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• The mega fire of 2007 in Greece and its
effects of hydrogeomorphic events are
studied.

• The frequency of such events over the
period 1989–2016 is examined.

• Results show an increase in floods by
3.3 times and mass movement events
by 5.6.

• Increase in frequency of such events is
steeper in affected areas than unaf-
fected.

• Increases are found even in months that
record a decrease in extreme rainfall.
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Even though rare, mega-fires raging during very dry andwindy conditions, record catastrophic impacts on infra-
structure, the environment and human life, as well as extremely high suppression and rehabilitation costs. Apart
from the direct consequences, mega-fires induce long-term effects in the geomorphological and hydrological
processes, influencing environmental factors that in turn can affect the occurrence of other natural hazards,
such as floods and mass movement phenomena. This work focuses on the forest fire of 2007 in Peloponnese,
Greece that to date corresponds to the largest fire in the country's record that burnt 1773 km2, causing 78 fatal-
ities and very significant damages in property and infrastructure. Specifically, this work examines the occurrence
of flood and mass movement phenomena, before and after this mega-fire and analyses different influencing fac-
tors to investigate the degree to which the 2007 fire and/or other parameters have affected their frequency.
Observational evidence based on several data sources collected during the period 1989–2016 show that the 2007
fire has contributed to an increase of average flood and mass movement events frequency by approximately 3.3
and 5.6 times respectively. Fire affected areas record a substantial increase in the occurrence of both phenomena,
presenting a noticeably stronger increase compared to neighbouring areas that have not been affected. Examina-
tion of the monthly occurrence of events showed an increase even in months of the year were rainfall intensity
presented decreasing trends. Although no major land use changes has been identified and chlorophyll is shown
to recover 2 years after the fire incident, differences on the type of vegetation as tall forest has been substituted
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with lower vegetation are considered significant drivers for the observed increase in flood and mass movement
frequency in the fire affected areas.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Although forest fires are an integral part of Mediterranean forest
ecosystems (Arianoutsou, 1998; Naveh, 1994; Pausas and Vallejo,
1999) they constitute one of the most threatening natural hazard, as
human presence expands into forested land. Modern societies are pro-
foundly affected by fire disasters, inducing significant economic losses
(Calkin et al., 2005; Crompton et al., 2010) and an important number
of human casualties (Blanchi et al., 2014; Diakakis et al., 2016; Haynes
et al., 2010; Mangan, 2007) as well as various adverse effects on hydro-
logic and geomorphologic processes (Lavee et al., 1995; Neary and
Leonard, 2016; Shakesby and Doerr, 2006; Shakesby, 2011).

Fires have been found, amongother effects, to directly influence rock
weathering rates (Allison and Bristow, 1999; Allison and Goudie, 1994;
Goudie et al., 1992; Dorn, 2003), reduce interception and storage capac-
ity of the surface layer through removal of litter (Diaz-Fierros et al.,
1994), change the chemical structure and hydrological properties of
soil due to extreme heating (Giovannini et al., 1988; Scott et al., 1998)
and affects its water repellency (DeBano, 2000; Doerr et al., 2004,
2005; Vieira et al., 2015). Due to these impacts, forest fires induce a se-
ries of indirect hydrological and geomorphological effects that can last
up to several years (Shakesby andDoerr, 2006). These effects include re-
duction of infiltration (Wondzell and King, 2003), increase in annual
runoff volumes (Lavabre et al., 1993; Helvey, 1980), increase of over-
land flow (Cerda andDoerr, 2005; Scott et al., 1998) and increase in ero-
sion rates (Cerda andDoerr, 2005), especially due to the influence of ash
that intensifies splash erosion and runoff rates (Bodí et al., 2014; Jordán
et al., 2016). These effects lead directly to alteration of hydrological re-
sponse of burned catchments (Scott, 1993) that usually manifest as in-
creasing peak flows and reduced concentration times during storm
events (Moody and Martin, 2001; Smith et al., 2011). In terms of geo-
morphological response, forest fires lead to a temporary intensification
of erosion rates (Vega and Diaz-Fierros, 1987; White and Wells, 1982;
Shakesby and Doerr, 2006) and occurrence of mass movement process-
es including debris flows and shallow landslides (Campbell, 1975;
Cannon and Reneau, 2000; Cannon and Gartner, 2005; Cannon et al.,
1998, 2001; Dragovich and Morris, 2002; Meyer et al., 2001; Swanson,
1981; Wells et al., 1979).

The duration of fire's impact on the hydrogeomorphic behaviour of
an area vary considerably. Previous works have shown that this period
commences immediately after the fire (Shakesby and Doerr, 2006)
and lasts from a few months up to several years as vegetation recovers
(Brown, 1972; Mayor et al., 2007; Morris and Moses, 1987; Prosser
and Williams, 1998; Shakesby et al., 1994; Shakesby and Doerr, 2006).
In fact, fire-induced increased water repellency, intensified by vegeta-
tion removal and the role of ash (Shakesby and Doerr, 2006; Jordán
et al., 2016) is a key process regarding the increased runoff volumes
and has been reported to last from months up to 6 years (DeBano
et al., 1976; Dyrness, 1976; Doerr et al., 2000; Ebel et al., 2016).
Prosser and Williams (1998) reported a period of 7 years until resis-
tance to erosion returns to pre-fire levels. Legleiter et al. (2003) and
DeBano et al. (1996) indicate that the period of disturbance can last
up to 13 or 14 years respectively. Wittenberg and Inbar (2009) and
Keesstra et al. (2017) state that the window of disturbance can be
lengthened and the “baseflow” level of sediment yield was raised
with each successive forest fire. Shakesby (2011) suggests that under
circumstances there could be a permanent increase of ‘background’
sediment yield, indicating a more enduring footprint of the fire in
geomorphological processes. González-De Vega et al. (2016) found cor-
relation between fire severity and the recovery time for tall vegetation
(pine forests), which indicates different duration of disturbance in
parts of the burnt area (Vieira et al., 2016).

Even though the influence of forest fires in hydrologic and geomor-
phic processes is well established, and the increase in peak runoff as
well as in the occurrence of debris flows is recorded (Bart, 2016;
Mahat et al., 2016; Riley et al., 2013; Van Eck et al., 2016; Wondzell
and King, 2003), there is limited documentation on the quantification
of changes on the frequency offlood andmassmovement events, before
and after a fire. Candela et al. (2005) identified probability increases of
5-year and 10-year floods of approximately 1.5 times, by comparing
simulated flood frequency curves between pre- and post-fire condi-
tions. Nalbantis and Lymperopoulos (2012) calculated the same figures
at approximately 3.5 and 2.5 respectively. Laurance (2007) suggested
that removing of a 10% of existing forest cover could lead to an increase
in flood frequency between 4%–28%. However, all the above works esti-
mate changes on the basis of simulated results. Observational evidence
of changes in flood andmassmovement frequency of occurrence before
and after a fire incidence are virtually absent from existing literature.

