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Abstract: The Ionian coast of the Basilicata region, southern Italy, is characterized by a remarkable
archaeological heritage, valuable crops, and national and international tourism, contributing
significantly to the regional economy. In the last two decades, the area has been affected by
the heavy recurrence of flooding events, which caused significant damage to agriculture, tourist
infrastructure, and archaeological heritage. Both qualitative and quantitative analyses of pluviometric,
hydrometric, and erosion/deposition dynamics of main rivers have been carried out in order to
investigate the role played by natural factors, climate changes, and human activity. The results show
that flooding events in the Metaponto plain were certainly caused by extreme rainy events, but man
has also played an important role. The Metaponto plain has been involved in a reclamation consisting
of the building of an extensive channel network, which provided better land cultivation, easy access
to the beaches, and archaeological heritage protection. The human impact related to the absence
of channel cleaning has proved to be the most relevant factor that greatly amplified the effects of
low-intensity rainfall events, thus triggering flooding events.
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1. Introduction

Mediterranean countries are sensitive to the combination of climate and land-use changes [1].
In the last few decades, the Mediterranean area has experienced an increase of both the frequency
and the magnitude of floods and the extension of droughts which have led to huge geomorphic
adjustments of river channels and coastal areas [2-4]. In addition to the direct consequences of climate
change, there are many indirect consequences of different environmental changes resulting from
human pressures [5,6]. In the last century, the development of new techniques in urban construction
and the global anthropogenic impact have constituted the main geomorphological agent in controlling
the environment [7]. It is now proved that anthropic interventions on slopes, rivers, and coastal
environments, have deeply modified the natural environmental balance, favoring a paradoxical increase
of events, thus triggering hydrogeological instability [8]. Changes in river flow regimes associated
to global change are, therefore, ushering in a new era where there is a critical need to evaluate the
hydro-geomorphological hazard of drainage basins from headwater to lowland areas. A key question
is, how can our knowledge of these hazards associated to global change be improved? The growth
of knowledge comes from integrated research that includes all physical conditions influencing the
conveyance of water and sediments and, more in general, the river capacity (i.e., the amount of
sediments) and competence (i.e., the ability to move grains of a given size), which in turn will influence
the physical conditions of a given point in the river network.
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In the Basilicata region of southern Italy, during the 20th century, the coastal environment and the
fluvial valleys were affected by intense anthropization. The Ionian coastal area, known as the Metaponto
plain, is today devoted to valuable crops (apricots, strawberries, etc.) thanks to the reclamation of the
marsh areas and the channeling/filling of secondary channels. Currently, the agriculture represents
the first source of both economic and employment wealth of the region. The archaeological ruins of
both Greek and Roman ancient civilizations are also located in this area. Their relevance is so high
that the Metaponto plain has recently been proposed as a UNESCO World Heritage Site. Moreover,
the area is characterized by a strong tourist vocation. This has become relevant from an economic
point of view in recent decades after the massive anthropization that has led to the building of many
tourist villages and river ports at the mouth of the Basento and Agri rivers [9]. Unfortunately, from a
geomorphological point of view, the Metaponto plain is particularly prone to suffer flooding [10,11].
Many of these are river flooding which happened because of persistent thunderstorms for extended
periods. However, an important number of cases can be referred to flash floods, due to extreme rainfall
occurred in few hours. In some cases, relatively shallow minor flooding due to the accumulation of
excessive surface runoff has also been recorded. Data from the National Civil Protection revealed that
23 extreme hydrological events occurred from 1921 to 1999 in the Ionian belt, whilst only 19 events have
been recorded from 2000 to the present day. These recurrent floods caused huge economic damages
in the Basilicata, such as the flood events of autumn 2013 that produced about 45 million euros of
damages, involving farms damages in the Metapontino area for at least 27 million euros. Furthermore,
the last flood of November 2019 caused damages up to 46 million euros in the area.

Given the considerable weight of agriculture and tourism on the entire regional economy, the need
for an in-depth study based on the causes of seasonal flooding becomes urgent. People should be able
to define adequate territorial planning to restore the natural balance of the area in order to ensure
its economic sustainability. A key question is how our knowledge of these hazards associated with
global change can be improved. With the aim to answer to this question, we tried to better define
the real rules of climatic change and human impact in triggering flooding every year analyzing both
qualitative and quantitative pluviometric, hydrometric, and erosion/deposition dynamics of the area.
Considering the geographical location of the Basilicata region in the Mediterranean area, this work can
be considered of general interest since the problem addressed and described concerns almost all the
coastal environments of the Mediterranean region.

2. Location and Background of the Metaponto Plain

2.1. Geographical Setting

The study area is located in the south-eastern part of the Basilicata (Figure 1a). It is part of the
so-called Metaponto coastal plain and covers a surface of about 125 km?. The plain is a NE-SW-oriented
belt, enlarged about 4 km in width toward the hinterland, and of about 30 km in length measured
parallel to the coastal line (Figure 1c). Moreover, the plain is slightly sloped by about 0.7% toward the
Ionian Sea and shows a tilting toward the northeast [12], producing an elevation of about 30 m a.s.l. in
the southern part and 18 m a.s.l. in the northern part. The study area is characterized by a semi-arid
climate [13] due to the precipitation dynamics, which are mainly concentrated in multi-daily events,
separated by very long dry spells [14,15]. The Metaponto coastal plain is transversally cuts by five
main rivers flowing from NW to SE, in the Ionian Sea, and known as the Sinni, Agri, Cavone, Basento,
and Bradano Rivers. Their final reaches are quite meandering, although, in many cases, the channels
are rectified by human activities to furnish agriculture and tourist facilities. Three main villages are
found in the study area: the first is located at Metaponto site in the northern sector and represents a
relevant Greek archaeological site; both the second and the third sites of Scanzano Jonico and Policoro,
which are placed in the southern sector, are mainly touristic areas. Furthermore, many beaches have
numerous accommodation facilities for mass tourism, including small ports.
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Figure 1. (A) Geological sketch map of southern Italy; (B) SW-NE oriented geological cross section;
(C) geological sketch map of the Taranto Gulf hinterland.

