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Abstract

:

Duran is a coastal city located in the Guayas Estuary region in which 24% of urban sectors suffers from the effects of chronic flooding. This study seeks to assess the causes of Duran’s vulnerability by considering exposure, population sensitivity and adaptive capacity to establish alternatives to reduce its vulnerability to flooding. An operational framework is proposed based on the vulnerability definition of the Intergovernmental Panel on Climate Change (IPCC) and applying a census-based Index of Vulnerability, a geographic information system and local knowledge of urban development. A Principal Component and equal weighting analysis were applied as well as a spatial clustering to explore the spatial vulnerability across the city. A total of 34% of the city area is mapped as having high and very high vulnerability, mostly occupied by informal settlements (e.g., 288 hectares). Underlying factors were poor quality housing, lack of city services and low adaptive capacity of the community. However, some government housing programs (e.g., El Recreo), with better housing and adaptive capacity were also highly vulnerable. Limited urban planning governance has led to the overloading of storm water and drainage infrastructure which cause chronic flooding. Understanding the underlying causes of vulnerability is critical in order develop integrated strategies that increase city resilience to climate change.
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1. Introduction


Latin America’s major coastal cities are becoming more densely populated and growing at accelerated rates; this phenomenon is leading to unstructured periurban development which reduces the ability of cities to protect themselves from recurring and major flooding events [1,2,3,4,5]. According to the Intergovernmental Panel on Climate Change (IPCC), extreme flooding events will increase in intensity and frequency, leading to impacts on the human health, community property, and economic productivity of cities [6]. At the heart of flood impact is the vulnerability of urban systems, which is based on climate, ecosystem, socio-economic, institutional and cultural factors. Considering that the region is exposed to extreme events such as El Niño and climate change it is necessary to assess the vulnerability of cities to climate events in the region. The IPCC defines vulnerability to climate change as the: “Level at which a system is susceptible, or unable to withstand, the adverse effects of climate change, including climate variability and extreme phenomena. Vulnerability is based on the nature, magnitude and speed of the climate variation to which a system is exposed, its sensitivity, and its adaptability” [6]. The current state of the art for studying urban flooding is shifting from flood protection and management to disaster risk reduction and city resilience [7,8]. These perspectives contribute to Sustainable Development Goals (SDGs) 11 and 13 of sustainable cities and communities, and climate actions, respectively, yet require an interdisciplinary framework that includes an understanding of the social vulnerability, city economy, the ecological services of the urban ecosystems and city governance around climate hazards [9].



This study analyzes the case of Duran, a coastal city located in the Guayas Estuary region in Ecuador. According to the 2010 census, Duran has a population of approximately 235,769 inhabitants (intermediate city) and an area of 311.73 km2 [10], with 97.9% of its population living in urban areas and only 2.7% living in rural areas [11,12]. In the 1990s–2000s the population increased from 85,000 to 178,715 inhabitants, generating an urban growth rate of 6.7%, while between 2000 and 2010 its population growth rate was reduced by 3.08% [13]. Population growth in the 2000–2010s has been one of the fastest in coastal Ecuador and has been linked to migration processes to the city of Guayaquil. Rapid unplanned urbanization in flood-prone areas, environmental degradation and the lack of adequate city governance has exacerbated the impacts of climate events.



As the city of Duran has grown in population, the occurrence of flooding and landslide events has also increased due to exposure in sectors that were previously wetlands or floodplains. Figure 1 shows the increase in the number of flood events, related to climate, such as precipitation events, tidal effects, and socio-ecological and institutional factors at the local level. It has become important to determine what the main drivers among these factors are and how local government can assess vulnerability across the city to develop their urban land planning (ULP) and disaster risk reduction strategies. In Ecuador, local government has the remit to develop these plans and recently passed environmental law explicitly states that municipalities have the responsibility to include climate adaptation and risk reduction measures in consideration of vulnerability to climate and other hazards in those plans [14].



In order to enhance the capacities for disaster risk management at the local level, the Municipality of Duran and an interdisciplinary group of researchers at the Escuela Superior Politecnica del Litoral (ESPOL) developed a strategic alliance within the project entitled “Climate Resilience for cities, Strategies to reduce hydroclimate risks at Duran city (RESCLIMA)”, which analyzed multiple hazards such as flooding, urban heat island and landslides. In this article, we present the part of the vulnerability analysis as a critical component to understand the climate risks within the context of adaptation to climate change and urban resilience.



The novelty of this work is related to its focus on Duran’s social vulnerability and governance challenges of city authorities to manage informal settlements. This study shifts from a purely technical hydrological analysis to a more holistic understanding of flood drivers emphasizing spatial planning as a mean to reduce city vulnerability. The objective of this study is to apply a methodological framework to analyze the vulnerability of the city of Duran to flood events, identifying the urban sectors of greatest vulnerability (intracity). In fact, a Principal Component and equal weighting analysis were applied as well as a spatial clustering to explore the social vulnerability across the city. Such innovative applied methodology will enable researchers and policy makers to outline specific strategies and actions at the urban sector level. Although this conceptual framework is applied to a coastal city, it is expected that this framework will be applicable to other cities with consideration of the socio-ecological context of their territory. A vulnerability analysis methodology would be a relevant tool to provide inputs to territorial planning, linked to risk management and adaptation to climate change for cities in Ecuador and the Latin American region.




