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a  b  s  t  r  a  c  t

Urbanisation  processes  as  a result  of population  growth,  migration  and  infrastructure  initiatives  have  a
direct impact  to cultural  heritage  sites.  This paper  aims  to  monitor  growth  dynamics  of  the  urbanisation
process  that  took  place  in  the  Paphos  district,  southwest  Cyprus  during  the  last  decades,  and  evaluate  its
impact  to  monuments  and  archaeological  sites.  In this  extensive  area,  several  important  archaeological
sites  and  monuments  are  found,  while  some  of them  are  also listed  in  the UNESCO  catalogue  of World
Cultural  Heritage  sites.  GIS  and  remote  sensing  techniques  have  been  used  in  order  to map  the  listed
monuments  in  the  Paphos  District,  as well  as to  record  spatial  and  temporal  land  use changes  since  the
1980s.  The  spatial  patterns  of urban  sprawl  are studied  and  analysed  using  archive  time  series  medium
resolution  Landsat  ETM+  and  TM satellite  imagery.  In  addition,  a DMSP-OLS  night-ime  image  was  also
pectral vector machine used.  Several  supervised  and  unsupervised  classification  algorithms  have  been  evaluated  and  examined
for this  purpose.  Additionally,  Markov  equation  were  applied  in an  attempt  to  predict  future  urban  expan-
sion The  final  outcomes  revealed  that  a dramatic  increase  of the  urban  areas  took  place  in the  last  years
in  Paphos  district,  and as  a result  significant  pressure  is expected  on archaeological  sites  found  in the
peri-urban  areas.

© 2015  Elsevier  Masson  SAS.  All  rights  reserved.
. Introduction

Urbanization process has been linked to a variety of resource
nd environmental problems worldwide, such as habitat loss,
pecies extinction, land cover change, and alteration of hydro-
ogical systems [1]. Unprecedented urbanization, characterized by
emographic shift from rural to urbanized areas and urban land
Please cite this article in press as: A. Agapiou, et al., Impact of urban s
area in Cyprus, Journal of Cultural Heritage (2015), http://dx.doi.org/1

xpansion, has taken place globally in the last several decades.
s it is estimated the world urban population has been increased

rom 1.35 billion in 1970 to 3.63 billion in 2011 [2]. Global urban
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area, which has quadrupled during 1970–2000, is reported to
grow on average twice as fast as urban population in recent years
and expected to triple the global urban area in circa 2000 by
2030 [3].

Urbanization is proceeding on an unprecedented scale while
the rapid and frequently uncontrolled development is transforming
urban areas and their surroundings. This transformation may  cause
fragmentation and deterioration to heritage throughout the world.
Indeed, over the last few decades, modern urbanization, including
investments in modern infrastructure in central regions, has led to
intensive changes in land use [4]. A large part of this urban pop-
ulation lives in peri-urban regions while in developing countries
the issue of peri-urbanization is growing in importance due to con-
tinuous and rapid urbanization in these countries [5]. Increase in
population is connected to urban and infrastructural expansion.
prawl to cultural heritage monuments: The case study of Paphos
0.1016/j.culher.2014.12.006

Urban sprawl is associated not only with changes in land cover,
but also to ecological, climate and social transformations [6]. City
boundaries continue to expand, consuming more and more of rural
areas, forests, heritage places and other important non-urban areas.
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herefore, urbanization processes as a result of population growth,
igration and infrastructure initiatives have either a direct or indi-

ect impact on the character of the cultural heritage sites.
As Al-Houdalieh and Sauders [7] argue, aspects of human devel-

pment deemed positive and progressive construction, cultivation
nd expansion equally threaten the longevity and security of cul-
ural heritage, yet often fail to generate the same widespread
ondemnation. The formidable forces of unplanned development,
ncessant productivity, rampant innovation, and heedless technical
dvance can dramatically change the environment and landscape
f an area. Several researchers agree that urban expansion is likely
o pose one of the most significant threats to the archaeological
esources and therefore appropriate measures are needed to miti-
ate against their destruction without the adequate documentation
r investigation [8,9].

