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Abstract

:

In many regions across the planet, flood events are now more frequent and intense because of climate change and improper land use, resulting in risks to the population. However, the procedures to accurately determine the areas at risk in regions influenced by inadequate land uses are still inefficient. In rural watersheds, inadequate uses occur when actual uses deviate from land capability, and are termed environmental land use conflicts. To overcome the difficulty to evaluate flood vulnerability under these settings, in this study a method was developed to delineate flood vulnerability areas in a land use conflict landscape: the Batatais municipality, located in the State of São Paulo, Brazil. The method and its implementation resorted to remote sensed data, geographic information systems and geo-processing. Satellite images and their processing provided data for environmental factors such as altitude, land use, slope, and soil class in the study area. The importance of each factor for flood vulnerability was evaluated through the analytical hierarchy process (AHP). According to the results, vast areas of medium to high flood vulnerability are located in agricultural lands affected by environmental land use conflicts. In these areas, amplified flood intensities, soil erosion, crop productivity loss and stream water deterioration are expected. The coverage of Batatais SP municipality by these vulnerable areas is so extensive (60%) that preventive and recovery measures were proposed in the context of a land consolidation–water management plan aiming flood control and soil and water conservation.
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1. Introduction


Natural floods occur when stream flow exceeds the river channel’s capacity, and consequently spills over the natural or artificial embankments. Floods are particularly related with extreme precipitation events and specific geomorphologic settings. When floods reach the marginal urban and rural areas they can cause significant economic damage and even human deaths [1,2].



Land uses, which are forms of land occupation and refer to the management and modification of a natural environment, influence the intensity of processes such as infiltration and runoff. The areas of greater impermeability, such as settlements, favor the runoff process and, hence, cause a substantial accumulation of rainwater in drainage channels, especially during periods of intense rainfall. The same holds for intensively tilled grounds, such as arable fields or pastures, as well as for managed woods. Therefore, the spatial distributions of urban and agricultural areas at the neighborhood of a river channel, and especially their dynamic changes over time can be the cause of frequent and often unexpected overflows with crop and property losses [3,4,5,6,7,8,9,10,11,12].



The frequency and magnitude of floods can increase where environmental land use conflicts have developed. In general, a land use conflict occurs when there are conflicting views on land use policies, such as when an increasing population creates competitive demands for the use of the land, causing a negative impact on other land uses nearby [13]. However, a different definition has been presented to describe land use conflicts in rural watersheds mostly occupied by agriculture, pastures, and forests [14,15]. In that context, an environmental land use conflict develops where the current land use differs from a natural use set up on the basis of specific morphometric parameters, namely drainage density and hill slope. In the same watersheds, conflicts were also associated with changes in permanent preservation areas, such as destruction of riparian vegetation. The consequences of conflicts for floods are apparent. For example, in the long term the conversion of forest into agricultural land reduces soil permeability, because the use of heavy machines over many years increases compaction of topsoil layers and deteriorates the soil structure [4,16,17]. The stability of the soil influences its infiltration capacity [3,4] and its ability to preserve structure under the impact rain drops [18,19]. The overall result is increased runoff and soil erosion. Thus, flood prevention as a priority measure should be emphasized to avoid environmental land use conflicts. To accomplish this goal, it is important to improve design solutions for natural drainage by enhancing and promoting innovative forms of land use structures, as well as the correction of riverbeds and specific sectors along the river, especially riparian and floodplain areas [20].



A pre-requisite for the proposition and implementation of flood control solutions and conservation of soil and water measures, is the evaluation and mapping of flood vulnerability and land uses [21,22], besides environmental land use conflicts [14,15] if the focus problem is to assess human-induced impacts on flood prone agro-systems triggered by land use changes. However, if the analysis of flood vulnerability and environmental land use conflicts, taken separately, is relatively abundant, the potential amplifying factor of environmental land use conflicts on flood frequency and intensity, as well as the feedback of amplified floods on agro-systems has barely been discussed. This study aims contributing to fill in this gap. To accomplish this general goal the study established the following specific objectives, using a geographic information system (GIS) to implement them: (1) prepare a flood vulnerability map for the studied area, using multi-criteria analysis based on relevant flood-control attributes (e.g., terrain slope, land use); (2) prepare a map of environmental land use conflicts based on comparisons between land capabilities (natural uses) and actual uses [23]; (3) cross-tabulate the data on flood vulnerability and environmental land use conflicts to verify if flood prone regions extend beyond the areas in environmental land use conflict and estimate the overlapping areas; and (4) Using Pareto diagrams, identify the regions requiring priority action as regards flood control/soil and water conservation and propose preventive or recovery methods.



The studied area comprises the Batatais SP municipality, located in Brazil, which is a flood prone region with severe environmental land use conflicts caused by replacement of natural vegetation with sugar cane plantations. The local population and government have the right and the duty to perceive the risks they are vulnerable to, to plan flood control and adapt land uses in the sequel. It is expected that the identification of areas susceptible to flooding and areas of conflicts, offered in this study, subsidize decision-making in a context of land consolidation–water management.




