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Abstract

:

The development of the mangrove in Ceará state, northeastern Brazil, is limited by local environmental and climatic factors, associated with the variables that determine the region’s semi-arid climatic conditions. The same conditions also contribute to the installation of artisanal saltworks in estuarine environments. The artisanal production of salt peaked in the 20th century, but with the decline of this activity, the salt evaporation ponds were abandoned, and have been incorporated back into the natural marine-estuarine environment and colonized by mangrove forests. In the early 2000s, however, the expansion of shrimp farming operations impacted this same environment. The present study was based on a spatiotemporal analysis of the natural regeneration of the mangrove vegetation in abandoned salt pond areas in the Brazilian semi-arid region between 1968 and 2009. The integrated analysis of mangrove ecosystem dynamics and the legislation that regulates the licensing of these economic activities identified a number of technical problems in the formulation and execution of the COEMA resolution 02/2002, which permits the installation of shrimp farms in areas dominated by the mangrove. The findings of the present study reinforce the need for a careful reformulation of the Ceará state environmental legislation, in order to guarantee the maximum possible conservation of the coastal zone.
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1. Introduction


Mangrove ecosystems are found in the intertidal zone of tropical and subtropical coasts, where the vegetation may be arboreal, shrubby, or low-lying, depending on the climate, and the prevailing environmental and ecodynamic conditions. The global distribution, structure, and functions of mangroves are determined by climatic drivers (e.g., water temperature and rainfall regimes). Mangrove forests develop best in regions where rainfall is more regular, temperatures are higher, cloud cover is reduced, and hurricanes or typhoons are rare [1]. Mangroves are well-adapted for survival in the intertidal zone, considering the constant variation in salinity, inundation, and the availability of nutrients, which together contribute to the biocomplexity of this ecosystem, which provides essential services [2]. The coastline of Brazil is 8500 km long, and mangroves are found along approximately 80% of this coast, from Oiapoque, at the northernmost extreme of the country, in the state of Amapá (4°30′ N), to the southern limit of the distribution of mangrove ecosystems on the Atlantic coast of South America, at the Santo Antônio Lagoon (28°28′ S) in Santa Catarina state [3,4]. The estimated area of mangroves in Brazil is currently 1,398,966.13 hectares, of which 497,503.37 hectares are protected by federal or state conservation units [5]. To better understand the distribution of mangrove forests in Brazil, Schaeffer-Novelli et al. [6] proposed the division of the country’s coast into eight sectors, defined by their environmental conditions and morphological similarities. Sector IV in this classification, which includes the state of Ceará (02°46′ S), is dominated by strong tides and a predominantly rectilinear coast which, in addition to mangroves, has sandy beaches, rocky outcrops, dunes, and cliffs.



In the past, local conditions, such as the region’s semi-arid climate, high temperatures (>28 °C), high potential evaporation rates, and the availability of water in the local estuaries all contributed fundamentally to the construction of saltworks on the coast of northeastern Brazil [7]. The solar salt evaporation ponds installed in the coastal zone were concentrated in the supratidal zone [8]. The salt is produced by a simple system, based on the evaporation of the sea water retained in the evaporation ponds, or salt pans. The salinity in each pond is kept in equilibrium by the factors that limit saturation, which are essentially constant. The evaporation ponds are typically associated with other infrastructure, including areas for the collection, grinding, and stockpiling of the salt precipitated in the ponds. All this infrastructure is typically found within the estuarine environment, in areas that were once covered in mangrove forest.



Many of the largest cities in the Brazilian Northeast are located in estuarine environments, and in many cases, the zone of urban development has expanded into areas adjacent to the old saltworks built along the river margins. The local estuaries have been occupied by the salt-making industry since the 16th century, but many of these areas were converted into shrimp farms during the 20th century. Most of this infrastructure has been installed in areas once dominated by mangrove forests. Nowadays, most salt extraction is mechanized, although the Brazilian Northeast is still the country’s principal salt-producing region, accounting for 95% of its production of sea salt [9].