2.2. Geological and Geomorphological Settings

The study area is placed in the southeastern part of the Bradanic trough [16], which is located
between the Apennine chain to the west and the Apulian foreland to the east [17] (Figure 1a).
The Southern Apennines are an E-verging fold-and-thrust belt built during the deformation of the
Mesozoic circum-Tethyan domains. The belt is composed of several tectonic units derived from different
paleogeographic domains that are tectonically overlapped on the buried Apulian platform (Figure 1a,b).
The most recent shortening occurred on the front range of the chain deforming the Pleistocene sediments
and volcanics. Moreover, due to extensional tectonics, the orogeny is still active along the axis of
the Apennine chain [18-21]. The Bradanic trough was filled by Pliocene—Pleistocene sedimentary
successions constituted by a transgressive regressive clastic sequence of conglomerate, sand, and clay
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several thousand meters thick (Figure la—c) [22,23]. The sinking of the area occurred during the
Early Pleistocene and was responsible for the deposition of marine clays, unconformably overlaid by
Middle to Upper Pleistocene coarsening upward deposits, made up of marine to continental silt, sand,
and conglomerate. The Bradanic trough is characterized by a medium- to low-relief landscape, featured
by gently dipping surfaces, less than 3-5° of slope angle [12,24], separated by scarps, representing
relics of Middle Pleistocene to Holocene staircase marine terraces, composed of conglomerate and
sand deposits 10-15 m thick [25,26] (Figure 1c). Recently, integrated analysis of the drainage network,
statistical properties of the landscape, morphostructural analysis, and evaluation of geomorphic indices
in the whole Bradano Foredeep area have provided new constraints on the late Quaternary evolution of
the area [27,28]. In particular, the study area is formed by two main lithostratigraphic units—the older
are named “sandy-conglomeratic deposits of the regressive coastal prisms” of the Late Pleistocene and
the younger are named “Metaponto plain deposits” of the Holocene [29-31]. Moreover, about 100 m
thick marine deposits attributed to Middle Pleistocene are recognized below these two units by means
of deep boreholes [29].

Close to the Ionian coastline, there is a sandy beach less than 100 meters large that passes, toward
the hinterland, to NE-SW-oriented multiple coastal dune ridges. The ridges run parallel to the coastline
and are separated by a small, elongated corridor of low swales, which hosted palustrine areas that were
also active during historical times. The dune ridges locally named as “Givoni” are about 20 m high
and are fixed by grasses or scrub vegetation [27,32]. Backward to the dune system, there is an alluvial
plain formed by the flooding of the Agri, Cavone, Basento, and Bradano Rivers. In the fluvial valleys,
the meandering sinuosity of channels increases toward the Sea, reaching its maximum value about
3 km before the mouths. Finally, at the mouth of the main rivers there are delta system features [28].
A coastal progradation occurred in the last 7-8 ky, as a consequence of the high values of sedimentary
yields coming from rivers [9,33]. The fluctuation of the coastline from the last 3 ky until 1800-1900
has been reconstructed by lithic manufacts detected in the Basento River valley [34]. Starting from
1950 a constant transgression of the coastline around 2-6 m/y was measured in the whole Ionian area
and was related to both human activities and climate changes [34]. Currently, the lowland sectors of
the Ionian coastal plain are still affected by seasonal flooding along the main rivers, which occurred
during high-magnitude rainfall events [33].

2.3. Human Activity

During the last century, the area was interested in a huge hydraulic reclamation, becoming the
most prosperous agricultural area in the region. The reclamation took place in two different moments,
placed before and after the end of the Second World War, respectively. It was carried out through a
network of channels, which developed for approximately 1200 km (Figure 2). The fluvial network
strictly follows the ground topography and consists of several orders of channels, of which the smaller
ones immediately flow together and join into main channels, which flow into collectors that can run
separately or into the water pump. The channels are made up of mainly concrete channels (46.6%),
while 26.6% of them are made up of terrain (26.6%) and 26.8% of both materials (mixed channels).
The 92.8% of channels are unburied and, only in very few cases, they consist of short siphons or very
short delivery pipes of water-pumping plants (0.8%). The result of the hydraulic reclamation was the
complete reclamation of an area of approximately 26,500 hectares, which currently houses a rich and
intense irrigation agriculture, which was previously impossible.
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Figure 2. Study area extracted from the Metaponto coastal plain. Channels networks and photos
showing some examples of concrete, earth, and mixed drainages channels.
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3. Materials and Methods

The paper has been carried out in two different phases. The former was spent in recovering and
cataloguing the flooding events from 1933 to 2019. The latter was based on a multitemporal analysis
of pluviometric data, hydrometric data, and digital terrain models (DEMs of 1949, 1986, and 2013)
corroborated with observations from field surveys in order to

e  assess the role of precipitation on the rainfall floods occurred in the study area;
e  assess the human impact.

