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ABSTRACT 

This paper presents a method of settlement mapping and typological classification in small 

islands. Selecting the Atlantic islands of São Miguel, Madeira, Gran Canaria and Tenerife as study 

areas, data acquisition was made through classification of remotely sensed imagery. This study 

addresses the islandsô lack of large scale spatial data, since there are no land use/cover datasets 

covering all these islands at a suitable scale for more detailed studies. Due to the large scale data 

produced, settlement differentiation is only possible through a morphological approach, therefore a 

morphological restricted typology is proposed. In order to apply the proposed settlement typology 

in a systematic and representative analysis, the study concludes measuring the relationship between 

settlement types and terrain attributes through a multinomial logit model. Overall, the study 

contributes to a better understanding of the islandsô settlement pattern using a method that may be 

applied elsewhere. 

 

Key words: built-up areas; settlement pattern; spatial typology; logistic regression; islands. 

 

TIPOLOGÍA ESPACIAL PARA ANÁLISIS DE PATRONES DE ASENTAMIENTO EN ISLAS 

PEQUEÑAS 

 

RESUMEN 

En este artículo se presenta una metodología para cartografiar y clasificar asentamientos en 

islas pequeñas. Se utilizan como áreas de estudio las islas de São Miguel, Madeira, Gran Canaria y 

Tenerife. Dado que no existen datos de cobertura/uso del suelo que cubran estas cuatro islas a una 

escala adecuada para realizar estudios detallados, se generó una base de datos homogénea a partir 

de la clasificación de imágenes. Debido a la escala de los datos generados, la diferenciación de los 

asentamientos sólo es posible a través de un enfoque morfológico y, consecuentemente, la tipología 
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propuesta es puramente morfológica. Con el fin de demostrar la aplicación de la tipología 

propuesta, el estudio concluye midiendo la relación entre los tipos de asentamientos y los atributos 

del terreno a través de un modelo de regresión logística multinomial. El interés del trabajo no es 

solo local (los resultados del estudio contribuyen a una mejor comprensión de las pautas de 

asentamiento en las islas analizadas), sino también metodológico, ya que la metodología 

desarrollada puede ser aplicada en otros lugares. 
 

Palabras clave: área construida; patrones de asentamiento; tipología espacial; regresión logística; 

islas. 

 

 

1. Introduction  

 

Cartographic representations of settlements are useful for many study fields. Nonetheless, it 

is not straightforward to spatially define a settlement. According to the United Nations, "settlement 

means the totality of the human community - whether city, town or village ï with all the social, 

material, organizational, spiritual and cultural elements that sustain it" (UN-HABITAT , 1976). 

Conceptually, this is one established definition for a settlement, but how does this translates 

spatially? In fact, the issues associated with the spatial delimitation of settlements are known in 

view of the increasing fragmentation of the built-up tissue, due to extensive urbanization provided 

by the generalization of private transport (Hasse & Lathrop, 2003; Williams, 2005). Moreover, 

while the main core is relatively straightforward to identify, the outlying areas are more complex to 

highlight in result of the scattered and diffuse built-up tissue. This paper seeks to address these 

issues, mapping settlements at a large scale for four Atlantic islands: São Miguel, Madeira, Gran 

Canaria and Tenerife. 

 

In this paper a method is proposed to extract continuous built-up areas intended to represent 

settlements, labelling them as "Morphological Settlement Areas" (MSAs). Built-up area extraction 

was based on an automatic classification, followed by image interpretation of orthophotos. In 

spatial terms, this study assumes as ñbuilt-up areaò a homogeneous landscape unit consistent with 

artificial land cover characteristics that distinguish it from the surrounding landscape. The study's 

focus is on built -up areas, rather than urban areas, since the definition of the latter implies additional 

knowledge about human land use (Comber, 2008). 

 

Afterwards a method is proposed of settlement classification in a fourfold spatial typology. 