Resolution number 02/2002 of the Ceará State Environment Council (COEMA) states that (article 1, paragraph XII): “Salt works: are man-made areas that generate ecosystems with residual hypersalinity in the soil, and as a consequence, a reduced capacity for the natural regeneration of the mangrove vegetation” [10]. Article 7 of the same resolution supports the conversion of these unused (or abandoned) salt ponds into shrimp farms [10].



Despite the historical importance of the extraction of salt by solar evaporation in the Brazilian Northeast, the artisanal industry declined drastically during the second half of the 20th century. With the modernization of the salt-making industry, and the declining importance of the product in the regional economy, most artisanal saltworks were abandoned, allowing the mangrove to expand back into these areas. The regeneration of the mangrove in abandoned saltworks has been observed at a number of locations along the northeastern Brazilian coast [11,12,13,14]. Despite the evidence on the regeneration of the mangrove vegetation in abandoned salt ponds, the environmental legislation of the state of Ceará does not contemplate the potential regeneration of the mangrove ecosystem in its regulatory mechanisms for the licensing of shrimp farming operations in the intertidal zone of estuaries. This has permitted the occupation of abandoned saltworks for the installation of shrimp farms.



The present study analyzed the spatiotemporal evolution of natural mangrove regeneration on abandoned saltworks areas in the semi-arid northeastern Brazilian state of Ceará. The study adopted an integrated, socio-environmental approach, which included an evaluation of the environmental legislation of the state of Ceará, specifically, Ceará State Council for Environmental Policy and Management (COEMA) resolution number 02/2002 [10] that refers to the licensing of shrimp farming operations in the state. The approach adopted here aimed to contribute to sustainable management and to the conservation of estuarine environments. It focuses primarily on the potentiality of geo-environmental functions and ecosystem services provided by mangrove regeneration in abandoned saltworks areas [15,16]. The present study highlights the environmental and historical importance of the regeneration of the mangrove in the area of abandoned salt ponds, and the resilience of this ecosystem. This characteristic is fundamentally important for the sustainable, long-term management of these environments, in particular within a scenario of climate change, which has profound consequences for coastal areas. In this context, we discuss the state law that encourages the conversion of these areas into shrimp farms or saltworks, considering them to be unproductive, abandoned, or ecologically defunct.




2. Location of the Study Area and Methods


The Brazilian state of Ceará is part of the country’s semi-arid Northeast, which is characterized by a natural deficiency of freshwater. The hydrological cycle of the rivers that flow into the state’s coast is determined primarily by precipitation patterns [17]. In 2010, the aquifer recharge was one of the smallest in recorded history, and had a serious impact on freshwater reserves during the five dry years that followed 2011, that is, between 2012 and 2016 [18]. The region’s rainy season (when 90% of the annual precipitation is recorded in the first semester, and historical average of 800 mm) lasts from February to May, although, between 2010 and 2016, the lowest annual mean precipitation—only 405 mm—was recorded. The dry season peaks between August and November [19,20]. This prolonged dry season provides ideal conditions for the production of salt by the evaporation of seawater. The region’s mean tidal amplitude is 2 m, increasing to 2.6 m on the spring tide. This sector of the coast provides intermediate conditions for the development of mangroves, given the reduced availability of freshwater from rainfall and fluvial discharge, and the high concentrations of salt found in the water and sediments of the local estuaries, which limit the potential for the growth of the mangrove [6,21].



The lower Ceará River forms the boundary between the municipalities of Fortaleza and Caucaia, and its estuary (03°44′ S, 38°39′ W) has been designated an Environmental Protection Area, known as APA do Rio Ceará, as shown in Figure 1. This is a sustainable-use conservation unit, which is managed by the Ceará State Council for Environmental Policy and Management (CONPAM). The unit was created by Ceará State decree number 25,413/1999 and covers an area of 2744.89 ha.



