent years, this dynamic has been linked mainly to a sedimentary deficit due to anthropogenic interventions in the hydrographic basin. Consequently, the urban buildings in Atafona village (a district of the São João da Barra city, Rio de Janeiro state) have suffered impacts of this process due to its relationships with the morphosedimentary aspects.



The zone of intense coastal erosion delimited in Figure 5 can be understood in two sectors, where sector 1 is closer to the mouth and characterized by direct contact between the waves and the urban structures, which continuously turn into debris and add to the fluvial–marine sediments. Sector 2 is characterized by the presence of foredunes that vary from 5 to 7 m a.s.l. [44], which prograde over the continent in line with the advancement of the sea, causing urban losses initially due to burial by the migration of dunes, since these are a form of natural protection from the action of sea waves. Figure 6 presents pictures taken during the fieldwork.



In this sense, over the years, this process has intensified, due to local factors and in the context of the river basin. At the local level, urban structures have significantly penetrated the vicinity of the ocean, making them susceptible to eventual erosive processes. In the context of the hydrographic basin, several factors associated with its use have intensified in recent decades, such as the growth of cities where the Paraíba do Sul River passes and, consequently, greater water abstraction from the basin. Additionally, the process of disorderly occupation in various sectors of the river ended up occupying active areas of the river dynamics itself, and the extraction of sand for civil construction purposes has become relatively common. Thus, the sum of factors associated with anthropic activities contributed to the reduction in the flow and transport of sediments, contrasting the increase in anthropization with the decrease in the resilience of the basin.



Figure 7 shows images from 1985 and 2022, in which it is possible to notice the significant retreat of the coastline in the area indicated by the red arrow, also detectable by the difference in the thickness of the sand strip in the two scenarios. Another important morphosedimentary aspect to be highlighted is the continuity of the coastline in the form of a sandy point present in 1985, highlighted with a blue circle. In the 2022 image, it is possible to observe a landward inflection and the absence of sandy outcrops due to the advancement of the sea at the local level. Another significant aspect to highlight is the presence of river islands and bars, indicated with the yellow arrow, which were more robust and located relatively far from the sea, while, in 2022, they are less robust and in direct contact with the coast. However, it is important to highlight that the foredunes located in sector 2 (see Figure 6) of the intense coastal erosion zone have a fundamental role in delaying the erosive processes.



In this way, quantitatively, the vectorized results presented in Figure 8, from the images of 1985 and 2022, indicated that in the area delimited as a zone of intense coastal erosion, in that period, there was a total area of 458,124.65 m2 consumed by coastal erosion, and in the northern portion (first N-S transect). In this sense, it is possible to infer that in the period of 37 years, the sea advanced an average of 12,381.74 m2 over the continent in the locality, which is a significant loss when compared to other areas of the Brazilian coast (mouth of the Jequitinhonha River, mouth of the San Francisco River, among others).



The horizontal displacement was also calculated from the transects plotted every 40 m along the coastline between 1985 and 2022. This fact occurs because the portion of the coastline that is in contact with the mouth depends on and is directly affected by the sedimentary deficit, while, on the southern coast, the intensity of this process gradually reduces as a result of the greater distance from the mouth. Thus, the sector that most changed in this period is represented by the first transect (N-S direction), with a coastline setback of 236.04 m, while the smallest (last transect located to the south) presented a value of 65.8 m. It is noteworthy that they show decreasing values in the N-S direction, indicating a tendency whereby the further away from the mouth, the less susceptible to erosive processes and consequently less influenced by the sediments that arrive (or not) at the mouth.



Another important aspect represented in Figure 9 is the highlighting related to the greater brightness (contrast) in the area adjacent to the vectors representing the coastline from 1985 (red) and 2022 (green) in the village of Atafona, which was cut by the 2022 coastline. Additionally, with respect to the 1985 coast, the segmentation of urban blocks followed a relatively symmetrical format, shown by the red line parallel to the urban structures, which was cut transversally by the continuous progression of coastal erosion. The urban road used as a boundary to apply a higher level of brightness and make visible the urban asymmetry parallel to the coast caused by erosion is registered as Feliciano Sodré Street. Thus, to slow down the process, palliative measures are often carried out in the area, as shown in Figure 9.