An attempt will be made to indicate some problems with settlement typologies and one will be 

suggested. The goal of the proposed settlement typology is to contribute to the systematic and 

representative analysis of settlements. This proposed morphological settlement typology will be 

applied to the empirical reality of the four islands, classifying the MSAs. Although resorting to four 

islands as study areas, the method's low data requirements (only remote sensing datasets are used) 

make mapping and classification of settlements easily replicable in other small islands, assuming as 

ñsmallò, islands with less than 3,000 km
2
. 
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This study innovates proposing a morphological restricted settlement typology, followed by 

the application of a multinomial logit model (MLM) to the proposed settlement typology. In order 

to apply the proposed settlement typology in a systematic and representative analysis, this study 

uses the MLM to measure the relationship between settlement types and terrain attributes, serving 

as an example of the application of the proposed settlement typology and laying the foundation for 

further studies. The MNL has a potential wider application to small volcanic islands, where the 

physical landscape has a pivotal role. 

 

Following the studyôs aims, the research problem addresses the islandsô lack of large scale 

spatial data. The only available land use/cover data covering all the studied islands are the CORINE 

datasets, which have a limited application due to scale constrains. Therefore, there are no land 

use/cover datasets covering all these islands at a suitable scale for more detailed studies. On the 

other hand, settlement differentiation with the large scale data produced is only possible through a 

morphological approach; hence, a settlement typology was defined with an exclusively 

morphological criterion. 

 

 

2. Literature r eview 

 

The most commonly criteria for the spatial delimitation of settlements can be grouped into 

three broad categories: 1) homogeneity, on the basis of which spatial units can be grouped within 

parameters of minimum statistical variation of simple indicators (EUROSTAT, 2012); 2) 

functional, on the basis of which spatial units are grouped among those that have intense exchanges 

of people, goods or communication flows (ESPON, 2005); 3) morphological, according to which 

one can define a spatial continuum through land cover patterns (Weber, 2001; Ackermann et al., 

2003). In all this criteria, typical difficulties encountered stem from the spatial heterogeneity of 

settlement patterns and non-uniform availability of data.  

 

The European Spatial Planning Observatory Network (ESPON) was founded by the 

member states of the European Union (EU) in 2002 in order to improve the European spatial 

development policy (EUROSTAT, 2012). The establishment of ESPON have increased the interest 

in comparative settlements studies among member states. In their effort, ESPON (2005) has 

produced a list of "Functional Urban Areas" for 29 European countries. A "Functional Urban Area", 

as defined by ESPON, consists of a cluster of municipalities and commuting area. In 2007 this 

method was enhanced to incorporate the "Morphological Urban Areas", contiguous municipalities 

with thresholds of population density. Although ESPON continues to have a major impact in trans-

national studies of settlements among EU states, their scope is aimed at national scales. Issues arise 

at a large scale delimitation of settlements, since administrative units are not sufficiently 

disaggregated, and on the other hand, at these scales, it is often impossible to employ the functional 

criterion due to lack of data. As such, only the morphological criterion suits a large scale study, 

namely through patterns of land use/cover. 

 

The morphological criterion for the delimitation of settlements integrates particularly well 

with Remote Sensing (RS) methods, namely to extract built-up areas from high resolution imagery. 



 

Rodrigues, M. (2015): ñA spatial typology for settlement pattern analysis in small islandsò, GeoFocus, nº15, p. 3-26. 

ISSN: 1578-5157 

 
 

  â El autor 
  www.geo-focus.org 

  6 
 

Deriving information from RS can be done through a collection of digital analysis techniques, such 

as image interpretation, image classification, image transformation, and change detection (Yang, 

2010). A considerable amount of literature has been published on RS methods and these have been 

extensively applied in several studies (Hall, 2010). Because of their cost effectiveness and temporal 

frequency, RS approaches are widely used for the acquisition of detailed and accurate land surface 

information and monitoring changes at regular time intervals (Sharma et al., 2012). However, 

production of spatially detailed and thematically accurate information from imagery continues to be 

a challenge (Jensen & Im, 2007). This is due to the heterogeneous nature of landscapes, which 

makes discriminating land cover classesô difficult (Barnsley et al., 1993). This field of study has 

attracted the attention of many researchers and several studies have been conducted using different 

image classification algorithms (Blaschke et al., 2004; Lu & Weng, 2007; Sharma et al., 2012). 