2. Materials and Methods


2.1. Study Area: Duran as a Socio-Ecological System


Duran is an intermediate city of Guayas province known for its excellent geographical location and its compositional characteristics (fertile lands, industrial areas, tourism potential, etc.). It is the second most populated city in the Guayas province, and country’s sixth, located no more than 10 min from Guayaquil City (the country’s most important economic city) [10,13].



Currently, it has an area of 300 km2, of which 16% is considered as an urban area, divided into three parishes: Eloy Alfaro, Divino Niño and El Recreo. According to geographical information systems (GIS) provided by the Municipal Autonomous Government of Duran, 268 urban areas and 3772 blocks have been established within the city that is surrounded by the Babahoyo and Guayas rivers which form the Guayas Estuary, and settled in coastal lowlands, floodplains and historically mangrove-populated areas (Figure 2).



Duran’s climate and environment is linked to the Guayas Estuary ecosystem and its geographical position in the coastal region. The climate is known as tropical savanna with December to April comprising the rainy season and the rest of the year the dry season [13]. The average annual rainfall is 1200 mm with interannual variability linked to El Niño years, in which rainfall can rise to 3500 mm per year as in 1997 [15]. In combination with the tides, Duran and its natural channels and lowlands are strongly affected by the streamflow of the Babahoyo and Guayas rivers. Human settlements in Duran are threatened by a process of increasing sedimentation which appears to be occurring in the estuary resulting in high tides and faster river currents that increase flood risk for low lying areas around the margins of the river [16,17,18,19].




2.2. Operational Conceptual Framework of Vulnerability: Applied to a Coastal City


Throughout history the concept of vulnerability has been discussed, evaluated and described from various fields of research. Vulnerability in the field of risk assessment is a complex concept that has been defined as the state of sensitive/susceptibility to stress exposure damage associated with climate, socio-economic conditions and lack of adaptability [20]. According to a similar concept from the (IPCC), vulnerability is a predisposition to be adversely affected, composed of factors like exposure, sensitivity to harm and lack of responsiveness and adaptation [6,21,22]



Despite the different conceptual frameworks of vulnerability, it is possible to find common elements in most of the proposed definitions for vulnerability (exposure, sensitivity, resilience). For this reason, the concept of vulnerability adopted in this study was based on the 2014 Intergovernmental Panel on Climate Change (IPCC) report. In this way the incorporation of data and information from the city that was generally dispersed in different information sources such as: municipal directorates, governmental departments and the Academy can be integrated as one [6,21].



According with [6,22,23,24,25] vulnerability components represented in Figure 3 are: exposure, sensitivity (susceptibility) and adaptive capacity, defined as: (i) the degree to which a system is exposed to extreme climatic changes, including all elements that may be adversely affected, such as: individuals, livelihoods, habitats, environmental services and infrastructure; (ii) the degree to which the climate-related inputs and their changes influence a system, either negatively or positively; (iii) the ability of a system to adapt, react or reorganize in ways which retain its essential purpose, identity and structure.



Combining these three components into a spatial framework allows for a detailed study of the underlying causes of flood vulnerability, and later exploring adaptation or response measures of the various urban actors.




2.3. Flood Vulnerability Index, Methodologies for Weighting Indicators


This work opted for the development of a flood vulnerability index (FVI) which allowed for the assessment of various aspects of a city’s vulnerability regarded as social and economic as in other approaches, is relatively easy and encourages research on small spatial scales, also this kind of methodology can be extended to city officers and understood by decision-makers [23].



There is a lot of literature on the definition of vulnerability, where it is described as a multiplicative or summative model of different factors [25,26,27,28]; however, in this study, the FVI was estimated as an algebraic sum of its components (exposure (E), sensitivity (S) and adaptability (AC)), under previously defined weights. There are multiple weighting strategies for determining indexes, some of which are derived from mathematical models, such as principal component analysis (PCA), data envelope analysis and non-observed component models (UCM), or participatory approaches such as budget allocation processes (BAP) [29,30]. Additionally, many studies have used composite indicators based on equal weighting (EW), i.e., for each component (E, S and AC) all indicators are provided the same weight [31,32,33].



In total, two summarizing and two weighting methods were applied to assess the vulnerability index (FVI); one weighting measure considered the general Equation (1) used in a previous study implemented for the Latin America and Caribe region developed by Corporación Andina de Fomento (CAF) in 2014 [25,31,34], in which the definition of vulnerability is a representation of the balance between a potential threat and a system’s ability to mitigate that risk. As such, equal weights are distributed in the FVI between the Exposure Index (50%) and together, the Sensitivity Index (25%) and the Adaptive Capacity Index (25%), these three indexes are calculated by giving the same ponderation to each indicator (Table 1) [35,36,37,38]


FVI = 0.5 E + 0.25 S − 0.25 AC



(1)







In the second method, an FVI was obtained based on weights extracted from a core component analysis (PCA), using Equation (2) [29,39].


