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Abstract: Karst regions are peculiar due to their environmental and ecological features and hold a
rich abundance of natural resources; nonetheless, they represent one of the most endangered areas
in the world as a result of human activity. Further, urbanization and modernization of agricultural
practices over the years determined an acceleration in the degradation of the karst environment.
For a long period in the Apulia region, humans used to live in a sustainable equilibrium with the
karst landscape; however, during the 1980s and 1990s, an intense conversion of land cover interested
the area, determining a high disturbance of the karst landforms and landscape degradation. In
this article, we propose an insight into a case study placed in the Alta Murgia area (Apulia, Italy)
to analyze the evolution of the karst landscape over a period of 50 years (1954-2006) by means of
geomorphological analysis and multi-temporal photo interpretation. Landcover mapping is carried
out to catch landscape modification, and further, obliteration of the karst features through time is
also detected. Changes are quantified, and related statistics are derived. Furthermore, to better
characterize the area, the main morphometric parameters are also computed for doline. Finally,
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are partially or totally obliterated by agricultural practices.
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1. Introduction

Karst landforms are among the most peculiar in terms of geological, geomorphological,
hydrological, and ecological features [1,2]. Due to their characteristics, karst landscapes
are unique, rich in natural resources such as high-quality water, and host remarkable
species [3-5]. At the same time, the hydrological and hydrogeological characteristics of
karst terrains [6,7], and the possibility, especially in lowland karst, to modify or cancel

the original landforms [8,9] are at the origin of the fragility of karst environments, and
of their high vulnerability to a variety of natural processes and anthropogenic actions as
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or reshaping of karst landforms, such as dolines, has been observed worldwide [8,17-19].
People have used dolines for agricultural land purposes, transforming them to gain new
surfaces suitable for cultivation, or in some cases, they have been completely filled [20-26].
In some countries, these severe transformations have led to intense erosion, even on low
lands, with a strong tendency toward desertification [27,28].

In the Apulia Region (southern Italy), karst processes have extreme importance in
shaping the landscape, given that this territory is widely characterized by outcrops of
carbonate rocks [29,30]. Important changes related to human actions were observed in
the period between 1970 and 2000 in the Murge, one of the main karst sub-regions in the
central Apulia region, Italy [24]. Widespread agricultural conversion of uncultivated and
wooded areas and over-exploitation of water led to considerable and irreversible effects
in the Apulian karst, with consequent alteration of the delicate hydrological balance, both
in terms of geological and hydraulic hazards and in relation to the management of water
resources [31,32]. In this area, for centuries farmers practiced the removal of stones from the
fields to make the land suitable for cultivation; this was typically carried out by hand, with
the resulting material being used to build dry-stone walls and other storage houses typical
of this part of Italy, but also found in other Mediterranean karst areas [9,33,34]. This activity
was well integrated into the natural landscape since dry-stone walls [35] became a classical
element of anthropogenic karst landforms in the area. In other words, man reached a high
level of sustainability while living in karst areas in the past. Only marginal modifications
were thus induced in the epikarst [36-38], which still had its fundamental role in recharging
the karst aquifers, transferring to them the meteoric water. In addition, dry-stone walls also
had other functions [39], such as preventing soil erosion since they were used to create small
terraces, retarding the runoff contributing to reducing the possibility of flash floods, which
frequently occur in karst, causing serious damage [40—45], and favoring the conservation of
water in the areas closer to the dry-stone walls, thus creating typical ecosystems in their
surroundings. This use of local rocks for building rural architecture to create a sustainable
landscape well integrated into the natural one is typical of many cultures and civilizations
that lived in karst settings [33,35,46] and at the origin of some of the most remarkable
structures built for transport and the distribution of water [47-51].

During the 1970s, most of the Murge was used as pasture or uncultivated land,
retaining the original vocation of this land, characterized by an outcrop of bare rock
with very thin soil cover. At the end of this period and in the following decade, up
to the beginning of the 1990s, a public program of financial support by the European
Community promoted the conversion of land cover in order to increase the production of
forage for animal breeding. As a consequence, stone removal began operation with heavy
machinery, which worked at much greater depth than before when stone clearing was
performed manually. These actions had immediate effects on the entire karst system of
the area [21,43,52]. An intensive transformation was registered in that period, determining
a significant land cover conversion from pasture land to arable land, mainly dedicated
to wheat cultivation. To all of this, we must add the environmental problems related to
quarrying [53], bringing the destruction of many surficial and subterranean karst landforms,
with the possibility of contaminants introduction into groundwater systems. At the end of
the 1980s, Alta Murgia became a National Park, with the goal of preserving its geological,
geomorphological, and ecological features. To this aim, the Park recently proposed its
candidature as a UNESCO Geopark [54,55].