Flooding information has been obtained through a deepened search of the literature, including
national and local newspapers and journals, Internet blogs, scientific and technical literature
journals [35,36], and national projects [37]. Information, collected and stored in the catalogue and
related to each flooding event includes (1) the exact or approximate date of the flood; (2) the river
basin where the flood took placel (3) the source of information; and (4) the daily rainfall (P1) and
the previous cumulate rainfalls over three (P3), 15 (P15), and 30 (P30) days from the rain gauges of
Metaponto and Policoro.

3.1. Precipitation Patterns

Daily pluviometric data from 1951 to 2019 relative to the station measure of Metaponto and Policoro
sites have been obtained from the National Hydrographic Service and the Metapontum Agrobios.
Changes in the precipitation patterns during the whole above-mentioned period, are computed
considering five different climatological normal corresponding to the interval years of 1951-1980,
1961-1990, 1971-2000, 1981-2010, and 1990-2019. A climate normal is defined, by convention, as the
arithmetic mean of a climatological element computed over three consecutive decades [38]. Furthermore,
in each normal several indices, as recommended by the World Meteorological Organization, have been
evaluated. First of all, the total annual precipitation (TP) and the mean amount of precipitation per
wet day (precipitation intensity, hereafter PI) have been examined. To detect possible trends in daily
precipitation extremes, we used the threshold of 90th percentile and examined the fraction of total
precipitation from events > long-term 90th percentile (fraction of total from heavy events, PFL90) and
the number of events > long-term 90th percentile (number of heavy events, PNL90). These indices
account for short term heavy precipitation, possibly of a convective nature. Also, the greatest three-day
total precipitation (P3M) and the greatest five-day total precipitation (P5M) have been examined.
The multi-day amounts are particularly important since larger-scale impacts from heavy precipitation
are mostly due to multi-day episodes, and five-day amounts are frequently considered measures
of the occurrence of floods in Regional Climate Model studies [39,40]. At last, the mean dry spell
lengths (days) (DSM), the maximum number of consecutive dry days (CDD), the mean wet spell
lengths (days) (WSM), and the maximum number of consecutive wet days (CWD) have been calculated.
Trend significance was tested employing the non-parametric Mann-Kendall trend test [41] by using
the Excel template application MAKESENS Version 1.0 [42].

3.2. Dynamics of Erosion/Deposition Processes

To evaluate the human impact in the study area, in terms of erosion and deposition, we performed
a multitemporal analysis by using DEMs applications. Contour lines and mass points of the area are
available for the years 1949, 1986, 2013. The 1949 DEM was constructed from 10-m spaced contour
lines, mass points and break lines (streams incision) acquired from the Istituto Geografico Militare
Italiano. The algorithm used for spatial interpolation was the Topogrid ArcInfo command, which uses
an iterative finite difference interpolation technique producing DEMs without losing the surface
continuity of methods such as kriging or splines. The horizontal resolution given in the DEM has been
of 10 m. The 1986 DEM was constructed from 10 m contour lines, mass points and drainage lines
acquired from the Technical Cartography of Basilicata Region. They were built with a 10 m horizontal
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resolution in order to make a better comparison with the 1949 DEM. The 2013 DEM was extracted
by 1 m contour lines, mass points, and drainage lines acquired from the Technical Cartography of
Basilicata Region (https://rsdi.regione.basilicata.it/dbgt-ctr/). It has been built with a 10 m horizontal
resolution to make a better comparison with the previous DEMs. The accuracy of the three DEMs was
checked through a field survey using differential GPS, but a detailed analysis of the vertical errors
among the different DEMs [43] has been neglected. Actually, the goal to be pursued is not a detailed
assessment of erosion and accumulation rates. The aim is to show, particularly in qualitative terms,
to what extent the anthropogenic or/and natural modification of the area has produced variations in soil
consumption over the years. Both the erosion and deposition rates have been computed by progressive
subtractions using the digital elevation models in a grid format (1986-1949; 2013-1986; 2013-1949).
The subtraction of different DEMs produced a new grid with the altitude difference for each cell of the
grid. A negative value in cells of the difference grid was interpreted as erosion, a positive value as
filling or aggradation, and a very low or zero value as stable areas. Although this analysis is rather
simple and coarse, we found that it is quite effective to provide immediate information that can easily
be combined with field surveys.

4. Results

All the flooding information is organized in a catalogue form containing a list of 67 flooding
events starting from 1933 to 2019 (Table 1). The majority of events (96%) were ranging from 1954 to
2019 (Figure 3a) and were characterized by strong seasonality. Many floods occurred from late Autumn
to early Spring, although several events took place in July (Figure 3b). Furthermore, it can be observed
that in the last two decades there has been a decrease in the flood return period, with consequent
increase in the annual and intra-annual frequency of flash floods. As evidenced from the data reported
in Table 1 several of the floods occurring in the last decades were caused by rainfall with moderate
intensity (lower than 20 mm), even when they were concentrated in five consecutive days. Conversely,
those which took place in the range of 1951-1980 years were often caused either by daily extreme
events or by heavy fifteen days cumulates. The available data on both the daily pluviometric and
hydrometric measures, included in the range of 2000-2019 years, are related to rain gauges of the three
sites of the Basento water level indicator (freatimeter) (Basento river basin), of the Terra Montonata
(Cavone river basin), and of the Sinni 106 (Sinni river basin). Thus, we considered the relationships
between the daily precipitation and the hydrometric height in three out of the five streams flowing
across the study area. Although we observed that the hydrometric height of the Basilicata rivers
mainly depends on the precipitation occurred in the upper basin upstream rather than on localized
heavy storms, we still consider it interesting to examine carefully this relationship, since it can let us
deeply investigate the causes of flood initiation. The interaction between the daily precipitation (mm)
and the hydrometric height of the Basento, Cavone, and Sinni rivers during the flooding events that
occurred from 2000 to 2019 is shown in Figure 4. The analysis of the diagram of Figure 4 confirms the
above-mentioned interpretation showing that there is not always a direct relationship between the
flooding events and the peaks of the hydrometric heights.
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Table 1. Chronological listing of flood events in the Metaponto plain from 1933 to 2019 and antecedent rainfall conditions over three days (P3), 15 days (P15), and