Among all forest fires the damages and the costs induced by mega-
fires are by far the most extensive and serious, defining them as disas-
ters of an entirely different scale in terms of impacts than the rest of
the incidents (Williams et al., 2011). Mega-fires expand during ex-
tremely dry, hot and windy weather conditions and are fuelled by
dense vegetation and unmanaged forest fuels (Williams et al., 2011).
Most of the timesmega-fires overwhelm themost advanced firefighting
systems and organizations with consequences reaching beyond dam-
ages to property and infrastructure requiring a large commitment of fi-
nancial and other resources (Omi, 2005). Recentmega-fires caused long
lasting indeterminable impacts on the environment and local or even
regional economies and societies (Ferreira-Leite et al., 2015; Williams
et al., 2011). In addition, there is evidence of their growing frequency
since 1990 (Ferreira-Leite et al., 2015) suggesting that within a chang-
ing climate it is likely that we will be dealing with such events more
frequently.

Within the context of impact of fire on hydrogeomorphic response,
the effects of mega-fires on hydrogeomorphology and the occurrence
of related disasters is scarcely quantified, especially using long-term ob-
servational evidence. Quantifying these effects at a regional scale is par-
ticularly important for understanding and estimating the potential
extend of the impact of future forest fires, not only in terms of alter-
ations in hydrogeomorphic processes but also in terms of decisionmak-
ing for civil pretection (e.g. selection of post-fire protection measures
and risk mitigation efforts).

This study is in line with this objective and presents an observation-
based analysis regarding the regional impact of a mega-fire on the fre-
quency of occurrence of hydrogeomorphic hazards. Particularly, this
work builds upon the development and analysis of a complete catalogue
of flood and mass movement events in the period 1989–2016 in the
western part of Peloponnese in Greece, an area that was affected by a
mega-fire in 2007, specifically aims to:

i. Identify possible changes, patterns or trends in the frequency of
flood and mass movement events before and after the fire incident.

ii. Examine possible influencing factors (drivers) of the above changes
iii. Estimate quantitative (e.g. magnitude) and qualitative (spatial dis-

tribution, seasonality) characteristics of changes in occurrence.
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2. Materials and methods

2.1. The 2007 mega-fire in Peloponnese

In 2007, Greece experienced the most catastrophic forest fire event
and its worst fire season in recorded history (Koutsias et al., 2012;
Xanthopoulos, 1998). Following a deep drought and at least two
heatwaves in the course of a summerwith very adverse weather condi-
tions (Founda and Giannakopoulos, 2009), a fire that started in August
24 in Peloponnese, approximately 200 km west of Greece's capital
Athens (Fig. 1), eventually burnt 1773 km2 (WWF Greece, 2007) of
agricultural and forested land (Koutsias et al., 2012). Due to the fire,
78 lives were perished (Diakakis et al., 2016) in a period of 7 days at
the end of August. Extreme weather conditions and concentrated fuels
(Koutsias et al., 2012) along with high winds, high temperature and
low humidity (Founda and Giannakopoulos, 2009) contributed to
almost explosive fire growth in Ileia, a province situated in west Pelo-
ponnese. Although the majority of acres burned were public lands, 67
villages were affected and over 71 houses were destroyed just in the
small villages of Makistos and Artemida in Ileia alone (Xanthopoulos
et al., 2009) while indirect damages were recorded as well (e.g. trans-
portation (Karamichas, 2007; Mitsakis et al., 2014)). Grass, evergreen
shrubs, and pine forests were the dominant fuels in the area. Hundreds
of homes, along with warehouses, businesses and stables were
destroyed in total, while high fire severity was identified at locations
(Veraverbeke et al., 2010, 2011). At least $US 5.5millionwere expended
to suppress this fire (Williams et al., 2011). The fire extended mostly in
western Peloponnese (Fig. 1), where threemajor pieces of land (Fig. 1b)
of total area 1213.1 km2 were burnt.
Fig. 1. Location map of stud
2.2. Data

The study used different sources to collect flood and mass move-
ment events data for the study area between 1989 and 2016. Data on
flood event occurrence were collected from 4 databases with nation-
wide coverage (Table 1). To ensure completeness of record, scientific
publications and press archives were examined as supplementary
sources (Table 1). Information collected included location, exact dates,
flooded river name, basin name, section of the river that flooded,
towns, villages and administrational entities that suffered damages.

Data on mass movement events occurrence in the study area were
collected from scientific publications and databases, individual landslide
studies from the relevant national authority (Institute of Geology and
Mineral Explorations) and press archives (Table 2). Information collect-
ed included location, exact dates and time, trigger, mass movement
type, pictures and location maps. For the purposes of this work only
rain-induced mass movement events were examined.

One of the most important drivers of hydrogeomorphic processes is
rainfall. Thus collection of rainfall information for the region of interest
was of paramount importance for this study. Unfortunately, the area
under study is poorly covered by ground stations that have a record
that is consistent and sufficiently long for this investigation. Examina-
tion of available rain gauges located in the local airports of the area re-
vealed that data were inconsistent (had a lot of gaps) and in many
cases reported unrealistically extreme values, suggesting a poor quality
of the available observations. The only alternative for obtaining rainfall
information for the area was from satellite-based rainfall products. Cur-
rently, a large number of satellite-rainfall products exist and selection of
the most appropriate product can be a challenging task on its own,
y area and fire extent.



Table 1
Sources of data on past flood events in the study area.

Source type Details Coverage

Databases Flood Database (Diakakis et al., 2012) 1880–2010
Flood Event Registration Database (Special
Secretariat for Water, 2012)

1896–2011

Earthquake Rehabilitation Service Archive - Floods
(Earthquake Rehabilitation Center, 2016a)

1994–2016

Database of high-impact weather events in Greece
(Papagiannaki et al., 2013)

2001–2011

Scientific
publications

Diakakis et al. (2011) 1880–2010
Papagiannaki et al. (2013) 2001–2011

Press archive National Newspapers (Kathimerini, Ta Nea,
Rizospastis, Ethnos, Eleftherotypia)

1994–2016

Local Newspapers (Amaliada News, Hleia Live, Ilia
oikonomia, Eleftheria, Patris)

2010–2016
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given the strong regional dependence in the performance of each prod-
uct (Derin et al., 2016).

