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Abstract: The analysis of contemporary and archival satellite images and archaeological
documentations presents the possibility of monitoring the state of archaeological sites in the Near
East (for example, Palmyra in Syria). As it will be demonstrated in the case of Upper Egyptian sites,
the rapid growth of agricultural lands and settlements can pose a great threat to sites localized on the
border of fields and the desert. As a case study, the Qena district was chosen, a region of significance
for the history of ancient Egypt. To trace the expansion of agriculture and the development of modern
settlements, a synthesis of archival maps (from the last 200 years), and archival and contemporary
satellite images was created. By applying map algebra to these documents, it was possible to
determine areas which may be marked as “Archaeological Hazard Zones”. The analysis helped to
trace the expansion of agricultural areas during the last 200 years and the influence of both—ancient
Egyptians and the Nile—on the local landscape.

Keywords: remote sensing; change detection; archaeology; LANDSAT; digital cultural
resources management

1. Introduction

During the Predynastic Period (c. 3150 BC—c. 2686 BC), Upper Egypt was one of the main areas
for the development of early civilizations. Archaeological sites important for this period are located
in the Qena Bend of the Nile valley, but also to the south and to the north of it, in the Qena district.
It includes sites like: Abydos, Huw, Dendera, Naqada, Armant, and Gebelein, the most important
places of the Predynastic Period. One of the models of the predynastic settlement pattern [1] suggests
that necropoli and settlements were located on the border of the floodplain and the lower desert.

Nowadays, the development of urbanism and agriculture in Upper Egypt poses a great threat to
fragile archeological areas located on that former border and can lead to the complete destruction of
these unique historical landscapes [2,3]. The spread of agriculture can be traced back to the building
of the Aswan High Dam, but also to the period of introducing diesel pumps for the improvement of
irrigation systems [4], and to the unstable period after the countrywide unrest in 2011.

A comparison of agricultural lands visible on archival maps, of P. Jacotin’s map from Napoleon’s
expedition in Egypt in 1798-1801 [5], and the Survey of Egypt from 1944 [6], with agricultural lands
visible on contemporary satellites, shows how rapid and tremendous the spread of agricultural lands
in this area is (Figure 1).A process similar to this was also confirmed through the image interpretation
of archival satellite images from the CORONA mission (from 8 November 1968 (Fore) and 29 June
1969 (Aft)) [7]) and historical images from Google Earth [8].
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Figure 1. The spread of agricultural lands based on the comparison of P. Jacotin’s map and
contemporary satellite images.

The goal of this article is to present how remote sensing can help to measure the possible threats
posed by the agricultural expansion of archaeological sites and consequently to help in their protection.
The detection of temporal changes in land use is “the process of identifying differences in the state of
an object or phenomena by observing it at different times. Essentially, it involves the ability to quantify
temporal effects using multitemporal data sets” [9]. Such an approach is often used in urban growth
detection, and with the help of analyzes, LANDSAT archival images, e.g., [10,11].

A study of croplands mapping and their change with time for the whole Nile Valley and Nile
Delta was conducted by Xu et al. [12]. A total of 961 LANDSAT images (TM/ETM+/OLI) images
1984-2015) were used to conduct an annual frequency detection of agricultural land expansion. In their
results, the authors noted a gradually increasing tendency in the “distribution of cropland dynamics
from the Nile Valley towards desert”. However, the article does not show in a detailed way how this
dynamic looks like at the Qena bend of the Nile.

Recently, a number of papers describing change detection in the regions of the Nile Delta and
Dakhla Oasis were published [13-17]. Their main focus was to present land degradation, urbanization,
and the status of water resources. But the Nile Delta and Dakhla Oasis landscapes, both ancient and
contemporary, are completely different from Upper Egypt’s.

