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Abstract

The objective of the present study is to evaluate the relation between the spatial and tem-
poral dynamics of Land Use and Land Cover (LULC) and the hydro-geomorphological
processes and their impacts. The study area is the city of Leiria, in central Portugal, within
the period 1958-2018 based on the historical record of floods and landslides disasters.
The LULC analysis shows an accentuated increase in the artificial areas and a continuous
decrease in the agricultural areas. With regard to hydro-geomorphologic disaster occur-
rences, a total of 124 occurrences were identified, having caused a set of impacts. The
obtained results allow one to characterize the artificialization process, its intensity and ter-
ritorial dispersion, as a consequence of urban sprawl and peri-urbanization, along with its
consequences in exposure to hydro-geomorphological processes. The analysis concludes
that changing the risk drivers resulted in an increase in frequency and spatial dispersion of
hydro-geomorphologic disasters over the analysed period.
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1 Introduction

The world’s population is increasingly concentrating in densely urbanized areas in detri-
ment of rural settlements (UN 2017). According to the same source, (UN 2017), 55% of
the world’s population lives in urban areas, when this value in 1950 was only 30%, with
projections pointing to 68% in 2050. If we analyze the European urban population in 2017,
the percentage is 74 and 65% for Portugal (UN 2017). The increasing concentration of pop-
ulation and economic activities in urban areas gives rise to the need for expansion towards
their peripheral areas. In this way there is a landscape change, which translates into a pro-
gressive fragmentation of the territory leading to a growing miscellany of uses and occupa-
tions (Gaspar 2005), turning the process of identifying the boundaries between urban and
rural increasingly complex (Salgueiro 2006).

There are several factors that promote a constant territorial mutation giving rise to the
dynamics of LULC that can be grouped into the demographic, social, economic, biophys-
ical, cultural or environmental domains (Lambin and Geist 2008; Sherestha et al. 2011;
Tavares et al. 2012; Li et al. 2013). Thus, there is a constant and intense process of alter-
ation and reorganization of the peripheral spaces that originate new processes of LULC
resulting in intense processes of peri-urbanization (Rojas 2002; Duran 2006; Barros et al.
2018). This occurs transversally at the European level where there is an annual growth
four times higher for the peri-urban areas compared with urban areas (Piorr 2011; Nilsson
et al. 2013; Fertner et al. 2016). In this process of expansion, there is often a rapid and less
controlled growth of the artificialized areas giving rise to urban sprawl processes that the
European Environment Agency calls “unplanned incremental urban development, charac-
terized by a low density of land uses on the urban fringe” (EEA 2006; see also Piorr 2011;
Nijkamp and Perrels 2018). In this study, peri-urbanization is understood as the process of
the physical expansion of cities, but also of the dissemination of social, economic and cul-
tural patterns inherent to the urban phenomenon (Duran 2006).

In Portugal, the growing dynamics of urban expansion in the mid-twentieth century,
dominated by a legal system associated with fiscal, land and housing policies (Cavaco et al.
2015) has led to an excessive, and in most cases, unplanned soil artificialization, giving
origin to fragmentation and territorial dispersion. Therefore, often provoking diseconomies
in the national urban system (INE 2004; Cavaco et al. 2015). In the present study, the arti-
ficial areas are understood according to the definition given by the Portuguese Territory’s
General Directorate (DGT 2019, p. 20) that they are areas intended for human intervention
activities, which include built fabric areas, industrial and commercial areas, areas dedi-
cated to tourism, infrastructures, road and rail network, service areas, gardens and equip-
ment. The soil artificialization is understood, as the process of change from an agricultural,
forest or another natural area towards artificial areas.

The continuous spatial process of urban expansion, which is the origin of peri-urban
areas, is often related to urban sprawl processes that dispel the boundaries between rural
and urban (Piorr 2011; Hennig et al. 2015; Masini et al. 2019). This process of transforma-
tion is characterized by a set of changes, namely in terms of land use changes, land use
competition, demographics, social, economic and environmental changes, thus resulting in
urbanization of previously rural territory (Schneidewind 2006; Freire et al. 2009; Meneses
et al. 2018). However, most of the time the process of LULC linked to urban expansion is
carried out without taking into account the different physical conditions of the territory and
a comprehensive knowledge of the various intrinsic dynamics of the natural environment.
In this sense, the interplay of the occupation of the territory with its natural dynamics
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originates many of the risk-inducing processes that lead to disasters (Pedrosa 2006; Pat-
tison and Lane 2012; Chadchan and Shankar 2012; Buhaug and Urdal 2013; Sofia et al.
2017).

The increasing artificialization of the soil and the resulting changes, such as the altera-
tion and destruction of the vegetation cover, alteration of slopes and the soil sealing will
have a decisive influence on the surface and underground runoff. This fact coupled with
the prediction that extreme hydrological events will become more frequent and damag-
ing due to global warming (Beniston et al. 2007; Trenberth 2011; Field et al. 2012) would
lead to more frequent occurrences of disaster events of hydro-geomorphologic origin.
However, there is a great spatial and temporal variability related to these processes. There
is still a great degree of difficulty in determining and predicting the interactions between
global warming, anthropogenic influence and occurrences of hydro-geomorphologic dis-
asters. Although according Seneviratne et al. (2012, p. 114) “There is high confidence
that changes in heatwaves, glacial retreat, and/or permafrost degradation will affect slope
instabilities in high mountains, and medium confidence that temperature-related changes
will influence bedrock stability. There is also high confidence that changes in heavy pre-
cipitation will affect landslides in some regions”. Regarding floods, the same author argues
that changes in flood magnitude and frequency can be expected in regions where tempera-
ture changes affect the type of precipitation. Seneviratne et al. (2012, p. 113) claim that:
“There is medium confidence based on the projected increases in heavy rainfall that would
contribute to increases in rain-generated local flooding, in some catchments or regions” .