In this context, we propose the analysis of an area of Alta Murgia aimed at describing
landscape transformations through time in terms of land cover conversion and karst feature
transformation and/or loss. With this goal, we aim to use the multi-temporal stereoscopic
interpretation of aerial photographs. This is a fundamental tool for remote sensing analyses
dedicated to evaluating the evolution of specific landforms through time and is especially
useful for the determination of concave/convex landforms with expressed third-dimension.
Furthermore, it is widely used to assess land use changes [56] or the positive and negative
effects of human actions to mitigate risk from geological hazards. For instance, it has
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been extensively used in the field of slope movements, with many examples of multi-
temporal analysis for different types of landslides [57,58], for the assessment of the validity
of stabilization works [59,60], and for delineating the flood boundaries during extreme
hydrological events, also in relation to the anthropogenic changes that occurred in the
years over the studied areas [61,62]. Further, aerial photos have also been used to assess
the susceptibility to debris flows and hyperconcentrated flows in alluvial fans interested in
urban development [63,64].

In particular, we propose multi-temporal analysis, covering a time span from 1954 to
2006, based on digital photo interpretation, in order to understand which transformations
occurred and which landforms have been modified or obliterated by the anthropogenic
action. The use of remote sensing techniques (i.e., multi-temporal photo interpretation and
digital stereographic mapping) allows for the identification of geomorphological features
and landcover mapping, especially in cases where features are not easily detectable from
field surveys or with traditional mapping. Furthermore, it is possible to carry out a compar-
ison of images and outline the changes that determine landscape evolution/degradation
through time. Eventually, geomorphological analysis that highlights the main karst features
of the area and their morphometric parameters is also carried out.

In karst regions, the multi-temporal use of aerial photographs has been generally used
to analyze sinkhole distribution and development [22,65,66] and in combination with DEM
or Lidar data to identify and extract sinkhole-like features or to evaluate their connection
with geological and tectonic structures [67-70].

2. Materials and Methods
2.1. Study Area

The study area covers approximately 50 km?, entirely within the limits of the “Alta
Murgia National Park” (Figure 1) and is fully representative of the most typical geological
and geomorphological asset of the local karst landscape.

Alta Murgia lies on a 3 km thick Cretaceous succession of the Apulian Foreland and
reached its current antiform structure following the post-orogenic uplift that took place
starting from the lower Pleistocene [71-73]. In this area, a Plio-Pleistocene succession
(Calcarenite di Gravina Formation) is recognized, linked to a subsidence phase that led to
the deposition of shallow-water calcarenites, passing upwards to the Argille Subappennine
Formation, transgressively resting upon the fractured and karstified Cretaceous limestone
bedrock [73,74]. This succession belongs to the Bradanic Trough cycle. Since the Middle
Pleistocene, the Murgia area has been uplifted with consequent deposition of terraced
marine deposits due to regional uplift and glacio-eustatic sea level changes [75-77].
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Figure 1. Location of the study area (red square) and simplified geological setting of the Murge
(modified after [73]).

Morphologically, Alta Murgia is a plateau ranging in altitude between 450 and
700 m a.s.l; its geological structure corresponds to an asymmetric NW-SE trending horst
and graben system, bordered by normal and transtensive faults inherited from late Creta-
ceous tectonics [29,73,78,79].

Karst processes in the area are favored by lithological, geological, and structural
characteristics and by tectonic history. According to ref. [29], Murgia karst landforms are
characterized by peculiar features compared to other karst areas in Southern Italy (see
Figure 2). These are essentially the large diameters and the limited depth of most of the
landforms, together with the polygonal geometries and the coalescence of adjacent dolines,
which can be locally described as a honeycomb complex. This peculiar karst landscape
has been interpreted as “low relief cockpit karst”, whose origin is attributable to the late
Tertiary period, with quite different climate conditions with respect to the present [29,30].
Collapsed sinkholes, according to refs. [80-82], locally take the name of “puli” [83] and
represent the most prominent landform in terms of size and depth. They are associated
with erosion and the collapses of karst caves, accelerated by the intrusion of brackish waters
for those located closer to the ancient coastlines during the transgressive phases of the
lower Pleistocene [74,84-86].