The Ceará River presents a number of unique environmental and social features along its course. Part of the middle and lower Ceará is integrated with the indigenous lands of the Tapeba ethnicity, which has guaranteed the conservation of areas of gallery forest and coastal floodplains with mangrove forest. One other important feature of local land use and occupation is the presence of abandoned saltworks. The focus of the present study is the Salina Margarida, an abandoned saltworks located on the left margin of the Ceará River, near its mouth, as shown in Figure 1. The production and extraction of salt at this site was deactivated in the 1970s, enough time for the mangrove vegetation to reoccupy much of the area that was originally deforested, although the remains of the levees used to demarcate the evaporation ponds can still be observed within the area [13].



The typical mangrove vegetation present in the Ceará River are consisted of four species, in three genera. These species are the red mangrove, Rhizophora mangle L., the white mangrove, Laguncularia racemosa, (L.) Gaertn, F., and the black mangroves, Avicennia germinans, Stapf. & Leechman and Avicennia schaueriana, Stapf. & Leechman. A fifth species, the buttonwood, Conocarpus erectus L., is also associated with the mangrove ecosystem [14]. Field work has been made to describe species composition and distribution along the study area.



2.1. Remote Sensing and Mangrove Vegetation Structure


In recent decades, geotechnology, including remote sensing and cartography, have played a fundamental role in the mapping and analyzing of changes in landscape and the spatial dynamics of natural environments, related to both natural catastrophes and human pressures [22]. Freitas and Tagliani [23] concluded that, to guarantee the better integration of traditional and scientific knowledge, and territorial planning, it is essential to integrate the available data through information and communication technologies, in particular, geographic information systems (GISs). Spatial information systems provide an important tool for the integration, manipulation, and visualization of the different perspectives of the available quali-quantitative geo-environmental approaches.



The present study was based on the processing and georeferencing of satellite images and aerial photographs, using remote sensing techniques. The images were selected based on the lowest possible cloud cover. The material included a panchromatic aerial photograph (1:70,000 scale), obtained by the Atlântico Sul aerial survey company dated from 1968. This photograph is part of the collection of images held by the Department of Geography at the Federal University of Ceará (UFC) in Fortaleza. The spatiotemporal analysis focused on LANDSAT 5 EMT satellite images from 19/06/1997, provided by the Brazilian National Institute for Space Research (INPE), in color spectral bands 5, 4, and 3 in the RGB system (red, green, and blue). The analyses also used high resolution images (QuickBird and IKONOS) from 2009, available in the current version of Google Earth Pro®. All images were processed in Quantum GIS® 1.7 (QGIS Open Source Geospatial Foundation Project). Ground truth geographic coordinates were taken by GPS to reference a unified GIS layout, in which all three images were overlapped, with each image being adjusted to a standard scale, to guarantee reliable data comparisons. Conventional digital image techniques were used, divided into preprocessing, enhancement, and classification, according to Jensen [24]. The preprocessing was not used, while in the enhancement, the contrast stretch was used, changing the shape of the histogram and increasing the contrast of the image, in order to improve this quality.



The GIS analyses covered a total of 41 years, which was divided into period I (1968–1997) and period II (1997–2009). The processing of the images permitted the manual delimitation of the areas of mangrove forest and abandoned salt ponds at each year (1968, 1997, and 2009), providing estimates of the area of each feature, in hectares. The cultural landscape of the estuarine complex of the Ceará River was evaluated using the hierarchical approach proposed by Schaeffer-Novelli et al. [3]. Guidelines for coastal management were derived from geoprocessing at a spatiotemporal scale [25], which permitted the visualization of the mangrove forest regeneration dynamics on abandoned saltworks, based on the classification of the landscape units defined as mangrove forest and abandoned saltworks, in 1968, 1997, and 2009.