In this work we selected to derive rainfall information from the US
NASA (National Aeronautics and Space Administration) Tropical Rain-
fall Measurement Mission Multi-satellite Precipitation Analysis
(TMPA) 3B42 version 7 (hereinafter 3B42V7) product (Huffman et al.,
2007). Our selection was based on the following main reasons:
i) 3B42V7 is one of the products most widely used by the hydrologic
community, ii) it is a gauge-adjusted product and many evaluation
studies (see for example Mei et al., 2014 among many others) have
ranked it among the top performing products, and iii) results from re-
cent evaluation studies involving the area of Greece (Nastos et al.,
2016; Feidas, 2010; Katsanos et al., 2004) have shown good agreement
of 3B42 (and 3B42-related products) with available reference data.
Based on these reasons we decided to adopt the rainfall estimates ob-
tained from 3B42V7 and use them as the reference rainfall information
throughout this analysis. Rainfall estimates from3B42V7 are available at
0.25° (spatial) and 3 h (temporal) resolution and the available record
analyzed span from Jan 1998 to June 2016.

Geospatial data regarding relief, geomorphology, geology and vege-
tation for the 2007fire extentwere collected from several sources either
in digital (GIS compatible) or analogue format. The scale of the original
analogue maps, which were also digitised for GIS importing was gener-
ally 1:50.000 except in some cases where 1:5000 maps were used (i.e.
flood andmassmovement eventmapping, river networkmapping). Ad-
ditionally, a series of freely distributed remote sensing images for the
time period 2000–2016was obtained fromUSGS/EROS image database.
A total of 15 Landsat scenes for the path 184 and row 034, withminimal
cloud cover during summer period were co-registered in a common
Table 2
Sources of data on past mass movement events in the study area.

Source type Details Coverage

Databases Mass movements database (Lekkas et al.,
2007)

1989–2007

Database of high-impact weather events in
Greece (Papagiannaki et al., 2013)

2001–2011

Earthquake Rehabilitation Service Archive -
Landslides (Earthquake Rehabilitation
Center, 2016b)

1996–2016

Scientific publications Lainas et al. (2015) 1956–2011
Depountis et al. (2010) 1950–2011
Korobilis (2001) 1998–2001

Individual mass
movement event
studies

Antonopoulos (2003a, 2003b), Bellas (1991,
1999, 2003), Konstantopoulou (2008),
Koutsouveli (2003), Nikolaou and
Kokkinakis (1991), Tzitziras (2002, 2003a,
2003b)

1988–2015

Press archive National Newspapers (Kathimerini, Ta Nea,
Rizospastis, Ethnos, Eleftherotypia)

1994–2016

Local Newspapers (Amaliada News, Hleia
Live, Ilia oikonomia, Eleftheria, Patris)

2010–2016
projection system for the generation of a multi-temporal change detec-
tion dataset. No information for the years 2011 and 2013 was included
in this 17-yearmulti-temporal analysis due to lowquality of data during
the summer period. Satellite images from Landsat 5 and 7 ETM+ sen-
sors were included in this dataset and in many cases data acquired
from Landsat 7 ETM+ were used despite the problem of the failure of
the scan line corrector (SLC) during 2003 (Maxwell, 2004) (Table 3).
The latter did not become an important issue as only the areas without
the NODATA-stripes were used for the extraction of vegetation change
detection some years before and after the 2007 mega-fire incident
(Howard and Lacasse, 2004).

Geospatial landcover data were collected from CORINE 1990, 2000,
2006, 2012 land cover system of European Environment Agency
(European Environment Agency, 2016). Landcover classes were
grouped in 4 major categories, based on the CORINE system's major di-
visions (Table 4).

2.3. Methodology

In this section,we describe themethodological approach followed in
order to analyse the changes in frequency of occurrence of flood and
mass movement events between the period before and after the 2007
fire, as well as investigate the attribution of these changes to potential
changes in rainfall, land cover and relevant infrastructure, which we
have considered the main drivers for changes in the hydrogeomorphic
response at regional scale.

2.3.1. Flood and mass movement event evolution
Based on the data described previously, the catalogue of flood and

mass movement events was split into two periods, before and after
the 2007 fire, for comparative analysis. Specifically, the periods of anal-
ysis span from: (i) September 1st, 1988 – August 31st, 2007 (pre-fire),
(ii) September 1st, 2007 – August 31st, 2016 (post-fire).

Given that the 2007 fire occurred at the end of August, the two seg-
ments were selected in a way that effects of the first rainy season on
September 2007, would be drawn up (aggregated) in the post-fire peri-
od. Similarly, to calculate the yearly number of events, this work consid-
ered the number of floods or mass movement events between 1st of
September and 31st of August of each year.

In an effort to examine possible influences of older or newer forest
fires in the hydrogeomorphic response, we also studied the fire history
of the area based on an “Annual Burned Area” data from the Tsagkari et
al. (2011). The record covers the period 1982–2015 and is dominated by
relatively small numbers of burned areas ranging from 0.23 km2 to
42 km2 on an annual basis. Apart from 2007, only 3 years (1985, 1989
and 1998) were an exception to this range with 83 km2, 50 km2 and
156 km2 respectively. Thus the rest of the period records annual extents
of at least an order of magnitude (or more) lower than the fire of 2007
while the latest year with a noteworthy record is 9 years older. This ab-
sence of large fires in the area is considered one of the factors that lead
to the accumulation of fuels that affected themagnitude and the behav-
iour of fire in 2007 (Koutsias et al., 2012; Xanthopoulos, 2013) and is
known to affect the occurrence of large fires in the region (Meyn et al.,
2007; Xystrakis et al., 2014; San-Miguel-Ayanz et al., 2012; Moreira
et al., 2012; San-Miguel-Ayanz et al., 2013). Based on the above record,
it is safe to assume that any fire-induced observed changes in flood/
mass movement events in the affected area in the post 2007 period
are attributed to the 2007 fire incident. In addition, it is safe to assume
that the local fire history itself influenced the vulnerability of the area
to fire.

The temporal trends of annual occurrence of flood and mass move-
ment events were examined using least square linear regression in af-
fected and unaffected hydrological basins to explore and compare the
trends with and without the influence of the 2007 fire. Affected (unaf-
fected) basins were identified as those that included (did not include)
part of the burned area. The nonparametric Wilcoxon rank sum test



Table 3
List of remote sensing data used for the 17-year vegetation change detection in this study.