30 days (P30) from the rain gauge of Metaponto (M) and Policoro (P).

Date River Basin Source of Information riM) P3(M) P15(M) P30(M) P1(P) P3(P) P15(P) P30(P)
21-22/2/1933 Bradano, Basento http://osservatoriometeolucano.altervista.org/
28-29/11/1944 Agri, Sinni http://osservatoriometeolucano.altervista.org/
7-8/11/1946 Bradano, Basento, Cavone http://osservatoriometeolucano.altervista.org/
15/03/1954 Bradano Progetto AVI database 17.4 36.8 88.8 178.0 13.8 19.6 47.2 94.0
25-27/2/1956 Bradano Progetto AVI database 394 46.2 120.8 187.0 234 43.6 103.0 150.3
21-24/11/1957 Agri, Reclamation channels Progetto AVI database 27.0 40.6 52.2 87.2 79.6 98.0 123.4 153.2
28/12/1957 Basento Progetto AVI database 10.0 35.6 61.8 70.8 8.8 17.2 41.0 50.0
24-25/11/1959 Bradano, Basento, Cavone, Agri, Sinni Caloiero and Mercuri 70.0 143.1 218.7 256.3 165.2 227.8 340.8 389.8
15-17/1/1961 Basento, Cavone, Agri, Sinni Progetto AVI database 64.8 70.8 79.4 100.2 55.2 58.6 62.0 79.6
22/07/1963 Agri Progetto AVI database 0.0 0.0 11.0 17.2 27.2 27.2 30.6 48.0
9-10/10/1963 Basento Progetto AVI database 51.0 57.6 82.0 84.2 16.2 39.8 58.0 72.0
11-12/12/1963 Reclamation channels Progetto AVI database 13.0 13.0 68.8 74.6 51.8 51.8 91.0 100.2
21-25/9/1965 Basento Progetto AVI database 8.6 37.0 53.0 70.4 73.0 150.4 162.4 173.4
7-9/10/1966 Basento Progetto AVI database 62.4 120.4 159.4 171.2 56.4 107.6 133.6 139.0
10-13/12/1968 Basento, Sinni, Agri http://www.evalmet.it/ 33.2 68.6 119.0 154.4 73.2 100.2 194.4 218.0
3-6/3/1969 Basento, Cavone, Sinni http://www.evalmet.it/ 20.3 43.7 63.0 72.0 24.6 40.0 60.6 74.4
15-20/1/1972 Bradano, Basento, Cavone, Agri, Sinni Caloiero and Mercuri 214 104.2 168.0 192.0 16.2 153.2 185.2 212.0
20-25/1/1972 Basento Progetto AVI database 22.6 57.6 225.6 249.6 7.8 50.2 235.0 262.2
30/12/1972-3/1/73 Bradano, Basento, Agri Progetto AVI database 21.0 56.8 97.8 102.0 63.0 66.0 141.8 144.2
25-29/3/1973 Basento, Cavone Progetto AVI database 13.6 28.8 103.0 105.4 21.4 36.4 162.4 163.8
05/08/1973 Metaponto flooding http://www.evalmet.it/ 49.6 50.2 50.2 51.8 15.0 16.0 22.8 23.0
16/02/1976 Basento http://www.evalmet.it/ 7.2 7.2 36.0 58.8 0.0 0.0 42.8 69.9
24/05/1976 Basento Progetto AVI database 14.4 444 59.8 80.6 7.4 10.2 255 32.7
5-6/11/1976 Basento, Cavone, Agri Progetto AVI database 14.8 31.8 105.0 176.4 134.2 149.7 203.1 278.4
18-20/11/1976 Basento, Cavone, Agri Progetto AVI database 404 65.2 110.4 233.6 59.5 99.7 259.9 372.2
18-21/2/1979 Bradano, Basento, Cavone, Agri, Sinni http://www.evalmet.it/ 34.0 34.0 79.2 93.6 68.2 68.2 115.6 135.2
5-6/11/1979 Bradano, Basento, Agri http://www.evalmet.it/ 52.0 101.8 155.0 176.2 93.3 175.3 279.9 298.1
11-13/1/1980 Basento, Cavone http://www.evalmet.it/ 143.7 165.1 188.7 197.3 83.8 112.0 137.0 144.2
22/12/1980 Basento, Cavone, Agri, Sinni http://www.evalmet.it/ 12.6 36.6 70.0 91.2 21.2 24.4 31.6 67.8
13-15/11/1984 Basento-Cavone Progetto AVI database 50.6 159.6 159.6 199.7 19.0 131.4 131.7 138.3
29-30/12/1984 Cavone, Agri, Reclamation channels Progetto AVI database 60.5 155.5 201.5 311.5 61.0 143.4 192.6 272.8
15-17/1/1985 Bradano, Basento http://www.evalmet.it/ 26.7 26.7 65.2 266.7 15.2 15.2 48.8 242.6
17-19/4/1985 Bradano Progetto AVI database 11.5 55.5 60.5 64.4 43.2 89.0 92.0 99.7
16-17/11/1990 Bradano, Basento http://www.evalmet.it/ 45.0 92.5 94.0 112.3 19.5 137.1 1371 154.5
23-27/12/1990 Basento, Cavone, Agri, Sinni http://www.evalmet.it/ 55.5 107.5 125.0 159.2 49.5 113.0 125.9 178.3
28-30/1/1996 Cavone, Agri Progetto AVI database 30.8 32.6 86.3 135.1 58.0 59.2 106.6 157.4
07/02/1996 Basento Progetto AVI database 38.6 39.0 131.8 134.9 55.6 55.6 172.0 173.4
11-15/3/1996 Reclamation channels http://www.evalmet.it/ 25.6 25.8 86.0 119.2 25.6 25.6 70.0 114.8
31/10/1997 Reclamation channels Agri Progetto AVI database 56.6 98.4 109.4 140.2 63.2 101.6 121.2 155.6
13/11/1997 Reclamation channels, Cavone Progetto AVI database 64.2 64.4 162.0 199.8 28.8 28.8 105.4 158.4
23-24/11/1997 Reclamation channels Progetto AVI database 34.2 35.2 131.6 259.6 35.8 35.8 93.0 208.4
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Table 1. Cont.