A 10–100 km resolution (setting level) was used for the analysis of the spatiotemporal variation of mangrove vegetation, providing the thematic classification of the two zones—mangroves and abandoned saltworks—as the basis for the classification of the area effectively regenerated (recovery of the vegetation area on the abandoned salt pond). The forest stand level (0.1–100 ha) was considered specifically for the analysis of the recuperation of the mangrove forest at the Margarida saltworks. For this, six plots were demarcated, and data were collected on the vegetation structure, using the approach of Schaeffer-Novelli [26], which consists of the diameter at breast height (DBH) of the trees, their vertical linear height, and species composition. The DBH was obtained using a Forestry Suppliers metric diameter tape, allowing direct measurement of the trunk’s diameter. The trunk condition (alive or dead) was registered. Posteriorly, the mean height, basal area dominance, and stem density was calculated. These data were integrated with the analyses of the vegetation´s growth.




2.2. Analysis of the State Legislation


The cultural landscape of the Ceará River was analyzed together with the environmental analysis, providing an empirical perspective on the relationship between the natural dynamics of the mangrove ecosystem and the local model of socio-economic development. This approach considered the environmental impacts of the abandoned saltworks and the use and occupation of salt flat areas, particularly in the context of shrimp farming operations. The studies of Meireles et al. [18,27] emphasize the need for the revision of the COEMA resolution 02/2002, which regulates shrimp farming operations in the state of Ceará.





3. Results and Discussion


3.1. Analysis of the Spatiotemporal Evolution of the Mangroves of the Ceará River


The QGIS® program provides a number of tools, and open-sharing mechanisms that permit all users to contribute to the formulation of the analysis. The use of free software for image processing permitted greater accessibility of the development of the geographic information system (GIS) platform. These tools were used to produce thematic maps, as shown in Figure 2a–c, that demonstrated the history of the landscape, in terms of the spatial dynamics of the mangrove and the abandoned saltworks. This analysis was organized into two periods, as described below.



3.1.1. Period I: 1968–1997


Artisanal solar evaporation saltworks were installed on the Ceará River at the beginning of the 20th century within mangrove areas. This economic activity flourished until the middle of the century, providing an important source of employment for the resident population. Following a decline in the price of salt, however, and the increasing competition from mechanized saltworks, the artisanal saltworks were abandoned in this region. In 1968, the abandoned saltworks of the Ceará estuary covered an area of 621.9 ha, as shown in Figure 2a, while the remaining mangrove forest covered a fragmented area of only 380.4 ha. Over the 29 years of period I, the mangrove forest cover increased by 126%. The natural regeneration of the mangrove forest in the areas of abandoned saltworks resulted in the natural colonization of 248.2 ha, which represents a mean increase of 85.5 ha per decade. Despite the growth of the mangrove vegetation, which had expanded to 859.8 ha by 1997, as shown in Figure 2b, it was possible to confirm interference from the spread of urban development and the environmental impacts resulting from human activities within the estuarine zone. While private interests declined in the area, no evidence was found of any specific actions (in particular from public entities concerned with the environmental management of hydrographic basins) directed at the recuperation of the ecosystem to enable the re-establishment of its socio-environmental functions. Even the creation of the Ceará Estuary State Environmental Protection Area (APA do Rio Ceará) in 1999, resulted in the implementation of few practical measures for the conservation and management of the mangrove. During this 29 year period, the use of the land along the margins of the Ceará estuary, which was dominated by the salt-making industry in preceding decades, shifted to a scenario of urban and industrial expansion by the early 1990s.