Acquisition date (dd-mm-yy) Satellite sensor Acquisition date (dd-mm-yy) Satellite SENSOR

12-06-00 Landsat 7 ETM+ 18-06-08 Landsat 7 ETM+ (SLC-off)
02-08-01 Landsat 7 ETM+ 15-07-09 Landsat 5
26-06-02 Landsat 5 20-09-10 Landsat 5
16-08-03 Landsat 5 13-06-12 Landsat 7 ETM+ (SLC-off)
09-07-04 Landsat 7 ETM+ (SLC-off) 05-07-14 Landsat 7 ETM+ (SLC-off)
28-07-05 Landsat 7 ETM+ (SLC-off) 08-07-15 Landsat 7 ETM+ (SLC-off)
16-08-06 Landsat 7 ETM+ (SLC-off) 10-07-16 Landsat 7 ETM+ (SLC-off)
04-09-07 Landsat 7 ETM+ (SLC-off)
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(Hollander et al., 2013) was used to test the statistical significance (at
5% significance level) of differences in frequency of the events between
the pre- and post-fire period.

Seasonal variation in the occurrence of flood and mass movement
events was also examined. The number of events per month is reported
for the available data period and seasonality of events as well as poten-
tial differences before and after the fire are discussed.
2.3.2. Examination of rainfall intensity changes
Analysis of changes in rainfall intensity regime in the study region,

during pre- and post-fire period is examined based on the 3B42V7
satellite-rainfall product described previously. Our analysis is based on
the period 1998–2016, which corresponds to the available record for
the 3B42V7 satellite-rainfall product. Rainfall estimates at a spatial res-
olution of 0.25° can be considered quite coarse if the objective is to esti-
mate localized characteristics of rainfall. However the objective of this
study is not focused on the accurate estimation of local properties of
the triggering rainfall but rather on the investigation of changes in rain-
fall regime at regional scale, which we assume that can be derived ade-
quately at the 0.25° scale. In fact, recentwork (Nikolopoulos et al., 2015;
Marra et al., 2014) have shown that evenwith rain gauges, estimation of
mass movement triggering properties can be severely biased due to the
fact that rain gauges are usually placed far away from the location that
the hazard occurred (e.g. landslide initiation point). Furthermore,
Marra et al. (submitted) have shown that the degree of discrepancy in
estimating debris flow triggering rainfall is almost equivalent between
coarse-resolution rainfall (e.g. satellite estimates) and rain gauges
placed few (~5) km away from initiation point; suggesting that even
with in-situ rainfall observations available we may still be dealing
with the same level of error as in the case of coarse remote sensing rain-
fall estimates.

While other studies exist on the examination of trends and variabil-
ity of rainfall over the whole Greece (Kambezidis et al., 2010; Markonis
et al., 2016) results that could assist our investigation could not be
drawn directly from those studies mainly because of the following
reasons:
Table 4
Grouping of land cover classes.

Category
name

Details

Artificial
surfaces

Continuous and discontinuous urban fabric, industrial and
commercial units, road and railway networks, port and airport
areas mine and construction sites and sport facilities.

Agricultural
land

Non-irrigated arable land, Permanently irrigated land, Rice fields,
Vineyards, Fruit trees and berry plantations, Olive groves, Pastures,
Complex cultivation patterns, Land principally occupied by
agriculture, with significant areas of natural vegetation

Forested
land

Broad-leaved forest, Coniferous forest, Mixed forest, Natural
grasslands, Sclerophyllous vegetation, Transitional
woodland-shrub, Beaches, dunes, sands, Bare rocks, Sparsely
vegetated areas, Burnt areas

Waterbodies Wetlands and waterbodies Inland marshes, Salt marshes, Salines,
Water courses, Coastal lagoons, Sea and ocean
i. Past studies are based on rain gauges and as previously discussed,
our study area is poorly covered, which is one of the main reason
we decided to utilize satellite-rainfall data.

ii. Previous studies examined characteristic values and temporal scales
of rainfall (e.g. annual daily maxima, mean annual or monthly total)
that are not necessarily informative about the rainfall intensity re-
gime (e.g. in terms of temporal scale) that is relevant to triggering
rainfall of the hazards under study. As a justification on the last state-
ment we refer to the work of Alpert et al. (2002) who examined the
paradoxical increase of extreme daily rainfall in Mediterranean in
spite of the overall decrease in total rainfall.

Therefore we decided to carry out an analysis on rainfall regime that
it is more relevant to the scope of the current study. For this reason, we
selected as critical rainfall property the 95th percentile of 24 h rainfall
accumulation (hereinafter noted as R95) and examined its annual
trend and distribution differences for eachmonth separately. Our selec-
tion, regarding the rainfall property to be examined, was based on the
rational that flood andmass movement events in the area are primarily
associatedwith the higher spectrum rainfall values (hence the selection
of the 95th percentile) and at the same time the 24 h scale is considered
a representative proxy of the triggering rainfall in the area (Lainas et al.,
2015; Diakakis, 2012). The 24 h rainfall accumulation values are calcu-
lated from the original 3 h 3B42V7 estimates, for each 0.25° pixel cover-
ing the area of study. The values are then grouped by month and year
and from the distribution of values in each month-year group the R95

is determined. The temporal trend of the R95 is examined separately
for each month and each satellite pixel by considering the slope value
of a least square linear regression with respect to the year of observa-
tion. Additionally, theWilcoxon rank sum test is used to examine differ-
ences in the distribution of the R95 values between thepre- and post-fire
period. The null hypothesis examined for this test is that pre- and post-
fire distributions are different.

2.3.3. Examination of land cover and vegetation changes
The extent of land cover changes, which is a known major influenc-

ing factor of water-related processes (Niehoff et al., 2002) was also ex-
amined for the study area and period analyzed. Previous works show
that land cover changes may influence flood-triggering processes
through an increase in impermeable surfaces accompanying an exten-
sion of urban areas (Hollis, 1975) or a deforestation process
(Bradshaw et al., 2007), influencing in essence local hydrology
(Carlson and Arthur, 2000). In addition, land cover changes have been
documented to influence mass movement generation through changes
in vegetation, influencing in slope stability (e.g. development of road
networks, terracing) and affectingwater content of geologic formations
(Beguería, 2006; Zhou et al., 2002;Tasser et al., 2003). In this context,
CORINE land cover classes were grouped in four major categories
(Table 4) to explore possible substantial shifts in land cover distribution
percentages. Comparison was carried out between four CORINE edi-
tions, namely of 1990, 2000, 2006 and 2012. In addition, different clas-
ses of natural vegetation (tall forest, shrubs etc.), were examined for
changes.
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Our methodology included multi-temporal change detection tech-
niques by using medium spatial resolution remote sensing data
(Table 3). Vegetation changes throughout the period of 2000–2016
were measured indirectly after the processing and interpretation of
the available remote sensing data. The acquired satellite images were
radiometrically, atmospherically and geometrically corrected according
to the most widely acceptable procedures (Chavez and Mackinnon,
1994; Kaufman and Sendra, 1988; Liang et al., 1997; Song et al., 2001).
More specifically, for every single geometrically and atmospherically
corrected satellite image, the normalised difference vegetation index
(NDVI) was calculated by using the red and infrared spectral bands
(Tucker, 1979). Therefore, the extracted NDVI index images for each
time periodwere comparable spatially as well as quantitatively. As a re-
sult, a new 15-channel dataset was generated after stacking each years'
NDVI calculation. Taking under consideration the 2007 burnt area as
well as the NODATA stripes of the Landsat 7 ETM + sensor failure
after 2003, a number of ten sampling points were selected and at each
point location, we calculated and compared the NDVI value. The sam-
pling points were randomly selected from all points that satisfied the
following rules:

- location inside the perimeter of the 2007 burnt area
- high NDVI values during 2006 (about one year before the fire)
- exclusion of nodata stripes due to Landsat 7 ETM+ malfunction

2.3.4. Examination of infrastructure changes
The study examined also public archives (i.e. the Notices and

Assignments of Projects Database (Technical Chamber of Greece,
2017), the General Secretariat of Public Works Database (Ministry of
Table 5
Brief list of flood events in the study area (1988–2016).