 

Nonetheless, once a suitable dataset of land cover is gathered, it is necessary to apply 

criteria in order to identify settlements from land cover patterns. As Gluch & Ridd (2010) highlight, 

the ñdetermination of the composition of a single pixel is usually of little value in and of itselfò. It is 

the aggregation of multiple adjacent pixels of similar composition that make analysis possible, 

namely the built space continuum. Several spatial delimitation of settlements are based on the 

criterion of built space continuity (Weber, 2001; Ackermann et al., 2003) and the definition 

proposed by the United Nations (UN), that a settlement is a contiguous built-up area with a 

maximum of 200 meters between building structures (NUREC, 1994). The publication of the Atlas 

of agglomerations in the EU by NUREC in 1994 is an important milestone. Employing the 

definition of built space continuum proposed by the UN, this atlas was prepared with information 

about the population and area of more than 300 EU settlements. A more recent example is the 

"Urban Morphological Zones" (UMZs) datasets. UMZs are European Environmental Agency 

datasets, built with land cover classes used to identify the physical boundaries of urban settlements 

at a 1:100,000 scale. According to the EEA (2006), an UMZ can be defined as an agglomerated set 

of urban areas laying less than 200 m apart. If the considered urban patches are closer than 200 m, 

they are merged together through object segmentation to make a larger individual urban area: an 

UMZ representing an urban settlement. 

 

Object segmentation is a dominant method in academic literature to analyse built space 

continuity, namely through shape-based and texture measures (Benediktsson et al., 2003; Blaschke 

et al., 2004; Liu, et al., 2007; Aytekin & Ulusoy, 2011). In this field of study the shape-based 

method of mathematical morphology (MM) has proven to perform particularly well over RS images 

(Jin & Davis, 2005; Liu et al., 2007; Pesaresi & Ehrlich, 2009). Mapping spatial patterns with 

morphological image processing is typically used in forest and biodiversity studies, in the field of 

landscape ecology. Vogt et al. (2007) and Soille & Vogt (2009) have recently developed a 

morphological image processing method for land-cover patterns. In the present study, this same 

method was applied to built-up areas to obtain settlements. 

 

Once we have a cartographic database with the delimitation of settlements, in order to 

develop a systemic and representative analysis, it is necessary to use typologies. A settlement 

typology can be seen as a process which analyses and interprets the various characteristics of 

settlements to provide a classification. The typology also becomes a toolkit which informs further 
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study and interpretation of settlements and their characteristics, including setting up and selecting 

categories to organise and analyse new data (Newman et al., 2008). Settlement typologies can be 

grouped in four broad categories: 1) Dimensional typologies, where the typological adopted criteria 

are primarily related to some quantitative variable, e.g. number of inhabitants (Mitkoviĺ et al., 

2002), this is the category of typological studies most frequently represented in the literature; 2) 

Spatial typologies, where the typological criteria are concerned with spatial attributes of settlements 

(Lamovġek, 2007), such typologies tend to include criteria related to settlement morphology and/or 

patterns of spatial distribution of population; 3) Functional typologies, where settlements are 

classified on the basis of functional data (Alvheim, 2000);  and finally, 4) Multidimensional 

typologies approaches, that pair together two or more typology criteria (Coombes, 2004). 

Typologies of this kind are rather rare, owing to high data requirements. 

 

In Europe, large scale comparative empirical studies are difficult due to incompatible 

statistical data. EUROSTAT (the statistical office of the EU) publishes mainly national and regional 

information. Difficulties arise when an attempt is made to implement settlement typologies in a 

wider application apart from academic study cases, since access to quantitative and qualitative data 

becomes a major problem in the formation of a typology (Newman et al., 2008). Thus, the proposal 

of a settlement typology presents a series of problems. Perhaps the most important one is that 

classification thresholds are not always consistent, moreover, a more inclusive perspective 

highlights that due to non-uniform availability of data, these cannot be realistically used within the 

planning and management process. Even considering there is available data among distinct regions, 

it is often impossible to use the same thresholds in order to classify the settlements. Hence, only 

spatial typologies can be useful to analyse different regions, since they do not rely on socio-

economic variables. Nevertheless, spatial typologies do rely on spatial data sources with the 

mapping of settlements. 