3.1.2. Period II: 1997–2009


This period was characterized by the continuing of the mangrove forest recuperation in the area of the abandoned saltworks, with an increase of 146.8 ha in the area of forest, with the area of the abandoned saltworks being reduced by approximately 66%, to a total of only 213.8 ha by 2009, as shown in Figure 2c. During period II, a mean increase of 133.25 ha was recorded per decade in the area of abandoned saltworks, an expansion approximately 55% greater than that recorded in period I. This natural regeneration of the mangrove forest may be related to the erosion of the levees that demarcated the evaporation salt ponds following the termination of salt production, and the re-establishment of tidal flow into these areas. This process may have resulted in more favorable conditions for the expansion of the mangrove since the end of the 1990s.



The total area covered by mangrove vegetation in the Ceará estuary in 2009 was estimated at approximately 1006.6 ha. Despite this advance in the area of mangrove forest, the ecological and morphodynamic (primarily, alterations in the hypersaline flats) components continue to suffer a process of degradation through urban expansion into the intertidal zone, the inadequate disposal of solid waste, and the discharge of domestic and industrial effluents directly into the river.




3.1.3. Comparative analysis of periods I (1968–1997) and II (1997–2009)


The comparative analysis of the vegetation dynamics over the 41 year study period revealed an expansion in the total area of mangrove in the Ceará estuary, from 380.4 ha to 1006.6 ha, as shown in Figure 2a,c, an increase of 165%. By contrast, the area covered by saltworks decreased from 621.9 ha to 213.8 ha, as shown in Figure 2a,c, indicating that the mangrove vegetation had colonized naturally 408.1 ha of abandoned saltworks.



Figure 3 shows the growth in the area of mangrove, the reduction in saltworks, and the area colonized by mangrove within the study area. The most significant change in the area of mangrove was recorded between 1968 and 1997, when the forest increased 126%, due primarily to the decline of the salt-making industry and the degradation of the structures (ponds, levees, and supply channels), which facilitated the natural regeneration of the mangrove. During period II, however, the mangrove grew at an even faster rate, probably due to the consolidation of environmental factors that provide ideal conditions for the expansion of the mangrove vegetation, principally within the area of the abandoned saltworks.





3.2. Dynamics of the Mangrove Forest in the Area of the Margarida Saltworks


During the eight years between 2004 and 2012, the mangrove forest expanded further within the area of the Margarida saltworks. With more favorable environmental conditions (both topographical and hydrological) for the re-establishment of the mangrove forest on the abandoned salt evaporation ponds, the vegetation expanded naturally through the recruitment of new individuals, with hydrochory and nutrient cycling being favored by the renewed tidal oscillation. The mangrove forest cover then underwent a process of expansion supported by the ecological succession of the habitat, initially through the recruitment of pioneer species (Batis marítima and Portulaca oleracea), and subsequently, through the establishment of a new configuration of mangrove species of intermediate or mature forest, as suggested by Reis-Neto et al. [14]. To characterize this process of natural succession, and the set of environmental components necessary for the development of the ecosystem, the recuperating mangrove forest found in the area previously occupied by saltworks was divided into two sectors: sector A (plots P1 and P2) and B (plots P3, P4, P5, and P6). In a general view, there is a decline of mangrove structure vegetation from P1 (near river´s bank) to P6 (closer to the terrestrial portion). The mangrove structural development gradient is observed from a mature forest (Sector A) presenting higher DHB (>10 cm), higher height (maximum 16.8 m.), and lower density (from 1333.33 to 2355.56 trunks/ha), to an initial and intermediate growing forest (Sector B), presenting lower DHB (<2.5 cm), lower height (maximum 7.4 m), and higher density (13,600–44,400 trunks/ha). The species dominance changes along the plots from areas dominated by R. mangle (P1 and P2), A. germinans (P3 and P4), and L. racemosa (P5 and P6).