Cultural heritage management, comprising both archaeological
ites and archaeo-landscapes, is included by many recent European
olicies, laws and national reports on the state of the environment
10]. In order to support the protection of natural and cultural
eritage, emphasis is given to the integration of strategies into

ocal development processes and urban planning regarding cultural
eritage management and planning. Therefore, up-to-date maps
nd related information are very important for urban planners in
rder to design development plans sensitive to cultural heritage
ites. Geographic information system (GIS) integrated with Remote
ensing are considered to be of the most efficient tools for analyzing,
apping and retrieving RELIABLE information.
Remote sensing and GIS have been widely used for her-

tage management [11–13]. Special attention is given by some
esearchers to map  existing urban growth and risk assessment
n the vicinity of Cultural Heritage sites [14], while other studies
ttempt to monitor anthropogenic and natural threats to archae-
logical sites [9]. The integration of these data sets with other
ulti-sources information, such as historic maps, can be also

onsidered to provide public authorities with geo-portals and inno-
ative tools for more informed decision-making [15].

Despite the integrated use of remote sensing and GIS within
rchaeological research and management, an effort was made in
rder to apply prediction hazard models for monitoring threats in
xisting archaeological sites. Such prediction models may  be used
o map  future urban areas, and therefore, to support local author-
ties to evaluate any potential threats for these sites. This paper
eeks to highlight some of the key tools provided by remote sensing
nd GIS, through an extensive case study and at the same time
o demonstrate how these may  be employed for a more efficient
ultural heritage management and urban planning.

The paper uses time series multispectral satellite images and
redictive models to understand future urban settlement pattern-

ng, with special focus to areas in the vicinity of archaeological
ites. Indeed, multispectral freely distributed satellite images from
984 until 2010 have been exploited. Since these images are geo-
eferenced, the final outcomes (i.e. urban areas for each period
xamined in this study) were directly overlaid and compared. In
rder to examine the diachronic evolution of urban sprawl in the
icinity of these sites and monuments, other cultural heritage infor-
ation (i.e. archaeological sites and monuments) was  used The

patial analysis was carried out in a GIS environment.

. Case study area

Paphos district located in the south-western Cyprus was
Please cite this article in press as: A. Agapiou, et al., Impact of urban s
area in Cyprus, Journal of Cultural Heritage (2015), http://dx.doi.org/1

elected as a case study since it combines both World Heritage
onuments and isolated monuments in other inaccessible sites

Fig. 1). Moreover, monuments and sites in Paphos can be found
oth in urban and rural areas, low altitude (nearly sea level) and
 PRESS
l Heritage xxx (2015) xxx–xxx

high level (highest mountain-picks of the island), near and far from
the coastlines, forest areas, industrial zones etc. This multidimen-
sional reality of Paphos’ antiquities can be used to extract useful and
comparative results with respect to urban sprawl and its effects on
the monuments of cultural interest, within the same province. Fur-
thermore, Paphos is known for the construction boom that took
place in the 1980s through massive excavations giving place to
modern luxurious hotels and villas. Nowadays construction is still
ongoing however in a smaller scale due to economic crisis.

Several important monuments and cultural heritage sites are
found in the area of Paphos. Among them are the Nea Paphos and
the Tombs of the Kings archaeological sites, listed by UNESCO as
World Heritage Monuments.

Nea Paphos is situated on a small promontory on the southwest
coast of the island. According to written sources, the town was
founded at the end of the 4th century by Nicocles, the last king of
Palaipaphos. After the Arab raids during the 7th century, Nea Paphos
went through a period of decline, which lasted a few centuries, and
was thus reduced in size. The town regained some of its impor-
tance during the Byzantine and the medieval periods but from the
Venetian period onwards the coastal settlement of Nea Paphos was
abandoned and the population began to move further inland where
the present town of Paphos developed. The Tombs of the Kings is the
impressive necropolis that is located just outside the walls, to the
north of Paphos town. It was built during the Hellenistic period (3rd
century B.C.) to satisfy the needs of the newly founded Nea Paphos.

The historical town centre of Paphos can be characterized of
equal importance, as it is the area that keeps the historical and
cultural continuity of the town from the ancient times till today.
Some of the historical buildings of this area are the first Manor
houses of Ktima (dated in the early 20th century), Paphos Holy Bish-
opric (1910 building), Agios Theodoros Metropolitan Church (built
in 1896), Ethnographical Museum (build between the late 19th and
early 20th century), Town Hall (built in 1955), the Municipal Library
(built during the 1940s), etc.