 

Once a typology is set, it can serve as basis for further analysis, setting up categories to 

organise and analyse new data (Newman et al., 2008). In order to apply the proposed settlement 

typology in a systematic and representative analysis, this study concludes measuring the 

relationship between settlement types and terrain attributes through a multinomial logit model, with 

the proposed settlement typology serving as a dependant variable. In spatial analysis, logistic 

regression is used to predict probabilities for the presence or the absence of a specific geographic 

characteristic (Triantakonstantis et al., 2011), deriving relationships between observed spatial data 

(the dependent variable) and the values of physical, economic or social indicators (the predictive 

variables) (Millington et al., 2007). This same method has been used to model urban growth (Hu & 

Lo, 2007), predict urban-rural land conversion (Huang et al., 2009) or broader land use/cover 

change (Millington et al., 2007). Here it will be used to analyse the relationship between settlement 

types and terrain attributes, as an assumed reductionist approach. Recent studies (Millington et al., 

2007; Wang & Kockelman, 2009; Huang et al., 2009) have modelled the relationship between 

explanatory (predictive) and response variables in spatial analysis. The multinomial logistic 

regression model is used when the dependent variable has more than two nominal categories. It is 

flexible enough to be tailored to individual landscapes and it is available from most statistical 

packages. 
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3. Study area and data sources 

 

As study areas, the most populous islands in the outermost regions of Portugal and Spain 

were selected: São Miguel, Madeira, Tenerife and Gran Canaria. These islands make part of the 

Macaronesia ecoregion and are all volcanic in their origin. Tourism development and associated 

commercial and residential growth dramatically changed the landscape of these islands in the last 

decades. Although having a recent settlement pattern and much less comprehensive public transport 

than old settled regions (e.g., railroad transportation have never existed), human settlement is 

extremely conditioned by the physical geography of the islands and, as such, there is much less 

sprawl in comparison with other newly settled regions.  

 

São Miguel is the largest and most populous island in the Portuguese Azores archipelago. 

Covering 759 km
2
, the island has approximately 140,000 inhabitants. Madeira is the largest island 

of the Portuguese archipelago with the same name. It has an area of 741 km
2
 and approximately 

260,000 inhabitants. Together these two islands comprise more than 75% of the total population of 

the two Portuguese outermost regions. Gran Canaria is the second most populous island of the 

Canary Islands, with approximately 850,000 inhabitants. Gran Canaria's surface area is 1,560 km². 

Tenerife is the largest and most populous of the Canary Islands, with a surface area of 2,034 km² 

and approximately 908,000 inhabitants. These two islands comprise more than 80% of the total 

population of this Spanish outermost region. 

 

Due to the complexity of built-up areas, several studies have shown that high spatial 

resolution imageries are required in artificial environment analysis (Jensen & Cowen, 1999; 

Blaschke et al., 2004). As such, orthophotos (georeferenced and geocorrected aerial images) at a 0.5 

meter resolution were obtained from the "Instituto Geográfico Português" and "Cartográfica de 

Canarias", the public companies responsible for geographic information production in these islands. 

The acquisition dates are as follows: São Miguel: 2006; Madeira: 2006; Tenerife: 2008; Gran 

Canaria: 2008. The study data source consisted in a generalization of the islands RGB ortophotos to 

a 5m pixel, accomplished using a nearest neighbour resample. Afterwards images were mosaicked 

in order to obtain a single file for each island. Since the study was intended to focus on extended 

geographical areas (4 islands), a 5m spatial resolution was selected. A viable resolution to 

accommodate the data processing had to be used and, on the other hand, there is literature 

consensus that a 5m resolution is sufficient for the identification of built-up areas (Jensen & Cowen, 

1999). In order to apply the multinomial logistic model, a set of physical data was directly 

computed from the 30 meter resolution grids of the ñASTER Global Digital Elevation Model 

Version 2ò: 1) Altitude (meters); 2) Aspect (degrees); 3) Distance to coastline (meters) and 4) Slope 

(degrees).  
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4. Methods 

 

 

4.1. Mapping and classification of settlements 

 

 

4.1.1. Built-up area extraction 

 

A decision was made to apply a simple and fast classification method; an unsupervised 

classification, which has the disadvantage of overestimating the classified areas (Epstein et al., 

2002). Nonetheless, poorly corrected areas may be corrected through image interpretation. Yang 

(2010) identified several advantages of image interpretation and ways it can be incorporated 

effectively into a digital classification procedure with the use of on-screen digitizing, multiple 

zooming and other GIS tools, such as overlaying and recoding.  

