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Abstract. Archaeological risk maps are very important both for archaeological
research and for urban and territorial planning. Spatial analysis can help to
improve existing methods at the local scale. In this paper spatial analysis, that is
map algebra and point pattern analysis, are used, for an area characterized by
several Neolithic Sites located in the Tavoliere di Puglia (Southern Italy), to 1)
calculate the archaeological vulnerability with an improved predictive model
that considers spatial autocorrelation together with environmental factors, 2)
assess the flooding hazard with the use of morphometric indexes; that have
been made spatially distributed in order to improve the effectiveness of results,
3) carry out an archaeological risk map for flooding that shows a high risk level
for already known archaeological sites and areas with a high probability to find
new sites.
Keywords: spatial analysis, archaeological predictive models, flooding hazard,
natural risks, Tavoliere di Puglia (southern Italy).

1

Introduction

Archaeological risk evaluation is used to estimate in advance which transformations
can be induced in the environmental archaeological component from external factors
such as a specific anthropic intervention or natural phenomenon [1].
For this scope, spatial analysis can significantly help to identify areas exposed to
risk and also to the planning of the containment of any kind of risk.
The most famous definition of risk [2](eq.1) expresses that:
R=VxPxE

(1)

and it could be effective also for archaeological risk.
Elements inside the expression have the following meaning:
- V is vulnerability. It is determined by highlighting elements that show risk. In this
case vulnerability is considered as the archaeological potentiality map and it is
obtained with predictive models.
- P is hazard. It expresses the probability that an event will happen and will cause
damages. In the specific case of archaeological risk, there could be many causes of
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risk such as the presence of urban sprawl [3] or danger coming from landslides or
earthquakes [4]. In this paper floods are considered as element able to interfere in a
negative way with sites of archaeological interest.
- E is exposure. It expresses the value of element at risk. In this study exposure is not
considered.
Some limits to present-day archaeological risk assessment occur: most of the
existing archaeological risk maps simply offer a spatial catalogue of known cultural
heritage belonging to the studied territory; in other cases, good archaeological
predictive models are used to decide where to do archaeological survey in the case of
development plans [5], [6], but any risk assessment is evaluated.
In this paper, firstly an innovative archaeological predictive model has been
created with the help of map algebra and spatial autocorrelation techniques. Second, a
flood susceptibility map has been calculated through the combined use of
morphometric indexes of landscape and drainage network. They are usually used as
average, global and variables whereas they have been here estimated as spatial
distributed (i.e. local) parameters. The spatial distribution of the estimated indexes
was also statistically compared with the areas affected by flooding during historical
times, in order to verify the accuracy of the flood susceptibility map.. Third, a risk
map has been created by overlaying the results of the archeological predictive model
and the flood susceptibility map.
1.1

Vulnerability: Archaeological Predictive Models

The main goals of predictive models are 1) to protect archaeological heritage by
mapping sensible areas where there is a great probability to discover new sites, 2) to
understand the past settlement patterns, with the aid of parametric models [7], 3) to
give a decisions support to reduce costs of topographic surveys and to improve
effectiveness of results in archaeological research.
Because predictive models belong to landscape archaeology, that studies
relationships between man and natural environment, considered as composed by a
whole of layers representing environmental and social sides [8], they are based on the
knowledge of already discovered sites environment and of relationships between
them. This knowledge, together with the study of the particular historical period, is
then used to understand analytically the settlement pattern and to produce a model
able to calculate a probability map to find new unknown sites and to express the study
region vulnerability.
In literature many non-spatial (see [9] for just an example) and spatial
archaeological predictive models exist (some examples are [10], [11]). The main
differences between these ones are the methods used for predictions and the involved
parameters. Although environmental parameters are always considered, social
parameters have traditionally received less attention.
In this paper spatial autocorrelation, not much used in literature with this aim,
except for few cases [3], [12], helped to represent the social side by schematizing
spatial relationships between sites.
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Hazard: Flood Susceptibility Maps

Flood events affect many sides of the human life and they cause loss of natural and
agricultural resources and building damages. Also from the archaeological point of
view floods are dangerous, because they can damage existing feature and cause the
loss of traces around undiscovered sites.
This type of hazard is usually detected with the use of quantitative geomorphic
methods. Many works exists on this topic in literature. [13], [14], [15], [16] are just
some examples.
However, a problem of classic works with morphometric indexes is they are
related to the basin scale, so the most of them are global indexes and they do not
provide spatially distributed information at the local scale.
Instead, as it will be showed in this paper, it is possible to calculate a local form for
each index, in order to improve flood hazard assessment.