In recent years, some studies have analysed the relationship between the occurrence of
LULC and landslides (Glade 2003; Alcantara-Ayala et al. 2006; Papathoma-Kohle and
Glade 2013; Reichenbach et al. 2014; Persichillo et al. 2017; Guerra et al. 2017; Gariano
et al. 2018; Vitagliano et al. 2020) and floods (Li et al. 2009; Onishi et al. 2014; Carisi
et al. 2016; Zhang et al. 2018) some of them addressing linkages to climate change. With
regard to landslides, several studies point to the importance of LULC of anthropic ori-
gin in slope instability, leading to the activation or reactivation of landslides (Meusburger
and Alewell 2008; Van den Eeckhaut et al. 2009; Ravetz et al. 2013; Bruschi et al. 2013;
Reichenbach et al. 2014). Some authors even argue that land use change may be more det-
rimental to future landslides than climate change (Crozier 2010; Anderson and Holcombe
2013).

The principal objective of this work is the evaluation and comparison with the spatial
and temporal trends of LULC between 1958 and 2018 for the city of Leiria, and its relation
to episodes of hydro-geomorphologic occurrences. The research questions are the follow-
ing: what are the changes in the land use for the period 1958-2018? What are the princi-
pal spatial and temporal trajectories related with land use classes? What are the principal
dynamics over time in the city centre and its surroundings? What is the spatial and tem-
poral distribution of hydro-geomorphologic occurrences like floods and landslides in the
study area? What is the relation between land use dynamics and these occurrences? What
are the main impacts of the floods and landslides in the study area? How can we design a
more resistant urban fringe?

The city of Leiria was chosen for the present study due to the fact that it is a medium-
sized city, with a marked dynamic of LULC in the last decades, with an intense population
growth since the 70’s. On the other hand, it also presents a consolidated history record of
occurrences of hydro-geomorphologic origin, namely floods and landslides. The study area
can be representative of the medium-sized cities in Europe which are poles of attraction for
the rural population due to employment-based social dynamics, but maintaining close spa-
tial relationships with agroforestry use and riverside environmental protection areas.
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2 Study area

The study area is a part of the city and municipality of Leiria, located in the Central Region
of mainland Portugal. It is centred on the City Council and has a circular shape with a 4 km
radius and an area of 50.26 km? (Fig. 1), including the urban core and peripheral areas,
with a total of 63,399 inhabitants (INE 2012).

In terms of geology and morphology, the study area is located to the north of the Lime-
stone Massif of Estremadura in a large sedimentation area called Lusitanian Basin, which
in the Mesozoic settled in the tectonic trench limited by the Hesperian Massif and Western
Continent (Veiga 2011). With regard to tectonics, the study area falls within the area of the
Monte Real and Leiria diapires (Teixeira and Zbyszewski 1968). The region is character-
ized by its diversity of geological units, with ages between the Jurassic and Quaternary,
where two groups of lithological formations are distinguished: formations of magmatic
and sedimentary origin. The sedimentary formations correspond to alluvial deposits, flu-
vial terraces and Pliocene sandstones and clays/silts. The surrounding hills present Jurassic
marl material sequences and formations of magmatic origin corresponding to predominant
dolerite domes and veins (Teixeira and Zbyszewski 1968; Veiga 2011). The altitude ranges
from approximately 7-440 m.

The lower zones correspond to the alluvial plains of the Lis and Lena rivers, which
intersect the typhoon valley Parceiros-Leiria. Regarding the hydrological setting, Leiria
city is located in the hydrographic basin of the Lis river, which is also crossed by its tribu-
tary Lena (Fig. 1). In the study area, the Lis presents an open valley on a densely populated
plain, with emphasis on the man-made changes in the river course made in the past. This
change was carried out with the objective of controlling floods, diverting the river from the
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Fig. 1 Location of the study area
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city. However, currently, due to the process of urban expansion and peri-urbanization, the
river has returned to occupy a central place in the study area (Veiga 2011; Pinhal 2016). In
relation to the Lena, its floodplain is essentially occupied by agricultural and some artifi-
cial areas that include housing, road network and warehouses. The Lis river and its tribu-
taries present a torrential pluvial character, registering a great variability in quantitative
annual flows. According to Jacinto (2009), this fact affects the level of the aquifers and
groundwater level, often giving rise to risk situations associated with floods and landslides.
In the study area, there are historical records of flooding associated with human and mate-
rial losses.

The pluviometric regime of the study area is characterized by great variability, with the
highest concentration (75%) occurring in the winter months between October and March.
According to data from the Leiria weather station, between the hydrological years of
1930/1931 and 2016/2017, the precipitation values varied between 446.7 mm, verified in
2004/2005, and 1805.6 mm, verified in 1940/1941. The average annual rainfall is 879 mm,
with January being the wettest month, with an average of 129.7 mm.

3 Methodology
3.1 Land use and land change

The present work intends to analyze the Land Use Land Cover (LULC) between 1958 and
2018 and its relation with the documented hydro-geomorphologic occurrences. The analy-
sis of LULC was carried out with recourse to a set of four photographic mosaics dated
from 1958, 1985, 1995 and 2018. The images were analysed and processed according
to the procedures presented by Tavares et al. (2012) and Monteiro and Tavares (2015).
The adjustment of the different imagery scales was performed according to Monteiro and
Tavares (2015), and the integration of images from different sources was complemented
by fieldwork, checked by a supervised analysis of the urban fabric, the complex and mixed
uses and the land occupation with degraded characteristics.

A classification system was established according to Bossard et al. (2000), based on
the Corine Land Cover (CLC) classification defined by the European Environment Agency
(EEA 1990). In the next phase, a geographic information system was developed for the
classification of polygons of land use, applying the previously defined classes (Skokanova
et al. 2012; Tavares et al. 2012; Monteiro and Tavares 2015). For the study area, a base
of 24 disaggregated classes was initially identified. In a sequent process these 24 classes
were reclassified and aggregated into six major classes, namely: artificial areas, agricul-
tural areas, forest areas, shrub vegetation areas, sparsely vegetated areas and inland waters,
using the performance analyses according to Barros et al. (2018).