2. Material and Methods


2.1. Study Area


The study area is located in the northeast of São Paulo State, Brazil (Figure 1), in the municipality of Batatais, at the latitude 20°53′28′′ S, longitude 47°35′06′′ W of Greenwich, and average altitude of 862 meters. The Batatais municipality covers an area of approximately 851 km² and has a population of 56,476 inhabitants [24]. The climate is considered Cwa in the classification of Köppen-Geiger, described as tropical (mild) with dry winter. The rainy period runs from November to March. The average precipitation (period 1970–2017) is 1972 mm/year and 100.4 mm/day. The average annual temperature is 21.9 °C (http://www.inmet.gov.br). In the past century precipitation has steadily increased on the annual and daily basis. Both trends are displayed in Figure 2 and point to an average increase of 10 mm/year and 0.7 mm/day. Within this period, most years after 1995 were characterized by precipitation above the average, while before that most years received rainfall below the average. Relief comprises the structural plateaus of Ribeirão Preto, characterized by 500–700 m of altitude and shallow incised stream valleys, and the residual plateaus of Franca/Batatais installed at higher altitudes (800–1100 m) and characterized by deep incised valleys (http://www.abagrp.cnpm.embrapa.br). According to the Prefeitura Municipal da Estância Turística de Batatais (https://www.batatais.sp.gov.br), in 2014 land use was largely dominated by sugar cane plantations (49,065 hectares; 57.7% of municipality area) and brachiaria pastures (10,437 hectares; 12.3%). Other agriculture activities were much less represented, such as coffee (2625 hectares; 3.1%), corn (2247 hectares; 2.6%) or soya (1349 hectares; 1.6%). The predominant type of vegetation cover is the Cerrado, composed of forest savanna, wooded savanna, park savanna and gramineous-woody savanna. The Batatais municipality hosts a Conservation Unit called the State Forest of Batatais, which occupies an area of approximately 1353.3 hectares (1.6%). Other forested areas are occupied by pine (976 hectares; 1.1%) or eucalyptus (419 hectares; 0.5%), while the urban centers occupy 751 hectares (0.9%). The dominant soil type is distroferric red latosols with sandy to sandy-loam texture.



The scientific studies on floods are not abundant for the Batatais municipality, but several videos on the consequences of urban and rural flood events can be viewed through Brazilian television websites (e.g., the Globo Tv). Based on comparisons between daily precipitation records (e.g., Figure 2) and reported flood events, a precipitation >140 mm/day can be used as reference for the occurrence of a severe flood in Batatais. Figure 2 points to the occurrence of four major events in the 1970–2017 period (labeled peaks), which represents approximately one major event per decade. Figure 3 illustrates the severe flood occurred in 29 January 2008, when the daily precipitation reached 174 mm, the largest value registered in the Batatais Forest Station in the 1970–2017 period. Besides the four events highlighted in Figure 2, some local newspapers have reported the occurrence of floods in 20 January 2014, 9 January 2016, or 29 December 2016, presumably at lower daily precipitations. This is indication that moderate floods can occur at rather short return periods (e.g., 1–2 years).




2.2. Raw Data and Software


The image dataset comprises radar images from the SRTM (Shuttle Radar Topography Mission), with a spatial resolution of 30 m, referring to the WGS84-Zone 23K (SF-23-VA and SF-23-VC); and a mosaic of images from the Landsat 8 optical sensor, with a spatial resolution of 30 m and temporal resolution of 16 days, referred to Datum WGS84. These datasets were used to prepare all the maps and to extract data on environmental attributes. The images were obtained using public data sources and processed in ArcGIS software from ESRI, licensed to Universidade Estadual Paulista (UNESP), Departamento de Engenharia Rural, Campus Jaboticabal. The public data sources comprised the websites of EMBRAPA—Empresa Brasileira de Pesquisa Agropecuária (http://www.relevobr.cnpm.embrapa.br) and of INPE—Instituto Nacional de Pesquisas Espaciais (http://www.dgi.inpe.br/CDSR).




2.3. Preparation of Workable Data


The flood risk map was calculated and drawn for the municipality of Batatais SP, based on four variables, called environmental attributes, represented by altitude, slope class, land use/occupation and soil type. The maps of all environmental attributes were prepared in raster format as described in the next paragraph.



The altitude and slope classes were developed from a 30 m resolution digital elevation model (DEM), following Brazilian principles and rules on cartography. The DEM images were first corrected for relief depressions and then submitted to the slope routine of ArcGIS that calculated and projected the slopes. The map of land use was drawn with four classes: agriculture, pasture, forest and urban. It was generated from the Landsat 8 images using the supervised classification method, whereby statistical algorithms are run for the recognition of spectral patterns that subsequently are labeled as land uses. The map of soil units was obtained from [25] in paper format and then scanned, geo-referenced, vectorized, and finally transformed into the required raster format. The four maps are illustrated in Figure 4.