     FVI  j  =     ∑    i = 1   n   w i   (   X  ij   −    X i   ¯   )     S i           i   =   1 ,     .     .     .   ,   n ;   j   =   1 ,     .     .     .   ,   J   i = 1    



(2)




where FVIj is the vulnerability index, Wi is the weight represented by the factorial loads of higher value, Xij is the value of the indicator, j indicates the blocks, while i represents indicators,      X ¯   i    is the mean value of the indicator and Si is the standard deviation [39,40]. To obtain weights from the PCA, it was important to choose factors that: (i) have associated eigen values greater than one; (ii) contribute individually to the explanation of the general variance by more than 10%; and (iii) contribute cumulatively to the explanation of the overall variance by more than 50% [29,39,41,42,43].




2.4. Variables: Exposure, Sensitivity, and Adaptive Capacity Indexes of the Duran


In this analysis, the Exposure Index was calculated by four variables related to: geomorphology (flood level), recurrence of flooding (history of events), population density as an exposed factor and susceptibility to flooding due to soil features. The exposure was classified in five levels from very low to very high, and data input was obtained from previous studies executed by National Risk Management Service of Ecuador (SNGRE acronym in Spanish), which took into consideration the following factors:




	
The flux density combined with the slope and geomorphology.



	
Land use and vegetation cover as well as soil texture.



	
Hydrogeology in relation to its potential to generate areas susceptible to flooding.



	
Rains as a trigger for floods.








In the SNGRE’s methodology, values of 150 mm as maximum 24-h precipitation were used for a 100-y return period (Tr), applying the Gumbel distribution to time series of extreme rains with a record time of more than 10 years. These values in combination with isohyets annual rainfall and vegetation allows for the identification of areas susceptible to flooding.



The Sensitivity Index was calculated by nine variables, from the 2010 population and housing census, this component was divided into two groups: socio-economic aspects, and sanitation and housing infrastructure services. These variables help to show the distribution of the most vulnerable population groups because of their socio-economic conditions and urban context where they live [23,25,44,45,46,47,48,49,50].



The adaptive capacity to adjust, respond and recover to the climate impacts was explained by five variables that encompass all those factors that allow blocks to be able to cope with the effects of flooding (Table 1), The variables for the FVI were selected based on expert knowledge and references of previous studies [25,47,50,51]. Subsequently, we integrated the variables described in Table 1 in a spatial analysis that allowed us to explore the underlying causes of the vulnerability to flooding, and moreover explore adaptation or response measures by the different urban stakeholders [22,23,24,25]




2.5. Data Processing


The selected indicators to obtain the FVI index were available in different formats, so they needed to be processed before being used and added to a shapefile extension (.shp) containing the blocks, which were the study geographic units. Data from the 2010 Population and Housing Census coupled directly with the shape extension file, and were collected through the REDATAM+SP program. This tool allows managing large volume census databases for processing and analysis, as well as downloading data for each spatial unit of interest in Excel format (xlsx) [52].



Spatial data such as the Digital Terrain Elevation (DEM) and flood susceptibility (return period of 100 y) were in raster format, so it was appropriate to adapt them to the format mentioned above. For this, using zonal statistics tool from QGIS software, the mean value of blocks areas was extracted from raster images to fit the blocks areas in a shape file extension.



Each indicator identified in Section 2.4 as measured in different scales and units. For this reason, all indicators had to be standardized. The numerical values that obtained exposure, sensitivity, adaptive capacity as well as FVI indexes were normalized to a scale of 0 to 1. To this, Equation (3) and (4) were used [39,40,50]. Equation (3) was used when the relationship between the variable and FVI is positive i.e., if the indicator value increases, the vulnerability will increase as well.


   N   =    X −  X min     X max  −  X min     



(3)







On the other hand, when the relationship between the FVI and the indicator is negative (adaptive capacity indicators) the Equation (4) is used, where Xmin. and Xmax. correspond to the minimum and maximum values of the total data, X is the original value and N is the already normalized value,


   N =     X max  − X    X max  −  X min     



(4)







In order to show spatial distributions at the block level, each set of standard indicators was categorized into five levels per quantity given the nature and distribution of the data [39,44,51,53].



A correlation test for the input data must be performed before starting a Principal Component Analysis (PCA). Typically, a few associations between the measures may exist to justify the PCA, preventing multicollinearity. In practice, a correlation beginning with 0.3–0.4 to 0.8–0.9 is taken into consideration as accepted [53,54,55]. In addition, the Kaiser–Meyer–Olkin sample adequacy measure (KMO) was used. This indicates that if KMO > 0.8 the application of factorial analysis is warranted for PCA determination, KMO explains the proportion of variance in variables that may be caused by underlying factors [56,57,58,59].



The principal component analysis was performed in Excel (Microsoft) using the freeware add-in Real Statistics Resource Pack, a supplement that extends the basic statistical capabilities of Excel by offering advanced worksheet functions and data analysis software [60]—a similar tool was applied by [44].