3. Methodology and resources

Multi-temporal Landsat satellite images have been used for
monitoring urban expansion over the area of Paphos, during the
period 1984–2010. The overall methodology is composed by five
steps. Firstly, classification analysis was  applied so as to map  the
urban sprawl over time (Step 1). Additionally, further image analy-
sis of the Landsat data as well night-time data has been performed,
in an attempt to verify the final results of classification analysis
(Step 2). All monuments of the Paphos district were georefenced in
a common geodetic system (Step 3). Furthermore, GIS spatial anal-
ysis (Step 41) was  carried out to monitor and map  urban expansion
in the last decades in the vicinity of the archaeological sites. Finally,
a projection map  of 2020 was  processed (Step 5) to identify any
future urban pressure to cultural heritage sites.

In detail, 4 multispectral Landsat 5 TM and Landsat 7 ETM+
were used (path/row: 176/36). A satellite image – with no or limited
cloud cover – for each decade was  used (1980–2010). The Landsat
space program allows us to go back almost 30 years (1984). Landsat
images have a spatial coverage of 170 × 183 km,  while their spatial
resolution is 30 m.  Such kind of data has been successfully used for
classification purposes in a variety of disciplines [16–18]. Further
characteristics of the Landsat data are shown in Table 1.

3.1. Step 1: classification of satellite images
prawl to cultural heritage monuments: The case study of Paphos
0.1016/j.culher.2014.12.006

Several classification techniques have been evaluated for
the purpose of this study. As Blaschke [19] argues, classifiers
are faced with such difficulties as information weighting and
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Fig. 1. Monuments and arch

ecision-making when applied to land cover classification and thus
aking the classification accuracy hard to meet the requirements

f users. In the literature different supervised or unsupervised
lassification techniques exist, e.g. per-pixel based maximum like-
ihood, nearest neighbour, fuzzy classifications, object-oriented

ulti-resolution segmentation, artificial neural networks, deci-
ion tree-based classification, and rule-based classification [19–22].
sing areas of interest, the overall performance of each technique
an be measured and evaluated based on statistical analysis.

In an attempt to maximize the correctness of the classification
esults, both simple and more complex algorithms have been used.
ndeed, minimum distance to means (MD) [20] and maximum like-
ihood classifiers (ML) [20] were examined. In addition, Spectral
ngle Mapper (SAM) [20,21] and Support Vector Machine (SVM)

22] were also tested. Other classifiers, such as object-oriented
20,21], fuzzy logic [20,21] or texture analysis [21] were not eval-
ated, since high classification accuracy was achieved from the
revious mentioned algorithms.

The MD  algorithm is a statistical technique that classifies the
mage based on the closest distance of training areas using the spec-
ral characteristics of the pixels [20]. Usually it is possible to specify
Please cite this article in press as: A. Agapiou, et al., Impact of urban s
area in Cyprus, Journal of Cultural Heritage (2015), http://dx.doi.org/1

 maximum distance threshold. If the distance is still further away
han that threshold, it is assumed that none of the groups is similar
nough and the result will be “unknown”. ML  algorithm performs

able 1
atellite data used for monitoring urban growth.

No Satellite Sensor Date of acquisition

1 Landsat 5 TM 22 October 1984
2  Landsat 5 TM 04 August 1990
3  Landsat 7 ETM+ 24 September 2000
4  Landsat 5 TM 27 August 2010
ical sites of Paphos district.

classification based on the normal probability density function [21].
The SAM algorithm is an automated method, which calculates and
classifies the spectral angle between the pixels of the image [21].
This method is insensitive to illumination since the SAM algorithm
uses only the spectral direction and not the spectral distance. SVM
is a machine-learning technique that is well adapted to solving non-
linear, high dimensional space classifications. As Heumann [23]
argues, SVM can be used for remote sensing applications, for classi-
fication of either multispectral or hyperspectral data, in which there
is a spectral similarity between the pixels. SVM aims to identify
the boundaries between classes in n-dimensional spectral-space
[24]. As Paneque-Gálvez et al. [25] argue, SVM classifiers have been
shown to attain high accuracies in land use cover mapping and
outperform other algorithms.