2

Methods

In this work we used the following methods: 1) map algebra techniques as tools to
calculate some parameters and to overlay data in the three steps of the risk
assessment, that are the construction of the predictive model (vulnerability), the flood
hazard calculation and the final elaboration of the risk map; 2) point pattern analysis
employed to understand if a spatial distribution of points is clustered, random or
uniform, according to first and second order properties. In this paper, Nearest
Neighbour Method (NNM) and Kernel Density Estimation (KDE) have been used to
improve the calculation of the archaeological predictive map and to rapidly verify the
fit between historic flood events and flood susceptibility map.
2.1

Map Algebra

Map algebra is a high-level language for spatial modelling [17] that allows to develop
complex spatial models by using the raster format. The main analysis groups are [18]:
- Local functions which need or more input raster. The output raster pixel
depends on the operation applied to the corresponding pixel of each input
raster.
- Focal functions which need only one input raster. Every pixel of the output
raster depends on expression applied on the pixel itself and on a previously
defined neighbourhood.
- Zonal functions which need more than one input raster. The output raster
depends on the zones it comes from.
By combining these functions it is possible to obtain many other types of analysis,
such as surface analysis, useful to calculate many morphological landscape elements
or such as viewshed analysis and distance functions, useful to understand the territory
visibility or distances from particular points in the space.
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Kernel Density Estimation (KDE)

KDE is useful to investigate mainly on first order effects of a spatial distribution and
how the expected value (mean) of events varies in the space.
KDE is a moving three-dimensional function, weighting events within their
influence sphere according to their distance from the point at which intensity is being
estimated [19]. In each spatial point KDE is defined as (eq.2):

1  L − Li 
k

2 
 τ 
i =1 τ
n

λ ( L) = 

(2)

where λ is the distribution intensity of points, Li is the event i, k is the kernel function
and τ is the bandwidth. The main factor influencing density values is the bandwidth: if
τ is too big the value of λ is closer to simple density; if τ is too small the surface does
not capture the phenomenon. The second factor influencing density values is cell size
like in every grid analysis. The kernel choice is less important for the analysis,
however many functions exists such as the Gaussian [20], the Epanechnikov [21], etc.
Finally the result classification is very important in order to not overestimate or
underestimate it. For a deeper review of KDE and its parameters see [22].
An extension of KDE is Kernel Density Estimation Network (KDEN), where the
point density estimation is evaluated along a network. In this paper the method
proposed in SANET software has been used [23], [24], [25].
2.3

Nearest Neighbour Method (NNM)

NN is useful to understand if a distribution is spatially autocorrelated, but also to
investigate mainly second order effects of a spatial distribution, so how local
interactions between events vary [19].
Nearest-Neighbour Index (NNI) is defined by (eq. 3)

NNI =

NNOD
NNED

(3)

The numerator of eq. (3) represents the average distance of Nearest Neighbour
Observed Distance (NNOD) considering the minimum distance of each event from
the nearest one, and it can be represented by equation (4):
n

NNOD =

d
i =1

min

( si , s j )

(4)

n

where dmin (Si,Sj) is the distance between each point and its nearest neighbour, and n
is the number of points in the distribution.
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Instead, the denominator of eq. (3) represents the nearest neighbour expected
distance (NNED), based on a completely random distribution. It can be expressed by
the following formula (eq. 5):

NNED = 0.5

A
.
n

(5)

where A is the area of the spatial domain.
NNI < 1 (and consequently NNOD<NNED) means positive spatial autocorrelation,
because events are closer to each other more than expected, while NNI > 1 (and
consequently NNOD>NNED) means that events are more scattered than expected.
KDE and NN distances are often used together, in order to consider at the same
time first and second order effects.