 

In an unsupervised classification, heuristic processes are usually used (Corander et al., 

2009). One of the most widely used heuristic methods is the iterative optimization of clusters, also 

known as K-means. K-means unsupervised classification uses a cluster analysis that relies on the 

choice of a number of classes to partition an n-dimensional imagery into k exclusive clusters, which 

are then filled in an iterative process according to their radiance values (Cihlar et al., 2000). Since 

its performance strongly depends on the initial estimation of the partition, a relatively large number 

of clusters are generally recommended (Cihlar et al., 2000). Thus in this study, in order to achieve a 

binary classification (built-up/non built-up), 50 initial classes were selected and data was assigned 

to homogenous classes based on spectral properties. 

 

The identified built-up patches were made by pixels completely occupied by any artificial 

human constructions. Therefore these initial areas do not aim to include vegetated pixels, even if 

these are part of the urban structure, as is the case of urban parks and gardens, or any kind of bare 

soil that is not developed. Thus, the results initially classify all impervious soil and do not make any 

criterion for land use or occupation. 

 

The 50 classes raster was then reclassified in order to leave considered built-up classes with 

a single value (e.g., 1) and the remaining classes with another value (e.g., 0), thus creating a binary 

raster: built-up and non-built-up. The reclassification procedure had to be done island-by-island, 

visually identifying the classes that best corresponded to built-up areas. As expected, this type of 

classification originates an overestimation of the built-up areas. As such, image interpretation, by 

means of editing classification errors using on screen recoding, was employed. Therefore, in order 

to standardize the methodology and reduce analysis time, making it easily applicable to other 

regions, it was decided that the best method to adopt for this study was an automatic unsupervised 

classification followed by image interpretation. A crucial aspect of the methodology had to be done 

during image interpretation. This consisted in deleting road features to insure that built-up patches 

were not connected via road network, otherwise built-up patches would become merged and even 

isolated patches would be agglutinated into one single patch, because of connecting linear features, 



 

Rodrigues, M. (2015): ñA spatial typology for settlement pattern analysis in small islandsò, GeoFocus, nº15, p. 3-26. 

ISSN: 1578-5157 

 
 

  â El autor 
  www.geo-focus.org 

  10 
 

rendering impossible the identification of individual settlements. As such, this method may not suit 

all types of analysis. 

 

 

4.1.2. Morphological settlement areas 

 

NUREC (1994) produced the Atlas of agglomerations in the European Union based on a 

simple common denominator (i.e., the UN criterion of a maximum of 200m between building 

structures to delimit a settlement). More recently EEA (2006) applied the same criterion over land 

cover data to derive UMZs. Nonetheless, NUREC and EEA methods were aimed at a small scale in 

view of the administrative units. At a large scale study, the 200m criterion would excessively 

extend the size of the agglomerations and, as a result, many settlements would cover a too large 

proportion of land according to their true size. This would also trigger the agglutination of distinct 

settlements. As such, in this large scale study the applied distance criterion was lower, but at the 

same time, flexible enough to be applicable to different data sources as needed. 

 

Based on the NUREC (1994) and EEA (2006) methods, this study definition of a 

"Morphological Settlement Area" (MSA) is a set of built-up patches lying less than 30m apart. The 

present study also relies closely on Vogt et al. (2007) and Soille & Vogt (2009) methods and their 

use of morphological image processing as an approach for mapping land-cover patterns. 

 

The choice of aggregating all the features at 30 meters, relates to the fact that the spatial 

resolution of the most widely available imagery data source in these islands (i.e., LANDSAT 

images) is 30m. As such, although employing high resolution datasets in this study (5 meters), this 

method has been developed to be applied to other imagery data sources. For LANDSAT images, the 

30 meters spatial resolution of imposes this as the minimum to aggregate the built-up patches. 