3.2. Step 2: principal component analysis and DMSP-OLS analysis

Supplementary to classification analysis, further exploitation of
the data was  carried out in order to verify the final outcomes. Princi-
pal component analysis (PCA) was applied to detect any significant
changes under the period examined (1984–2010). PCA is a statisti-
cal analysis process of the image that accounts the variation of the
pixel values within the image [21]. In addition, a radiance calibrated
Defence Meteorological Satellite Program Operational Line Scanner
(DMSP-OLS) night-time data set for 2010 was used. A direct com-
parison of this dataset with urban areas of 2010, as classified from
the Landsat sensor, was applied to evaluate the potential use of
nigh-time images. This image was  prepared from individual fixed
gain images captured by satellites F18 [26].
prawl to cultural heritage monuments: The case study of Paphos
0.1016/j.culher.2014.12.006

The DMSP-OLS has been imaging night-lights since the early
1970s, while the more recent digital data have been used to produce
annual global composites of temporally stable night-time lights
from 1992 to 2008 [26]. The result is a set of composite images
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Table 2
Ground truth (percentage) from the image taken in 2010 using the SVM algorithm.

Class Urban Water Vegetation Soil-A Soil-B

Urban 90.50 0.00 0.00 0.00 0.00
Water 0.00 100.00 0.00 0.00 0.00
Vegetation 0.00 0.00 96.64 0.00 2.19
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Fig. 2. Urban expansion of the Paphos city from 1984 to 2010. Black colour indicate
urban areas back in 1984; orange colour the urban areas of 1990; red colour the
urban areas of 2000 and green colour the urban areas of 2010.

Table 3
Overall accuracy and Kappa coefficient for Landsat 2010 from different classifiers.

Classifier NN ML SAM SVM

Overall accuracy (%) 77 89 70 95
Soil-A 9.50 0.00 0.00 90.75 0.73
Soil-B 0.00 0.00 3.36 9.25 97.08
Total 100.00 100.00 100.00 100.00 100.00

n which each 30 arc second (∼ 1 km at the equator) pixel gives the
nnual average brightness level in units of 6 bit digital numbers
DN). Visible pixels have relative values ranging from 0 to 63, rather
han absolute values in W/m2.

.3. Step 3: geo-referenced on cultural heritage sites

All monuments listed from the Department of Antiquities of
yprus were mapped in a common geodetic system (CGRS93, LTM)
Fig. 1). Local cadastral maps of the Paphos district were used to

ap these monuments and sites. The local cadastral maps are cur-
ently used by the Department of Land and Surveys of Cyprus for
artographic purposes and field surveys.

.4. Step 4: GIS spatial analysis

The final results (i.e. classification analysis and monuments)
ere imported into the GIS environment for further analysis. A

uffer zone of 500 m (i.e. 15 pixels zone) from each monument was
reated in order to examine the land use changes within this area
round the monuments.

.5. Step 5: urban pressure projection to 2020

A simulation of urban areas and urban pressure in the vicinity of
rchaeological sites and monuments for 2020 was finally applied.
he final result was a land use map  of the year 2020 indicating
he future urban areas. The prediction model was  based upon the
tochastic Markov Model [27]. Markov model is used to simulate
hanges (i.e. 2020) in the future spatial–temporal pattern of land
se based transition rules, which were obtained through spatial
verlay analysis using GIS on land use types between 2000 and
010. Some applications of Markov models can be found in [28,29].

. Results

.1. Classification analysis

The Landsat dataset was classified into four main land cover
ypes (built areas; water bodies; vegetation and land). The classi-
cation results from the Landsat imagery display a complex urban

ootprint of a coalescent urban core and a complex, sprawling sub-
rban to splinter development, in rural areas. Urban footprints
uring the last 30 years were then mapped, based on the classi-
cation results.