3

The Study Case

3.1

The Neolithic Sites of the Apulian Region

The study area (fig. 1) is the Tavoliere di Puglia plain (Apulia, Southern Italy), a
wide lowland landscape characterized by an intensive agriculture and a long human
frequentation attested by a rich cultural heritage [26]. Here the archaeological
research has been supported by the aerial photographs acquired by Bradford during
his ‘Apulian Expedition’ [27].
From the archaeological point of view, this area is very rich of sites, as
demonstrated by publication on conference proceedings about Daunia PrehistoryProtohistory-History [28], [29], [30], , where results by traditional methods, such as
fieldwalking, archaeological excavations historical studies and archaeogeophysical
investigations are reported, and by more recent works such as [31], [32], [33], [34].
From the geological point of view, the Tavoliere di Puglia represents the northern
sector Pliocene-Pleistocene foredeep of the southern Apennines, known as Bradano
trough. In the early Pleistocene, the foredeep was subjected to a stage of subsidence
which resulted in the deposition of marine clays. Since middle Pleistocene, a
moderate uplift occurred in response to a regional and well-recognized geodynamic
change. Tectonic uplift promoted the deposition and subsequent incision of several
orders of terraced fluvial deposits, disconformably overlying lower Pleistocene
marine clay and organized in a staircase geometry [35]; [36]. Terraced fluvial deposits
largely outcrop in the westernmost sectors of the Tavoliere di Puglia, whereas the
easternmost part of the plain is also featured by terraced and fine-grained transitional
and marine units [36].
The drainage network of the study area shows the typical pattern of a low relief
landscape: in fact, it is characterized by drainage basins with a planimetric shape
stretched in WSW-ENE direction (i.e. parallel to the regional slope). Each drainage
basin has narrow and poorly-defined watersheds, frequently represented by the tread
of the fluvial terraces [35].
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Fig. 1. The study region with Neolithic sites of Apulia

In the headwaters and high-altitude sectors (i.e. the westernmost sectors of the
drainage basin), fluvial net has steep gradient and is organized according to a dentritic
pattern. Channels of the low-relief sectors of the Tavoliere di Puglia plain display a
lower gradients and they are host in flat valleys with wider alluvial plain.
Geological and geomorphological features of the study area frequently promoted the
occurrence of flood events. Many catastrophic floods occurring after extreme rainfall
events in the last century have affected large sectors of the Tavoliere di Puglia plain.
3.2

The Vulnerability Map Calculation

For the vulnerability map calculation the following steps have been followed:
1) some statistics of environmental parameters have been calculated and compared
with the knowledge of Neolithic sites, in order to define including (i.f.) and excluding
(e.f.) environmental factors. For example it is known they lived in little villages
having a modular distance among them and they preferred alluvial plain, because it
was advantageous for agriculture [37]. More in particular it was preferred the
proximity to: i) mountain areas (piedmonts) for summer pasture , ii) rivers for water
supply, fishing and harvesting, iii) caves for lithic industries [38]. Moreover, sites are
often located on low slope areas, close to marshlands, and not so far from higher
slopes areas used for hunting and harvesting. Finally neolithic sites seem to be
completely absent in areas characterized by a geology with calcareous structures.
Environmental parameters analysed are distance from hydrography, elevation, slope,
aspect, viewshed analysis, lithology and land use. Statistics found agree with
Neolithic site description and helped to define the following factors (fig. 2):
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Fig. 2. Including and excluding factors to the presence of Neolithic sites: A) distances from and
KDEN around rivers; B) elevation; C) slope; D) lithology; E) viewshed