A similar analysis was also used to monitor urban and agricultural changes on the eastern side of
the Qena Bend in Upper Egypt [18]. Abd El-Aziz processed 5 LANDSAT images (MSS-TM-ETM-OLI)
from 1972, 1984, 1998, 2006, and 2013, and as an outcome, the area was split into three groups: an



Geosciences 2017, 7,97 3o0f12

urban area, cultivation area, and water surfaces, with a sub pixel classification method. The result
compares categorized images from different periods and highlights some areas where towns and
agricultural lands have spread. However, the above described approaches do not include the possible
influence of land use changes on archaeological sites, nor do they highlight areas were sites could be
under threat. On the other hand, a paper published by Ahmed and Fogg [19] describes the possible
impact of groundwater and the expansion of agricultural land on the archaeological sites in Luxor.
One of the many methods used for creating recommendations in order to mitigate the deterioration
of the archaeological sites is the supervised classification of 3 LANDSAT images (MSS-TM-ETM+)
from 1982 to 2011. However, this paper does not mark which sites and how they are threatened by
agricultural expansion.

Additionally, when satellite imagery analysis is used in archaeological research, it often focuses on
the detection of new sites or features, e.g., [20-22], instead of a threat assessment. Just recently, a new
approach of visualizing changes and their effects on archaeological sites has become a focus for research,
especially for areas heavily influenced by war and looting such as the Near East, e.g., [23,24]. Still, there
is a need to develop a low-budget and fast method for quantifying changes causing the destruction of
archaeological sites. Such methods have the potential to support Cultural Management authorities.

2. Materials and Methods

As mentioned above, it was noted that a key threat to archaeological sites in the Upper Egypt
area is the development of cultivated lands. The detection of agricultural areas’ changes followed the
proposed workflow below (see Figure 2).

Accessing LANDSAT images Resize 2013 OLI image

Image classification

Corrections * Classes:
* Nile
* Desert
o Agricultural Fields
e Training ROI: RGB bands based
* Maximum Likelihood classification
o Classification tree: 7 detailed classes

*DOS
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* Evaluation of accuracy

Change Detection Map algebra
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Figure 2. Analysis workflow.

The first step was to access two LANDSAT images from the United States Geological Survey
(USGS) website [25]. The goal was to compare two images from the widest possible time span, which
could show the landscape before and after the construction of the Aswan High Dam, but also, which
could take the unstable period after the countrywide troubles in 2011 into consideration. Additionally,
two images were chosen for classification because of the final goal of the analysis, which was to deduct
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two images and to highlight one area which in 1972 was a desert and in 2013 was covered in fields
(described in the Results and Conclusion section).

Therefore, it was decided that images for one scene (path 175/row 04) would be used from
Multispectral Scanners (MSS): LANDSAT 1 made on 4 October 1972 (during construction of Aswan
High Dam) and from the Operational Land Imager (OLI), LANDSAT 8, from 22 April 2013, both of
which were cloud free. The difference in time between the two images was 41 years.

The MSS sensor had a spectral resolution of 0.5-1.1 um (bands from 4 to 7) and a spatial resolution
of 60 m [26]. OLI had a spectral resolution of 0.43-12.5 um (bands from 1 to 7) and a spatial resolution
of 30 m [27]. The next step was to create a mask excluding high desert areas unnecessary for the
current purposes of analysis. Subsequently, the image from 2013 was resized to the resolution of the
image from 1972. This was necessary for the future analysis’ compatibility. The next step was to
process the images without the use of Radiometric Correction. Dark Object Subtraction was used for
atmospheric correction. Principal Components (PC) spectra sharpening was also used to receive a
better-quality image.

The following step was the classification of images. Firstly, an unsupervised, k-means classification
was created, which allowed for the grouping of pixels into seven classes: Nile, fields with crops, fields
without crops, high desert, desert, wadi, and infrastructure. However, the resulting image (Figure 3)
contained too much information for the purposes of further analysis.

Figure 3. Result of the classification tree method, with seven classes.

Therefore, a new classification was created consisting of only three classes: Nile, desert, and
agricultural lands. This classification focuses on detecting changes at predynastic archaeological
sites located at the border of previous floodplains and the desert, marked earlier due to the threat
of destruction. Training and verification of “Regions Of Interest” (ROI) were created for each image:
the former with the use of Red-Green-Blue (RGB) bands, the latter with the use of Near Infra-Red
(NIR) bands. First, ROI were chosen based on experience from field work in Egypt, and were
supplemented with a photo interpretation of Google Earth images. Second, ROI were generated
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randomly as pixel-based validation samples to calculate the accuracy. Supervised Maximum Likelihood
Classification (MLC) was chosen as a classification method [11]. The final step was to assess the
accuracy of the classified images. Two sources of information were used: pixels classified on satellite
images and verification pixels prepared earlier from NIR bands. This step resulted in the creation of
two matrices describing the overall accuracy—the proportion of correctly classified pixels to general
number of pixels [28]. Further steps contain analyses of the classification results and an interpretation
of the detected changes.