In particular, such measures consist of remobilizing the material deposited by the sea with excavators, creating artificial “dunes” that momentarily serve as a natural protective barrier, easily erased during storm events. Given this context, such actions are becoming increasingly common, given that measures considered effective and long-term for the area seem unfeasible for the local reality. In this sense, it is considered essential to adopt effective measures to defend the coast—through engineering, among which underwater barriers or preferably even nature-like and sustainable measures are considered too—such as the artificial renourishment of the sand or dewatering of the emerged beach [105]. For this, a specific feasibility study would be necessary to identify which could be the most appropriate and economically viable intervention. Thus, it would increase the resilience of the natural and anthropic systems associated with this context.




3.4. Sediment and Water Chemical Features


Regarding the sediments, their granulometry varies from very coarse sand with percentages of sand up to 98.5–99.1% in the delta area, P1-S and P2-S, to silty sand, sandy clay, or clayey sand in the inner part of the studied area at sites P7-WS, P8-Ws, and P-WS, respectively, and where the clay content averages 31.8%. By contrast, clay content appears low at the delta area, with levels from 0.1 to 2.9%. The silt is mainly absent in the delta and increases up to 31.6% in the inner locations, P7-WS. As is evident from Table 4, land use is also very variable, from fishing and housing in the outer part to pasture and agriculture in the inner one. Only at site P7-WS, placed inside the urban setting of Campos dos Goytacazes city, soils appear also destined for industrial usage, resulting in this being the area under the highest anthropic pressure. Thus, the data reveal that the delta represents an environment affected by littoral erosion with a poor supply of fine river sediments.



Sediment chemical data are reported in Table 5. The mean pH value is 7.13, with an evident spatial trend: in fact, the pH tends to be more basic at the delta, with a mean pH of 8.55, and more acidic in the inner part, with an average value of 6.0 and a minimum value of 5.1 at P7-WS. The mean level of TOC, 0.39%, varies with a regular pattern, with a wide range of variation that seems linked to land use, since TOC is rather low in the delta locations and much higher in the inner area, with a peak of 1.6% at P9-WS. This implies that anthropogenic input influences the accumulation of organic matter in surface sediments. Other explaining factors of this pattern are climatic ones, due to washout and transport effects of the rainfall, the rate of sediment deposition, tidal effects, and microbial degradation [106], affecting the sorption capacity for organic compounds [107]. The concentrations of trace elements such as Cu and Zn do not exceed legal limits at all sites (Regulation of Brazil—ordinance no. 2.914/2011, Ministry of Health). However, a common tendency of all the studied elements is that levels shift toward higher values in the inner part due to the greater influence of multiple emissions of wastewater discharging sources.



Water chemical data are shown in Table 6. The average pH of the water is 7.34, with small differences among sites. EC was revealed to be quite similar in all the sampled areas, with a mean of 0.08 dS/m. Cations are detected in the following order: Ca> Na > Mg > K. The mean values are 16.83, 3.27, 3.16 and 2.38 mg/L.



Ca, Mg, Na, and K mean concentrations show spatial fluctuations, with standard deviations ranging between 0.20 and 0.89, indicating inputs from human activities [108]. The analyses of trace elements found a sporadic presence in concentrations below the fixed regulatory limit (SQA). In this way, the results presented in this section and the observations carried out in the fieldwork suggest that the negative impacts go beyond the morphological changes associated with the coastal erosion process, but also in the worsening of the environmental quality. Figure 10 shows the presence of dead fish among urban garbage, plastic, and debris in an area close to the contact of the river with the sea.





4. Conclusions


The transitional environment of the Paraíba do Sul River delta is directly affected by interferences associated with human activities throughout the river basin. It is considered that the four dams, even located relatively far from the deltaic area, are the main elements responsible for sediment capture, triggering the coastal erosion process and consequently morphological changes in the river mouth, causing the energy balance in the mouth system to be significantly altered. The growth of urban areas in the area that comprises the basin area should also be considered as a determining factor, given that most of these cities are supplied with water from the Paraíba do Sul River, and the increase in population has resulted in greater dependence on water resources.