2.4. Flood Vulnerability


The mapping of flood vulnerability involved a weighted combination of the environmental attribute maps (Figure 4) operated in ArcGIS using map algebra tools. The selection of attributes was based on the judgment of experts who know the region and could empirically relate historical flood events to these variables. The processing of attributes to produce the map of vulnerable areas followed a conventional multi-criteria analysis (MCA), whereby the original variables are first harmonized into a common dimensionless scale (rated), then are allocated a specific importance (weight), and finally are aggregated into a global vulnerability index. The MCA is used in many environmental applications [26,27].



The first step in the MCA comprised the reclassification of environmental attributes into a dimensionless scale ranging from 1 to 10, where “1” means least susceptible to floods and “10” most susceptible to floods. This common range allows equivalence among attributes that otherwise would not be comparable given the different scales. The range 1–10 is arbitrary but is regularly used in MCA analyses. The reclassification scheme is depicted in Table 1 and resulted from bibliographical surveys and debates within a multidisciplinary team composed of agronomists, forestry engineers, biologists, lawyers, and geographers.



As regards the altitude attribute, the lower elevations were given the highest susceptibility (rated as 10) because they receive runoff from the higher altitudes (rated as susceptibility 1) and therefore are more prone to flooding. The attribution of susceptibility ratings to the land use attribute was based on potential infiltration capacity of land covers, assessed through curve numbers (https://swat.tamu.edu). The larger the curve number, the larger was rated the susceptibility, because big curve numbers are in favor of big overland flows. In that context, the urban areas were ascribed the largest possible susceptibility (10) because these areas comprise large portions of impermeable surface (e.g., street pavements, commercial and industrial areas), characterized by very large curve numbers (>80 in a maximum of 100). The low susceptibility end-member (rated as susceptibility 1) was the forested areas because vegetation has the capability to retain water in the canopy promoting infiltration and reducing runoff downstream. These areas are frequently characterized by low curve numbers (e.g., between 30 and 60 for forests and bushes located on permeable soils). The occupations by agriculture or pasture were given high susceptibility ratings because characteristic curve numbers in these areas are intermediate to high (60–75). The distribution of susceptibility ratings per slope classes considered the effect of topography in the share of overland flow between exportation and accumulation. The steepest slopes (>75%) were attributed the lowest rating (1) because overland flow in these areas is mostly exported under the action o gravity towards the plains where the surface is leveled promoting deceleration of water velocity, accumulation and floods in the sequel. For the opposite reasons, the low slope areas (slope < 10%) were assigned a high susceptibility rating (8–9). The susceptibility ratings of soil classes took into account the expected permeability of dominant soil types, deduced from soil texture. The textures of red and yellow-red latosols are mostly sandy or sandy-loam, which means the soils are permeable. For that reason, the susceptibility ratings of both soil types were small (3–4).



The analytic hierarchy process AHP; 29 was used to weight the importance of environmental attributes as regards flood susceptibility. This method is based on pairwise comparisons among the attributes according to the fundamental scale of absolute numbers (Table 2). Firstly, a hierarchy of attributes is defined according to expert’s judgment. In this study, ranks were assigned to the four environmental attributes as indicated in the last column of Table 1. The altitude attribute was given the largest relative importance (7), because altitude determines where the overland flow is likely to accumulate producing floods. The smallest importance (1) was attributed to soils, because soil types in the studied region are relatively homogeneous as regards permeability. A similar rationale was used to rate the slope class parameter. In this case, the assignment of a rating 3 was related to the observation that the Batatais municipality is generally a flat to undulated region, incised by deep valleys only in specific sectors (e.g., the south limit). An assignment of a large relative importance to these steady attributes would tend to smooth the final susceptibility map masking important contributions from the other attributes. Land use was given the second largest relative importance (5), because the role of vegetation cover is prominent in the control of overland flow, but also because land use/occupation is a dynamic attribute that can change overtime. A large relative importance assigned to this parameter highlights the impact of a land use change, and therefore is likely to improve the efficacy of decision support systems focused on the flood control versus land use management issue.



Secondly, the ranks are assembled in a pairwise comparison matrix, denoted matrix A of aij elements (Table 3). Thirdly, matrix A is normalized as matrix B with elements bij (Table 4), as follows:


   b  i j   =    a  i j       ∑ i    a  i j         with   i   and   j   =   1 ,   2 ,   … ,   p  



(1)







Fourthly, attribute weights (w) are obtained from the main eigenvector of matrix B as follows (last column of Table 4):


   w i  =     ∑ j    b  i j         ∑ i      ∑ j    b  i j         with   i   and   j   =   1 ,   2 ,   … ,   p  



(2)




with:


    ∑ i    w i    = 1   with   i   =   1 ,   2 ,   … ,   p  



(3)







Finally, a consistency ratio (CR) is computed to check whether the elements of matrix B have been randomly generated, in which case the attribute weights are not statistical significant and for that reason are invalid within the MCA. The consistency ratio ranges from 0 and 1 and invalidate the weights when CR ≥ 0.1 [29]. The details on the calculation of CR are beyond the scope of this paper and can be consulted elsewhere [30]. For the weights depicted in Table 4, a CR = 0.043 was estimated, which means the weights are valid.