3. Results

The results of the work flow were two classified images showing cultivation areas in 1972 and
in 2013 (Figure 4). The overall accuracy of the image from 2013 is 93%, which is a good result in
comparison with other works [11,12]. However, it is not possible to compare the overall accuracy for
the same study area as neither of the previously mentioned papers [18,19] describe it. The chosen
classification method differs from the method used by Abd-Aziz [18] for the same area and from the
one used by Xu et al. [12] for the whole Nile Valley, but all of them were supervised classifications.
Nevertheless, MLC is good and often used as a classification method [11] and its results were
satisfactory concerning monitoring the state of archeological sites.

But a problem did appear concerning the LANDSAT MSS 1972 image: the chosen image contained
noise, which can be classified as Transient Detector Failure or Band Striping [29]. The noise is visible
on bands 5,6, and partly 7. It appears visually as a set of parallel lines crossing the image diagonally
(Figure 5). During several consultations, some methods of removing the noise were considered, like
destriping or Unstandardized Principal Components Analysis (PCA) [30], but none of them seemed to
be a satisfying method for removing the noise visible on the MSS image. However, for the purposes of
an analysis aimed at archaeological sites threatened by agriculture, it seems that the noise is only a
minor problem.
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Figure 4. The result of the classification of the LANDSAT images from (a) 1972 and (b) 2013.

Figure 5. Noise visible on the image from 1972.

For abetter visualization of the threats, a map algebra of two classified images was generated
in GIS. From the 2013 agricultural class, a 1972 agricultural class was deducted. This approach,
a simple deduction of two images, gave a clear visualization of areas, in Upper Egypt, under threat by
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agricultural development. A so-called “Archaeological Hazard Zone” highlights the area which in 1972
was part of the desert, and in the 2013 was covered by fields (Figure 6). It appeared that, during last the
41 years, the field area has increased by 2052.65 m?, which is an increase of 109.11%. The fragile border
of the desert and agricultural lands, which have existed for a millennia, was shifted and therefore the
sites located above the floodplain might be threatened. None of the papers mentioned above used
map algebra and a deduction process to highlight the areas that had changed from desert to fields,
nor any of them detailed, described, or analysed which sites could be threatened by those changes in
the future.

Figure 6. Archaeological Hazard Zone for Upper Egypt.
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4. Discussion

To fully measure how the development of agriculture in Upper Egypt threatens archaeological
sites, it is necessary to locate the sites on the map. Sites were identified on Google Earth on the basis
of maps and descriptions from several publications [31,32], including maps published by William
Matthew Flinders Petrie [33]. A total number of 63 known sites were marked as points, and, if
possible, as polygons, and saved in a *kmz format. Subsequently, the Google Earth format was
converted into a shape format, which allowed the addition of a descriptive data base. The data base
includes information about the sites such as: name; Supreme Council of Antiquities inventory number;
coordinates; legal status of the site; approximate size of the site (if possible); photo interpretation of
the features observed through satellite images; if the site is located in the “Archaeological Hazard
Zone”; field observations (to fill during survey); threats visible on the sites (to fill during survey);
other comments.

The last step was to use a selection tool in GIS and to see how many and which of the sites are in
the “Archaeological Hazard Zone”: 35 sites might be threatened by landscape change which occurred
between 1972 and 2013, which is 55% of all known sites located in the discussed area (Figure 7).

Table S1 presents all known archeological sites and their status inside the “Archeological Hazard
Zone”, with a verification of possible destruction through nowadays high-resolution satellite images
(like Google Earth, Bing or ESRI’s base maps. The oldest accessible images were from 2003).
Additionally, a result of the analysis of the surroundings (not land use on the sites themselves,
but around them) from a different time scope are presented, from the 1800s (based on P. Jactin’s
maps [5]), 1940s (based on Survey of Egypt maps [6]), 1968-1969 (based on archival images from
Corona Mission [7]), and 1972 and 2013 (based on chosen LANDSAT images).