a) for what concerns elevation (including if<350m), slope (including if <4°), and
viewshed (including if each site is able to see at least another site) the third quartile
has been considered as threshold (spatial resolution=8m); b) for what concerns
distances to rivers it has been used in combination with KDEN in order to understand
which are rivers that are favorite from settlements, so it was considered i.f. areas
distant less than 1500m by rivers with a KDEN>0; c) for what concern geology
previous studies seem to suggest that geological factors such as outcrops of carbonate
rocks, presence of deposits affected by landslide and impermeable lithology with
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limited water availability [39] were unfavourable conditions to the development of
neolithic sites. For this reason, the study area sectors characterized by deposits with
the above mentioned features have been considered as negative settlement factors; d)
finally aspect and land use have been excluded from the analysis, because the first one
is redundant while the second one, even if it seems that statistically there are not
settlements inside woods, cannot be excluded because it could means woods are not
easy to survey and some archaeological sites could exist there.
A first interesting result is that KDEN shows there is a density greater than 0
around high order rivers, those with a greater quantity of water.
2) KDE has been calculated and reclassified in order to consider the spatial
aggregation of points, because it could represent social relationships between near
sites. With this aim NNED has been used as bandwidth (NNED=2236m), the kernel
selected is Epanechnikov, intensity is the number of sites and finally KDE has been
reclassified in 10 quantile classes. Areas up to 9th quantile have been considered as
i.f., while areas belonging to the 10th quantile have been considered as e.f. (fig. 3).

Fig. 3. Combined use of KDE and NNED

3) Each parameters has been reclassified by assigning a value of 1 to i.f.
and a value of 0 to e.f. Then the vulnerability map has been calculated according to
the eq. (6)
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(6)

where K is results of KDE, R is the combination of distance from rivers and KDEN, E
is elevation, S is slope, L is lithology and V is viewshed.
The binary raster obtained (KRESLV) can be read in two ways: each digit equal to
1or 0 tells which parameter in that pixel is including or excluding the presence of
Neolithic sites; moreover by summing digits equal to 1 it is possible to have the class
of vulnerability for that pixel. For example, if in the pixel queried 110001 is found, it
means (K=1, R=1, E=0, S=0, L=0, V=1) it is suitable for KDE, distance from rivers,
and viewshed, but not for elevation, slope and lithology. Furthermore
(1+1+0+0+0+1=3) it is in the third vulnerability class, as vulnerability classes grow
together with the number of i.f. for each pixel. By reclassifying KRESLV according
to the second criterion it is possible to highlight 6 vulnerability classes, also
expressing a growing probability to discover new archaeological sites (fig. 4).

Fig. 4. The vulnerability map

3.3

The Flood Susceptibility Map

From the hazard point of view, an approach to integrate information on historic flood
events and morphometric properties of the landscape has been carried out.
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Specifically, historical flooding data of the study area coming from the SICI database
[40] have been have been acquired.
Several morphometric parameters based on literature data and geomorphological
features have been selected in order to identify areas prone to the flooding. The
selection of the most appropriate morphometric indexes able to describe the main
factors of flood hazard has been performed on the basis of a detailed analysis of
literature studies on such a topic [13], [41]. [42],[15]) among others). More
specifically, the selection of the morphometric indexes is based on geomorphological
analysis, evaluation of the alluvial plain evolution and comparison with studies
coming from areas with similar geomorphological and physiographic features.
Moreover, we have preferred the selection of morphometric properties of the
landscape which are expression of the local features of the landscape and drainage
network rather than morphometric indexes that are expression of mean and/or global
value.
Chosen parameters for flood hazard assessment [13] are the following:
- Amplitude of relief: it is the difference between the maximum and minimum
elevation in the unit area.
- Drainage density [343] expressed by eq. (7), where D is the drainage density, L is
the length of each channel and A is the basin area. This is a global value usually
calculated at the basin scale.

D=

L

(7)

A

Instead we propose a local version of this parameter by calculating the length of
the part of stream intersecting each pixel and by dividing it to the pixel area. So
our local drainage density Dlocal becomes eq. (8)

Dlocal =
-

Lpixel

(8)

Apixel

Channel sinuosity [44]: it is the ratio (eq. 9) between channel length (Lc) and the
linear length of the valley (Lv).

S=

Lc
LV

(9)

Again, this is a value usually calculated at the basin scale so it has been made
local by considering the channel length and the linear length of the valley in a
selected cell grid, in this case 240m (eq. 10) and then resampled to 8m in order to
overlay it with the other parameters.
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(10)

Minimum distance from main stream: it has been calculated with straight line
distance, so again it has been made local.
Upslope area or flow accumulation calculated with map algebra.