Date Location(s)

22 Oct. 2015 Varda, Limnochori, Sagaiika, Kalamaki, Lakkopetra, Nissi, Manolada, Nea
Manolada, Kourtesi

08 Oct. 2015 Amaliada
21 Sep. 2015 Pyrgos

06 Mar. 2015 Diavolitsi, Zevgolatio, Kallirois, Valyra

31 Jan. 2015 Markisia

18 Dec. 2014 Myrsini, Lechaina, Kourtesi, Vartholomio, Kalyvia
04 Mar. 2014 Oichalia, Zevgolatio, Magoula, Solaki

02 Dec. 2013 Tholo, Lepreo, Pyrgos, Kakovato, Anilio, Figaleia, Faskomilia, Zacharo, Agri

22 Nov. 2013 Pyrgos

13 Nov. 2013 Pyrgos, Syntriada, Keraia

10 Oct. 2013 Peristeri, Sochias, Geraki

18–21 Jan.
2013

Makrisia, Kalyvakia, Phrixa, Trypiti, Kallithea, Dafnoula, Alfeios

15 Sep. 2012 Gastouni, Amaliada

05 Feb. 2012 Pyrgos, Varvasaina, Lanthi, Arvaniti, Irakleia, Koliri

22. Dec. 2011 Pyrgos, Peristeri, Dafni, Agios Dimitrios

17 Oct. 2011 Varda, Lechaina Amaliada, Vartholomio

27 Oct. 2010 Vartholomio, Glyfa, Lygia, Arkoudi

25 Sep. 2010 Pyrgos, Lapato

17–19 Oct.
2009

Koroivo, Roupaki, Lechaina, Kapeleto, Marathias, Zacharo, Sagaiika, Limno

03 Oct. 2009 Zacharo, Amaliada, Andritsaina

08 Jan. 2009 Amaliada
Infrastructure and Transport (2017), Projects of the National Strategic
Reference Framework Database (Ministry of Economy and
Development, 2017), the Major management issues of water resources
Western Peloponnese Water District Report (Ministry of Environment
and Public Works, 2017), and finally the Transparency Program initia-
tive (Ministry of Administrative Reconstruction, 2017) which record
all public tenders, contracts and completion of works for transparency
purposes) to obtain information regarding infrastructure works carried
out between 1988 and 2016 in the study area, that could influence the
flood or mass movement occurrence, such as hydraulic works, flood-
protection works, major road network construction or other construc-
tion projects.

3. Results

3.1. Changes in the frequency of floods and mass movement events

Examination of the temporal evolution of flood and landslide events
showed a noteworthy difference between the periods before and after
the 2007 fire. In the case of floods, we identified 16 events in the period
September 1988 to August 2007 (pre-fire), indicating an average fre-
quency of 0.84 events/year. During the period September 2007 to
August 2016 (post-fire), 25 flood events occurred in the same area,
with an average frequency of 2.77 events/year (Table 5 and Fig. 2a)
indicating that the average annual frequency of floods in the region
has increased by approximately 3.3 times after the 2007 fire. In the
case of rainfall-induced mass movement events, 12 (16) events were
identified in the pre-fire (post-fire) period, indicating an average fre-
quency of 0.63 (3.56) events/year. In this case, the relative increase
Date Location(s)

22 Nov.
2008

Andritsaina

01 Jul. 2008 Olympia
17 Nov.
2007

Dafni, Leontari, Tourkoleka, Potamia

26
Sep. 2007

Varvasaina

20 Oct.
2006

Andania, Filia

May 2006 Kourtesi
06 Mar.
2005

Prassidaki

li 22 Feb.
2005

Kagkadi, Sageika Kapeleto

27 Oct.
2003

Ilia

27 Aug.
2003

Pyrgos, Pelopio, Amaliada

31 Jan.
2003

Alfeios, Pineias, Oleni, Neochori, Fouskari, Zacharo, Kalyvakia,
Makrysia

06 Nov
2002

Pyrgos, N. Manolada

05 Nov.
2001

Lechaina

31 Jan.
2001

Central Ilia

12 Nov.
1999

Kalo Pedi, Lepreo, Friskas

22 Nov.
1998

Central Ilia

15 Dec
1997

Border with Messinia

30 May
1996

Central Ilia

chori 29 Oct.
1990

Vartholomio

Autumn
1988

Central Ilia
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in frequency of occurrence was equal to 5.6 times (Tables 6, 7 and
Fig. 2b).

Mass movement occurrence in the post-fire period, showed a de-
cline, with a high frequency regime immediately after the fire giving
its place to a lower frequency regime in the more recent years
(Fig. 2b), which nevertheless still exceeded (in absolute numbers) the
pre-fire frequency. This sharp increase immediately after the fire is at-
tributed to fire-induced phenomena related to: altered soil properties
(e.g. water repellency shown byVieira et al., 2016), creation of loose de-
bris, slope stability changes due to root zones disturbance from the fire
and increased runoff due to altered hydraulic properties (Shakesby and
Doerr, 2006); and is followed by an apparent decline because the influ-
ence is gradually decreasing as time passes mainly due to the recovery
of vegetation.

Examination of the statistical significance of difference in distribu-
tion of occurrences was carried out using the Wilcoxon rank sum
test, where the null hypothesis assumes that no shift exists in the
distribution of data (before and after the fire). Results for both flood
and mass movement occurrences showed that the change was signif-
icant (i.e. null hypothesis is rejected) at the 5% significance level for
the fire-affected areas while it was not significant for the unaffected
areas.