The vegetation expanded considerably between 2004 and 2009, with the mangrove forest extending up to 20 m into the area of the saltworks, and expanded a further 10 m between 2009 and 2012, as shown in Figure 4. The vegetation in the different tracts of expansion was characterized by the presence of distinct configurations of species identified in fieldwork: (i) the forest consolidated prior to 2004 was considered to be intermediate, with a mixed forest dominated by the black mangrove (A. germinans), with a smaller contribution of red mangrove (R. mangle); (ii) in the vegetation that colonized the Margarida saltworks by 2009, the forest is also defined as intermediate and mixed, with both black (A. germinans) and white (L. racemosa) mangrove, and (iii) the area colonized by 2012 was defined as initial forest, with a predominance of white mangrove (L. racemosa).



The saltwort (Batis marítima) and common purslane (Portulaca oleracea) are associated with the mangrove vegetation within the study area. These species were observed in the initial stages of colonization of the abandoned saltworks by the mangrove vegetation. These species are important for the initial establishment of the vegetation, and the creation of conditions appropriate for the recruitment of the mangrove propagules. The white mangrove, L. racemosa, is the pioneer tree species in this context, given its capacity for the rapid development and growth of its propagules and seedlings [28], and its resilience for the colonization of areas with impacted edaphic conditions [29], as in the case of abandoned saltworks. In the transition sector, which is more elevated topographically, buttonwood (Conocarpus erectus) trees can be observed growing along the brick wall of the abandoned saltworks, as shown in Figure 5. It was also possible to identify new zones of initial expansion of the mangrove vegetation into the area of the Margarida saltworks, in Figure 6, reinforcing the colonization process.




3.3. Brazilian Environmental Legislation and the Mangrove


The first legal norms regulating the use of the resources found in Brazilian mangroves were established at the beginning of the 18th century, through a royal charter (Alvará Del Rey) issued by D. José I, which determined the protection of the mangrove trees of the captaincies (territories) of Rio de Janeiro, Pernambuco, Santos, Paraíba, Rio Grande, and Ceará [30]. However, effective public policy on the use of coastal resources was only implemented in 1965, with the establishment of the federal Forest Code, which considered mangroves to be Areas of Permanent Preservation, or APPs [31]. Since this initial step, other legal tools have been implemented for the protection of Brazilian mangroves, such as the National Coastal Management Program (Programa Nacional de Gerenciamento Costeiro: PNGC) of 1988, which prioritizes the conservation and protection of the natural resources found in the mangrove [32].



In theory, the environmental legislation that protects Brazilian mangroves is very strict, although a number of legal mechanisms can be used to relax this legislation to allow for the occupation of the mangrove ecosystem. In 2012, however, a unique mobilization was initiated on a national scale, organized by the non-governmental organization SOS Mata Atlântica, entitled “Mangrove makes a Difference” (Mangue Faz a Diferença). This social movement was motivated by the proposed changes in the federal Forest Code, which were approved by Congress, and subsequently implemented by the then president, Dilma Rousseff, through federal law number 12,651 of May 25th, 2012 [33]. These modifications were the result of efforts by the agribusiness lobby, supported by shrimp farmers, who were keen to facilitate the legal expansion of the sector into the mangrove ecosystem, principally in the Brazilian Northeast.



Between January and April 2012, a number of public campaigns and other associated activities highlighting the importance of the conservation of Brazilian mangroves were conducted in 19 Brazilian states and the Federal District. The “Mangrove makes a Difference” movement produced a manifesto that presents a critical analysis of the change in the forest code:



“The alteration of the Forest Code (PL 30/2011), approved by both houses of congress, represents a grave compromise of the principles, objectives, and structure of all Brazilian environmental legislation. In addition to the fundamental problems identified by scientists, environmentalists, legal specialists, and non-governmental organizations—such as the amnesty for prior infractions and the reduction of legal reserves and areas of permanent protection—we want to highlight the fact that the bill approved by the Chamber of Deputies and ratified by the Senate has a direct and profound impact on coastal and estuarine ecosystems, in particular the Brazilian mangroves, found along the whole of the country’s coastline.”