2.6. Spatial Autocorrelation and Local Spatial Identification Patterns (LISA)


Spatial autocorrelation is a statistical method that allows the analysis of a phenomenon’s behavior through the spatial units that make it up. This method indicates the degree to which, from a horizontal perspective, elements or processes in a spatial unit are identical to those adjacent or contiguous spatial units [61,62].



To evaluate the vulnerability index’s spatial distribution, the I Moran analysis was applied to the vulnerability index, which is within the range of −1 and 1 as indicated [50]. There are three situations: (i) Positive spatial auto-correlation: shows a propensity to group the geographical units, its index near 1, (ii) negative spatial autocorrelation: suggests a propensity to dispersion of geographical units and an index close to −1,on the other hand the third situation (iii) it indicates a random pattern in neighboring geographic units without autocorrelation, its index is about zero [51,63].



The study of spatial autocorrelation was quantitatively checked, by identifying local spatial recognition patterns (LISA). The geographical information systems obtained in Section 4.3 were generated using GeoDa software which is freely accessible and whose primary skill corresponds to spatial data analysis [64,65].





3. Results


3.1. Understanding the Vulnerability of the City: Exposure, Sensitivity, and Adaptive Capacity


The flood vulnerability index (FVI) composite was established as a function of indexes of exposure, sensitivity, and adaptive capacity at the urban sector level within the city of Duran (Figure 3). Table 2 shows the weights obtained for each variable using the PCA and EW analysis, respectively. The PCA yielded higher weights, the first four components account for more than 60% of the variance, thus PCA was used to obtain the FVI index. The PCA method allows for a better discrimination of weights factors and variance explanation than the EW method, these findings are confirmed by other researchers that have been used PCA for composite vulnerability index. Each component explains a proportion of the total variance and makes it easier to identify the underlying factors for the vulnerability [66,67,68].



Each component of the FVI, exposure, sensitivity and adaptive capacity were categorized in five levels using a normalization process that allow for the categorization of the variable from very high (5), to high (4), medium (3), low (2) and very low (1) value. Some of the variables used to determine the indexes are represented in the Figure 4; (a) population density with a maximum 350–100 inhabitants per ha, (b) flooding susceptibility with highest level at the northeast of the city, (c) percentage of households with wall material not concrete or brick, (d) percentage of households without access to public sewer system, (e) access to health and policy department.



The Exposure Index is related to the geomorphology, presence or absence of the flooding upon a specific urban sector. Elevation (Dem) is the most important factor for exposure (0.738), followed by flood susceptibility (0.654) related to the presence of flooding, and subsequently by population density. The highest level of exposure is associated with low lying lands and naturally flooding valleys less suitable for housing development [30].



Regarding the sensitivity index, the most important weight factors are the housing wall conditions (0.808), followed by access to piped water at the house (0.775), garbage collection service (0.759) and paved roads (0.723) which are city services. Demographic factors are in less proportion, such as the age dependency (0.508) and finally people with disabilities (0.444) and illiterate population (0.35). The sensitivity index contributes the highest weight to FVI, and is mostly dependent on the limited distribution of basic infrastructure and sanitation services, more than 40% of the population does not have access to paved roads, drinking water or sewage systems, 22% do not have access to garbage collection services and 15% do not have access to electricity. Moreover, high values in the standard deviation show that there is strong socio-economic inequality at the block level.



The adaptive capacity index shows an inverse relation with the variables and is mostly explained by the distance of the inhabitants to health, police and other city services (0.654); the larger the distance from these services, the lower the adaptive capacity of the urban sector. Other variables that weigh in this index are the access to health care service or social security (0.572), bachelors or higher level of education (0.543), access to technology such as internet (0.506) and percentage of professionals living in the urban sector (0.373). Only 20% of the population has access to public or private health insurance, and there is a low percentage of population (Y%) with a higher level of education.



Figure 5 shows the vulnerability maps for Duran using the EW and PCA methods, respectively. The pattern of spatial distribution is similar for both methods at the block level showing consistency in the results. Urban sectors of high and very high levels of vulnerability are located mainly at the northeast of the city, these sectors represent 40% of the city and have been occupied mainly by informal settlements during the last ten years. Low and very low levels of vulnerability are located southeast of the city in what is considered the consolidated downtown area, occupying 40% of the territory. Medium levels of vulnerability are concentrated to the southwest where new residential development area and industrial zone are located, covering 20% of city.




3.2. Selecting a Method for an Operational City Vulnerability Analysis


Applying either EW or PCA at the city level, the most vulnerable blocks are found in the northwest while the least vulnerable in the east and southeast of the city. Selecting the methods that municipalities can apply for interventions will depend on the information and knowledge that city officers and decision makers have of the city. It is important to highlight how the FVI is distributed within the city’s urban area. In Figure 6 PCA established that 34% of the city area are at high and very high levels of exposure and sensitivity.