The analysis of the dynamics of land use for the study area was implemented using a
map to map resemblance, involving a set of successive images, with cross-references to
define the dynamics of LULC. From this act a set of matrices were created and carried
out for the six aggregated classes, for the periods 1958-1985, 1985-1995, 1995-2018 and
1958-2018. The analysis of the dynamics of LULC between 1958 and 2018 was also com-
plemented by the use of two different indicators, also applied in previous studies (Long
et al. 2007; Tavares et al. 2014; Barros et al. 2018): the annual rate of artificialization of
surfaces (AS) and the stability grade (SG) (Table 1). The AS is an indicator that assesses
the dynamics of urbanization in different periods in a certain area. The SG expresses the
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proportion of the landscape that had not experienced a transition to any different category
of land use (Tavares et al. 2012).

For the propose of the analysis, the study area was divided into four sections, as per-
formed by others authors (Loibl and Toetzer 2003; Gallent et al. 2006: Leontidou and
Couch 2007; Freire et al. 2009; Ravetz et al. 2013) with the aim of understanding the dif-
ferent dynamics and processes of LULC in the central urban core and in the peripheral
areas. These different studies show that the greatest transformative force is emerging from
a centre, representative of political or economic power. In this study, the different sections
are considered according the EU PLUREL project (Piorr 2011; Ravetz et al. 2013). In this
sense, Sect. 1 corresponds to the city centre that includes the Central Business District and
many civic and cultural functions. Section 2 to the inner urban area, that stands out, with a
higher built density that includes residential, commercial and industrial types. Section 3 to
a suburban area with lower density, but contiguous built-up areas with local commerce and
services and Sect. 4 to the urban fringe periphery area. According Piorr (2011) and Ravetz
et al. (2013), the area corresponding to Sects. 1, 2 and 3 is called a “Built Up Area”. The
junction of Sect. 4 to the other sections is designated by Functional Urban Area (FUA).

3.2 Hydro-geomorphologic history records

In the present study, the history occurrences of hydro-geomorphologic origin, namely nat-
ural processes of hydrologic (floods, flash floods) or geomorphologic (landslides) nature
will be considered. The survey of the occurrences for the study area was conducted within
the framework of the DISASTER project (Zézere et al. 2014). The database that resulted
from the project consists in a collection based on hemerographic sources published daily
or weekly between 1865 and 2018 (17 newspapers of national or regional circulation previ-
ously characterized by Z€zere et al. 2014). A total of five newspapers were surveyed for
some specific dates in order to complete or validate some occurrences. In total, 145,344,
newspapers were surveyed in order to identify hydro-geomorphologic occurrences.
According Zézere et al. (2014) all occurrences were validated using the newspaper for the
main report and cross-checking different news sources (national, regional and local news-
papers). Statistical tests have shown that the DISASTER database can be considered com-
plete by records gathered since 1936 (Zézere et al. 2014). For the present study, only the
occurrences identified between 1958 and 2018 were considered. For the systematization,
a database was elaborated, later exported to Excel (Microsoft Office®), which contained
fields of analysis regarding: (1) date and site of occurrence of the event; (2) source of infor-
mation and news characteristics; and (3) direct and indirect associated losses and damages.

According to the methodology described by Z&zere et al. (2014), “occurrence” was
considered according to the geographically identifiable location affected by an event of
hydro-geomorphologic origin for which losses and damages resulting from flooding, and/
or landslides in slopes are reported. The same author defines event as a set of occurrences
sharing the same trigger which can have a widespread spatial extension and a certain mag-
nitude. In the present work, all occurrences present detailed information about the time
period of the respective occurrence, namely the hour, day, month and year. This fact is
important because it allows one to attribute a high degree of accuracy to the information
collected, as advocated by Parise and Vennari (2013, 2017). The DISASTER database pre-
sents a wide range of information on the occurrence characteristics and damages (Z&zere
et al. 2014). The first includes data on flood or landslide subtype, date of occurrence, loca-
tion and triggering factor. The second includes structural damages (damage to buildings
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and damages to rail and road networks) and social consequences (human damage, gender
of fatalities and circumstances surrounding the fatalities). The inclusion of this information
allows one to increase the level of detail of the database, allowing a hierarchical organiza-
tion and a detailed level of multidimensional analysis, going from national to local scale,
as is defended by (Napolitano et al. 2018). The georeferencing and analysis of occurrences,
the visualization and cartographic production was done in Geographic Information System
(ArcGIS 10.5 ESRI®). The georeferencing of each occurrence was performed according to
Zg&zere et al. 2014, by adopting the following procedures: (a) location with exact coordi-
nates (1: 1000 scale); (b) location based on toponymy (1:10,000 scale); (c) location in the
centroid of the parish; and (d) location in the centroid of the county. In the present study,
only occurrences with an exact location were considered. It should be noted that the loca-
tion of each occurrence is methodologically influenced by the quality of description pre-
sent in the reported news.

In the present work, the occurrences were grouped into two groups, based on the
impacts associated, namely: occurrences with human losses (occurrences that meet the cri-
teria of the DISASTER database, namely any flood or landslide that caused casualties, inju-
ries or missing, evacuated or homeless people) and occurrences with exclusively material
losses.

3.3 Cluster analysis

A cluster analysis was performed for the evaluation of the relation between the aggregated
land use classes and the different impacts. This is an exploratory statistical technique of
multivariate analysis that allows grouping variables into homogeneous groups based on
their common characteristics (Mardco 2014). In this statistical analysis the objective was
to assess the degree of relation between the two typologies of impacts (occurrences with
human losses and occurrences with exclusively material losses) and the three more repre-
sentative aggregated land use classes (artificial areas, agricultural areas and forest areas)
between 1958 and 2018. However, in the sense of strengthening the analysis and since
the negative consequences inherent to the LULC can take a few years or decades to be
reflected in negative impacts, some previous evidence related to floods and landslides has
been taken into account. In this analysis, the cases are each a section of 1 km radius in the
4 time periods, that is, a total of 16 cases. Thus, a hierarchical cluster analysis was per-
formed for the five variables by Ward’s method testing a grouping of variables in 2, 3 and
4 clusters and using the phi coefficient as a similarity measure. The procedure was done
using SPSS statistics® software.