Comparison between the affected and unaffected hydrological
basins showed a different response between the two groups regarding
the occurrence of both flood andmass movement events. Even though
the unaffected basins record a marginal increase in flood occurrence
(Fig. 2c) with a slope of 0.03, the affected basins show a significant
rise with a slope of 0.1128. Both slopes were found to be statistically
Fig. 2. Number of flood (a) and mass movement events (b) in the study area against time, alon
flood phenomena (c) in affected and not affected basins and of mass movement events in affe
significant at the 6% level (p-values 0.06 and 5 ∗ 10−6 respectively).
The average frequency of flood events in the affected basins has
more than quintupled from 0.47 events/year (or 9 events in
19 years) to 2.55 events/year (or 23 events in 9 years). For the unaf-
fected basins the respective numbers were calculated at 0.368
events/year for the pre-fire and 0.778 events/year for the post-fire
period. In the case of mass movement events, comparison between
the fire-affected areas with the unaffected ones, showed a similar
pattern. The area burned by the 2007 fire records an increase in mass
movement numbers with a slope almost 3 times higher than the
slope of the unaffected area (0.121 against 0.045 respectively)
(Fig. 2d). Both slopes were found to be statistically significant at the
6% level (p-value 0.02 for the unaffected and 0.001 for the affected
areas). The distribution of flood and mass movement events in the
pre- and post-fire period can be seen in Fig. 3.

3.2. Seasonal distribution of flood and mass movement phenomena

Examination of the monthly occurrence of flood and mass move-
ment events exhibited distinct differences between pre- and post-fire
periods (Fig. 4), verifying our general expectations based on several
past works on post-fire hydrogeomorphic response (Vieira et al.,
2016; Vieira et al., 2015; Shakesby, 2011; Mayor et al., 2007; Shakesby
and Doerr, 2006). Flood occurrence in fire-affected basins (Fig. 4a)
shows an apparent increase after the fire (August 2007) and the degree
of increase differs for different months. For example, the frequency of
flood events in January and October, after 2007, is noticeably higher
than in the pre-fire period with the most remarkable example of
g with the respective trends in the pre- and post-fire period and the temporal evolution of
cted and unaffected areas (f).



Table 6
Brief list of rainfall-induced mass movement events in the study area (1988–2016).

Date Location(s) Date Location(s)

20 Jan. 2016 Petralona – Perivolia 11 Nov 2009 Ilia
31 Jan 2015 Flokas 23 Apr 2009 Milioti –

Aristomeni
01 Feb 2015 Agia Anna – Goumero Sep 2009 Milioti –

Aristomeni
06 Mar 2015 Vasta Megalopolis 05 Feb 2009 Platiana –

Mparakitika
10 Mar. 2014 Analipsi Ilidas 17 Oct. 2009 Ithomi Messinia
02 Mar 2014 Pyrgos - Oinoi road 18 Mar. 2008 Ilia
03 Oct 2014 Chimadio Jan 2008 Olympia
30 Jan. 2014 Kafkania Ilia 8–17 Dec.

2007
Ilia

07 Feb. 2014 Chouni Ilidas 20–24 Oct.
2007

Lepreo

19 Jan. 2013 Olympia 18 Nov. 2007 Zacharo
28 Feb. 2013 Revmatia – Malthi Feb 2006 Peristeri Amaliada
02 Dec. 2013 Filiatra – Plati 04 Feb 2003 Skillounteia area
05 Feb. 2012 Moni Kremastis 28 Jan 2003 Pineia
06 Jan 2012 Ilia Jan 2002 Doriza –

Arachamites
20 Jan. 2011 Petralona – Perivolia Mar 1999 Kalo Pedi
29–30 Jan.
2011

Andritsaina – Megalopoli
road

5 Feb 1999 Kalathas Pineias

05 Feb. 2011 Platiana 22 Nov 1998 Moni Kremastis
13 Dec. 2011 Olympia 25 Sep 1995 Latzoio – Neraida

Road
31 Dec. 2011 Divris – Tripotama road Feb 1991 Neraida
23–26 Nov.
2010

75th – 90th km National
Road 111

17 Dec 1990 Lagkadia

12 Oct. 2010 Ilia 11–17 Apr
1990

Central Ilia

6–15 Feb.
2010

Krestena - Kallithea 1–6 May
1989

Ilia
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September for which no floodwas recorded in the pre-fire period while
flooding started to occur immediately after the fire and kept occurring
in a rather regular interval (1 event every 2–3 years) ever since. Results
for unaffected basins (Fig. 4b) do not follow the same pattern and the
lower number (relative to fire-affected basins) of flood occurrences is
scattered between the pre- and post-fire period, with perhaps the
only exception of October where there is an apparent increase in flood
occurrence after year 2008.

Occurrence of mass movement events follows a similar patternwith
that of floods, showing again a monthly clustering of occurrence in the
fire-affected basins and post-fire period (Fig. 4c) while similar pattern
is not apparent for the not-affected basins (Fig. 4d). Again it is interest-
ing to note that prior to 2007, the fall season was associated with very
few mass movement occurrences, while a great number of events oc-
curred at the fire-affected basins during post-fire period. An important
note for results in Fig. 4c,d is that the month of occurrence for some of
the mass movement records was uncertain and thus was not included
in the results shown in Fig. 4. However, the vastmajority of these events
(23 out of total 27) occurred in the post-fire period and fire-affected ba-
sins thus excluding them could only affect the total monthly occurrence
(and pattern) of events after 2007 (showing in Fig. 4c).

Overall, seasonality of floods and mass movement events is
dominated by the fall and winter season, corresponding to the rainy
season, but while mass movement events occur predominantly in
Table 7
Changes in the average frequency of flood and mass movement events between the pre- and p

Average frequency in pre-2007 fire period (in events/year)

Floods 0.842
Mass movement 0.632
the winter season, flood occurrence is higher in the fall season,
which indicates potential differences in the characteristics (e.g. inten-
sity/duration) of triggering rainfall and/or hydrologic conditions for
the two different hazards. For example, floods in the area are primar-
ily of flash flood type (typical for Mediterranean basins), which are
usually attributed to short duration, high intensity storms that mostly
prevail during early fall season. According to Neary et al. (2003),
Robichaud et al. (2000) and Shakesby and Doerr (2006) increases in
peak discharges in post fire periods tend to be more pronounced in
the case of such storms especially in steep, severely burnt catchments,
which is the case in the study area. On the other hand, the predomi-
nance of mass movements in the winter season may be attributed to
higher antecedent soil wetness, as this season records higher rainfall
totals.
3.3. Changes in rainfall intensity regime

The primary objective of the rainfall analysis in this section is to in-
vestigate potential changes in high rainfall regime between pre- and
post-fire period. To differentiate this study from other studies that
focus on the estimation of rainfall triggering properties for flood and
mass movement events, it is important to note that while using rainfall
information at coarse resolution (i.e. 0.25°) is expected to have an im-
pact on the representation of highly localized rainfall intensities (i.e. im-
pact the estimation of actual triggering rainfall amount), we however
consider that satellite rainfall estimates can still be used to provide use-
ful information on the relative change (not the absolute magnitude) of
rainfall regime between the two periods.