Having validated the weights the vulnerability index is calculated using the following aggregation equation:


Flood susceptibility = 0.06 × soil + 0.12 × slope + 0.26 × land use + 0.57 × altitude



(4)




where the numeric coefficients represent the attribute weights (last column of Table 4).




2.5. Environmental Land Use Conflicts


Environmental land use conflicts relate to uses of the land that ignore land capability. In this study, land capability was assessed using the ruggedness number concept (RN = Sl × Dd) based on the morphometric parameters hill slope (Sl) and drainage density (Dd). The RN is easily estimated from a digital elevation model (e.g., Figure 4; top-left map) using the adequate terrain modeling tools within the GIS software, namely the slope and density functions of ArcGIS. The relationship between the RN and land capability can be described as follows [31]: sectors of a watershed with a low RN are assumed capable for the practicing of cropping agriculture as they correspond to undulated low dissected areas. When the RN is high the sectors are found proper for an occupation by forests because they are sloping and considerably dismembered. Finally, sectors of the basin with intermediate RN values are adequate for livestock pasturing or for a mosaic of natural pastures and forests. The boundaries of each RN class are set up in four consecutive steps: (a) a number of sub-basins is identified and delineated across the watershed in study; (b) the mean Sl and Dd of each sub-basin are estimated, from which the corresponding RN is obtained; (c) the RN amplitude (maxRN–minRN) is estimated, where maxRN is the highest and minRN the lowest RN, and then divided by a pre-defined number of land capability classes (n), for example the four classes used in this study (n = 4): 1—Agriculture, 2—Pastures for livestock production, 3—Pastures for livestock production/Forestry and 4—Forestry; (d) the sub-basins are assigned to these classes, based on their individual RN scores, from which a land capability map is prepared.



The environmental land use conflict is the divergence of an actual use (e.g., Figure 4; top-right image) from land capability. This conflict can be graduated to express the departure between the natural and actual land uses. The steps required to accomplish this goal were thoroughly described in the study of [15]. Firstly, land capabilities (labeled N) and actual uses (labeled A) were ranked in ascending order of their resemblance with agriculture, and given the codes N = A = 1 (agriculture), 2 (livestock production), 3 (mixed livestock production and forestry), and 4 (forestry). Secondly, the conflict was equated to the difference between codes of capability (1≤ N ≤ 4) and actual land use (1≤ A ≤ 4). According to this method, (a) the no conflict areas are represented by regions where N − A ≤ 0, with the negative values representing areas with potential for a sustainable expansion of agriculture or livestock pasturing; (b) areas where the value of the difference between capability and actual use is equal to 1 or 2 are classified as Class 1 (N – A = 1) or Class 2 (N – A = 2) conflict areas, respectively; (c) areas with potential for forestry (N = 4) but occupied with a farm (A = 1) are referred to as Class 3 (N – A = 3). According to [23], the risks and limitations allocated to conflict classes 1 to 3 are: (Class 1) these lands represent a low risk for surface water contamination and riverine ecosystem degradation when used for annual crops or pastures. The attenuation of the risks may be accomplished by the implementation of soil conservation measures resorting to vegetative and(or) mechanical techniques; (Class 2) these lands represent a medium risk for surface water contamination and riverine ecosystem degradation and, hence, are incapable for the practice of agriculture, although being adapted for livestock pasturing, reforestation or environmental preservation; (Class 3) these lands represent a high risk for surface water contamination and riverine ecosystem degradation and therefore are not capable of being used for cropping or livestock pasturing; nonetheless, they are still capable of being reforested or used for environmental preservation.




2.6. Combined Analysis of Flood Vulnerability, Land Use, and Land Use Conflicts


The potential impact of floods on agricultural systems, with or without eventual amplification caused by environmental land use conflicts, was assessed through a combined analysis of flood vulnerability, land use and environmental land use conflicts, using Pareto diagrams. A Pareto chart, also called a Pareto distribution diagram, is a vertical bar graph in which values are plotted in decreasing order of relative frequency from left to right. A point-to-point graph, which shows the cumulative relative frequency, may be superimposed on the bar graph. Pareto charts are extremely useful for analyzing what problems need attention first because the taller bars on the chart, which represent frequency, clearly illustrate which variables have the greatest cumulative effect on a given system. The Pareto chart provides a graphic depiction of the Pareto principle, a theory maintaining that 80% of the output in a given situation or system is produced by 20% of the input (https://whatis.techtarget.com).





3. Results


The vulnerability to floods in the Batatais SP municipality is represented in Figure 5 and the associated areas quantified in Table 5. The areas with higher vulnerability (levels high and very high) are concentrated in sectors around the municipal boundary where altitudes are lower, namely the west, south, and northeast sectors. The highest vulnerability level (very high, displayed in dark blue in Figure 5) occupies an area of 39.45 km2, which represents 4.64% of municipal territory. These areas are located along the water course margins where the relief is smooth. They represent a serious problem concerning human, structural, or material losses, should an anomalous natural phenomenon occur, namely an intense and very prolonged rainfall event.