Date River Basin Source of Information P1(M) P3 (M) P15(M) P30(M) P1(P) P3 (P) P15(P) P30(P)
24-27/03/1998 Reclamation channels http://www.evalmet.it/ 16.4 49.6 59.2 78.2 37.8 69.0 88.8 104.2
13-14/01/2001 Basento, Cavone http://www.evalmet.it/ 39.6 74.8 132.0 143.0 94.0 136.2 173.2 182.6
20-22/01/2001 Bradano, Basento, Cavone, Agri, Sinni http://www.evalmet.it/ 222 222 100.4 164.4 40.2 40.2 179.0 2224
5-12/12/2002 Bradano, Basento, Cavone, Agri http://www.evalmet.it/ 59.2 61.0 170.6 180.2 44.8 46.2 163.6 176.2
24-25/01/2003 Basento, Cavone, Agri http://www.evalmet.it/ 13.6 63.0 92.6 121.8 45.6 69.4 104.0 131.0

7-8/9/2003 Reclamation channels http://www.evalmet.it/ 144 27.0 32.6 33.6 2.8 2.8 21.8 224
10-13/12/2003 Basento, Cavone http://www.evalmet.it/ 28.8 73.6 100.2 102.6 33.8 48.4 72.0 76.4
26/07/2004 Sinni, Reclamation channels http://www.evalmet.it/ 41.6 424 42.4 42.4 36.2 36.2 36.6 36.8
12-15/11/2004 Bradano, Reclamation channels http://www.evalmet.it/ 163.4 208.4 236.0 241.0 43.6 64.4 94.0 97.0
7-8/10/2005 Reclamation channels http://www.evalmet.it/ 44.6 52.6 74.2 105.2 19.8 24.8 64.4 73.6
10-13/12/2005 Basento http://www.evalmet.it/ 23.6 50.2 57.8 94.2 19.2 74.2 89.0 140.6
23-24/2/2006 Bradano, Basento http://www.evalmet.it/ 22.0 25.6 26.0 43.2 23.6 26.6 30.8 38.8
28/2-2/3/2006 Bradano, Basento, Agri http://www.evalmet.it/ 42.8 53.4 84.2 85.4 38.4 42.0 76.2 81.0
12-13/3/2006 Reclamation channels http://www.evalmet.it/ 184 19.2 72.8 103.6 124 13.2 58.8 93.2
22/07/2008 Basento, Reclamation channels http://www.evalmet.it/ 19.2 19.2 222 26.4 0.0 0.0 0.0 0.6
2-4/11/2010 Bradano, Basento, Cavone, Agri, Sinni http://www.evalmet.it/ 51.6 51.6 103.6 191.5 28.8 29.0 88.0 144.8
28/01/2011 Sinni, Reclamation channels http://www.evalmet.it/ 12.2 36.0 66.0 66.4 15.6 43.6 71.0 71.6
18/02/2011 Basento, Sinni http://www.evalmet.it/ 14.2 17.2 17.2 84.2 14.8 18.0 18.0 94.8
01/03/2011 Bradano, Cavone, Agri http://www.evalmet.it/ 69.0 71.2 934 94.0 77.0 78.2 105.0 110.6
23-24/2/2012 Basento, Cavone, Agri, Sinni http://www.evalmet.it/ 154 44.8 56.8 162.0 16.8 67.6 83.2 188.8
6-8/10/2013 Bradano, Basento http://www.evalmet.it/ 122.0 127.0 137.8 139.8 55.4 58.4 62.4 68.0
30/11/2013-2/12/2013 Bradano, Basento, Cavone, Agri, Sinni http://www.evalmet.it/ 142.0 162.2 194.0 325.0 106.2 131.6 148.8 2944
4-5/10/2014 Bradano, Basento, Cavone, Sinni https://www.ilmetapontino.it/ 96.2 101.8 108.8 121.2 4.8 6.2 8.8 38.0
16-18/03/2016 Bradano, Basento, Cavone, Agri, Sinni http://osservatoriometeolucano.altervista.org/ 124 234 76.2 101.8 81.0 128.8 232.0 252.6
22-23/10/2018 Cavone, Agri, Sinni http:/filippomele.blogspot.com/ 20.8 20.8 88.8 239.2 14.0 14.0 110.0 202.0
11-12/11/2019 Bradano, Basento, Cavone, Agri, Sinni https://www.basilicata24.it/ 37.0 41.2 51.8 51.8 52.8 69.0 84.8 84.8
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Figure 3. Annual frequency of flood events from 1951 to 2019 (a) and flood seasonality (b).
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Figure 4. Daily hydrometric height (m) of Sinni River (a), Cavone River (b), and Basento River (c) versus
daily rainfall (mm) from 1 January 2001 to 31 December 2019 at the Sinni S5106, Terra Montonata, and
Basento Freatimetro hydroclimatic stations. Circles in red indicate flood events.