Fig. 2 illustrates the urban expansion of the Paphos town during
he last 30 years, as recorded using remote sensing techniques. Each
olour represents a different year of observation (black colour indi-
ates urban areas back in 1984; orange colour refers to the urban
reas of 1990; red colour refers to the urban areas of 2000 and green
olour indicates the urban areas of 2010). As it is clearly shown, a
ramatic expansion took place in Paphos region, especially during
Please cite this article in press as: A. Agapiou, et al., Impact of urban s
area in Cyprus, Journal of Cultural Heritage (2015), http://dx.doi.org/1

he last 20 years (1990–2010). New urban areas were developed in
he surroundings of the existing town, while at the same period an
xtensive urbanization was observed in the northwest area (Peyeia
egion).
Kappa coefficient 0.71 0.87 0.60 0.93

In addition, Fig. 2 shows that urban areas (red color) are found in
the southwest part of the Paphos district, near the coastline. This is a
typical allocation for cities in a close proximity to the sea for the rest
part of the island of Cyprus, as well as for Mediterranean countries
in general. The classification results indicated the dynamic nature of
vegetation since satellite images were taken from different periods.
As it was found, the soil coverage was  ranged from 770 to 1087 km2

while vegetated coverage was  estimated from 240 to 600 km2. This
dynamic range may  lead to mis-classification result (for vegetation
studies) since vegetation growth information is not involved (i.e.
different vegetation types may  have similar spectral features in a
single image, based on their phenological stage). Therefore, both
soil and vegetation classes can be either maximized or minimized
according to the meteorological conditions of the area. Several
studies have shown the potential of using both multi-temporal
and multispectral images (Landsat and MODIS images) in order to
overcome this limitation [30,31].

For evaluation purposes of the classification results, the k
(“KHAT”) [32] statistic was calculated. k statistic measures the dif-
ference between the actual agreement of reference (i.e. truth) data
and the classification results. A true agreement approaches 1 while
chance agreement approaches 0. The classification results based
on the SVM classifier were found very accurate since the k value
was ranged from 88–96% (1984: 89%; 1990: 91%; 2000: 96%; 2010:
93%) while the overall accuracy was estimated from 92–96% (1984:
93%; 1990: 91%; 2000: 96%; 2010: 95%) for all Landsat images. Some
typical statistics from the ground truth data (percentage) using the
prawl to cultural heritage monuments: The case study of Paphos
0.1016/j.culher.2014.12.006

image with overpass in 2010 are shown in Table 2. Table 3, shows
the statistics (k statistic and overall accuracy) from other classifiers
for Landsat image of 2010. As it was found, the SVM classifier had
better performance from the rest of the classifiers.
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ig. 3. Urban areas, in red, as classified using the satellite image of 2010 (a). The fir
ramatic change in their land use (b). Important monuments of the area are also in
brown  colour) while gray values indicates unlighted areas (c).

.2. PCA and night images data

Decomposition analysis was also applied to explore classifi-
ation results. So as to compress the information of the Landsat
ataset (i.e. 4 images × 5 spectral bands), the PCA technique was
pplied to the whole dataset. PCA is a well-known orthogonal trans-
ormation where the initial information is re-projected into a new
Please cite this article in press as: A. Agapiou, et al., Impact of urban s
area in Cyprus, Journal of Cultural Heritage (2015), http://dx.doi.org/1

-dimensional space of linearly uncorrelated variables. The first
CA component has the largest possible variance of the data, and
ach succeeding component (i.e. PCA2; PCA3, etc) has the highest
ariance possible under the constraint that it is orthogonal [20,21].

ig. 4. Land use change (%) from 1984 until 2010. Areas calculated from the SVM classifi
alculated from the SVM classifier. During the last years, rescue excavations by the Depar
raph  (bottom).
CA components using the whole Landsat dataset. Red colour indicates areas with a
ed in white circles. Stable night light brightness for 2010 using a threshold of 89%

The first five bands (visible–very near infrared and middle infrared
part of the spectrum) of each image were combined together cre-
ating a new image with 20 different bands. Then, the PCA analysis
was performed.

Fig. 3a presents the comparison between the urban areas (red
colour) after the classification analysis of the Landsat image taken
during 2010, while Fig. 3b, the pseudo-colour composite of the first
prawl to cultural heritage monuments: The case study of Paphos
0.1016/j.culher.2014.12.006

3 PCA components using the whole Landsat dataset. Red colour
indicates areas with dramatic change, which is explained due to the
highest variation of the 20 band image created during the period
1984–2010.

er and the Landsat images (top). Urban expansion (%) from 1984 until 2010. Areas
tment of Antiquities have been increased according to the yellow line shown in the
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ig. 5. In situ photographs taken from the necropolis at the site Meletis of Peyia
illage, showing the expansion of buildings in the vicinity of Cultural Heritage sites.