The very low (20.31 km2; 2.39%) and low (152.77 km2; 17.95%) vulnerability levels occupy the southwest and southeast sectors of Batatais SP municipality. Vulnerability in these areas is generally low (sometimes very low) because these regions occupy areas of high altitude where accumulation of runoff less likely. The southwest region comprises a particularly low vulnerability sector (the dark brown area), because vegetation cover (Cerrado), permeable forest soil, and low slope gradients all potentiate infiltration increase and runoff decrease, which combined with the high altitudes further reduce flood vulnerability. The medium vulnerability level occupies the largest area (388.92 km2) representing 45.7% of municipal area. This outcome is strongly influenced by the MCA options, whereby altitude and land use were ranked as most relevant factors in the flood vulnerability assessment while agriculture and medium altitudes were ascribed relatively large ratings (Table 3 and Table 4). Therefore, a large portion of medium vulnerability areas occupies agricultural areas located at medium altitudes. It is worth mentioning that the urban area of Batatais SP municipality is also described as medium vulnerability area. This is enough reason for civil defense agencies to implement monitoring programs, as well as to adopt prevention measures to minimize the potential losses of floods and the transmission of communicable diseases, such as water-borne (e.g., typhoid fever, cholera) and/or vector-borne (e.g., malaria, dengue) diseases.



Overall, the flood vulnerability analysis reveals a flood-prone municipality where the total area susceptible to floods is much larger than the less susceptible areas, since the regions of medium and high flood vulnerability account for 75.03% of all municipal area. Additionally, the most vulnerable regions, although representing a small area, are located in the vicinity of drainage channels requiring special attention from local authorities.



The map describing environmental land use conflicts within the Batatais SP municipality is illustrated in Figure 6. The percentage of municipal area occupied by conflicts is 65%, distributed as follows per conflict class: class 1—32.3%; class 2—16.4%, and class 3—16.4% (Table 6). The cross-classification of flood vulnerability and environmental land use conflict exposes large percentages of municipality area (78.78%) occupying medium (52.01%), high (23.6%), or very high (3.17%) vulnerability regions where land use is in moderate (class 1; 40.23%), high (class 2; 16.61%) or severe (class 3; 21.94%) conflict with the soils’ natural use.



The illustration of land use conflict-flood vulnerability cross classification in the form of a Pareto diagram is depicted in Figure 7. In this case the Pareto 80/20 rule does not provide an unique solution, because the number of classes representing 20% of input (land use conflict–flood vulnerability classes) is different from the number of classes representing 80% of output (cross-classified area). The high frequency classes representing 20% of input comprise three classes, namely the areas of conflict classes 1 and 3 located in regions of medium flood vulnerability and the areas of conflict class 1 occupying regions of high flood vulnerability. The higher frequencies representing 80% of the cross classified area comprehend the previous three classes plus the areas of conflict class 2 occupying the regions of medium flood vulnerability and the areas of conflict class 1 and 2 located in regions of low flood vulnerability. From a decision-making standpoint, it was assumed that the optimal Pareto solution gathers four classes, namely all regions of medium flood vulnerability affected by land use conflicts (classes 1–3) and the regions of high flood vulnerability affected by class 1 conflict class. Under the Pareto principle, these would be the areas of Batatais SP, municipality requiring the implementation of mitigation measures in the first place.



The cross classification of land use and flood vulnerability is quantified in Table 7 and illustrated in Figure 8 in the form of a Pareto diagram. In this case, the Pareto principle applies because the 80% of cross-classified area is associated with 20% of land use classes, namely agriculture located in regions of low to high flood vulnerability and forest occupation in regions of medium vulnerability.




4. Discussion


The areas occupied by agriculture and simultaneously vulnerable to floods represent 516.80 km2 of Batatais SP area, which means 60.73% of this municipality. From a decision-making stand point, these areas require intervention in the first place because they are agricultural areas located in regions of medium and high flood vulnerability. Although the scientific literature is scarce on actual or potential damage of floods in this region, the news periodically communicated by the social media (e.g., local television, newspapers) is enough reason to expose concerns about the potential harmful effects of recurrent floods for local agricultural systems and stream waters. Following the Pareto principle and common sense, these vulnerable areas require priority attention of public policies regarding decision making of preventive measures, public education and occupational rearrangement of the soil at catchment scale.



Floods submerge the fields used for agriculture, frequently causing production losses. The fields stay submersed for variable periods of time depending on factors such as topography, hydrologic barriers (e.g., dams), or return periods of the flood. The actual percentage of production loss will also depend on a number of factors, including crop variety, stage of plant development, flooded area, level of inundation and length of flooding period [32]. The present study does not provide numbers for all these factors but certainly indicate that large areas of Batatais SP municipality mostly used for sugar cane can be periodically submerged, especially where vulnerability is high. It is worth mentioning that the economic effects of river floods for sugar cane producers can be noteworthy. In a study in Pakistan [33], a reduction of sugar recovery from sugarcane was attributed to excessive water absorbed by a flooded sugarcane crop which reduced the sugar contents in the cane and increased in the cane weight. The overall consequence was more payments to the local growers with less sugar recovery. In the context of a changing climate, this economic damage can aggravate if extreme precipitation events become longer and more intense [34]. Besides the direct tangible losses, the flood consequences for farmers also comprise direct intangible (e.g., business interruption), and indirect (clean up and recovery, soil and water remediation) losses [35].