In several cases, although there are no high rainfall quantities and the hydrometric heights of the
main rivers are relatively low, flooding occurs. Conversely, in many cases where huge precipitation
and significant increases in the rivers hydrometric water levels occur, there are no flooding events.
It might be due to the saturation of unsaturated zones of the coastal plain aquifer system. In the
coastal plain four hydro-lithological units have been identified [44]. According to [44], the upper unit
is made up of discontinuous clay and silty clays, which reach a maximum thickness of 10 m in the
coastal sector between the Cavone River and the Sinni River. An intermediate more than 10 m thick
sandy unit lies under the top unit and over a lower clayey unit. The lower unit is made up of silt
and sand. Thus, the presence of two impermeable units makes it possible to saturate the aquifer in
conditions of abundant previous rainfall. To verify the role of antecedent rainfall, the daily triggering
precipitation versus the cumulated rainfall over three, 15, and 30 days before each flood event were
plotted (Figure 5). The relationships are characterized by a very low value of 2, showing an uncertain
correlation between trigger precipitation and antecedent precipitations. It means that many flood
events are flash floods. Thus, it can be seen that most of the events are flash floods.
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Figure 5. Daily triggering precipitation versus antecedent rainfalls over three, 15, and 30 days at
Metaponto (a) and Policoro (b).

4.1. Pluviometric Dynamics

All the pluviometric indices were analyzed in both the Metaponto and Policoro rain gauges
and the results are reported in Table 2. The analysis of precipitation indices has revealed some
substantial changes in mean and extreme values in the past 60 years and a very interesting change
in the pluviometric regime during the last climate normal 1990-2019. The Mann-Kendall test has
been applied to total annual precipitation (TP) and precipitation intensity (PI) of the Metaponto and
Policoro pluviometric stations to verify total precipitations and intensity trends during each of the
years. The results show a downward trend of the total annual precipitation (TP) of both the stations
from 1951 to 2019 (Figure 6). However, the analysis for normal shows that the trend reverses in the
normal 1981-2010 and 1990-2019, indicating that the last two decades have generally been rainier,
with a statistically significant positive trend in the last normal at Metaponto. These data confirm the
previous results achieved by Piccarreta et al. [15] who pointed out a significant increasing trend in the
rainfall regime of the Basilicata Region, starting from 2000.

Table 2. Mann-Kendall trend test results (Z value) of the pluviometric indices for the Metaponto and
Policoro rain gauge over the period 1951-2019. Bold number indicates statistically significant trend.

Metaponto Policoro
1951- 1961 1971~ 1981- 1990- 1951- 1961- 1971~ 1981- 1990-
1980 1990 2000 2010 2019 1980 1990 2000 2010 2019
TP -1.50 0.20 -1.48 1.75 2.23 0.54 -1.00 -1.39 0.07 1.71
PI -0.75 1.39 —-0.64 0.46 1.68 1.00 -0.21 -1.18 -1.21 0.43
PFL90  -0.36 0.00 —-0.36 0.96 0.54 1.75 —-0.25 —-0.25 1.07 0.61
PNL90 -0.97 -0.04 -1.03 1.20 1.10 0.70 -0.04 -0.99 -0.27 1.43
P3M -1.37 0.43 -0.52 1.32 0.54 1.43 -0.75 -1.11 0.14 0.45
P5M -1.50 0.32 0.00 1.54 0.52 1.14 -0.43 -1.18 0.39 0.30
CDD 0.13 2.50 1.59 -1.82 -2.38 0.64 1.87 -0.43 -0.89 -1.97
DSM 1.70 1.78 1.52 -1.66 -2.78 0.43 0.87 1.18 -0.37 -1.48
CWD -1.89 -1.88 0.59 1.48 213 —2.28 0.02 0.87 —0.66 0.23
WSM -0.80 0.59 -0.79 1.07 2.54 -0.25 -0.05 -0.34 0.41 -0.07
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Figure 6. Pluviometric indices of Metaponto and Policoro rain gauges, 1951-2019. Bold colored numbers
indicate the Z-value of the Mann-Kendall statistic. None of the trends is statistically significant.