All indicators (X) have been standardized (eq. 11) with both their mean (μ) and
standard deviation (σ) and a hazard grid could be achieved by summing all the
standardized raster (fig. 5).
Z=(X- μ)/σ

(11)

Fig. 5. The flood hazard map

The obtained map has been compared with historical flood data coming from the
SICI database [40]. However the point location is not much accurate, because they are
data based on heterogeneous sources, such as newspaper articles, technical report and
scientific publication [45]. Consequently a KDE has been calculated in order to
transform flood points in more generic areas affected by flooding and to be able to
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consider not only the point location but also its surroundings [fig. 6]. In this case
NNOD has been used (NNOD=1871m) as bandwidth. Table 1 shows that mostly
areas with hazard equal to 2-3-4 intersect flood KDE and that these intersection areas
cover the 23.5% of the total study area.

Table 1. Comparison between hazard and KDE of SICI data
Hazard
level
H1
H2
H3
H4
Column
total

HK: hazard areas
intersecting kernel
areas (km2)
5.6
390.5
730.0
57.1

HTOT: total hazard
areas in the study
area (km2)
164.0
1768.6
2837.9
270.3

Hk/HTOT
(%)

HK / study area
(%)

3.4
22.1
25.7
21.1

0.1
7.7
14.5
1.2

1183.2

5040.8

68.9

23.5

Fig. 6. Spatial comparison between hazard and isodensity lines of flood events
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The Archaeological Risk Map

In order to have the archaeological risk map, vulnerability and hazard so far
calculated have been overlayed according to the matrix in (fig. 7).
In particular four risk classes have been obtained (fig. 8) by intersecting areas with a
vulnerability varying from 1 to 6 and the hazard varying from 1 to 4.
The following results for each risk class have been obtained: R0=882km2,
R1=533km2, R2=889km2, R3=1534km2, R4=829km2. It is clear that the most of the
areas fall inside classes at the higher risk.

H

V

1
2
3
4
5
6

1
R0
R0
R0
R0
R1
R1

2
R0
R0
R1
R2
R3
R3

3
R0
R1
R2
R3
R4
R4

4
R0
R2
R3
R4
R4
R4

Fig. 7. The matrix used to calculate the archaeological risk map.

Fig. 8. The archaeological risk map of the study area

436

4

M. Danese et al.

Final Remarks

In this paper a methodology for archaeological risk coming from flooding has been
developed. Different results have been achieved in the three research products
realized: the vulnerability map, the hazard map and the risk map.
For what concerns vulnerability, the followed approach allowed to consider both
environmental factors and spatial relationships between sites. Of course the map
obtained cannot be retained a definitive result, because other parameters could be
included in the analysis and it should be verified with a field survey. However it is a
useful tool for decision support for archaeology or urban planning, because it is
always possible not only to see the probability level of the new-sites presence, but
also to see which are suitable or unsuitable parameters and to reason on it.
For what concerns hazard, the flood susceptibility map is based on a simple
overlay of morphometric parameters, which are expression of geomorphological
factors promoting flooding events. Of course, a more reliable prediction of the areas
prone to flooding can be achieved through the elaboration of detailed
geomorphological map of flooded area during specific climate events. Moreover, such
a reconstruction could be useful to extract the flood hazard levels, referred to different
recurrence intervals.
Another important limitation of such an elaboration is that it does not take into
account the hydrological record of the streams and, then, it is not able to predict the
recurrence intervals of the flood events. Despite these limitations, the good statistical
fit between sectors of the susceptibility map with medium or high hazard levels and
the historical flood events suggests that the approach with selected morphometric
indexes represents a simple, but effective method to estimate flood hazard.
Finally for what concerns the risk map, even if it has been calculated with a
classical approach, the use of spatially distributed input data allows to highlight better
the existing and predicted archaeological areas affected by flooding hazard. The
results shows that there is a relevant percentage of archaeological vulnerability areas
(46%) with a medium to high level of flood susceptibility. The approach adopted in
this work and the consequent evaluation of the areas with a high flood hazard can
represent a basic tool to direct more detailed investigation in specific areas and, also,
promote possible safeguard planning.
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