Research on the degradation of mangrove ecosystems has shown that this process results in a loss of the quality of life of the traditional and ethnic communities, as well as economic losses related to socio-environmental functions, such as food security and primary production [30,34,35,36]. This process is facilitated by the relaxation of the environmental legislation resulting from the new Forest Code.



Analysis of COEMA resolution number 02/2002.



Ceará State Council for Environmental Policy and Management (COEMA) resolution number 02/2002 regulates the licensing of shrimp farming operations in the Brazilian state of Ceará [10]. This resolution was passed with the explicit aim of protecting mangrove formations and the associated APPs, as stated explicitly in the text of the resolution. At the same time, however, this legislation also provides incentives for the development of shrimp farming, an economic activity known to be one of the principal causes of the degradation of the mangrove ecosystem, in addition to other social and environmental impacts [16], in areas of saltworks, and salt flats and marshes, demanding the preservation of only 20% of the natural ecosystem.



The legal occupation of these areas contradicts the natural recuperation and development of the mangrove ecosystem, as observed in the spatiotemporal analysis of the mangrove forest on the abandoned saltworks conducted in the present study. This supports the revision of COEMA resolution 02/2002, taking into consideration the geo-environmental and ecodynamic indicators of the mangrove ecosystem, in particular those related to (i) the regeneration of the mangrove forest in areas of salt marsh and salt flat, and abandoned saltworks, and (ii) the socio-environmental dependence of traditional and ethnic communities on the exploitation of natural resources provided by estuarine systems [16].



The text of COEMA resolution 02/2002 defines saltworks as anthropogenic ecosystems with “a reduced capacity for the natural regeneration of the mangrove forest” [10]. However, this contradicts the findings of the present study, which showed that the mangrove can regenerate naturally in these areas. This process was observed in the abandoned saltworks of the Ceará estuary, where the area of mangrove forest has increased by more than 400 hectares over the past four decades. These abandoned saltworks now present very different characteristics from those of the original installations. The study also confirmed that the greater the amount of time the saltworks have been abandoned, the greater the likelihood of the recuperation of the natural environment, contradicting the affirmation of COEMA resolution 02/2002. As the region’s artisanal saltworks began to decline at least half a century ago, there has been sufficient time for the recruitment and recolonization of the mangrove vegetation within the Ceará estuary.



It is also possible to confirm that the exploitation of environmental resources controlled by the tide has had serious impacts, initially caused by the saltworks and, since 1998, by the installation of shrimp farms. These impacts have been further accentuated by the environmental licensing of large areas of the mangrove ecosystem for the production of shrimp [27,36], with a number of abandoned salt evaporation ponds being recuperated for shrimp farming [37]. In this context, the findings of the present study—in particular, the expansion of the mangrove vegetation within the areas of abandoned saltworks—provide an important conceptual framework for the adjustment of the legislation, which should contribute to the revitalization of the natural dynamics of the estuarine system and the expansion of the services derived from this ecosystem [21].



Since the 1970s, the abandoned infrastructure of the former saltworks have become increasingly encrusted in mud and subject to weathering and erosion through the action of the tides and rainy season flooding. Despite this, the mangrove vegetation has flourished within the abandoned saltworks, forming an incipient forest and colonizing new areas within the hypersaline flats. The mangrove forest has expanded, even where the soil has been made hypersaline by the evaporation ponds [38]. The hydrodynamic interactions of the tidal channels have resulted in the recruitment of mangrove propagules, which have been fixed within the abandoned salt evaporation ponds, supporting the expansion of the tree cover, and reflecting the dynamic expansion of the mangrove observed during the present study.



Abandoned or degraded saltworks (in which the levees have eroded, permitting the incursion of daily tidal oscillations) in tropical regions may be colonized naturally by mangrove forests, without financial cost. These forests can be transformed into an ecosystem with enormous economic, biological, and cultural value, supporting both direct and indirect uses, as well as maximizing their intrinsic value [21,39,40].