The difference in results between the two selected methods is related to the weighting factor applied on the determination of composite indices. The final value of the flood vulnerability index for our first method (EW) was obtained from the arithmetic sum of three subscripts (E, S, CA)—each indicator had the same weight within each vulnerability subscript, and the exposure had the highest weight following the same criteria as a previous vulnerability analysis for the neighbor city of Guayaquil [24]. In the PCA method a single composite index was generated from the arithmetic sum of all the indicators. The weighting of the variables pointed out that the sensibility index has the greater impact on the final FVI, the walls or housing conditions and the city infrastructure being the main determinants of vulnerability at block level. Using the PCA method the first four components alone explained 61% of the variance of the data.



Figure 6 shows the components of the vulnerability index, the main cause of high exposure in the northwest corresponds to the natural physical conditions of the territory; that is, areas with high flood susceptibility either by soil type or its slope, in addition to the ground level that is below the flood level of 3.5 m above sea level. The high exposure in the northwest reflects the area where the largest number of flood events are concentrated, while in the southeast region the neighborhoods of the hills of the city (El Cerro Las Cabras, and El Cerro los Almendros) have low exposure levels of flooding associated with a level of terrain above the flood level.



The sensitivity index is related to the socioeconomic conditions of the population Figure 5a. Again, the northwest region shows high levels of sensitivity associated with sectors with informal settlements which do not have access to basic maintenance, infrastructure and health services; i.e., without access to electricity, drinking water, sewer systems or rainwater systems. In addition, the population under the age of 14 in conjunction with the population that does not know how to read or write is concentrated in the northwest sector, while the long-lived population tends to cluster in the urban area of the city.



The adaptive capacity index reveals a spatial distribution similar to exposure and sensitivity components. In the northwest there are low levels of adaptive capacity associated with nonfavorable social conditions such as lack of access to and/or proximity to health centers and police offices. In addition, the percentage of the population that has public or private health insurance in these sectors is very low, as is the percentage of the population with higher education. The opposite situation is the case in the southern and northeast of the city, which has a better infrastructure, and the population has better economic conditions, greater access to health insurance and higher levels of education.





4. Discussion


4.1. The Need of an Operational Framework for Cities and Municipalities in Ecuador: In the Policy Context


The current land use and climate change policy in Ecuador, states that subnational government is responsible to develop plans for land planning which should include an assessment of the vulnerability to multihazard risk, as well the climate actions for human settlements [14,69]. In this context, there are 221 municipalities in Ecuador that would need an operational vulnerability framework to be applied in their territory in a systematic and standardized format.



The methodology for the FVI, presented as part of the RESCLIMA project, was implemented as a demonstration site. The methodology is a hybrid of data-driven census combined with municipality reports, expert criteria of researchers and the city staff from different departments. In this study, we compared and PCA and EW, concluding that PCA better represents the reality of the vulnerability of Duran.



Using the scale of census block and subsequently aggregated to urban sector scale, the methodology provides a fine resolution map with the spatial distribution of the level of vulnerability across the city. Moreover, identifying the exposure, sensitivity and adaptive capacity or recovering spatial indexes as part of the vulnerability assessment, the city officers can develop specific measures for reducing exposure, increasing capacity, supporting recovery and developing long term strategies for climate change scenarios [70].



Overall, the results based on the vulnerability index reveals that the periurban sectors especially those located northwest of the city, have a very high level of vulnerability associated with informal settlements and lack of urban infrastructure. Informal settlements refer to a wide range of residential areas formed by communities housed in self-constructed shelters that are perceived as informal based on their legal status, their physical conditions, or both [71]. In the case of Duran, the municipality is implementing a process to give rights of land tenure only if the dwellings are in areas with acceptable levels of risk to hazards such as flooding and/or landslides.



In this study, we found that the exposure index is the main determinant of the FVI, followed by the sensitivity index. These high levels of vulnerability are related to the natural conditions (degradation of environmental services) of the sector and to the lack of urban design regulations. This lack of planning and regulation, coupled with a rapid population growth, has resulted in development of informal settlements [11,12], with a population density that no longer allows for the sustainable use of land. The proposed vulnerability framework would be improved if data on the economic impacts as well as losses and damages on the livelihoods and health of the communities can be included. The monetization of the damage would be a good indicator for decision makers to allocate resources in urban planning and disaster risk reduction.




4.2. Underlying Drivers of Social Vulnerability to Flooding: Population and Informal Settlements


In Section 4.2 we explore the underlying drivers of the social vulnerability to the flooding events in the urban sectors. Figure 6 shows the determinants of vulnerability in different urban sectors of Duran, those sectors whose vulnerability rates were greater than 0.6 as represented in Figure 7; that is, those with high and very high levels of the FVI, together with the normalized population density index.



The urban sectors have been classified in regularized and informal settlements in Figure 8 (non-legalized). The existence and spatial distribution of these vulnerable sectors are related to the political history of urbanization, similar to many places in Latin America, housing programs from the government have been practically absent, leading to informal settlements [44]. National migration to Guayaquil and Duran, lead to the creation of “invasiones” (slums) on the periurban area of Duran, mostly wetlands or rice paddies. There are large areas of Duran, named “288 hectares, sector 1, 2, 3, and others” that are “invasiones”, some of which are in the process of regularization by the municipality.