4 Results
4.1 Land use and land cover change and occupation

Figure 2 presents the dynamics of the six aggregated classes between 1958 and 2018. Its
analysis allows one to conclude the existence of systematic changes in land use that are
translated in the increase in artificial areas with a positive variation of 342% between 1958
and 2018 and a considerable decrease in the agricultural areas, which shows a negative
variation of 55%. Also noteworthy is the increase in forest areas, which in the considered
period presented a positive variation of 26%.
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Fig.2 Classes of land use from 1958 to 2011 for the study area

Figure 3 presents the cartographic representation of the evolution of the six aggregated
land use classes for the period 1958-2018. From the outset, it is possible to observe a pro-
gressive increase in territorial complexity of uses, as a reflection of peri-urbanization pro-
cesses. It is possible to verify that in 1958 agricultural areas were predominant (54.3%),
where the artificialized areas (8.4%) presented an irregular distribution along the territory,
with a clear concentration in the city centre. Furthermore, the importance of forest-related
areas was noteworthy, which in 1958 accounted for 26.6% of the total area of study, with a
strong concentration in the most outer urban areas.

The temporal evolution present in Fig. 3 shows a clear modification in the territorial
assets related to land use and occupation present between 1958 and 2018. A constant
increase in soil artificialization can be noticed with a clear focus on the city centre (Sect. 1)
that emerges as the pole dynamizing the landscape of the study area towards the more
peripheral areas. The artificialization process was carried out essentially at the expense
of the agricultural areas, which in the periods in question presented a decrease of 55%
in terms of area, but also with the use of shrub vegetation areas. The forest areas, have
the particularity of presenting a distinct dynamic over the analysed period: interest led to
some maintenance works between 1958 and 1995, they show an increase between 1995
and 2018.

As regards the artificial areas, there is a dynamic of expansion from the city centre
(Sect. 1) to the periphery, especially for the inner urban area (Sect. 2) and the suburban
area (Sect. 3). In 1958, the artificial areas presented a lower percentage than the agricul-
tural and forestry areas, in all sections. However, this reality is changed during the period
under analysis, where we see a clear and intense expansion of artificial areas (Fig. 4). On
the other hand, we verified a constant retreat of the agricultural and shrub vegetation areas,
where it should be noted that the process of artificialization of previously agricultural and
shrub vegetation areas decreases from the centre to the periphery. The forest areas were the
object of some maintenance between 1958 and 1995 with a considerable growth between
1995 and 2018. This fact is observed through Figs. 3 and 4 where it is possible to mention
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- Agricultural areas - Forest areas
- Sparsely vegetated areas Inland water

Fig.3 Land use and occupation for the study area based on image classifications by year

- Artificial areas

- Shrub vegetation areas

that in the most peripheral areas, and despite the fact that considerable soil artificialization
is observed, these areas are still marked by a strong presence of forest and agricultural use.
However, distinct differences between these two land classes can be observed. While the
agricultural areas show a greater retreat in the city centre and inner urban area between
1958 and 2018, the forest areas present some stability in all sections between 1958 and
1995, with the exception of the suburban area (Sect. 3) that presents a greater decrease.
However, in the period between 1995 and 2018, the forest areas show a considerable
growth in all sections.

Another fact to register relates to the forest areas, which along with the artificial areas,
are the only two land use classes that show an increase between 1958 and 2018. This pro-
cess of growth is related to processes of loss of profitability and importance of the agricul-
tural sector, in economic and employment terms, that result in the abandonment of agricul-
tural land. It is also noteworthy that the gain of these areas is also due to the transformation
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- Artificial areas - Agricultural areas - Forest areas E:-J' Sections

Fig.4 Evolution of the three most representative land use classes by year and sections

of shrub vegetation areas into forest and artificial areas. For the evaluation of the dynamics
in LULC, the stability grade (SG) and the rate of artificialization (RA), presented in the
Fig. 5, were calculated. In terms of SG there is a constant increase between 1958 and 2018.
If we consider the entire period under analysis, we find that the average value of the SG is
42.05%, which reflects a relevant transformation process of land use change. In terms of
RA, there is a sharp and continuous growth between 1958 and 1994, with an annual growth
of 0,19% between 1958 and 1984 and 0,51% between 1985 and 1994. This is a result of the
process of urban expansion observed since the 70’s linked to the approval of a framework
of municipal plans that encouraged the construction of a set of infrastructures. From the
mid-1990s onwards, the RA showed a steady and marked decrease until 2018. This can
be explained by the approval of territorial planning instruments that limit urban expansion
and impose a number of limitations in terms of land management for ecological and agri-
cultural protection areas. These instruments include the approval of a new Master Plan in
1994 and the approval in 1993 of the National Agriculture Reserve (RAN) and in 1996 the
National Ecological Reserve (REN).

4.2 Hydro-geomorphological occurrences
A total of 124 flood and landslide occurrences were identified, of which eight are related to

occurrences with human losses and 116 to occurrences with exclusively material losses. It
should also be noted that 110 occurrences refer to floods and only 14 to landslides.
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Fig.5 Parallel between the stability grade (%) and the rate of artificialization (%) in the city of Leiria

4.2.1 Spatial distribution and characterization of occurrences

The distribution of occurrences of hydro-geomorphologic origin between 1958 and 2018
in the area of study present temporal and spatial variations that must be analysed. The
municipality of Leiria and more specifically its urban area, with emphasis on the city cen-
tre, presents a consolidated history of hydro-geomorphologic occurrences (with emphasis
on floods) with occurrences dating from the beginning of the fifteenth century (Andrada
1982). It should be noted that the occurrences of landslides appear associated with five dis-
tinct geological units namely, in descending order of number of occurrences: Jurassic marl
and marly limestone; Quaternary deposits; Paleogene detrital rocks; Cretaceous limestone
and Pliocene detrital rocks. With regard to floods, occurrences arise associated with con-
texts related to the overflowing of the banks of the Lis river and its tributary Lena. We also
highlight the occurrences that correspond to urbanized areas, over floodplain and alluvial
areas.