 

To obtain continuous built-up areas identifying settlements, the binary image resulting from 

the previous built-up extraction was transformed recurring to mathematical morphology (MM). The 

role of MM is to improve the segmentation of image structural components. MM operates on two 

sets: the first one is the image and the second one is the structuring element (Benediktsson et al., 

2003). In this application the structuring element used was a 6x6 matrix, since the spatial resolution 

of the data was 5m and a two-step process of dilation and erosion of the binary image cells by 30m 

was undertaken. The fundamental operators in mathematical morphology are dilation and erosion 

(Benediktsson et al., 2003). Since MM is well established as a method and used in several studies, 

only a verbal description of the algorithms will be provided (see Soille, 2003 for a formal 

mathematical introduction). Data processing was done with the freeware software GUIDOS, which 

implements the raster-based classification algorithm by Soille & Vogt (2009). 

 

In figure 1, let foreground pixels be represented by logical 1's (built-up area) and 

background pixels by logical 0's (non-built-up area). The basic effect of dilation on binary images is 

to enlarge the areas of foreground pixels at their borders. The areas of foreground pixels thus grow 

in size while the background, among and within them, shrink. Taking a 6x6 matrix for the 

structuring element with the centre pixel used as the origin of the set B, then figure 1 highlights the 
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dilation process. If the pixel is set to foreground (built-up), it remains such. If the pixel is set to 

background (non-built-up), but at least one of its eight neighbours (connectivity in cardinal 

directions) is set to foreground (built-up), the pixel is converted to foreground (built-up). If the pixel 

is set to background (non-built-up) and none of its eight neighbours (connectivity in cardinal 

directions) is set to foreground (built-up), the pixel remains set to background (non-built-up). 

 

BA A+B

6x6 matrix

Dilated built-up area

Built-up area

 
Figure 1. Dilation process 

 

 

After the dilation process all built-up patches laying 30 meters apart are aggregated into 

single continuous surfaces. The next step consists in making these surfaces to recede on their edges, 

in order to maintain settlements as accurate as possible. The boundaries of the surfaces can be 

receded using another MM operator: erosion. The basic effect of erosion on a binary image is to 

erode away the boundaries of foreground pixels. Thus areas of foreground (built-up) pixels shrink 

in size and non-built-up areas among and within those areas become larger. 

 

Once again the 6x6 matrix of logical 1's, with the middle point chosen as the origin of the 

set, is used as the structuring element B (figure 2). To compute the erosion of a binary input image 

by this structuring element, each of the foreground pixels in the input image were considered in 

turn. For each input pixel, the structuring element is superimposed on top of the input image, so that 

the origin of the structuring element coincides with the input pixel coordinates. If the input pixel is 

set to foreground (built-up) and all its eight neighbours (connectivity in cardinal directions) are also 

set to foreground (built-up), then the pixel remains set to foreground (built-up). If the input pixel is 

set to foreground (built-up) but at least one of its eight neighbours (connectivity in cardinal 

directions) is not, the pixel is set to background (non-built-up). Input pixels set to background (non-

built-up) remain such. The effect of this operation is to remove any foreground (built-up) pixel that 

is not completely surrounded by other foreground (built-up) pixels, assuming eight-cell 

connectedness (figure 2). 

 

Taking one settlement as example, figure 3 compares the results obtained from the built-up 

area extraction (A) and after the dilation and erosion process (B), which created the final MSAs 

datasets. Essentially, the proposed MSAs are aggregated continuous surfaces of built-up tissue void 

of road-network; the absence of road network prevents having individual MSAs merged together 

via road features. 
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BA A-B

6x6 matrix

Receded built-up area

Built-up area

 
Figure 2. Erosion process 

 

 

A B

 
Figure 3. Built -up patches (A) and resulting morphological settlement area (B) 

 

The resulting map from this process remained a binary map with cells representing MSAs 

coded as 1s. To individualize each MSA into a unique continuous area representing an individual 

settlement, cells coded as 1s belonging to the same contiguous area were grouped with a unique 

identifier. This was done confirming the connectivity between cells coded as 1s, testing if they were 

within the immediate four-cell neighbourhood (left, right, above, or below) of each other. If the 

connectivity spatial requirements were meted, cells coded as 1s were grouped into contiguous areas 

of cells. With each area having a unique value assigned to it, thus representing an individual 

settlement. 

