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Abstract. The hydrographic basin of the Guaribas River in the municipalities of São Gonçalo do Amarante and Caucaia, in the northeastern Brazilian state of Ceará, presents a complex landscape, composed of mobile and fixed dune fields, hydrological resources (lakes, floodplains, and coastal plains), and coastal plateaus. Alterations in the use of the soil within this landscape were evaluated between 1958 and 2012, considering the conservation of vegetation cover, urban development, and the expansion of industrial installations. This assessment was based on the integration of remote sensing data with spatial data, which represent the principal transformations of the landscape. The results of the analysis indicate that (i) there was a reduction in the vegetation cover on the fixed dunes, reflecting the expansion of urban and industrial development, (ii) the mobile dune field was affected by the expansion of urban development, (iii) there was an increase in the occupation of the margins of hydrological resources by both urban development and industrial installations, and (iv) the vegetation of the coastal plateaus was also reduced by the ongoing expansion of urban and industrial development.
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1 Introduction

The growing demand for natural resources has stimulated the discussion of new approaches to the current model of economic development, based on the assumptions of socio-environmental sustainability. Over the past few years, a number of studies (Morais, 2000;  e.g., Nascimento, 2003; Botelho; Silva, 2006; Rodriguez; Silva; Leal, 2011; Landim Neto et al., 2013; Guimarães et al., 2013; Gorayeb et al., 2011; Souza, 2000) have focused on hydrographic basins as a unit for environmental planning and management. This approach has gained support due to its unique environmental approach, the enormous demand for hydrological resources, and their intimate relationship with human activities (Diegues, 1987).

The reviews of Cavalcanti et al. (1997) and Santos (2004) emphasize the need for the management of hydrological resources as a means of alleviating future impacts on the environment, as well as the importance of integrating social equality, economic growth, and environmental sustainability. Cunha; Guerra (2003) discuss the changes related to the use and occupation of the soil that cause impacts and degradation, which is often irreversible, such as the erosion of hillsides and the increase in surface runoff, which results in an increase in the volume of sediments washed into the riverbed, leading to the siltation of the river and inundation of the floodplain.

In this context, the present study analyzed the transformations in natural systems, mobile and fixed dune fields, the hydrological resources available in the fluvial and coastal plains, and lakes, as well as the coastal plateaus of the hydrographic basin of the Guaribas River in northeastern Brazil, focusing on the preservation of the natural vegetation, and the expansion of residential and industrial areas. This basin represents an important hydrological resource in the western sector of the coast of the state of Ceará, in particular to meet the demands of the Pecém Shipping and Industrial Complex (PSIC), the third largest Brazilian port in terms of the volume of exports.

Geographic Information System (GIS) technology permitted the full integration of data with the phenomenon under analysis, given that the objective of this analysis was not simply the detection or identification of changes, but rather the characterization of these changes, based on the integration of the systems with the temporal dimension of the analysis. Understanding the transformation of the landscape over time is an important prerequisite  not only for the comprehension of present-day processes, but also the reliable prognosis of future trends.

2 Methodological procedures  

The systematic analysis of natural systems demands the understanding of the structure and dynamics of the biotic, abiotic, and social interactions that constitute this system. While each of these elements has its own characteristics, there is also a fundamental interdependency among all the different components. 

Natural systems are integrated by a variety of mutually-related elements, which are subject to a continuous flux of matter and energy (SOUZA, 2009). Each system represent an organizational unit of the natural environment. In general, the relationship among the different components is characterized by the potentialities and intrinsic limitations of the natural resources, which react in a unique way to the conditions of land use and occupation.

Remote Sensing and geoprocessing are important tools for the study of the evolution of natural environments, in particular the analysis of territorial patterns, which permits the spatial analysis of territories based on the quantification, qualification, and localization of patterns, and their relationship with other spatial variables (FLORENZANO, 2002; TEIXEIRA et al., 1992; COUCLELIS, 1999). Given this, these two diagnostic tools have been widely applied to the detection of modifications in soil use and occupation, and have proven adequate for these procedures (EHLERS et al., 1990; MEAILLE; WALD, 1990; TREITZ et al., 1992; WESTMORELAND; STOW, 1992; LANG, S. & BLASCHKE, 2009). 

The present study evaluates the historical transformations of the natural systems found within the study area, including the mobile and fixed dune fields, hydrological resources (lakes, floodplains, and coastal plains), and coastal plateaus found within the hydrographic basin of the Guaribas River. The following cartographic and remote sensing material was used in the present study: (i) digital map of the municipality of São Gonçalo do Amarante obtained from the Ceará State Planning and Strategic Economy Institute (IPECE), on a 1:50,000 scale, dated 2010; (ii) Aerophotocharts (1:35,000 scale) OBTAINED from the IPECE for the years between 2007 and 2012, and (iii) aerial photographs (1:50,000 scale) taken between 1958 and 1988, covering the coastline of São Gonçalo do Amarante, acquired from the Brazilian Mineral Resources Research Company (CPRM).