Within the scope of chemical analysis, the overall data reveal how the studied delta presents two well-defined areas, an outer and inner part, with different degrees of pollution. It is evident how the anthropic pressure is higher in the inner part of the estuary, with higher accumulation of TOC and TN. The spatial variations in TOC, TN, and C/N evidence that organic matter from anthropogenic activities has a more significant influence than from natural processes. The high TN concentrations correspond well with high TOC in fluvial sediments, which serves as the main pathway for urban runoff, sewage, and industrial wastewater discharge. There is also a high correlation between chemical data, wastewater discharges, and morphological delta characteristics, such as low depth and low hydrodynamic energy. The data indicate that the delta is affected by significant geomorphological alterations due to erosion processes, as well as by a conspicuous anthropic influence threatening the overall ecosystem. Data outline the urgency of integrated coastal management and marine spatial planning actions, involving the state and municipalities, especially the large ones, which cause a greater impact and at the same time have more resources to invest in planning.
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Figure 1. Location of the study area. (A) Location in Brazilian territory. (B) Paraíba do Sul hydrographic basin (PSHB). The study area is highlighted by the white square at the river mouth. For details, see Figure 2. The geographic coordinate system is UTM Sirgas 2000 [68,69]. 
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Figure 2. The sampling sites along the river (red circle) and littoral (yellow circle). The coastal erosion zone is indicated by the red arrow, and the extended area is represented in Figure 1. The geographic coordinate system is UTM Sirgas 2000. 
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Figure 3. Anthropization map of the hydrographic basin. The number below the name of each dam represents the year in which it started to operate. Sources: [65,69,95]. Coordinate System: UTM. Datum: SIRGAS, 2000. 
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Figure 4. Average monthly discharge in the Paraíba do Sul River. (A) Fluvial discharge (m3/s) from 1950 to 2020. (B) Linear tendencies of discharge on the decadal scale [104]. 
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Figure 5. Zone of intense coastal erosion located south of the Paraíba do Sul River delta. Sector 1 of the red rectangle is characterized by the progressive loss of eroded urban structures that turned into emerged and submerged debris, while the central and lower sectors are characterized by the migration of foredunes over the continent. See Figure 6 for the photos related to A and B (black circles). 
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Figure 6. Example of erosive processes in the intense erosion zone. (A) Area located in sector 1 with active erosion processes in urban structures (NW-SE view); (B) area located in sector 2 showing direct contact of the foredunes with the ocean and their advancement over roads and residences (S-N view). For the locations of the photos, see Figure 5. Photo by: L. Lämmle, 2021. 
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Figure 7. Comparison of the intense coastal erosion zone to the south of the river delta between 1985 and 2022 (after Google Earth Pro 2022). The red arrow is the significant narrowing of the sand strip on the coast near the mouth; the blue circle shows the presence of a sandy point that does not currently exist, and the yellow arrow indicates small river islands and bars that were distant from the coast and are now exposed to wave action. 
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Figure 8. Image of 1985 coastline overlapped with the current one, showing the areal gap due to erosion. The image brightness enhancement applied in the intense coastal erosion zone was performed following a vertical urban road in the S-N direction, allowing the visualization of the loss of urban blocks caused by the horizontal displacement of the coast. See Figure 9 for the photos related to A and B (black circles). 
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Figure 9. Example of temporary containment to delay the contact of waves with the dwellings. (A) Excavator creating a protective barrier using sediments from the beach itself (N-S view); (B) artificially created sediment barrier to protect houses that are on the front lines of the erosive process (SE-NW view). For the locations of the photos, see Figure 8. Photo by: L. Lämmle, 2021. 
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Figure 10. Dead fish among garbage, plastic, and urban debris remobilized by the waves in an area near the mouth (21°37′15.22″ S, 41°0′47.62″ W, SW-NE view). Photo by: L. Lämmle, 2021. 
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Table 1. Areas of land use and land cover (LULC) classes in the Paraíba do Sul hydrographic basin (PSHB). The percentage data indicate the area classes concerning the PSHB area [88].
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LULC Classes (km²)




	
Year

	
Forest/Non-Forest

	
Farming

	
Non-Vegetated

	
Water






	
1985

	
14,653.67

	
41,549.00

	
1099.32

	
701.42




	
1990

	
14,695.46

	
41,391.52

	
1259.19

	
657.33




	
2000

	
14,683.68

	
41,153.96

	
1468.30

	
599.00




	
2010

	
15,602.00

	
40,195.11

	
1562.95

	
656.25




	
2020

	
15,936.65

	
39,780.75

	
1644.82

	
641.20




	

	
LULC Classes (%)