Table 2 shows the different typologies and subtypes associated with the processes that
originated the total of 124 identified occurrences, as well as their temporal differentiation.
It can be seen that, in relation to floods, flash floods predominate (73.6%), this trend being
transversal to all analysed periods. The growth of flash floods between 1995 and 2018
stands out, representing 66.6% of the total occurrences of this subtype and 49% of the total
recorded floods. With regard to landslides, there is a predominance of processes related to
rockfalls, followed by debris flows. However, it is necessary to highlight different temporal
trends regarding landslide occurrences. For the period 1958—1984 there is only the occur-
rence of landslides related to rockfalls, 1985-1994 is marked by the absence of landslides.
Between 1995 and 2018, there is an increase in the number of occurrences related to land-
slide, namely related to rockfall and debris flow. There is also an occurrence related to a
process of shallow translational landslide.

Table 3 shows the distribution of the two typologies of occurrences considered, distrib-
uted over the three periods that resulted from the analysis made for the LULC. From the
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Table 2 Typology and subtypes of the occurrences

Typology Subtype Total values
1958-1984 1985-1994 1995-2018

Floods Progressive flood 6 0 5

Flash flood 12 15 54

Not identified 12 1 5
Landslides Shallow translational slides 0 1

Rockfall 0 6

Debris flow 0 5
Table 3 Number and typology of occurrences in the three analysed periods

Total values Racio values (no. ocurrences/no.

years)

1958-1984 1985-1994 1995-2018 1958-1984 1985-1994 1995-2018

Occurrences with human 3 1 4 0.1 0.1 0.2
losses
Occurrences with exclu- 29 15 72 1.1 1.5 3

sively material losses

outset, it is possible to observe that the period 1995-2018 is that during which the major
number of occurrences with human and exclusively material losses was recorded.

However, due to the temporal differences between the three periods considered, it was
necessary to find a way to standardize the number of occurrences by the different peri-
ods. Thus, a ratio was used, which consisted in dividing the number of occurrences by the
number of years of each period. The analysis of the obtained ratios shows that the period
1995-2018 has the highest ratios in the two typologies of occurrences observed, confirm-
ing the trend of total values. However, the period 1985-1994 stands out with the second
highest ratio relative to occurrences with exclusively material losses.

In terms of the spatial distribution of occurrences, Fig. 6 shows its territorial distribu-
tion over the three periods under analysis and for the entire period between 1958 and 2018.
Figure 6 also shows the relationship between the impacts and typologies of the different
occurrences with the evolution of the urban limits of Leiria over the last seven decades
that resulted from the application of a set of planning frameworks (Barros et al. 2018). It is
still possible to correlate the different occurrences with the areas threatened by the risk of
floods and erosion in REN, in application since 2016. Each section is centred on the City
Council and has, respectively, 1, 2, 3 and 4 km radius. Firstly, it can be observed that in
the first and second analysed periods, the occurrences are concentrated in the city centre
(Sect. 1) coinciding with the historical centre. However, it should be noted that occurrences
with human losses happen in peripheral areas, namely in the suburban area (Sect. 3) in pre-
dominantly rural areas of the Lena river, dominated by agricultural and forest areas, for the
period 1958-1984. In relation to the period 1985-1994, the only occurrence with human
losses is located in the inner urban area (Sect. 2) with increasing dynamics of soil artifi-
cialization in a particularly critical area named Ponte das Mestras, with a strong historical
record of flood impacts. Regarding the typology and subtypes of the processes at the origin
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Fig. 6 Distribution of occur-
rences by type of loss and
subtype of associated process in
the analysed periods
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of the occurrences, in the period 1958-1984 flash floods appear almost exclusively in the
city centre (Fig. 6b), in impermeable areas, where runoff predominates and where, mainly
in episodes of intense precipitation in a short space of time, causes the overload of the
rain drainage systems. In this period, there also appear in the city centre, the only occur-
rences of landslides, related to slopes adjacent to the road network. With regard to pro-
gressive floods, these arise in areas adjacent to the River Lis and Lena affecting artificial
areas in Sects. 1 and 2 and agricultural areas in Sects. 3 and 4. In the period 1985-1994
(Fig. 6d), there are occurrences exclusively related to flash floods in a context identical to
that observed in the previous period.

The analysis of the period 1995-2018 presented in Fig. 6 shows a different distribu-
tion in relation to the previous periods, namely with regard to occurrences with exclusively
material losses. It should be noted that there is a greater dispersion of this typology of
occurrences throughout the study territory, especially in inner urban area (Sect. 2) and in
the suburban area (Sect. 3). It is noteworthy that Sects. 1 and 2 present the highest number
of occurrences (Table 4), which means a change in trend over previous periods. It is also
important to point out the emergence of occurrences in the suburban area (Sect. 3) in the
1995-2018 period, when in the previous periods there is no history of any occurrence with
exclusively material losses in this section. In terms of occurrences with human damages,
the trend remains the same as in previous periods, that is, its location in peripheral areas to
the city centre of Leiria, in peri-urban areas, often in places with a history of occurrences,
the Ponte das Mestras area standing out in this particular.

For the 1995-2018 period, there is a predominance of occurrences originating from
flash floods, evidencing their dispersion throughout the territory, associated with urban
expansion and peri-urbanization processes, as suggested by Barros et al. (2018). Progres-
sive floods appear in the inner urban area in floodbed areas, in areas targeted by an urban
requalification process called POLIS Leiria. Regarding landslides, there are occurrences
in all sections with the exception of the suburban area (Sect. 3). All occurrences arise in
contexts related to slopes adjacent to residential areas and road network, where in some
cases results have been caused by inappropriate human interventions. The greatest concen-
tration appears, however, in Sect. 1, where we verified the occurrence of landslides of dif-
ferent subtypes. Virtually all occurrences occur within the urban perimeter, where it should
be noted that in 2015, when the Master Plan was updated, there was a contraction of the
urban limits (contrary to previous periods) resulting from the inclusion of a set of con-
straints, some of them arising from REN and RAN, which limit urban expansion (Barros
et al. 2018).