In Table 3 we summarized the conditions for exposure, sensitivity and adaptive capacity for the “288 hectares (informal settlements)”, the lowlands conditions, bad housing, no access to city services such as water, sewage, social security and located a large distance from health and city offices. According to the census, inhabitants settled in these areas are usually young families [12,72]. In this case, exposure is high but the informality and lack of city services make the communities that live there highly vulnerable to flooding.



On the other hand, in the 1990s as part of a political campaign, the housing program called “Casa para Todos” was developed in what later was to become El Recreo (Table 3). This program included basic services for each house from the beginning of its implementation, however over time the number of families occupying many plots has increased, resulting in unplanned development in which the lack of technical drainage management, as well as waste and land filling at drainages sites has led to chronic flood events [73,74,75]. These conditions will be exacerbated during El Niño years and in the climate change scenarios. This research, along with other studies, stress that that flood vulnerability indexes need to be analyzed within the local socio-political context [76,77,78,79]. In this case, while El Recreo has city services, access to health centers and a higher adaptive capacity than other sectors, its exposure is high with inhabitants impacted by a chronic flooding related to unplanned development [80] and poor urban hydrology management [31].



Figure 8 shows a total of 37 non-legalized urban sectors (barrios), that are high and very highly vulnerable to flood, are greater in numbers that legalized barrios (12), while population density is lower in informal settlements compared to those in consolidated urban sectors. Considering specific context of each urban sector is important to develop adaptation measures and urban interventions.



This vulnerability analysis confirms that the governance arrangements of a city, such as the municipal services and infrastructure (e.g., roads, levies and sanitation), the changes in the urban landscape and ecological services as results of political decision making, the land use regulations and compliance and informality are underlying causes that increase the flood vulnerability [76]. While in the neighborhoods of 288 hectares, the city is not providing the infrastructure and services thus reducing the capacity of respond and recover to the flooding events; in the El Recreo neighborhood the unplanned urbanization growth, a weak institutional land planning and a combined overloaded storm and sewage water system make El Recreo still highly vulnerable to flooding almost every rainy season.




4.3. Spatial Distribution of the Flood Vulnerability Index


A cluster analysis was performed in this study with the aim of identifying the patterns of spatial association of urban sectors with high vulnerability, and also to identify atypical observations (outliers) of sites of high vulnerability [64]. The Moran Global Spatial Autocorrelation Index was 0.632, indicating a pattern of clusters of urban sectors with similar conditions. In the analysis at city scale, it is noted that all the northeast urban sectors are concentrated in the high–high quadrant. The Moran Local Space Autocorrelation Index grouped urban sectors into four categories that allow differentiated attention policies to be nurtured, in this case highlighting those sectors that should be considered by a decision-makers (Figure 9):




	(i)

	
Cluster high–high shows urban sectors with a high FVI that have as neighbors’ other sectors also with high FVI. Applying a statistical confidence level of 0.95, a statistically significant cluster is observed that integrates 36% of the Duran’s urban sectors. This cluster includes all the areas of informal settlements which are highly sensitive to flooding as we analyzed in Section 4.2.




	(ii)

	
The low–low urban sectors with low FIV and whose neighbors are in the same condition; however, within these sectors there is a population with precarious housing and socio-economic conditions, located in the skirt’s hills where basic infrastructure systems have not yet been built due land informality, suggesting that the vulnerability analysis needs to include the social-urban development context in the analysis.




	(iii)

	
The high–low cluster, composed of urban sectors with FVI between medium and high that have experienced flood events even without rains but only with tidal events such as the Abel Gilbert sector, however with neighbors in the opposite situation. Some periurban areas such as Fincas Delia are also in this group because vulnerability is exacerbated in rural areas due to lack of city resources (adaptive capacity).









This brief analysis highlights the explanatory power of spatial analysis tools that outperform other statistical indicators which are traditionally used to analyze the complexity of vulnerability at neighborhood and city levels. These tools are useful for urban planners and decision-makers, the exclusion of the spatial variability of social vulnerability in the context of risk reduction strategies may lead to nonefficiency decisions.




4.4. Limitations and Further Risk Research


This study investigates the causes of vulnerability in the city of Duran in Ecuador, aiming to provide a methodological framework that can be applied to many other cities by municipalities and urban planners, however, some limitations of this study need to be addressed in future urban risk research and planning. In other words, this research can be used to develop a cost–benefit analysis in the presence of high-income inequality to help the urban planner in the development of strategies for the management of the most vulnerable and risky area.