 

 

4.1.3. Accuracy assessment 

 

The MSAsô accuracy assessment was performed individually for each island using a cross 

tabulation matrix. According to reference literature (Foody, 2002), the sample size was computed, 

aiming at an accuracy of 85%, at the 95% confidence level. An overall accuracy of 80-85% has 

often been cited as recommended target accuracy for land cover maps (Foody, 2002). The obtained 

196 minimum sample size was rounded up to 200 sample points, which in turn were created 

recurring to a simple random sampling. Since only binary maps had to be assessed, a simple random 

sampling design was used. As such, in each island a random set of 200 points was created with 

image interpreted samples used as reference data. The 200 points were verified and labelled against 
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the reference data, with built-up pixels being represented by logical 1ôs, and non-built-up pixels by 

logical 0ôs.  Cross tabulation matrices were then designed to assess the quality of the MSAsô 

accuracy and accuracies statistics derived from the matrices. 

 

4.1.4. Settlement typology 

 

When developing this settlement typology two conditions had to be met: 1) the typology 

thresholds should be equally applied in all the studied islands; 2) in each island, 100% of the 

morphological settlement areas (MSAs) had to be classified. With these two conditions in mind, a 

settlement typology with four classes is proposed, on the basis of two morphological dimensions: 

size and proximity, with proximity being computed as the Euclidean distance from settlement edge 

to the closest settlement edge. 

 

Main settlement: The main settlement corresponds to the largest settlement in the 

landscape (i.e., main settlement = largest patch area). In the case of the studied islands, the main 

settlement corresponds to the main city in each island. 

 

Consolidated settlements: The consolidated settlements correspond to MSAs that make 

the primary settlement cores. They have high built-up densities, since these are settlements in which 

there is a close juxtaposition of built-up area. These settlements are characterized by being the 

largest settlements in the landscape, with their size resulting from having multiple built-up patches 

aggregated. Under the proposed settlement typology these areas are identified by having a MSA 

patch area greater than one standard deviation to the island mean, i.e., consolidated settlements = 

(MSA patch area > Õ+1ů). 

 

Fragmented settlements: These settlements are typically associated with patterns of 

clustered, non-traditional centres, which may arise through sprawling processes. They have lower 

built-up densities. These areas are associated with the expansion of built-up tissue and as such they 

are located, usually, in the vicinity of consolidated settlements. Under the proposed settlement 

typology, fragmented settlements correspond to MSAs with a patch size smaller than one standard 

deviation to the island mean and a patch proximity smaller than the island mean, i.e., fragmented 

settlements = (MSA patch size < (Õ+1ů) AND MSA patch proximity < µ). 

 

Dispersed settlements: Dispersed settlements are a typical pattern of rural landscape, 

resulting from isolated and small built-up areas not grouped into villages and hamlets. Sparsely 

located, dispersed settlements correspond, under the proposed settlement typology, to MSAs with a 

patch size smaller than one standard deviation to the island mean and a MSA patch proximity 

higher than the island mean, i.e., dispersed settlements = (MSA patch size < (Õ+1ů) AND MSA 

patch proximity > µ). 

 

4.2. Multinomial logit model 

 

In order to have the same data resolution as the physical variables computed from the 

ñASTER Global Digital Elevation Model Version 2ò, the MSAs datasets were generalised using a 
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nearest neighbour resample to a 30 meter pixel. A set of rather standard routines were followed to 

convert the raster maps to data matrices, with pixels being treated as cases. MSAs' typology was 

treated as the categorically distributed dependent variable, and altitude, slope, aspect and distance 

from the coastline, as predictors. Since the goal of the proposed settlement typology is to contribute 

to the systematic and representative analysis of settlements, this study assumes the variables as a 

shortened selection for the development of a simplified reductionist model, an example of an 

application using the proposed settlement typology. It is clear a priori that there are explanatory 

driving forces that are not represented in the variables. 

 

Multinomial logistic regression was performed for each of the islands separately. The logit 

models were used to predict the probability of existence of each of the settlement types. 