	
Year

	
Forest/Non-Forest

	
Farming

	
Non Vegetated

	
Water




	
1985

	
25.26

	
71.64

	
1.90

	
1.21




	
1990

	
25.34

	
71.36

	
2.17

	
1.13




	
2000

	
25.32

	
70.96

	
2.53

	
1.03




	
2010

	
26.90

	
69.30

	
2.69

	
1.13




	
2020

	
27.48

	
68.59

	
2.84

	
1.11
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Table 2. Land use and land cover (LULC) variations in the Paraíba do Sul hydrographic basin (PSHB) for 10-year interval [88].
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Decadal-Scale Variations (%)




	
Year

	
Forest/Non-Forest

	
Farming

	
Non-Vegetated

	
Water






	
1990

	
0.29

	
−0.38

	
14.54

	
−6.29




	
2000

	
−0.08

	
−0.57

	
16.61

	
−8.87




	
2010

	
6.25

	
−2.33

	
6.45

	
9.56




	
2020

	
2.14

	
−1.03

	
5.24

	
−2.29
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Table 3. Fluvial discharge in the Paraíba do Sul River (1950–2019). Qmax: maximum discharge. Qmin: minimum discharge. Qmed: average discharge. Std: standard deviation. VI: variance index [103].
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	Period
	Qmax (m3/s)
	Qmin (m3/s)
	Qmed (m3/s)
	Std
	VI





	1950–1959
	3817.35
	100.68
	712.56
	565.31
	324,051.54



	1960–1969
	6446.01
	124.20
	868.58
	781.38
	61,559.45



	1970–1979
	5387.00
	97.34
	655.76
	503.43
	253,437.75



	1980–1989
	5459.47
	198.94
	842.65
	608.30
	370,024.18



	1990–1999
	5594.76
	184.28
	699.68
	487.25
	237,414.00



	2000–2009
	6181.56
	198.09
	717.58
	573.97
	329,438.70



	2010–2019
	4877.37
	89.40
	521.10
	470.31
	221,191.08
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Table 4. Localization of sampling stations, particle size distribution, granulometric classification, and land use.
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Sample

	
Coordinates

	
Grain Size (%)

	
Classification (Folk and Ward, 1957)

	
Land Use (Field Survey)




	
Latitude (s)

	
Longitude (w)

	
Sand

	
Silt

	
Clay






	
P1-S

	
21°32′11.36″

	
41° 4′7.37″

	
99.1

	
0.1

	
0.8

	
Coarse sand

	
Fishing and housing




	
P2-S

	
21°34′57.72″

	
41° 3′16.04″

	
98.5

	
0.1

	
1.4

	
Coarse sand

	
Fishing and housing




	
P3-S

	
21°37′15.30″

	
41° 0′45.82″

	
97.6

	
0.1

	
2.3

	
Very coarse sand

	
Wind farm and housing




	
P4-S

	
21°38′49.75″

	
41° 0′55.95″

	
98.4

	
0.1

	
1.5

	
Very coarse sand

	
Fishing, housing, and wind farm




	
P5-WS

	
21°38′43.21″

	
41° 5′9.55″

	
98.8

	
0.1

	
1.1

	
Medium Sand

	
Pasture, agriculture, and dredging




	
P6-WS

	
21°43′30.61″

	
41°11′45.29″

	
95.7

	
1.4

	
2.9

	
Very fine sand

	
Pasture and agriculture




	
P7-WS

	
21°45′2.45″

	
41°17′47.51″

	
38.1

	
31.6

	
30.3

	
Silty sand

	
Industry and housing




	
P8-WS

	
21°43′26.50″

	
41°21′44.77″

	
37.6

	
23.9

	
38.5

	
Sandy clay

	
Sugar cane plant and agriculture




	
P9-WS

	
21°41′44.99″

	
41°25′30.37″

	
48.5

	
24.8

	
26.7

	
Clayey sand

	
Agriculture
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Table 5. Main chemical features of sediment samples of Paraíba do Sul River.
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Sample