Figure 6g and h relates the total occurrences observed in the period 1958-2018 with the
constraints related to area threatened by floods and areas at risk of erosion resulting from
the REN approved in 2015 for the municipality of Leiria. Although the spatialization of the

Table 4 Number of occurrences by period in the four sections

Total values

1958-1984 1985-1994 1995-2018

S1 S2 S3 S4 SI S2 S3 S4 S1 S22 S3 0S4

Occurrences with human losses  — - 3 - - 1 - - - 3 1 -

Occurrences with exclusively 23 4 - 2 14 1 - - 23 25 16 8
Material losses
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conditions arose in a period after the emergence of the most occurrences, this correlation
exercise shows that only 16.3% of the occurrences of flooding occur in areas identified as
being threatened by flooding. It is observed that the majority of occurrences arise in a con-
solidated urban context, as is the case of the historic centre located in the Sect. 1. However,
mainly since 1995 there has been a dispersion of occurrences for areas marked by a recent
artificialization related to an industrial relocation to peripheral areas and the emergence of
new residential neighbourhoods that accompanies the densification of the road network to
the same areas.

4.2.2 Type of hydro-geormorphologic losses

Regarding the occurrences with human losses, we verified only eight occurrences for the
period under analysis, exclusively associated with floods. Figure 7 shows the impacts asso-
ciated with this typology of occurrences. One particular note is the number of evacuated
people (130) as the main typology of impacts associated with occurrences with human
losses, followed by the number of homeless (20) and the existence of casualties (1). The
1995-2018 period has the highest number of impacts, including a total of 56 evacuated and
20 homeless people.

In relation to occurrences with exclusively material losses, Fig. 8 presents the different
typologies identified. It should be noted that, in most cases, several typologies of damages
may be associated with a single occurrence. The damages associated with road infrastruc-
tures and residential and commercial buildings particularly stand out, which represent the
great majority (74%) of the damages associated with this typology of occurrences. In the
opposite direction, the residual values of the damages associated with agricultural damages
are highlighted.

Figure 9 presents the damages associated with exclusively material occurrences in the
three periods under analysis. It is possible to observe that the damages associated with road
infrastructures and residential and commercial buildings predominate. Another fact to be
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Fig.7 Typology of impacts associated with occurrences with human losses
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noted is that the damages related to residential buildings show a marked growth between
1995 and 2018, becoming the typology of damages with the most occurrences for that
period. Another relevant fact is related to the occurrences associated with agricultural dam-
ages that present a residual value (three occurrences), occurring only in the period between
1958 and 1984. Finally, it should be noted that in the period between 1995 and 2018 two
new typologies of damages that did not have any history of occurrences in previous peri-
ods: damages related to collective equipment (floods in schools, cinema, nursing home and
in a youth hostel) and related with industrial buildings.
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5 Discussion
5.1 Drivers of land use and land cover change

The analysis and evaluation of the LULC dynamics at the city of Leiria, in the period
1958-2018, generally highlights the continuous and marked growth of the artificial areas
in contrast to the continuous decrease of agricultural areas (Fig. 10). It is also verified that
the artificialization of the soil is essentially related to the conversion of agricultural, shrub
vegetation and forest areas to artificial areas, these results have already been reported by
several authors (Jones et al. 2011; Tavares et al. 2012; Bodesmo et al. 2012; Abrantes et al.
2016; Barros et al. 2018). Throughout the period under analysis, the city of Leiria grew as
a pole of attraction. Initially the city was characterized by a strong administrative compo-
nent surrounded by some industrial hubs and vast rural spaces, with emphasis on agricul-
ture and forestry. The progressive loss of importance and profitability related to the activi-
ties of the primary sector and the intense population growth verified since the 70’s would
originate the growing tertiarization of its urban agglomeration and an industrial relocation
to its peripheral areas. The analysis of Fig. 10 shows that artificial areas are the unique
class that has a continuous and uninterrupted growth in all sections and in the all periods
analysed, with a positive variation of 342% between 1958 and 2018. Another fact was the
intense artificialization of Sects. 2, 3 and 4. This trend is related to peri-urbanization pro-
cesses in the peripheral areas of the city centre (Teixeira et al. 2014; Monteiro and Tavares
2015; Mantas et al. 2016; Barros et al. 2018).

The increase in soil artificialization observed in the study area resulted in alteration of
the natural dynamics in terms of the processes of surface runoff and infiltration that con-
tribute to the increase in surface runoff, contributing decisively to the occurrence of urban
floods (Miceli et al. 2008; Pattison and Lane 2012; Zhang et al. 2018). On the other hand,
the alteration and artificialization of slopes, the increasing of urbanization in risk areas,
the abandonment of rural areas and their agricultural and forestry practices, as well as
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deforestation, had a decisive effect on the activation and reactivation of landslides (Glade
2003; Alcantara-Ayala et al. 2006; Persichillo et al. 2017; Pisano et al. 2017). The study
area presents a consolidated historical record of occurrences of hydro-geomorphologic ori-
gin, namely floods and landslides. The analysis showed a progressive increase in the num-
ber of occurrences and associated impacts, with a sharp increase in the period 1995-2018
(Fig. 11).

5.2 Relation of losses and land use and land cover change

The analysis of Fig. 11 also shows a spatial variation in terms of number and type of impact
of occurrences. It is possible to verify that in the periods 1958-1984 and 1985-1994 the
occurrences are concentrated essentially in the consolidated city centre area, namely
those with exclusively material losses. However, after the increase in artificialization that
occurred until 1994, visible through the RA calculation, there is a pulverization of the
occurrences, in the period 1995-2018 (with emphasis on the occurrences with exclusively
material losses) for the peri-urban areas, namely in the inner urban area (Sect. 2) and sub-
urban area (Sect. 3). This evolution cannot be dissociated from the peri-urbanization pro-
cess verified in the study area between 1958 and 2018. With regard to SG, its increase is
contrary to the increase in the number of hydro-geomorphological occurrences, concluding
that it is the spatial dynamics that determine the occurrences. It should also be noted that
the agricultural impacts are underestimated, either due to the successive loss of importance
of the agricultural area, or due to the fact that there is a progressive artificialization with
the appearance of new residential areas, new road infrastructures and large industrial and
commercial areas, affecting the population’s mobility and access to functions.