However, we consider that the following factors need to be enhanced; (a) urban data related to the informal settlements were not included in census data due to their 10 year gap, during which time new informal settlements are developed in the periurban areas of the city, (b) more research is needed on peripheral urbanization and informality, local surveys and interviews with community stakeholders would help to better understand the underlying causes of vulnerability, (c) more detailed information on the infrastructure of the city, drainage, levies and storm water system is critical to better determine the level of exposure of neighborhoods. A limitation of this type of analysis is the lack of validation of the vulnerability by urban stakeholders, however, this may be misleading because of their subjectivity. Thus, identifying another set of indicators such as economic losses, morbidity/mortality in children and elders and community self-resilience needs to be considered in future research. In the current context of the COVID-19 pandemic it is critical to analyze how the social vulnerability is coevolving after the shocks and impacts on this new normality. Intermediate cities such as Duran are growing in number and extension across Ecuador and Latin America, many of them face the same urban risks and now the global pandemic, thus comparative analysis and lessons learned in vulnerability and risk studies are important from the perspective of climate change and sustainable development policy in the region.





5. Conclusions


The subnational governments and cities in Latin America, such as the Duran case presented in this study, have a critical role in establishing strategies for identifying, preventing and reducing the risks of disasters and for adapting to climate change. The determination of vulnerability and urban risks to different threats is a critical task that requires data integration, local knowledge and policy context. The vulnerability framework presented in this research needs to be complemented by an integrative and participatory process that ensures an increased resilience of the city. The main reflections obtained from this study that can be applied to the region are:




	
Rapid urbanization processes, due to different climatic, political and economic circumstances, has led to informal settlements in hazardous areas. City data and local context knowledge of these underlying factors is critical in order understand the complex dynamics of vulnerability and for developing sustainable urban planning, disaster risk reduction strategies and climate resilient cities.



	
Although we promote the use of census-based indicators for vulnerability assessments at the city and neighborhood levels, we conclude that census data alone is not enough to understand the sensitivity and adaptive capacity of the system. Unplanned housing development, overloading of storm water systems, illegal connections to sewage systems and weak city governance may exacerbate the risks of flooding and other urban risks.



	
It is critical to strengthen the governance of the city with its different urban actors and articulate with academia and other national actors in order to reduce the vulnerability of cities to the risks of urban disasters, and develop strategies for adaptation and recovery in the face of climate change.



	
The experience of the RESCLIMA project, a coordinated effort between a local government and academia, has enhanced the integration of local municipal information and assisted in decision-making and establishing a dialogue processes between its institutional, social and productive actors.



	
While cities are a part of ecosystems, ecosystems are not considered in urban planning. Cities must integrate coastal ecosystem services (mangroves, forests, wetlands, etc.) into urban and landscape design, and hazard and exposure analysis need to be considered in their future scenarios of development.








The next steps for the implementation of the flood vulnerability framework are to link the urban planning in a broader context of climate change adaptation and resilience. This requires the capacity of urban planners, city officers and decision makers in how to apply the vulnerability framework to the urban land planning and ongoing city initiatives to be enhanced. In the case of Duran, a new process of how social vulnerability would explain the impacts of other shocks such as the COVID-19 pandemic is evolving, the evidence of what would be and effective and efficient multisectorial approach will be assessed.
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Appendix A. Flood Vulnerability at Representative Sectors in Duran
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Figure A1. The high and very high level of vulnerability were identified at the informal settlements, a representative sector of the city are the neighborhoods called “288 hectares” (Non regularized). Those areas are characterized by high levels of exposure related with the low lands and recurrence of flooding; high level of sensitivity because of their precarious housing conditions, lack of services and infrastructure; and low adaptive capacity related with level of education and limited community organization. 
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Figure A2. The neighborhood named El Recreo (regularized) are part of a housing program with services and city infrastructure with a medium level of vulnerability. However, those neighborhoods experience a chronic seasonal flooding because of the overloading of the storm water system, construction of additional story buildings in the same plot, and finally due to the influence of the tides that it was not considered in the sewage and drainage design. Ground truth and local context is needed to identify the underlying causes of flood vulnerability. 
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Figure 1. (a) Occurrence of flooding events and landslides at Duran city (1970–2018), Source: DesInventar database. (b,c) Uncontrolled urban growth between 2003 and 2018 Source: Google Earth. 
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Figure 2. Location of Duran, intermediate city that provides access to Guayaquil areas. 






Figure 2. Location of Duran, intermediate city that provides access to Guayaquil areas.



[image: Sustainability 12 10292 g002]







[image: Sustainability 12 10292 g003 550] 





Figure 3. Conceptual Flood Reference Framework, 2015, Development: RESCLIMA Project, 2018. 
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Figure 4. Spatial distribution of some of the variables used in the indexes of exposure, sensitivity and adaptive capacity that were integrated in the Flood Vulnerability Index (FVI). The variables (a,b) are part of the exposure; (c–e) are part of sensitivity and (f) is part of adaptive capacity. 
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Figure 5. Flood Vulnerability Index Maps applying (a) Equal Weighting (EW) and (b) Principal Component Analysis (PCA), respectively. 
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Figure 6. Flood vulnerability index at urban sectors is constructed based on (a) exposure of the urban sectors to flood intensity and frequency, (b) sensitivity associated to urban demography, housing conditions and urban infrastructure and (c) adaptive capacity related to education, community resources and access to health and police centers. 
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Figure 7. Urban sectors (neighborhood) with high and very high vulnerability at Duran. 
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Figure 8. List of most vulnerable sectors of Duran, description of the level of FVI and population density exposed. 