The annual precipitation intensity (PI) shows a weak positive trend from 1951 to 2019 (Figure 6),
which has been consolidated during the last normal 1990-2019 (Table 2). This upward trend was
confirmed by the analyses of the extreme daily precipitation. The fraction of total rainfall extracted
by the events exceeding the long-term 90th percentile rain amount (PFL90) in the range of 1951-2019
years shows a positive tendency, especially due to an increase in the last two climate normals (Table 2).
Changes in the frequency of extreme daily precipitation were studied by analyzing the number of
rainfall events from those greater than the long-term 90th percentile rainfall (PNL90). As shown in
Figure 6 the PNL90 shows a weak negative trend in the Metaponto station in the period of 1951-2019,
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whereas it is quite stable for the Policoro station. Moreover, no significant changes occurred throughout
the different normals (Table 2).

The normal analysis shows a strong consistency with that of the PI index, with the last normal
1991-2019 that has been characterized by a clear upward trend in both stations. The trends of the
yearly greatest three-day (P3M) and five-day (P5M) rainfall totals were investigated and they showed
a similar trend pattern in each station (Figure 6). At Metaponto, both P3M and P5M show a stable
trend during the period 19512019, which became quite positive from 1990 according to the normal
analysis (Table 2). At Policoro, both P3M and P5M show a weak downward trend during the period
1951-2019 which then turns into the last two normals 1981-2010 and 1990-2019 (Table 2).

The dry spell mean length (DSM) and the consecutive dry days (CDD) account for the evaluation
of drought incidence (Figure 6). Although in the whole investigated period both indices show a stable
or weakly positive trend, this reverses heavily in the last two normals, when it becomes a statistically
significant downward trend (Table 2). The decrease in the length of the dry periods certainly began
towards the end of the decade 2000-2010 and continued decidedly in recent years. The wet spell mean
(WSM) remained stable both at Metaponto and Policoro from 1951 to 2019 (Figure 6). As already
occurred for the other indices, also for the WSM, the last normal shows an important change of tendency,
especially at Metaponto, thus evidencing a statistically significant upward trend. These data reflect an
increase of the wet spell lengths occurred during the last twenty years, in each season. The consecutive
wet day index (CWD) trend deviates from the WSM trend, although the normal analysis shows an
upward trend, especially at Metaponto, in the last normals (Table 2).

4.2. Erosional and Depositional Activity of Rivers

The altitude difference maps resulting from the subtraction of the 1949 and 1986 and of the 1986
and 2013 digital elevation models in the Metaponto plain are shown in Figure 7. Negative cell values
indicate gross erosion whilst positive cell values suggest point to aggradation, and a very low or zero
value indicates stable areas. The DEM difference maps show that the pattern of erosion and deposition
within the study area is very different in the two analyzed periods. In the period 1949-1989, a strong
erosion predominates between the Bradano and Cavone River mouths, whereas sedimentation prevails
between the Cavone and Sinni river mouths. During this period, the hydraulic reclamation activity
acted by the Reclamation Consortium was mainly concentrated. Furthermore, the analyzed strip area
between the Bradano and Cavone Rivers was affected by many different works devoted to the creation
of tourist villages, with huge ground movement produced by heavy machines.

Conversely, the area of the Agri and Sinni River mouths underwent major natural changes [9].
However, the most marked changes affected the mouth of the Agri River, which, after 1955, has shifted
to the northeast as a consequence of the natural cutting of a meander belt that rectified its channel by
about 1 km from its original place. Furthermore, an incoming of the sediment yield of about 50 m has
been observed on the left of the Agri River mouth. Considering the interval of years from 1989 to 2013,
an inversion of these phenomena has been found out in both the Agri and Sinni areas. Deposition
of sediment clearly prevails in the area between the Bradano and Cavone River mouths, except in
areas bordering the main river courses. A plausible explanation may derive from the incorrect soil
management following the flooding events. On the basis of the information gathered from both
newspapers and field surveys, it emerged that almost all the reclamation channels are completely filled
with soil, on which dense vegetation is planted with reeds up to 3 m high (Figure 2). The maintenance
of both the bottom and the banks of the reclamation channels is generally carried out with a frequency
of 4/5 years, except in extraordinary events and without a precise calendar, depending on the vehicles
and staff availability (http://bonificabasilicata.it) [45]. The cleaning operations involve the removal
of sludge and soil which should be spilt away from the banks. However, many local governments
complain that these materials are simply deposited along the margins, and then poured into the
canals at the first effective rain. It often happens that these muds are left at the edges of the channels,
so channels are filled up again with mud at the start of the first abundant rain. The areas adjacent both
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to the main course of the Agri River and to its mouth have been interested in the building of tourist
villages and a tourist port. These activities produced a relevant mobilization of soils and caused a
substantial erosion. In the coastal belt and in the inland areas, up to the Sinni River, the sediment
accumulation is the prevalent process. Even in these areas, it is considered possible to attribute the
accumulation of material to its coming from all the river floods and to the cleaning of drainage channels.

Cavone
Sinni Agri River

River 1989 - 1949

Basento
River

River

Cavone
e B. I{
Sinni meters 5o Agri River Iaéfgro Bradano
River | River 2013 - 1989 River
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o 2
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Figure 7. Erosion/deposition dynamics for the periods 1949-1989, 1989-2013, and 1949-2013.
Reclamation channels were reported in gray color.