30

25

20
15
10
) 11 = : I

Section 1 Section 2 Section 3 Section 4 Section 1 Section 2 Section 3 Section 4 Section 1 Section 2 Section 3 Section 4

No. occurrences

5]
B ommm o mmm s mms s mmm ¢ o e § o mmm R mmm § e

1958-1984 1985-1994 1995-2018

M Human ® Material = = == Implementation of Municipal (Master Plan) and Special Plans (RAN and REN)

Fig. 11 Evolution of the impacts associated with occurrences of hydro-geomorphologic origin
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It should also be noted that occurrences with human impacts occur only in Sects. 2 and
3, presenting different contexts. For the period 1958-1984 and 1985-1994, occurrences
with human losses occur predominantly in rural sections. This pattern is altered in the
period 1995-2018 where it is observed that Sects. 2 and 3 are predominantly artificialized.
This constant process of alteration of land use and occupation results from a set of geo-
graphical forcers namely: population growth and dispersion, industrial growth and reloca-
tion of industrial activities, development and densification of road infrastructure network,
tertiarization of the city centre, the emergence of new residential centres and activities
related to a services and planning framework (Serra et al. 2008; Romano and Zullo 2013;
Teixeira et al. 2014; Pinhal 2016; Barros et al. 2018). These dynamics allow one to relate
the dynamics of LULC with the increase in the number of occurrences of hydro-geomor-
phologic origin.

5.3 Relation with precipitation records

A monthly mean precipitation analysis was also performed for the three periods analysed
(Fig. 12), based on the Leiria meteorological station located in the study area. It should
be noted that 78% of the hydro-geomorphological occurrences for the period 1958-2018
appear between the months of September and December. Between January and June the
mean values of precipitation are higher in the period 1958-1984, with a tendency reversal
between the months of July and October, that highlight the period 1985-1994 (Fig. 12).
Between the months of November and December the average monthly precipitation returns
to be higher for the period 1958—1984. The analysis of Figs. 11 and 12 shows that there
is no direct relationship between the increase in impacts between 1995 and 2018 with
the average monthly precipitation for the same period. In fact, comparing the average
monthly precipitation between September and December, the period 1995-2018 presents
a lower average with 86.3 mm, whilst the period 1984—1995 has 95.6 mm and the period
1958-1984 has 94.2 mm. This fact highlights what was mentioned above, namely on the
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relationship between the dynamics of LULC and the increase in the number of hydro-geo-
morphologic occurrences.

5.4 Cluster analysis: the relation between land use and land cover change
and the hydro-geomorphologic occurrences

The evaluation of the relation between the aggregated land use classes and the different
impacts was processed using a hierarchical cluster analysis. From the 3 cluster solutions
tested (with 2, 3 and 4 clusters) the grouping in clusters 2 and 3 is the one providing a basis
for the more significant interpretations (Fig. 13). The results obtained using cluster analysis
allow reinforcement of the previously mentioned findings.

From the outset, it can be observed that cluster 1 groups the variables expressing the
artificial areas and the material losses. This fact is evidenced by the results obtained in the
present work where we can verify that the great majority of occurrences with exclusively
material losses occurred in artificial areas (73%), followed by agricultural areas (19%) and
forest areas (8%). Cluster 3 associates occurrences with human losses with forest areas.
It is interesting that this later variable—which represents only 6% of the total of occur-
rences—is not associated with artificialized areas, meaning that the most serious conse-
quences, like the loss of life, have been occurring outside of the urban context. In fact,
occurrences with human losses do not seem to have a direct relationship with the processes
of artificialization. Its systematic appearance in Sects. 2 and 3 seems to identify that there
is a relationship with other forcers, such as extreme meteorological conditions associated
with episodes of high precipitation, leading to a large number of evacuees in areas still with
high agricultural occupation. Finally, cluster 2 is only represented by agricultural areas.
However, when the number of clusters is reduced to 2, this once solitary variable prefers to
group with forest areas and occurrences with human consequences and not with material
consequences (cf. the dendrogram and the inserted table in Fig. 13).

In fact, it should also be noted that occurrences with human losses are located exclu-
sively in Sects. 2 and 3, outside of the city centre. In the periods of 1958-1984 and
1985-1994 the disasters with human consequences occurred predominantly in agricultural
areas, while in the period 1995-2018 they occurred predominantly in the recently artificial-
ized areas. The analysis of LULC carried out highlights that agricultural and forest areas
are related with the transformations of use and occupation between both, highlighting the
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change from agricultural to forest areas, due to the abandonment of the prior activity. The
identified clustering and temporal dynamics may indicate that urban expansion—replacing
agricultural and forest areas—is being made to once non-artificialized areas, prone to be
affected by hydro-geomorphological-related events.

5.5 Implications related to spatial planning

The results obtained in the present work allow the identification of urbanization and agro-
forestry dynamics as the main drivers of land use change. According to Barros et al. (2018)
for Leiria the planning framework acts as an activator of land-use transformation pro-
cesses. In fact, until the 1980s, the approval of a set of city-centred plans had been leading
to an increase in landscape fragmentation and a consequent increase in soil artificialization
processes. This dynamic is based on the search for new areas related to the emergence
of new activities related to housing, services, industry and commerce. Thus, two areas of
urban expansion were developed: to the north related to the development of housing cen-
tres linked to industry and services, and another to the south related to the development of
low-density landscapes linked with typologies of isolated construction. Beginning in 1993,
the application of the restrictions resulting from REN and RAN, and the Municipal Master
Plan coming into force in 1995, led to greater regulation of the municipal space, resulting
in limitations to the disorderly and diffuse urban expansion that existed until then (Barros
et al. 2018).