Forty-four (70%) sites” surroundings have changed from desert to agriculture, urban, or from
agriculture to urban since the 1800s. Sixteen sites’ (25%) landscape changed between the 1800s and
1940s and three sites (5%) between the 1940s and 1968-1969. In the case of 37 sites (59%), the change
of surroundings happened between 1972 and 2013. However, in most of the cases of the sites which
remain outside of the “Archaeological Hazard Zone” in both 1972 and 2013, they are located in the
same surroundings: agricultural or urban. For 24 (38%) sites, a photointerpretation of high resolution
images confirmed changes on the sites themselves [3] (in the case of 18 sites, the changes on the sites
were not possible to estimate because they were already located in an agricultural or urban context).

An analysis of the comparison of the close surroundings of archaeological sites in Qena’s bend
during last 200 years shows that the landscape was already changing in the past, but was never as
rapid as during last forty years.

The data described above should be verified in the field, every possibly threatened site should be
visited, and the possible destruction of the sites should be examined. The “Archaeological Hazard
Zone” and the location of the sites can be imported onto a GNSS (Global Navigation Satellite System)
tool with a mobile GIS application with a chosen part ofthe detailed satellite image saved as geoTIFF,
and it can be used during field prospection, helping to locate not only the site itself, but also zones
of destruction. A similar process took place at the beginning of the Gebelein Archaeological Project.
The goal of the research at the Gebelein area (Figure 8) [2,34] is to document archaeological resources
and the level of threat caused by modern urbanism and agriculutre, visible on the site complex.
Gebelein’s (No. 45 in Table S1) surroundings have changed quite drasticly since the 1800s, from
desert to urban and agricultural areas. The site is inside the “Archaeological Hazard Zone” and
through the contemporary satellite images it is visiable how agricultural lands spread on the site.
A photo-interpretation of archival images from Google Earth dates the biggest change to the period
between 2009 and 2013 [2].
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Figure 7. Archeological sites in Upper Egypt threatened by the development of agriculture.
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Figure 8. (a) Archaeological sites threatened by the development of agriculture in the Gebelein Region;
(b)Reaserch at Gebelein has focused on the most threatened areas of the site.

5. Conclusions

The goal of the article was to describe a practical remote sensing method that can help in detecting
whether archaeological sites are threatened by the expansion of agriculture. Additionally, the analysis
presented the comparison archaeological sites” surroundings during the last 200 years. The result
showed that the landscape in Upper Egypt changed in the past; however, during the last forty years,
the change become more rapid and covering more lands. Land use around known archeological sites
advanced from desert to agricultural and urban land.

This method might help Cultural Management authorities in protecting local heritage. The result
of the method shows not only the sites which might be endangered, but also allows for the identification
of recently threatened sites and evaluation of any threats to these sites.

The result of field prospection in Gebelein allowed not only to confirm the location of the sites
inside the “Archaeological Hazard Zone”, but also allowed us to determine which areas of the Gebelein
site complex are the most threatened by modern development and hence which should be documented
first. In the case of Gebelein, the project confirmed some recent destructions oflarge parts of the
central necropolis, made by bulldozers, and the spread of the fields in valleys between the hills of
Gebelein. As a result of the project, specialized maps were made, which clearly showed the scale of the
destructions and the threats at Gebelein. This helped the local Inspectorate of Antiquities in Esna to
take necessary steps in order to prevent further spreading of the agricultural fields and contemporary
settlements. This illustrates both the threats facing sites in the area, and how targeted investigation
based on the results of analyses can support and empower local authorities to take remedial action.

The method described in the article could be applied on any comparable area before archaeological
tield prospections and help in planning and prioritizing the archeological interventions, before sites are
completely destroyed. It also allows to not only visualize the magnitude of changes in the landscape
during the last 50 years, but also to quantify the number of sites which are currently under threat.
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Supplementary Materials: The following are available online at www.mdpi.com/2076-3263/7/4/97/s1, Table S1:
The list of known archeological sites in Qena district and time change of their surroundings.
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