Results are reported in Fig. 5 where positive (negative) slopes corre-
spond to increasing (decreasing) trend of R95 values. The monthly sep-
aration was used to be able to connect changes in rainfall with the
corresponding changes in occurrence (for floods andmassmovements)
identified in previous section. Note that results are reported only for
months in fall and winter season since those are the dominant seasons
of occurrence of floods and mass movements in the area according to
the analysis in previous section. In addition, results for the Wilcoxon
rank sum test are also reported for each pixel denotingwhether the dif-
ference in distribution is statistically significant (null hypothesis cannot
be rejected) or not (null hypothesis is rejected) at the 5% significance
level.

The results summarized in Fig. 5 indicate a number of findings
regarding overall trends and differences in rainfall regime before and
after the fire. It is evident that the overall trend of R95 values exhibits
considerable monthly variability in terms of both magnitude (i.e.
value of slope) and direction (i.e. positive or negative). Regression
slopes vary also in space and the degree of spatial variability differs for
different months. The existence of no or negative trend (i.e. slope ≤ 0)
suggests that observed increase in the frequency of rainfall-induced
hazards in the area cannot be attributed to corresponding increase in
rainfall. But while there may be individual cases (e.g. November or
December) that it is relatively clear to identify such a pattern (i.e.
increase in flood occurrence combined with negative slope values in
R95), in other cases we are dealing with a mixture of trends, which
does not allow for a clear interpretation. However, analysis using the
Wilcoxon rank sum test presents very consistent (in both space and
time) results regarding the statistical significance of the difference in
rainfall regime before and after the fire. In the vast majority of cases
ost-2007 fire period.

Average frequency in post-2007 fire period (in events/year) Change (%)

2.778 +229.8
3.556 +462.9



Fig. 3.Maps of (a) flood events and (b) rainfall-induced mass movement events in the study area (1988–2016).
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examined, the null hypothesis (i.e. no shift in rainfall distribution before
and after the fire) cannot be rejected. Contrasting these results with
corresponding results on frequency changes in flood/mass movement
Fig. 4. Monthly occurrence of floods (top) and mass movement events (bottom) for fire affect
occurred within a given month/year and vertical dash line is used to separate pre- and post-fir
events (Section 3.1) we can conclude that the observed and statistically
significant changes in hazard frequency cannot be attributed to changes
in rainfall regime.
ed (left) and not affected (right) basins. The color scale corresponds to number of events
e years.



271M. Diakakis et al. / Science of the Total Environment 592 (2017) 262–276
3.4. Changes in land use

Only minor changes were identified in the major land cover catego-
ries (Fig. 6a). Comparison for the period 1990-to-2012 indicates that
there was only negligible increase in artificial surfaces and that forest
land and agricultural land retained their percentages after the 2007
Fig. 5. Maps showing results for a) linear regression slopes and b) Wilcoxon rank sum test fo
(corresponding to 3B42 resolution) over the study area and for each month in fall and winter
Wilcoxon rank sum test was calculated for the pre- and post-fire periods.
fire (Table 8). However, examination of land cover within the forest
land cover group (Fig. 6) shows that tall forest extent records a decline
after 2006 by N3%. On the contrary, shrubland shows an increase by al-
most the same percentage, while sclerophyllous vegetation retains the
same figures. This indicates that low vegetation increases its percentage
from 21.1% to 25.3% within forested lands, whereas tall forests
r the 95th percentile of 24 h rainfall accumulation. Results are shown for each 0.25°pixel
season. Note that slopes were calculated for the whole available record (1998–2016) and



Table 8
Fluctuations of the extent of major CORINE land cover groups.

Land use category Year

1990 2000 2006 2012

Agricultural land 56.1 55.9 55.5 55.3
Forested land 41.4 41.2 41.6 41.7
Artificial surfaces 1.1 1.5 1.6 1.7
Wetlands and waterbodies 1.4 1.4 1.4 1.4

Fig. 6. Fluctuations of the extent of tall forests, sclerophyllous vegetation and shrubland, as
percentage of the total study area in four separate years (namely: 1990, 2000, 2006 and
2012). Please note that 0.5% corresponds to approximately 30 km2.
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experience a decrease. This is attributed to a slower regeneration of tall
trees against shrubs after the 2007 fire.

In general, the graph (Fig. 6) shows that there is no long-term, land
cover regime change (either man-made or fire-induced) such as the in-
crease of impermeable surfaces, or extensive penetration of agricultural
land into forest. Characteristically, artificial surfaces (urban areas, roads
etc.) were found to increase only by a total of 0.6% between 1990 and
2012, 5/6 of which was already recorded before the 2007 fire. Overall,
results from Fig. 6 show that throughout most of the study period
(1990–2012), percentages of themajor land cover types have remained
stable (apart from negligible changes), therefore observed changes in
the hydrological or geomorphological processes in the area cannot be
explained by land cover changes.

The temporal variation of the NDVI values at the 10 examined loca-
tions was quite impressive (Fig. 7) revealing an abrupt decrease of
NDVI, based on the image acquired onemonth after the fire (September
2007), that was followed by an equally steep increase within the first
two years after the fire (June 2008 and July 2009) for most of the loca-
tions examined. While this is a clear and rather remarkable indication
of a rapid vegetation recovery rate in terms of NDVI just 1–2 years
after the fire, it is important to note that it does not imply complete re-
covery of vegetation characteristics (e.g. vegetation height, root zone
system etc.) which correspond to important control factors in hydro-
geomorphic response of an area. However, it shows that the local eco-
system recuperates relatively quickly and it is resistant to forest fires.
This is in agreement with the findings in mass movement occurrence
in the post-fire period, which starts with a sharp increase and continu-
ous with a negative trend, as the ecosystem gradually recovers.

4. Discussion

In general, the study shows a clear increase in the occurrence of
floods and mass movement events, illustrating a significantly different
regime between the pre- and post-fire periods and clear differences be-
tween affected and unaffected areas.