These findings reinforce the need for the discussion of a new definition of the legislation, in the context of term “XIII-Abandoned saltworks: are areas previously converted to human use which, in the absence of human intervention, are no longer adequate for the production of salt. The soil of these areas presents residual hypersalinity and is associated with the expansion of the mangrove forest, with a favorable capacity for the natural regeneration of the mangrove vegetation. In this case, these areas should be recuperated and made fully available for the re-establishment of the natural environmental dynamics of the system, regulated by the oscillations of the tide”.





4. Conclusions


The present study confirmed the natural regeneration of the mangrove vegetation within areas of abandoned saltworks in the semi-arid region of northeastern Brazil (Ceará state) between 1968 and 2012. The geotechnological approach adopted in this study permitted the identification and quantification of the areas of both mangrove and saltworks in the Ceará estuary. During the study period, the area of mangrove forest increased by 165%, from 380.0 ha to 1006.6 ha. During the same period, the area occupied by the abandoned saltworks decreased from 621.9 ha to 226.9 ha, with the mangrove recolonizing naturally an area of approximately 408.1 ha of abandoned saltworks over a 44 year period.



To achieve the maximum potential for the regeneration of the mangrove forest in areas of abandoned saltworks of the Ceará estuary, it will still be necessary to recuperate approximately 34% of the area of the abandoned saltworks, through the degradation of the original levees, to re-establish the natural flow of the tides. This regeneration of mangrove forests, based on the increase in the total productivity of the ecosystem and its biodiversity, will support more effective management measures, particularly for the conservation of this ecosystem.



The current state resolution that regulates the environmental licensing for shrimp farming operations [16] was evaluated in the context of the findings of the present analysis of the spatiotemporal dynamics of the mangrove ecosystem of the Ceará estuary. Rather than making anthropogenic areas that were once part of the mangrove forest, including hypersaline areas of salt flat, available for the recuperation of the quality of the local environment, the resolution favors the continuity of anthropogenic impacts and the fragmentation of the ecosystem.



The insights provided by the present study into the dynamics of the mangrove ecosystem, based on a geotechnological approach, and cultural landscape analysis, contributed to the definition of the spatiotemporal evolution of the ecosystem during the natural regeneration of the mangrove forest in areas of abandoned saltworks. The analytical procedures adopted in the present study favored the compilation of a database to guide the recuperation and conservation of the mangroves of the Brazilian state of Ceará and provide insights for the eventual reformulation of the current state legislation on the environmental licensing of shrimp farming operations.
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Figure 1. Location of Ceará River estuary, the Margarida salt pond, and the limits of the Ceará River Environmental Protection Area (APA do Rio Ceará). 
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Figure 2. Thematic maps showing the areas of mangrove forest (in green) and the saltworks (in pink) in the estuary of the Ceará River in 1968 (a), 1997, (b) and 2009 (c). The figure shows in different periods how mangrove has expanded into abandoned salt work areas. 
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Figure 3. Evolution of the area in which the mangrove expanded, the saltworks decreased, and the mangrove forest colonized the abandoned saltworks (process of the regeneration of the mangrove between 1968 and 2009) in the Ceará estuary, in northeastern Brazil. 
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Figure 4. Graphic representation of the regeneration of the mangrove at Salina Margarida, showing the forest height in meters, and below the graph, bars showing the distribution of the basal area: red = R. mangle (Rm), yellow = A. germinans (Av), and green = L. racemosa (Lm). The mean density is also represented for each of the different sample areas (P1, P2, P3, P4, P5, and P6). 
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Figure 5. Identification of the different zones of expansion of the mangrove forest in an abandoned salt evaporation pond in the Margarida saltworks, between 2004 and 2012. 
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Figure 6. Features of the initial expansion zone of the mangrove vegetation in the abandoned salt evaporation ponds of the Margarida saltworks in the Ceará estuary, northeastern Brazil. 
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