Figure 8. List of most vulnerable sectors of Duran, description of the level of FVI and population density exposed.



[image: Sustainability 12 10292 g008]







[image: Sustainability 12 10292 g009 550] 





Figure 9. I Moran Analysis, LISA to identify the patterns of spatial association with vulnerability levels. 
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Table 1. Selected indicator to assess the flood vulnerability index (FVI). a Data extracted from: National Risk Management Service of Ecuador (SNGRE) Ecuador 2015, Desinventar, Duran Municipality and Census 2010b, b,c Data extracted from: Census, INEC 2010.
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Indexes

	
Description






	
aExposure

	
Susceptibility to flooding (SF 100 yrs)




	
Occurrence of at least one flood event (yes-1, no-0) (Flo Eve)




	
Digital Elevation Models (DEM)




	
Population density (Pop Dens)




	
bSensitivity or

susceptibility

	
Percentage of population that cannot read or write (%Pop illit)




	
Percentage of disabled population (%Pop Disab)




	
Percentage of the population that is not economically active (People under the age of 14 and over 65, relative to the total population) (%Dep Age)




	
Percentage of homes that do not have access to cobbled or concrete streets or roads (%Hou way)




	
Percentage of homes whose external wall material is not concrete-brick or block (%Hou wall)




	
Percentage of homes without access to safe drinking water by public network (%Houwater)




	
Percentage of homes without access to public sewerage system (%Hou sewar)




	
Percentage of homes without access to electricity (%Hou elect)




	
Percentage of homes without garbage collection system per collection cart (%Hou garba)




	
cAdaptive capacity

	
Percentage of population with access to public or private health insurance (%Pop healt)




	
Percentage of population that has access to communication technologies, population that used telephone or internet (highest value variable is selected) (%Pop techn)




	
Percentage of the population whose level of education is post-baccalaureate, higher or postgraduate validated by the national education system. (%Pop educates)




	
Percentage of population engaged in administrative, support, public administration defense and human health care activities (%Pop actHD)




	
Access to health and public defense facilities, depending on distance. The closer the centroid is to one block from these facilities, the less the vulnerability (Pop acces)
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Table 2. Statistical data and weights according to the principal component analysis (PCA) and equal weighting (EW) methods.
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Components

	
Variables

	
W (PCA)

	
W (EW)

	
Mean

	
Sd






	
Exposure

	
SF 5 yrs

	
0.654

	
0.25

	
3.529

	
0.926




	
Flo Eve

	
0.402

	
0.25

	
0.091

	
0.288




	
Dem

	
0.738

	
0.25

	
1.928

	
0.777




	
Pop Dens

	
0.527

	
0.25

	
222.288

	
191.168




	
Sensitivity

	
%Pop illit

	
0.359

	
0.111

	
4.426

	
6.452




	
%Pop Disab

	
0.444

	
0.111

	
5.682

	
7.261




	
%Dep Age

	
0.508

	
0.111

	
34.312

	
12.728




	
%Hou way

	
0.723

	
0.111

	
62.524

	
43.601




	
%Hou wall

	
0.808

	
0.111

	
24.641

	
31.478




	
%Hou water

	
0.775

	
0.111

	
42.013

	
40.504




	
%Hou sewar

	
0.693

	
0.111

	
59.174

	
38.709




	
%Hou elect

	
0.678

	
0.111

	
15.106

	
26.329




	
%Hou garba

	
0.759

	
0.111

	
22.890

	
31.037




	
Adaptive capacity

	
%Pop health

	
0.572

	
0.20

	
21.326

	
15.420




	
%Pop techn

	
0.506

	
0.20

	
48.782

	
18.403




	
%Pop educates

	
0.543

	
0.20

	
7.225

	
9.053




	
%Pop actHD

	
0.373

	
0.20

	
3.993

	
5.632




	
Pop acces

	
0.654

	
0.20

	
4.464

	
0.850
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Table 3. Description of the components of the flood vulnerability index, exposure, sensitivity and adaptive capacity for two urban sectors; “288 hectares” (informal settlements) and “El Recreo” (regularized), see Figure A1 and Figure A2 in Appendix A.
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	Urban Sector &

Level of Vulnerability
	Exposure
	Sensitivity
	Adaptive Capacity





	288 Ha

Una Sola Fuerza

1, 2 and 3

High and very high vulnerability
	Lowlands, previous wetlands or rice paddies, recurrent flooding events, low population density.
	Slums with bad housing, lacking city services as water, sewage, road access. According to census data there are young families with children.
	Low levels of education, informality, lacking social security, and far from health and city services. Limited community organization.



	El Recreo 1, 2, 3

4, and 5

Medium vulnerability
	Lowlands, chronic recurrent flooding events, higher population density.
	Government housing program with basic city services, water, urban sewage, paved roads. There are different groups ages and members of the same family living in the same plot, building additional apartments in the same plot.
	Higher levels of education, better access to social security, health centers and a more organized community.
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