Land-use changes contribute to an increased frequency and intensity of floods by increasing surface runoff [36]. Flood hazard events often occur in areas with dense population or high levels of agricultural land reclamation [37,38]. This gives urbanization and expansion of agriculture decisive roles in increasing the intensity and frequency of floods. A common cause of flood change response in modern agriculture areas relate to soil compaction from ploughing and heavy machinery [39,40,41]. However, flood response to land use changes in the rural environment usually begins during land conversion. Land use changes such as shifts from forestry to agriculture, from pasture to arable land, from rain fed to irrigated agriculture or from agricultural use to urbanized areas act as drivers of flood frequency and intensity increases [42,43], because these changes reduce land capacity to attenuate runoff. Some of these changes can produce amplified flood responses in case they correspond to environmental land use conflicts. In these cases, the change is performed in disagreement with land capability (natural use), for example when agriculture expands to steep forested hillsides. Flood intensity under these settings is amplified because land reduces the runoff attenuation capacity offered by forest cover while the large slope gradients accelerate runoff increasing flood potential downstream. Given the large area occupied of class 3 conflicts (Figure 6), characterized by forest-agriculture conversions, the Batatais SP municipality is presumably very prone to amplified flood intensities.



Land use conflicts may accelerate runoff and amplify flood response, but floods can feedback and amplify soil, water and biodiversity damages in areas where the conflicts have developed. Land use conflicts trigger changes in the soil composition and structure, namely reduction of organic matter and the capacity of soil to form stable aggregates [31]. Consequently, a cascade of environmental impacts develop, such as amplified soil loss [14,15], deterioration of water quality [44,45], and biodiversity decline [46]. Under these settings, recurrent floods will tend to aggravate these damages. If no prevention or recovery measures are taken, the flood-conflict issue may turn into a negative spiral ultimately leading to land degradation [47]. The return of a degraded land to a neutral condition is a priority given the economic and social costs of land degradation [48]. The neutral condition implies no net loss of the land-based natural capital relative to a reference state. Actions to achieve land degradation neutrality include sustainable land management practices that avoid or reduce degradation, coupled with efforts to reverse degradation through restoration or rehabilitation of degraded land. This rationale is independent from the causes of land degradation and hence applies to flood-related causes. However, to achieve land degradation neutrality is important to have a strong engagement of planners, stakeholders and the society, and may need to involve law enforcement initiatives [49].



The first step towards flood prevention is to map flood vulnerability [5,6]. In the present study, a map of flood vulnerability was prepared for application in a rural environment, using flood control attributes already adopted by other work groups [50], and a similar multi-criteria analysis [51]. However, to our knowledge this was the first time a flood vulnerability map has been coupled with a land use conflict map to investigate the potential impact of these inadequate land use changes on floods, and vice versa. Following the production of vulnerability maps the next step should be focused on the implementation of measures to actively control the floods, as well as measures to improve soil conservation and rural households’ flood preparedness.



In general, active flood control can be accomplished through construction of detention basins (structural measures), and recent models attempt to optimize their location in a catchment [52]. However, besides the construction costs of these dams concerns exist about installing large detention basins in catchments, because stream water stored in the dam reservoir can deteriorate extensively and rapidly [53]. To overcome this problematic situation, other recent models propose the construction of small, low-cost, and sustainable water detention basins, termed rainwater harvesting systems [54,55]. These models comprise tools to optimize the location of rain water harvesting systems in a catchment as to maximize their flood-control capacity and the complementary use for agro-forestry applications (irrigation, wildfire combat). In addition to flood control at the catchment scale, rain water harvesting systems can also be used to attenuate urban floods, which are important in various neighborhoods of Batatais town. In this case, water reservoirs are installed in rooftops to collect rainwater during storm events, thus reducing rainwater reaching the ground to become runoff. Furthermore, flood control in the urban environment the stored rainwater can be complementary used for sanitary or other purposes [56]. Therefore, the planning and installation of urban and rural rainwater harvesting systems is recommended as active flood-control measure in the studied area, especially in the context of a changing climate [57]. Other measures include non-structural flood management initiatives such as afforestation and restriction of urban development on floodplains. This set of measures has gained recognition in many countries as viable and cost-effective approaches to flood risk management [3,4,7].