	
Sediment




	
pH

	
K+

	
Ca2+

	
Mg2+

	
Na+

	
TOC

	
CEC *

	
B

	
Cu

	
Fe

	
Mn

	
Zn




	
mg/kg

	
g%

	
mmol/kg

	
mg/kg






	
P9-WS

	
6.25

	
125.5

	
1316

	
193.2

	
40.7

	
1.6

	
66.9

	
0.21

	
5.55

	
920.6

	
328.5

	
15.32




	
P8-WS

	
5.85

	
28.15

	
246.2

	
103.3

	
18.8

	
0.2

	
31.2

	
0.12

	
0.99

	
502.5

	
79.01

	
3.78




	
P7-WS

	
5.1

	
87.9

	
1489

	
251.6

	
40.8

	
1.4

	
105.2

	
0.12

	
5.85

	
1532

	
475.2

	
16.25




	
P6-WS

	
6.15

	
260.1

	
1250

	
272.3

	
60.5

	
1.5

	
70.2

	
0.24

	
6.72

	
1350

	
504.5

	
21.2




	
P5-WS

	
6.65

	
17.2

	
84.9

	
32.8

	
7.73

	
1.3

	
7.65

	
0.12

	
0.49

	
249.1

	
15.5

	
4.43




	
P4-S

	
8.5

	
70.4

	
228.5

	
303.9

	
875.2

	
0.03

	
59.6

	
0.38

	
0.18

	
109.6

	
14.9

	
0.95




	
P3-S

	
8.4

	
58.7

	
172.3

	
206.6

	
705.0

	
0.03

	
46.3

	
0.44

	
0.43

	
158.5

	
17.34

	
1.34




	
P2-S

	
8.85

	
21.51

	
96.5

	
52.1

	
29.8

	
0.6

	
6.35

	
0.19

	
0.07

	
284.1

	
12.1

	
1.41




	
P1-S

	
8.45

	
68.03

	
173.2

	
289.3

	
826.5

	
0.6

	
55.3

	
0.37

	
0.35

	
141.8

	
20.7

	
1.25




	
Mean

	
7.13

	
81.94

	
561.8

	
189.5

	
289.4

	
0.39

	
48.86

	
0.24

	
2.29

	
583.1

	
163.1

	
7.33




	
Min

	
5.1

	
17.2

	
84.9

	
32.8

	
7.73

	
0.03

	
6.35

	
0.12

	
0.07

	
109.6

	
12.1

	
0.95




	
Max

	
8.45

	
260.1

	
1489

	
303.8

	
875.1

	
1.3

	
105.2

	
0.44

	
6.72

	
1532

	
504.5

	
21.2








* Electric conductivity.
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Table 6. Main chemical features of water samples of Paraíba do Sul River.
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Sample

	
Water




	
pH

	
E.C. *

	
Ca2+

	
Mg2+

	
Na+

	
K+

	
Cl−

	
HCO3−

	
SO42−

	
Cu

	
Fe

	
Mn

	
Zn

	
Total Solids

	
SAR




	
dS/m

	
mg/L






	
P9-WS

	
7.52

	
0.071

	
16.4

	
2.92

	
2.87

	
2.52

	
2.11

	
10.9

	
28.5

	
0

	
2.45

	
0.06

	
0.01

	
40.1

	
0.25




	
P8-WS

	
7.35

	
0.08

	
17.2

	
2.92

	
3.31

	
2.52

	
4.65

	
12.8

	
19.5

	
0

	
2.95

	
0.05

	
0

	
43.1

	
0.28




	
P7-WS

	
7.25

	
0.072

	
15.6

	
3.16

	
3.31

	
2.52

	
2.22

	
10.3

	
31.5

	
0

	
11.2

	
0

	
0

	
49.8

	
0.29




	
P6-WS

	
7.25

	
0.078

	
18.0

	
3.40

	
3.31

	
2.16

	
3.11

	
12.8

	
34.5

	
0

	
4.55

	
0.03

	
0.12

	
48.1

	
0.28




	
P5-WS

	
7.32

	
0.087

	
16.8

	
3.40

	
3.53

	
2.16

	
2.11

	
12.8

	
32.5

	
0.02

	
3.25

	
0

	
0.02

	
45.4

	
0.32




	
Mean

	
7.34

	
0.08

	
16.8

	
3.16

	
3.27

	
2.38

	
2.84

	
11.9

	
29.3

	
0.00

	
4.88

	
0.03

	
0.03

	
45.3

	
0.28




	
Min

	
7.25

	
0.071

	
15.6

	
2.91

	
2.87

	
2.16

	
2.11

	
10.3

	
19.5

	
0

	
2.45

	
0

	
0

	
40.1

	
0.25




	
Max

	
7.52

	
0.087

	
18.0

	
3.40

	
3.53

	
2.52

	
4.65

	
12.8

	
34.5

	
0.02

	
11.2

	
0.06

	
0.12

	
49.8

	
0.32








* Electric conductivity.
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