Further to the Landsat dataset, the DMSP-OLS night-time data
et for 2010 was used. Night-lights are known to overestimate the
patial extent of development at the periphery of settlements and
or this purpose a low light threshold of 89% is proposed [26,33].
imilar approach was followed in this study as well. Fig. 3c presents
he results from the DMSP-OLS night-time using the 89% thresh-
ld (left). Fig. 3c indicates that DMSP-OLS night-time data can be
sed for an optimum estimation of the urban areas cover in a low
esolution analysis (1 km pixel size).

.3. Urban expansion in the vicinity of cultural heritage sites
Please cite this article in press as: A. Agapiou, et al., Impact of urban s
area in Cyprus, Journal of Cultural Heritage (2015), http://dx.doi.org/1

The classification results were exploited in order to evaluate
he urban expansion in the vicinity of the Cultural Heritage sites
f Paphos (see Fig. 1). A buffer zone of 500 m (i.e. 15 pixels) for
ach monument was set, while the area of the different land use

Fig. 6. Airphoto taken from 1945 from the Nea Paphos archaeological site. The Th
 PRESS
l Heritage xxx (2015) xxx–xxx

classes was  calculated. The results, as shown in Fig. 4top, indicate
that urban land coverage in the vicinity of cultural heritage sites
has been increased during the period 1984–2010. A more detail
observation of the results (see Fig. 4, bottom) shows that urban
expansion has been raised up to 350% during the last 35 years.
Indeed, as it was  found from the low 4% of the total land cover
in 1984, urban areas were increased to 7% in 1990, 11% in 2000
and 14% in 2010. Similar results (not shown here) have been also
recorded by the authors for other cities of Cyprus as well. For the
period from 1984 to 2010, approximately 15% of vegetation and
soil land cover have been turned into new built up areas. These
land use changes correspond to approximately 51 km2 and 9 km2

for bare soil and vegetation coverage respectively. The pressure of
these land use changes to cultural heritage of Paphos can be also
observed by the number of rescue excavations performed by the
Department of Antiquities (Fig. 4bottom).

5. Discussion

5.1. Urban pressure for existing archaeological sites

During the last decades, an expansion of the urban sprawl
has been recorded in the broader area of Paphos District. Exten-
sive construction and building development has taken place, and
several areas of archaeological interest nowadays suffer from the
widespread urban growth. Ancient necropolises located in the cen-
tre of modern Paphos area were among the archaeological sites
that suffered the most from the building boom during the 1980s.
Unfortunately, the same pattern is repeated today, though in more
restrained form, in the periphery of Paphos centre. A representative
example is the case of the ancient necropolis at the site Meletis of
Peyia village, in the north area of Paphos, where recent construction
activity has literally smothered the archaeological site (Fig. 5). The
newly constructed buildings are in close proximity to the archae-
ological site and their height exceeds the low hill into which the
rock-cut tombs are shaped. Similar case is the Hellenistic–Roman
necropolis in the village Anavargos, approximately 3 km northeast
of Nea Paphos. The construction of buildings and roads and their
use by heavy traffic can be destructive for the adjacent monuments
that suffer from continuous vibrations.

In contrast, the case is quite different for other archaeological
sites and monuments of Paphos town that have been protected
prawl to cultural heritage monuments: The case study of Paphos
0.1016/j.culher.2014.12.006

prior to the building boom of the last decades. Important sites, such
as Tombs of the Kings and Nea Paphos have been declared as World
Cultural Heritage sites in 1980, and therefore, these sites have
remained untouched by urban sprawl. In these protected areas,

eater is clearly identified as soil mark (left), before it was excavated (right).
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ties to change land cover category due to the phenological cycle of
vegetation. However, water bodies, such as dams and reservoirs,
have an almost zero possibility to change their land use cover type.

Table 4
Transition probability matrix for each land cover class using the Markov Chain
equation.