The conversion of natural and agricultural to urban areas causes diverse negative
impacts, with particular emphasis on peri-urban areas (Lauf et al. 2016; Russo et al. 2017).
These negative impacts are manifested in various dimensions, including landscape frag-
mentation, loss of biodiversity, decreased environmental quality, increased exposure to risk
due to the occupation of risk areas, changes in natural dynamics, particularly in regard
to soil sealing, slope instability and anthropogenic occupation of floodplains (Hajdu et al.
2016; Mottaghi et al. 2016; Sallustio et al. 2017; Salvati et al. 2018; Barros et al. 2018).

The analysis allows us to identify the main land use dynamics between the last six dec-
ades for the city of Leiria, as well as to relate these dynamics with the historical records
of hydro-geomorphological-related losses. The results show a constant increase in the soil
artificialization and a sharp decrease in the natural and non-sealed surfaces, with emphasis
on the agricultural areas. This process, particularly intense in the peri-urban area of Leiria
(Sects. 2 and 3), results in alteration of the landscape and its natural dynamics. These nega-
tive impacts arise through modifications in the hydrological cycle and flood regimes (Carl-
son 2004; Weng 2012) as well as the destruction and reduction of vegetation cover, and the
construction in steep areas (Reichenbach et al. 2014; Persichillo et al. 2017; Gariano et al.
2018). Several recent studies have shown that the risk of flooding increases significantly
with increasing soil artificialization (Prosdocimi et al. 2015; Miller and Hutchins 2017;
Berndtsson et al. 2019). On the other hand, there are also several studies that relate the
different dynamics of land use change to landslide occurrence (Reichenbach et al. 2014;
Pisano et al. 2017; Persichillo et al. 2017; Gariano et al. 2018) identifying LULC as key
drivers, including urbanization in hazardous areas, abandonment of rural and mountain
areas, wrong agricultural and forest practices, irrigation, deforestation and afforestation,
with a direct effect on the distribution and frequency of landslides.

The results of this study are aligned with the main conclusions of the studies mentioned
above. It is, therefore, possible to observe that the peri-urban areas of the city of Leiria
have faced a high degree of pressure derived from the process of soil artificialization, based
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on the transition from natural and agricultural to urban areas (Barros et al. 2018). This
transition interface between urban and rural is therefore a dynamic and multifaceted terri-
tory that needs to be understood from a multidisciplinary perspective (Hernandez-Guerrero
et al. 2012; Tavares et al. 2012; Gongalves et al. 2017). In this sense only an integrated
and multidisciplinary analysis can contribute to a better knowledge and evaluation of peri-
urban areas in their multidimensionality and consequently contribute to a more resistant
and resilient urban fringe. In this sense, the knowledge of the dynamics of LULC and their
relationship with the occurrence of disasters in general, and those with a hydro-geomor-
phological origin in particular, are of great importance. This is especially true as climate
models show that change will determine an increase in intensity and frequency of severe
rainfall extreme events and could produce more slope failures (Gariano and Guzzetti 2016;
Alvioli et al. 2018). The present research can contribute to a more resistant and resilient
urban fringe by providing the different local stakeholders this knowledge related to the
dynamics of LULC over the last 60 years in the city of Leiria, as well as its relationship
to the detailed history of hydro-geomorphological occurrences. The results obtained allow
for a differentiated analysis of the territory, contributing to a better definition of objectives
and priorities not only related to spatial planning but also to risk and civil protection, thus
contributing for more aware and informed stakeholders and citizens.

6 Conclusions

The methodology used in the present work allowed the identification and comparison of
the different dynamics of LULC in spatial and temporal terms, verify the differentiated
evolution throughout the territory. The use of cluster analysis and multiple regression ena-
bled us to understand the existing relationship between the LULC processes, namely those
related to peri-urbanization, as well as the occurrence of hydro-geomorphologic disasters,
namely floods and landslides. The applied methodology can be replicated in different small
and medium sized cities, with distinctive peri-urbanization processes.

The analysis demonstrates that the dispersion of population, activities, infrastructures,
and consequently the artificialization dynamics, leads to a dispersion of hydro-geomorpho-
logic occurrences throughout the territory in the analysed period. The transformations of
LULC with emphasis in the growth of artificial areas give rise to an increase of hydro-
geomorphologic disasters in the peripheral areas relative to the city centre, a trend that
was the opposite in the initial periods analysed, where agricultural and forestry areas were
still dominant. The results also point out that there is a relationship between the number of
occurrences and the spaces in which there is competition between artificial and agricultural
occupation, namely in the inner urban area (Sect. 2) and suburban area (Sect. 3).

Regarding the hydro-geomorphologic occurrences, the results show a growth in their
number between 1958 and 2018. In terms of impact, referring to exclusively material
losses, over the three analysed periods, the damages associated with road infrastructures
and buildings predominate. This can be explained by the increase in exposure related to
urbanization and urban sprawl. It is also noteworthy that the impacts on road infrastruc-
tures and commercial buildings remain constant over the periods under analysis, regard-
less of the rate of artificialization or extreme weather conditions. On the other hand, it
should be noted that the impacts on residential buildings arise mainly due to the intense
artificialization that occurred until 1994, as well as the appearance of new urban equipment
and industrial areas, this process being related to peri-urbanization. It is also important
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to highlight that in the period 1958-1984 occurrences with human losses only happen in
peripheral areas, namely in the suburban area (Sect. 3) dominated by agricultural and for-
est areas. For the period 1995-2018, we observe that this typology of occurrence is located
predominantly in the inner urban area (Sect. 2) with a strong dynamics of soil artificializa-
tion highlighting the area called Ponte das Mestras that has a long history of flood events.

The character of uncertainty, interdependence and complexity associated with peri-
urbanization processes call for an analysis such as the one presented in this work. This
study serves as a tool for the local authorities as well as for the different stakeholders for
exploring the effects of urbanization and peri-urbanization and the consequent artificializa-
tion of the soil and the relation with hydro-geomorphologic occurrences and their associ-
ated impacts. This knowledge can contribute to design policies and sustainable planning
that promotes the resilience and the sustainability of the urban and peri-urban areas.
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