The images were interpreted using the Envi 5.0 and ArcGis 10.0 programs, and the photographs were digitalized using a desktop scanner. The CPRM aerial photographs were first georeferenced using the Envi program, together with a georeferenced Quickbird 2009 satellite image. Once georeferenced, the images were vectorized in ArcGIS 10.0.

3 Characterization of the study area

The vast majority (95%) of the hydrographic basin of the Guaribas River is located within the northeastern corner of the coastal municipality of São Gonçalo do Amarante, in the Brazilian state of Ceará (Figure 1), between 3º36’40.75” S, 38º55’26.11” W and 3º31’32.37” S, 38º48’26.59” W. The other 5% of the basin is located within the northern extreme of the municipality of Caucaia. The basin is 50 km northwest of the state capital, Fortaleza, and is accessible via the coastal CE-085 state highway, and the CE-422 highway, which links Fortaleza to the PSIC. 
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Figure 1. Location of the hydrographic basin of the Guaribas River in northeastern Brazil.

The lower course of the river drains most of the region, principally in the urban zone of Pecém, where it is maintained by the discharge of effluents along its margins. It is important to note that the Guaribas is a perennial river, the level of which is affected primarily by rainfall levels, as well as the lack of basic sanitation in urban areas. Based on Landim Neto’s (2013) geomorphological classification of the Guaribas basin, it was possible to delimit its natural systems (Figure 2), using geomorphological the criteria of Souza (2009). The natural systems present within the Guaribas, and their respective areas, are shown in Table 1.
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Figure 2. Natural systems of the hydrographic basin of the Guaribas River

	System
	Area in hectares (ha)

	Mobile dune fields
	767 há

	Fixed dune fields
	1746 há

	Hydrological resources
	712.71 há

	Coastal plateau
	3530 há


Table 1. Natural systems of the hydrographic basin of the Guaribas River in Ceará, Brazil.

4 Results 

At the end of the 1950s, the conservation of local natural resources is the main feature of the study area (Figure 3). During this period, the dunes were quite tall, and the beach was very wide, with no buildings to interrupt the natural flow of sediments. Local residents report that the lakes were used only for washing clothes and fishing. Drinking water was obtained from springs. Pecém had many coconut groves and salt ponds, and the local economy was based on the harvesting of natural plant resources, subsistence agriculture, fishing, and the production of salt (LANDIM NETO, 2013). Table 2 shows the area of each natural system of the Guaribas basin occupied by vegetation, and residential and industrial development in 1958.
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Figure 3. Land use in the Guaribas basin in 1958.
	1958

	Natural system
	Area occupied in hectares

	Fixed dunes
	1239.23

	Vegetation
	953.24

	Residential development
	-

	Industrial development
	-

	Shifting dunes
	893.59

	Vegetation
	837.57

	Residential development
	19.58

	Industrial development
	-

	Hydrological resources
	501.512

	Vegetation
	210.64

	Residential development
	-

	Industrial development
	-

	Coastal plateaus
	33,815.4

	Vegetation
	22,591.7

	Residential development
	77.95

	Industrial development
	-


Table 2. Occupation of the natural systems of the hydrographic basin of the Guaribas River in 1958.
The lower course of the river drains most of the region, principally in the urban zone of Pecém, where it is maintained by the discharge of effluents along its margins. It is important to note that the Guaribas is a perennial river, the level of which is affected primarily by rainfall levels, as well as the lack of basic sanitation in urban areas. Based on Landim Neto’s (2013) geomorphological classification of the Guaribas basin, it was possible to delimit its natural systems (Figure 2), using geomorphological the criteria of Souza (2009). The natural systems present within the Guaribas, and their respective areas, are shown in Table 1.

	1988

	Natural system
	Area occupied in hectares

	Fixed dunes
	1079.79

	Vegetation
	690.11

	Residential development
	296.14

	Industrial development
	-

	Shifting dunes
	884.07

	Vegetation
	820.53

	Residential development
	36.40

	Industrial development
	-

	Hydrological resources
	630.19

	Vegetation
	124.43

	Residential development
	74.38

	Industrial development
	2.03

	Coastal plateaus
	34,902.9

	Vegetation
	1800.16

	Residential development
	657.94

	Industrial development
	9.99


 Table 3. Occupation of the natural systems of the hydrographic basin of the Guaribas River in 1988.
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Figure 4.    Natural systems of the hydrographic basin of the Guaribas River in 1988.

The lower course of the river drains most of the region, principally in the urban zone of Pecém, where it is maintained by the discharge of effluents along its margins. It is important to note that the Guaribas is a perennial river, the level of which is affected primarily by rainfall levels, as well as the lack of basic sanitation in urban areas. Based on Landim Neto’s (2013) geomorphological classification of the Guaribas basin, it was possible to delimit its natural systems (Figure 5), using geomorphological the criteria of Souza (2009). The natural systems present within the Guaribas, and their respective areas, are shown in Table 4.