Examination of rainfall's temporal variability in the study area, (as
one of the major influencing factors of flood and mass movement trig-
gering), provides convincing evidence that changes in rainfall regime
cannot explain the observed changes in the frequency of occurrence of
flood and mass movement events. Although in some cases a mixture
of trends is documented, a careful look shows that in specific months
of the year (e.g. November and December) even though there is a de-
cline in high rainfall (R95) magnitude, there is still an increase in flood
and mass movement occurrence. Furthermore, in cases where there is
an overall positive trend in rainfall intensity (e.g. for October) common
for fire affected and unaffected areas, occurrence of floods and mass
movement events is much higher for fire affected areas providing a
clear indication that a major control on their occurrence is attributed
to the alterations of the landscape. On one hand, floods are influenced
by the increase in overland flow affected by the lack of vegetation (i.e.
reduced rainfall interception) and ash cover in burnt areas (i.e. reduced
infiltration), which results significant increase in peak discharges espe-
cially in catchments experiencing short duration high intensity rainfall
(Robichaud et al., 2000; Shakesby and Doerr, 2006). On the other
hand, mass movements are influenced by increased rock weathering
due to fire, changes in the hydrological properties of soil and its struc-
ture, increased erosion due to removal of roots, destruction of litter
layer and increased rain splash phenomena (Shakesby and Doerr,
2006).

Analysis of land use changes showed that there were no substantial
changes with respect to themajor groups of land use. Artificial surfaces,
agricultural and natural vegetation land have retained the same per-
centages since 1990 in the study area, leading to the conclusion that
man-made development (e.g. increase of impermeable built areas)
was not a factor in the increase of flood and mass movement occur-
rence. In addition, examination of vegetation through NDVI index
showed that the study area returned to the previous levels of chloro-
phyll relatively quickly, after only two years. However, analysis of
forested land through CORINE system showed that tall forests experi-
enced a sharp decrease after the 2007 fire, accompanied by a respective
increase in shrubland. This evidence leads to the conclusion that tall and
deep-rooted trees were substituted by low vegetation with rooting
system reaching only shallow depths. This is an important difference
in vegetation that affects both mechanical and hydrological properties
of soils and can potentially influence slope stability (Hümann et al.,
2011; Reubens et al., 2007; Ziemer, 1981) as well as flood triggering
(Shakesby and Doerr, 2006).

In the course of this research, the study identified only erosion con-
trol works at certain locationswithin the burnt area, following the 2007
fire, carried out mainly as slope treatment (ploughing, contouring, log
erosion barriers development) and channel treatment (debris removing
and small log check dams and rock check dams development) arrange-
ments along with channel maintenance (Technical Chamber of Greece,
2017; Ministry of Environment and Public Works, 2017).

Examination of results for the 9 years of the post-fire period indicat-
ed also different trends between floods and mass movement events.
Floods presented an increase throughout the post-fire period, whereas
massmovement showed a sharp increase after 2007 and then recorded
a decline, with frequency heading towards pre-fire levels. Assuming
there is a period (window) of disturbance after a forest fire, as docu-
mented by previous works (Mayor et al., 2007; Prosser and Williams,
1998; Shakesby and Doerr, 2006; Wittenberg and Inbar, 2009), in this
case evidence suggest that this period (window) is closer to ending
for mass movement events compared to floods in the study area. This
may suggest that the time length of the effect offire on processes related



Fig. 7. Temporal fluctuation of NDVI values extracted from Landsat imagery for 10 randomly distributed locations.
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to flood generation (e.g. interception, infiltration) andmassmovements
(e.g. soil erosion) can be different. Although specific data are not avail-
able, differences can be possibly attributed to variations in the regener-
ation of vegetation (documented in the area by Poirazidis et al., 2012),
connected with the spatial variations fire severity (Veraverbeke et al.,
2011). In specific, given that erosion phenomena are more sensitive to
burn severity than runoff (Vieira et al., 2015), the gradual recovery of
vegetation, especially in lower burn severity areas could influence the
movement of earth material (i.e. the more sensitive factor out of the
two) to a higher degree than runoff and therefore affect themassmove-
ment triggeringmore. However, evidence on this subject cannot consid-
ered conclusive and further studies are necessary to investigate this
hypothesis. Nevertheless, regarding the duration of fire effects, consid-
ering both groups of phenomena, evidence suggest that this window
of disturbance has not been closed yet, 9 years after the fire, a period
longer than most of the documented cases (Shakesby and Doerr,
2006). The length of this window, although no specific data are present-
ly available can be attributed to the high fire severity (as described by
Vieira et al., 2015, Vieira et al., 2016) of 2007 event, but not to the fire
recurrence (as described by Wittenberg and Inbar, 2009) due to the
lack of important previous fires in the area.

5. Conclusions

The principal conclusions from this work can be summarized as
follows:

• the frequency of floods and mass movement events was tripled and
quintupled respectively in the post-fire period relative to the pre-
fire period.

• Changes in the frequency of both floods and mass movements exhib-
ited considerable dependence on the month of occurrence for fire af-
fected basins only.

• Changes in rainfall intensity regime cannot explain the statistically
significant differences in pre- and post-fire frequency of floods and
mass movement events.

• No considerable trend or change was found in the land use/cover ex-
tent and type in the area.

• The fire incident created a tremendous disturbance in the vegetation
of affected areas that required approximately 2 years to recover (in
terms of NDVI). However, the differences in the actual vegetation
type and characteristics (height, root architecture etc.) are expected
to be associated with a much longer duration of disturbance and
thus recovering period.

Overall, the findings of this work provide clear indications that the
mega-fire of 2007 was the main agent of the observed changes in the
frequency of hydrogeomorphic hazards during the post-fire period in
the area. To a large extent, this does not come as a surprise given the
previousfindings in the literature on the effects offire on hydrogeomor-
phic response (Shakesby and Doerr, 2006; Vieira et al., 2016). However,
quantification of the change in frequency of floods andmassmovement
events has not been previously reported for this particular fire event or
fire events of similar scale. The quantification of the increase in frequen-
cy provides important information on the assessment of the impact of
the fire incident that can be used as a reference for comparison with
similar studies in other regions and/or for evaluating potential flood
and mass movement risk in fire affected areas. We acknowledge the
fact that lack of long-term in-situ monitoring stations (e.g. for rainfall
observations) can be considered a limitation of this study but it is
important to highlight and remind the reader that the satellite-rainfall
estimates were used in this study for examining changes in rainfall
regime before and after the fire incident, i.e. for a relative comparison
between rainfall in the two periods, and not for providing
accurate estimates of local rainfall amounts that triggered floods and
mass movements. Pre finally, we wish to emphasize that the area of
study as well as many areas in Eastern Mediterranean (where forest
fire is a common hazard) suffer from the absence of local observational
networks. Therefore we consider that the methodology presented,
which uses remote sensing as the basis for observations of environmen-
tal variables (rainfall and vegetation index), can potentially be consid-
ered as a methodological framework that can be applied for similar
analysis in other data-poor regions. Future efforts will be focused on a
basin-specific analysis, including hydrological and geomorphological
modelling to further investigate the impact of fire characteristics (e.g.
percentage of burned area, fire severity) on the magnitude of floods
and mass movements.
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