5. Discussion

The obtained results allow us to define many of the flood events as rainfall flooding due to bad
drainage, even if there are cases where overflows can be recorded in the main river. However, these
are often located at the mouth areas and therefore their contribution to the flooding of the plain seems
to be generally negligible. Obviously, fluvial flooding (for example the disastrous ones of November
1959 and December 2013) caused by abundant and prolonged rainfall that led to the opening of the
upstream dams and the breakdown of the banks with consequent flooding of the entire coastal plain
were recorded. On the basis of the analyzed rainy and hydrometric data, it is not possible to attribute
the flooding causes exclusively to the precipitation as the main factor of landscape changes. Although
high-magnitude rainfall, often concentrated in multi-day events, caused widespread floods in several
cases, the opposite is also true. In several cases, floods did not occur, even at intense rainfall events
and with significant increases in the hydrometric level of the main rivers.

From the integrated analyses of precipitation fractions vs. hydrometric height and trigger rainfall
vs. antecedent precipitations, it can be seen that most of the events are flash floods. As mentioned
before, many of these floods have been caused by low to moderate intensity rainfall events. A plausible
explanation can certainly refer to a possible saturation of unsaturated zone or to an accumulation of
water in saturated zone reaching the ground level. However, on several occasions, modest trigger
thresholds have been anticipated by a rather low amount of rainfall at thirty days. These data, combined
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with the poor relationship between triggering rainfall and antecedent precipitation, suggest that causes
different from rainfall alone, can contribute heavily to the increase in the frequency of floods.

It seems that most of the recent floods are not due to the overflow of the main streams, but rather
to the failure of the reclamation channels. Therefore, these are localized floods which interest more
or less large areas far from the river belts (Figure 8). These data supported the idea that human
activity could have interacted heavily. Among the possible anthropogenic causes we tend to exclude
an incorrect reservoirs management and/or river tracks modification (channelization, straightening,
re-sectioning.), since, except for the cases of fluvial flooding referable to extreme events of exceptional
magnitude and duration, many of the events recorded are attributable to rainfall flooding due to
bad drainage, which are also quite concentrated in intrafluvial areas. The multitemporal analyses
of the DEM’s from 1949 to 2013, combined with field surveys and farmers’ reports, have clearly
shown that bad land-management activities are often the real trigger factor. The areas affected by
the reclamation channels, which should regiment the waters, have been the subject of accumulation
of “fresh sediments” and muds, which have dammed them, also constituting a fertile base for the
growth of perennial vegetation (reeds 3 m high, etc.). The maintenance of both the bottom and the
banks of the reclamation channels is generally carried out with a frequency of 4/5 years, except in
extraordinary events and without a precise calendar, but depending on the vehicles and staff availability
(http://bonificabasilicata.it). The weak or sometimes absent cleaning operations of channels have
greatly amplified the magnitude of low-intensity rainfall events. On the other hand, when the cleaning
of channels was regularly carried out, no floods have been recorded during rough rainfall events.

Figure 8. Flooding areas as indicated by the light blue pixels occurred in November 2019. The image
was extracted from the Sentinel S1B satellite. Source: Centro funzionale centrale Basilicata.
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6. Final Remarks

The Metaponto plain located in the Basilicata region of Southern Italy extends for about 24.000
hectares on a flat surface devoted to quality crops. It contributes to about 85% of the fruit and
vegetable production of the entire region thus strongly helping its economic stability. Moreover,
the area is characterized by a high tourist vocation due to the remarkable archaeological heritage and
the numerous accommodation facilities. The recent increase in the annual and intra-annual frequency
of alluvial episodes also in correspondence of moderate intensity rainfall events, has caused the loss of
crops, damages to infrastructures and archaeological monuments. This has heavily weighed on the
regional economy and the national/European economy in terms of compensation for natural disasters.

Although it would be a common opinion that this unusual increase in the periodicity of flood
events is due to global climate change, we have found that human activity has also contributed to this
process of depletion through carelessness and recklessness of territorial management. In particular, the
occurrence of localized rainfall flash floods due to low/moderate intensity rainfall events, not anticipated
by huge antecedent precipitations, has suggested that they have taken place due to bad drainage linked
to the failure of the reclamation channels. This idea is supported by field survey observations, farmers’
reports, and multitemporal analyses of the DEMs from 1949 to 2013, which have clearly shown that
bad land-management activities are often the real trigger factor. The Ionian area has always been
subject to expansive flooding and consequent widespread swamping. The reclamation, through the
articulated channels network, has initially favored the reduction of flood events and also has prevented
the area from major damages due to the same floods. In fact, along the Ionian coast, the drainage
channels are the only artificial drainage of the groundwater. In the past two decades, bad channel
management has driven the system back to the situation it was. The areas affected by the reclamation
channels, which should regiment the waters, are almost always filled with “fresh sediments” and
muds, which have dammed them and have favored the growth of perennial vegetation (reeds 3 m
high, etc.). Some channels have become orchards, and, more incredibly several bridges even stop the
natural flow of water. The cleaning of both the bottom and the banks of the reclamation channels is
generally carried out every four/five years, so as to greatly amplify the magnitude of low-intensity
rainfall events. In these occasions, mud, vegetation refuse and waste of any kind (car tires, appliances
etc.) which have been extracted, are deposited on the channel margins and not disposed of regularly.

The high frequency of extreme rainfall events should instead require the yearly cleaning of the
reclamation channels. We consider the farmers’ role as crucial. A new agreement between farmers,
Consortium and Institutions for the protection of the territory would be desirable. The farmers will
not have to clean the canal, but they will be an active part in its management. They should report
on the state of the canals to local administrations every three/four months, so as to allow a prompt
intervention that could mitigate the action of natural events.
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