	2007

	Natural system
	Area occupied in hectares

	Fixed dunes
	10,828

	Vegetation
	729.48

	Residential development
	246.13

	Industrial development
	-

	Shifting dunes
	839.56

	Vegetation
	755.47

	Residential development
	59.13

	Industrial development
	-

	Hydrological resources
	703.60

	Vegetation
	120.76

	Residential development
	84.74

	Industrial development
	2.44

	Coastal plateaus
	3366.97

	Vegetation
	1287.59

	Residential development
	885.77

	Industrial development
	343.89


Table 4. Occupation of the natural systems of the hydrographic basin of the Guaribas River in 2007.
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Figure 5.    Natural systems of the hydrographic basin of the Guaribas River in 2007.

The official government position on the installation of the PSIC is that of a program of regional development focused on the reinforcement of the state’s industrial capacity and logistics infrastructure as a means of increasing its productivity and export potential (Rodrigues & Sousa Filho, 2007). The shipping terminal has two piers, one for general cargo, iron ore and steel products, and the other for liquid cargoes, principally crude oil and petroleum products. These piers are linked to the mainland by a road bridge, which connects the storage facilities to the docking installations. The original project included installations for the shipping of (i) raw materials for steel milling, such as iron ore, (ii) finished products, including steel plate and rods, (iii) bulk fertilizers and cereals, (iv) containers, and (v) bulk liquids and gases. This development led to a further increase in the occupation of the natural systems by 2012 (Table 5, Figure 6).

	2012

	Natural system
	Area in hectares

	Fixed dunes
	1746.64

	Vegetation
	581.95

	Residential development
	1047.04

	Industrial development
	2.07

	Shifting dunes
	767.19

	Vegetation
	663.97

	Residential development
	65.04

	Industrial development
	11.91

	Hydrological resources
	712.71

	Vegetation
	44.47

	Residential development
	98.61

	Industrial development
	22.50

	Coastal plateaus
	3530.92

	Vegetation
	933.89

	Residential development
	853.48

	Industrial development
	953.52


Table 5. Occupation of the natural systems of the hydrographic basin of the Guaribas River in 2012.
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Figure 6.  Natural systems of the hydrographic basin of the Guaribas River in 2012

Based on the numerical data available for the Guaribas basin, in relation to vegetation cover, urban occupation, and the areas used for the industrial installations of the PSIC, in 1958, 1988, 2007, and 2012, it is possible to conclude that:

· There has been a reduction of 38,95% in the vegetation cover of the fixed dune fields, related to the expansion of residential and industrial developments in these areas;

· In 1958, well-preserved pioneer vegetation covered 93,73% of the total area of the shifting dune field, although in subsequent years, the increase in urban and industrial development resulted in a decrease o20,73% in this area by 2012;

· There was an increase of 12100% in the occupation of the margins of hydrological resources by residences and industrial installations over the 54 year study period;

· On the coastal plateaus, it was possible to confirm a 33,19% reduction in the vegetation cover over the study period, provoked by the ongoing expansion of urban development and industrial installations.

The processes of transition between the types of soil cover are the result of complex interactions among physical, biological, economic, and social factors. In most cases, these factors determine the production of erosive processes, an increase in surface runoff, and impacts on local biodiversity (Mas et al, 2004). Van Vliet et al. (2009) have recommended the assessment of the dynamics of land use based on maps that reflect usage during different periods.

In particular, the combination of hydrological models and GIS provides an important tool for the integration of spatial components, which permit simulations of the evolution of hydrological systems, based on the manipulation of the physical characteristics of the basin, as a means of assessing the potential alterations in the use of the soil. The studies of Maidment (1993), King et al. (1996), Saghafian et al. (2000), Pullar; Springer (2000), Semmens et al. (2001), which integrated GIS and hydrological modeling, are fundamental in this context.

5 Final considerations 

The present-day reality of the hydrographic basin of the Guaribas River reflects the ongoing deterioration of the local natural habitats through a number of different uses. This has resulted in modifications of the components of the landscape and the natural dynamics of the predominant dynamic processes, as well as affecting the availability of natural resources. The present study was based on the analysis of the transformation of the natural landscape between 1958 and 2012, supported by the evaluation of the local systems in terms of the conservation of the vegetation cover, and the expansion of residential developments and industrial installations.

The results indicate that a number of transformations have occurred in the Guaribas basin over the study period, including (i) a reduction in the vegetation cover on the fixed dunes, related to the expansion of urban and industrial development, (ii) while the mobile dune field was well conserved in 1958, its was characterized by the expansion of urban development over subsequent years, (iii) there was an increase in the occupation of the margins of hydrological resources by both urban development and industrial installations, and (iv) the coastal plateaus are also characterized by a loss of vegetation cover, resulting from the ongoing expansion of urban and industrial development.
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