Vegetation Built up areas Land Water bodies
ig. 7. a: GeoEye-1 image over the ancient amphitheater (overpass: 09–01–2011);
nd  (d) the amphitheater as shown from aerial photo of 1963.

emote sensing techniques, both from space or ground, can be sys-
ematically used to support archaeological research [11,13,34,35].
s it is shown in Fig. 6, archaeological relics may be identified from
erial or satellite data. The ancient theatre located in the northeast-
rn part of the ancient city of Nea Paphos can be detected before
he archaeologists have contacted excavations at the site. In a sim-
lar way, other buried archaeological relics within the site may  be
etected. Such monuments may  be identified using several remote
ensing techniques (e.g. soil and crop marks) and interpretation
f the imagery dataset. Indeed, as it is shown in Fig. 7, the ancient
mphitheater (?) – still unexcavated – located in the southern part of
he archaeological site can be observed using image fusion, spatial
lters, pseudo-colour etc.

.2. Prediction of urban expansion using satellite data

For the aforesaid reasons, it is important to protect archaeologi-
al sites and monuments, from future building booms and therefore
ontributing to a more archaeologically oriented urban planning of
he still developing area of Paphos. Remote sensing techniques can
e used as valid inputs for simulations and prediction models. In
his study the Stochastic Markov Model was used for this purpose.

As Ahmed and Ahmed [27] argue, this kind of predictive land
over change modeling is appropriate when the past trend of land
Please cite this article in press as: A. Agapiou, et al., Impact of urban s
area in Cyprus, Journal of Cultural Heritage (2015), http://dx.doi.org/1

over changing pattern is known. Urban growth modeling has
volved over recent years to capture increasingly well the details of
rban morphology and structure [36]. Land use change transition
robability in Markov analysis indicates the probability of making a
ion of the GeoEye-1 with panchromatic band.; c: spatial filter 3 × 3, direction W-E

transition from one land use class to other one within two discrete
times.

The Markov chain equation was constructed using the land
cover distributions at the beginning (Mt) and at the end (Mt  + 1)
of a discrete time period. Under the assumption that the sample
is representative of the region, these proportional changes become
probabilities of land cover change over the entire sample area and
form the transition matrices. The transition probability matrix is
calculated and records the probability that each land cover category
will change to every other category.

The Stochastic Markov Model was firstly examined and evalu-
ated for 2010, using the Landsat data of 1990 and 2000. In the next
phase, the urban expansion for 2020 was calculated. The transition
probability matrix as calculated from the Landsat 1990 and 2000
images, using the IDRISI software [37], is shown in Table 4. As it
was expected both vegetation and land have significant possibili-
prawl to cultural heritage monuments: The case study of Paphos
0.1016/j.culher.2014.12.006

Vegetation 0.4124 0.0288 0.5582 0.0007
Built up areas 0.0891 0.4590 0.4419 0.0099
Land 0.0678 0.0320 0.8996 0.0006
Water bodies 0.0000 0.0003 0.0006 0.9991
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Fig. 8. a: built up areas as classified from the Landsat imagery of 2010 (green color) and built up areas as predicted from the 2000 image using the Markov equation (yellow
color).  Important archeological sites are also indicated in red dots; b: urban areas (yellow colour) of 2020 as mapped using the Markov equations; c: urban areas (green
colour) as classified by the SVM algorithm using the 2010 Landsat dataset: d: map showing the probability of land use become urban areas (white: high probability; gray:
medium probability dark gray: low probability).
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Fig. 9. Built up areas in brown as ca

n addition, the transition probability matrix shows that land cover
reas have more possibilities to become built up areas.

Fig. 9 illustrates the built up areas as classified from the Land-
at imagery of 2010 (k = 95%) and built up areas as predicted using
he 2000 image based on Markov equations. As it was  found, the
tochastic Markov Model had a good performance for mapping
otential built areas of 2010. A slightly difference of the Markov
odel and the reference data (2010) is seen in the southern part of

he Paphos town (indicated in circle in Fig. 8). However, it should
Please cite this article in press as: A. Agapiou, et al., Impact of urban s
area in Cyprus, Journal of Cultural Heritage (2015), http://dx.doi.org/1

e noticed that in this region a non-normal extensive construction
roject took place during the last decade (University Campus).