For effective soil conservation, flood prone areas require the implementation of multiple complementary measures. Eventually, the most cost-effective measure is the reinforcement of manuring and composting of soil to raise the levels of organic matter [58] and produce stable aggregates that are resistant to detachment by rain drop action. Level plantation is another measure of soil erosion control, frequently used to reduce laminar erosion and increase soil water uptake. Level plantation can be successfully coupled with strip cropping [59] that involves the alternation of forages with strips of row crops, such as sugar cane. The control of soil erosion also comprises implementation of techniques that prevent soil compaction, such as no-tillage treatments [60], maintenance of crop residue to keep organic matter and nutrients in the topsoil, or more costly measures such as terraces in level or gradient since they reduce the ramp length reducing the surface drag of particles and nutrients [14].



The aforementioned measures of soil conservation act indirectly as stream water quality protective measures, because they tend to reduce sediment and nutrient loads transported in runoff. A direct protection of stream water quality from eroded soils and nutrients can be accomplished through creation of buffer strips along stream reaches [61]. Regardless of being a reliable measure to reduce deterioration of stream water quality, there is some debate around the buffer strip width capable to render these filters notable efficiency. For example, the new Forest Code in Brazil (Brazilian Law No. 12.651/12) has defined a minimum width of 30 m for efficient buffer strips, but some recent studies state that the reference should be raised to 50 m, at least [62].



All measures described above are likely to produce the proposed results (flood control and conservation of soil and water) if they can be aggregated as land consolidation–water management (LC-WM) plan capable to realize a multifunctional climate resilient rural area [63]. A decision support system will be required to adequately put this plan into practice [64,65]. Additionally, to be properly planned in the study area local watershed, committees, on which watershed management expectations stand, need to gain legitimacy to become mediators of sectorial and land use policies. To get such legitimacy, these committees need to acquire the status of State public entities offered by Brazilian Law No. 9433/97. Finally, to ensure effective implementation, a LC-WM plan needs to engage local communities, politicians and stakeholders in participatory design approaches [66] to evaluate the rural households’ flood preparedness.




5. Conclusions


The Batatais SP municipality is a flood prone region characterized by environmental land use conflicts. Moderate floods can occur every 1–2 years, while severe floods have occurred every 10 years in this region. Natural flood vulnerability results from abundant precipitation over a territory with contrasting reliefs and altitude ranges. The most sensitive areas in this regard are the lower altitude lands that occupy 289 km2 (34% of the municipal area). Environmental land use conflicts developed because a vast portion of land became occupied by sugar cane plantations, even where land capability (the natural use) advised occupation by native forest vegetation. The conflicts potentiate amplification of flood intensity and inundation levels, because they reduce runoff retention capacity of soils. The study revealed 60% occupation of Batatais SP municipality with areas in environmental land use conflicts. This very large coverage is preoccupying. The study also exposed the situation and alerted for the need to engage state water planners, municipality authorities, and local communities in a process of land consolidation–water management involving a diversity of specific flood control, as well as soil and water conservation measures. The implementation of such plan would constitute a notable contribution to the sustainable use of soil and water resources in the region, with unquestionable benefits for the environment and Batatais society.
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Figure 1. Study area, municipality of Batatais, São Paulo State, Brazil. 
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Figure 2. Precipitation records of Batatais State Forest Station relative to period 1970–2017 (red and blue lines), and associated increase trends (dashed black lines). The labels close to blue line peaks refer to precipitations at reported major flood events. The daily precipitation of 174 mm occurred in 29 January 2008 and provoked a severe flood in Batatais. 
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Figure 3. Illustration of 29 January 2008 severe flood in the Batatais town. 
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Figure 4. Maps of environmental attributes within the municipality of Batatais SP. 
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Figure 5. Flood vulnerability map of Batatais SP municipality. 
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Figure 6. Map of land use conflicts within the Batatais municipality. 
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Figure 7. Pareto diagram illustrating the frequency of land use conflict versus flood vulnerability classes in the municipality of Batatais SP. 
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Figure 8. Pareto diagram illustrating the frequency of land use conflict versus flood vulnerability classes in the municipality of Batatais SP. 
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Table 1. Reclassification of environmental attributes according to their flood susceptibility. The source for the soil classes is [28].
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Altitude Attribute






	
Classes (m)

	
Rating

	
Rank




	
565–676

	
10

	
7




	
676–734

	
7




	
734–784

	
6




	
784–832

	
4




	
832–877

	
3




	
877–972

	
1




	
Land Use Attribute




	
Classes

	
Rating

	
Rank




	
Urban

	
10

	
5




	
Pasture

	
9




	
Agriculture

	
8




	
Native Forest

	
1




	
Slope Attribute




	
Classes (%)

	
Rating

	
Rank




	
0–3

	
9

	
3




	
3–8

	
8




	
8–20

	
7




	
20–45

	
5




	
45–75

	
1




	
> 75

	
1




	
Soil Class Attribute




	
Classes

	
Rating

	
Rank




	
Red latosols

	
4

	
1




	
Yellow-red latosols

	
3
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Table 2. The fundamental scale of absolute numbers, according to [29].
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	Importance
	Definition
	Explanation