Consequently, the value of the membership of each pixel (case) to a given typology class can be 

determined as a function of the values of the terrain attributes for that pixel (case). The lowest ratio 

of cases to independent variables was in Madeira, 17001.75 to 1 (table 1). Thus the requirement for 

a minimum ratio of cases to independent variables was by far satisfied. With a highest score of 

0.092 (table 1), the models standard errors of coefficients indicate no numerical problems. The 

benchmark used to characterize the models as useful was the rate improvement over the accuracy 

achievable by chance alone (Costea & Eklund, 2003). "By chance accuracy" is computed by 

summing the squared percentage of cases in each class of the dependent variable. Since multinomial 

logistic regression is well established as a method used in several studies and available in several 

statistical software, only an analysis of the results will be provided (see Menard, 2002 for a formal 

mathematical introduction). 

 

Table 1. Multinomial logit models 

  S. Miguel Madeira G. Canaria Tenerife 

Ratio of cases to independent variables 17195.25 17001.75 27549.5 33847.75 

Highest standard errors of coefficients 0.092 0.070 0.036 0.046 

Accuracy achievable by chance alone 37.68% 31.86% 39.93% 35.07% 

 

 

5. Results 

 

 

5.1. Mapping and classification of settlements 

 

The islands' settlement system dates back to colonization in the fifteenth and sixteenth 

centuries. Over the course of time, settlement has developed primarily along the more accessible 

areas on the coast and in a few interior plains. Due to the islands' volcanic nature, the coastal zone 

had a better agricultural capacity, lower altitude and greater ease of communication. In the case of 

São Miguel and Madeira, settlement have grown denser in the south (figure 4 and 5), while in Gran 

Canaria and Tenerife, it is the northeast that has the highest settlement density (figure 6 and 7). 

These were the areas with better agricultural capacity and existence of natural harbours. Nowadays, 

in all the cases, the areas of highest density correspond to major cities, mainly because of the natural 

attraction to urban centres and, on the other hand, due to the process of urbanization that has 
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characterized these regions in the last decades. This process has been determined by forces of 

attraction and repulsion and driven primarily by economic motivations, associated with dynamics of 

growth and job creation. As such, these factors, paired with the islands' physical geography, 

contributed to an asymmetric spatial distribution of settlements. 
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Figure 4. São Miguel's morphological settlement areas 
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Figure 5. Madeira's morphological settlement areas 

 

In Madeira there is a clear asymmetry between the north and south (figure 5). The northern 

slopes of the island are more windswept and rainy with high cliffs which end abruptly in the sea. 

The south slopes are more sunny, less rainy and warmer, the sea is calmer and there are good 
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natural harbours which facilitated the initial settlements. Unlike the island of São Miguel, the 

interior has never been exploited for agriculture or livestock due to its very rugged topography. 

Figure 5 shows a large concentration of MSAs in the southeast of the island, as it relates to the 

location of primary urban centres and the existence of the main ports and the airport. The island has 

vast uninhabited areas in the interior which coincide with areas of rugged terrain, where settlements 

have concentrated at the mouths of the ravines.  

 

Gran Canaria's MSAs are clustered around the capital (Las Palmas de Gran Canaria) and its 

adjacent municipalities in the northeast of the island, while inland and in the west, MSAs are rather 

sparse (figure 6).  
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Figure 6. Gran Canaria's morphological settlement areas 

 

In Tenerife, the cities of Santa Cruz de Tenerife and La Laguna San Cristóbal are physically 

linked through a conurbation making Santa Cruz de Tenerife a metropolitan area, island-wide 

(figure 7). There is also a marked contrast in Tenerife and Gran Canaria, between north and south, 

where in both cases the north has a higher settlement density. Nonetheless, in these Spanish islands 
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the south started to attract more population due to resort development. As a matter of fact tourism 

was, and still is to some degree, a major pattern-forming force in these islands. 
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Figure 7. Tenerife's morphological settlement areas 

 

 

5.1.3. Accuracy assessment 

 

Table 2 presents the MSAsô accuracy assessment. Overall accuracy ignores the off-diagonal 

elements the omission and commission errors. Omission errors are a calculation of cases (cells) that 

have been incorrectly attributed to other classes; while commission errors are a calculation of cases 

(cells) which have been incorrectly included in the class. 

 