Based on the findings of the classification analysis for 2000 and
010, a prediction of urban areas for 2020 was made. For mapping
d from the Markov model for 2020.

potential urban areas for the year 2020, the land use map  of 2010
was used as well the changes during the 2000–2010 decade (tran-
sition matrix). Fig. 9 shows that new urban areas are expected to
be found in the perimeter of the Paphos town and the SW coast.
In this region several important monuments exists, and therefore,
these sites will continue to suffer from the future urban pressure.

6. Conclusion
prawl to cultural heritage monuments: The case study of Paphos
0.1016/j.culher.2014.12.006

This paper aims to highlight the contribution of remote sensing
and GIS techniques for monitoring monuments and archaeolog-
ical sites of significant historic and artistic value, threatened by
urban sprawl. Paphos district, which was  selected as the case study

dx.doi.org/10.1016/j.culher.2014.12.006
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rea, has changed dramatically during the last 35 years. Indeed,
s it was found from several classification techniques applied to
ulti-temporal Landsat satellite dataset and the DMSP-OLS night-

ime data, urban expansion has been increased by 350% during the
ast 35 years.

The building boom in Paphos area-town was relatively sudden
nd abrupt, due to large population movements in the hith-
rto undeveloped areas. Furthermore, this phenomenon of the
rbanization has resulted extensive archaeological excavations of
escued character (Fig. 4). This is documented in the Annual Reports
f the Department of Antiquities of Cyprus, where the almost absent
eference to Paphos, was replaced from the mid  1980s onwards by
eports on the ongoing excavations in the area (see Annual Reports
f the Department of Antiquities from 1980–2008).

Further to the visible monuments (monuments and sites that
ave been excavated), many other important – but still unknown
o us today – remain unexcavated. In this way, urban pressure can
estroy potential archaeological evidence. As several researchers
ave already demonstrated remote sensing techniques can also
e used to identify such buried archaeological features and there-
ore protect these monuments [38,39]. Moreover, as highlighted by
aletta Convention of the Council of Europe [40], non-destructive
ethods are recommended for sites investigation, to be applied
henever possible. In this sense, the 11th European Archaeolo-

iae Consilium (EAC) Symposium has recognized the significance of
emote sensing methodologies in exploration, identification, doc-
mentation and monitoring of the archaeological heritage in the

iving landscape, especially when it comes to “a shift of focus from
raditional archaeological sites to landscapes and to more broadly-
ased inventories of monument types” [41].

Urban expansion is considered to be one of the major threats
or monuments in this area. Predicted models, such as the Markov
quations, have shown that in the near future (2020), even more
rchaeological sites will be threatened from this anthropogenic
azard. In terms of duration, archaeological excavations rank as
he longest lasting field operations worldwide. Indeed, archaeo-
ogical research and systematic excavations are usually long term
rojects, since they need to deal and synthesize with a huge amount
f information and systematic work both in the field as well in the
aboratories. Using such kind of predictive models, non-destructive
emote sensing techniques can be used in an attempt to detect
ossible archaeological remains. Such results may  be taken into
onsideration to local urban planning policies for the protection of
rchaeological sites.

Urban pressure may  cause a series of individual problems to
onuments and sites of cultural value. Some of them are related to

he continuous vibration provoked either during the construction
f infrastructure to cover the augmented needs of the expanded
own, or by the frequent use of cars and heavy vehicles in proximity
o the archaeological sites. This kind of stresses may  put in question
he structural efficiency of the nearby monuments. Furthermore,
ontaminants released by the vehicles have an indirect impact on
he monuments, accelerating the deterioration mechanisms. It is
oteworthy that Paphos monuments are mainly composed of a
igh porosity calcarenite particularly susceptible. The incompatible
cale and materials of the new buildings so near to ancient con-
tructions arises aesthetical issues as well. Therefore, such results
nd systematic monitoring tools from remote sensing data can be
sed for protection of cultural sites. This is a strong initiative for
olicy makers to take immediate actions for protecting the archae-
logical monuments, as well as the archaeological subsoil. The
roposed methodological approach, combined to remote sensing
Please cite this article in press as: A. Agapiou, et al., Impact of urban s
area in Cyprus, Journal of Cultural Heritage (2015), http://dx.doi.org/1

esearch (satellite, aerial, geophysics, etc.), can be of great value
o the Cultural Resource Management (CRM) authorities, in order
o manage cultural heritage in a coherent and non-destructive
ay.
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