	1
	Equal importance
	Two activities contribute equally to the objective



	2
	Weak or slight
	



	3
	Moderate importance
	Experience and judgment slightly favor one activity over another



	4
	Moderate plus
	



	5
	Strong importance
	Experience and judgment strongly favor one activity over another



	6
	Strong plus
	



	7
	Very strong or demonstrated importance
	An activity is favored very strongly over another; its dominance demonstrated in practice



	8
	Very, very strong
	



	9
	Extreme importance
	The evidence favoring one activity over another is of the highest order of affirmation



	Reciprocals of above
	If the activity i has one of the above non-zero numbers assigned to it when compared with activity j, then j has the reciprocal value when compared with i
	



	1.1–1.9
	If the activities are very close
	May be difficult to assign the best value but when compared with other contrasting activities the size of the small numbers would not be too noticeable, yet they can still indicate the relative importance of the activities.
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Table 3. Pairwise comparison matrix based on the attribute ranks listed in the last column of Table 1.
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	Attributes
	Soil
	Slope
	Land Use
	Altitude





	Soil
	1
	1/3
	1/5
	1/7



	Slope
	3
	1
	1/3
	1/5



	Land Use
	5
	3
	1
	1/3



	Altitude
	7
	5
	3
	1
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Table 4. AHP to obtain the attribute weights. The values under the heading of each attribute represent bij scores calculated by Equation (1). In these columns, the nominator values to the left of the equal sign are aij scores transported from Table 3, while the corresponding denominator values represent the sum of nominator values. The attribute weights (w) are depicted in the last column. They result from application of Equation (2) to the bij scores calculated previously.
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	Attributes
	Soil
	Slope
	Land Use
	Altitude
	Weight (w)





	Soil
	1/16 = 0.0625
	0.33/9.33 = 0.0357
	0.20/4.53 = 0.0441
	0.14/1.68 = 0.0852
	0.0553



	Slope
	3/16 = 0.1875
	1/9.33 = 0.1075
	0.33/4.53 = 0.0735
	0.20/1.68 = 0.1193
	0.1175



	Land Use
	5/16 = 0.3125
	3/9.33 = 0.3214
	1/4.53 = 0.2206
	0.33/1.68 = 0.1988
	0.2622



	Altitude
	7/16 = 0.4375
	5/9.33 = 0.5357
	3/4.53 = 0.6618
	1/1.68 = 0.5966
	0.5650
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Table 5. Quantification of flood vulnerability areas within the municipality of Batatais SP, as function of vulnerability class. The spatial incidence of vulnerability classes is represented in Figure 5.
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	Vulnerability Class
	Area of Incidence

(km2)
	Percentage of Municipal Area

(%)





	Very low
	20.31
	2.39



	Low
	152.77
	17.95



	Medium
	388.92
	45.70



	High
	249.57
	29.33



	Very High
	39.45
	4.64



	Total
	851
	100
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Table 6. Cross-classification of land use conflict and flood vulnerability in the municipality of Batatais SP. The grey shaded cells represent concern situations because they combine medium to very high flood vulnerability and land use conflict.
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Land Use Conflict

	
Flood vulnerability

	
Total




	
Very low

	
Low

	
Medium

	
High

	
Very High




	
km2

	
%

	
km2

	
%

	
km2

	
%

	
km2

	
%

	
km2

	
%

	
km2

	
%






	
Class 1

	
2.56

	
0.57

	
33.66

	
7.44

	
114.07

	
25.21

	
67.97

	
15.02

	
5.78

	
1.28

	
273.56

	
32.2




	
Class 2

	
2.79

	
0.62

	
31.27

	
6.91

	
60.23

	
13.31

	
14.92

	
3.3

	
4.93

	
1.09

	
139.37

	
16.4




	
Class 3

	
1.73

	
0.38

	
13.34

	
2.95

	
61.02

	
13.49

	
23.87

	
5.28

	
14.33

	
3.17

	
139.56

	
16.4
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Table 7. Cross-classification of land use and flood vulnerability in the municipality of Batatais SP. The grey shaded cells represent concern situations because they correspond to medium and high flood vulnerability over large agricultural areas.
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Land Use

	
Flood Vulnerability

	
Total




	
Very Low

	
Low

	
Medium

	
High

	
Very High




	
km2

	
%

	
km2

	
%

	
km2

	
%

	
km2

	
%

	
km2

	
%

	
km2

	
%






	
Agriculture

	
3.4

	
0.4

	
112.47

	
13.22

	
315.6

	
37.09

	
201.2

	
23.64

	
26.97

	
3.17

	
659.64

	
77.5




	
Forest

	
13.63

	
1.6

	
31.39

	
3.69

	
44.09

	
5.18

	
25.93

	
3.05

	
4.29

	
0.5

	
119.33

	
14.0




	
Pasture

	
1.36

	
0.16

	
5.17

	
0.61

	
16.04

	
1.88

	
23.63

	
2.78

	
8.14

	
0.96

	
54.34

	
6.4




	
Urban

	
0

	
0

	
1.39

	
0.16

	
15.13

	
1.78

	
1.16

	
0.14

	
0

	
0

	
17.68

	
2.1
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