Shallow valleys with flat bottoms related to the presence of water at the ground surface,
locally called “lame” [83], are the main element of the local surface hydrographic pattern.
Due to their low relief, they are particularly prone to be easily reshaped by agricultural
practices or by stone clearing, which usually leads to strong changes in the original karst
landforms [30].
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Figure 2. Typical karst landforms of the study area: (a) wide depression, surrounded by low hills
in carbonate rocks; (b) a typical lama, with its bottom cultivated; (c) karst conduits and channels in
outcrops of Cretaceous limestones.

2.2. Data and Methods

Karst features were mapped through aerial photo interpretation by exploiting the
stereographic digital viewer of the ERDAS Imagine software (ERDAS Imagine software,
2016, version 16.0). Stereo-pairs were elaborated using aerial photos acquired from the
Italian Military Geographical Institute (IGMI). The mapping procedure was carried out in a
GIS environment using ESRI ArcMap (version 10.5.1) and Qgis (version 3.16) software, and
the mapped elements were then classified and analyzed, following a procedure already
successfully tested for other sectors in the Apulian karst [70,87]. The geomorphological
karst map was produced by recognition of the main geomorphological elements in the
karst environment, such as morphological scarps, dissolution and collapse doline, streams,
erosional gullies, ridges, cave entrances, colluvial deposits, and morphological saddles.
Structural elements such as faults and inferred faults were also reported, as extracted from
aerial photos and field surveys. Further, mining and quarry areas were highlighted due to
the importance of this activity in the Murge, as in the rest of Apulia [53,88].

Multi-temporal land cover mapping was operated by the analysis of aerial photos
from different time periods. A time interval of 52 years (1954-2006) was covered, divided
into two different spans: 1954-1973 and 1973-2006, and three vectorial maps were obtained.
Panchromatic aerial photos taken in 1954 and 1973 were acquired from IGMI and scanned
with a resolution of 800 dpi. For the year 2006, we used the orthophotos available from the
Apulia Region archive (Available online: http://www.sit.puglia.it/ (accessed on 17 May
2022)). For 1954, we analyzed 4 aerial photos shot from an altitude of 6000 m with a scale of
1:35,000, whilst for 1973 we analyzed 4 aerial photos shot from an altitude of 4500 m with
a scale of 1:28,000. For 2006 we used 9 digital color orthophotos with a 0.5 m resolution.
Orthorectification and co-registration were operated to reduce uncertainties [66,89,90].
Orthorectification was realized using 12 Ground Control Points (GCPs), 20 Tie points, and
3 GCPs for each photograph, based on the 5 m DTM.

After aerial photo preparation, the land cover was mapped in a GIS environment
using a scale of 1:5000, with a Minimum Mappin Unit (MMU) of 24 x 24 m [91]. Afterward,
changes detection and quantification were operated by computing parametric indexes.

Seven land cover classes were distinguished: settlements, cultivated area, forest land,
pasture, shrubland, wetland, and bare land.
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Multi-temporal land cover changes were identified by means of the transition matrices
1954-1973 and 1973-2006. Those allowed us to detect the dynamical variation (or persis-
tence) of each class by displaying the aerial extension in a table that shows the time TO0 on
the x-axis and T1 on the y-axis [56,92,93]. Statistics were elaborated with the support of the
Qgis software plugin MOLUSCE.

Extensive fieldwork was eventually carried out to validate the observed changes for
both karst elements and land cover classes.

Furthermore, the main morphometric parameters for doline, such as area, perimeter,
Circularity Index (CI), and Elongation Ratio (ER) [94,95], were calculated from a 1954 aerial
photo. In detail, the area and perimeter were obtained using the GIS geometry tool, while the
CI was calculated using the formula proposed in ref. [96], which attributed a value equal to
1 to perfect circular shapes, while elongated shapes were assigned lower values, following
an approach already implemented in previous studies on karst settings [70,97-99]. ER was
calculated as the ratio between the longest and the shortest axes. The latter were identified
by drawing a rectangle, namely the minimum bounding box [100-102], bordering the
feature. ER defines the feature shapes distinguished on the basis of ER values in circular
(ER < 1.05), sub-circular (1.05 < ER < 1.21), elliptical (1.21 < ER < 1.65), sub-elliptical
(1.65 < ER < 1.8), and elongated (ER > 1.8) shapes [70].

3. Results and Discussion
3.1. Morphological Characteristics of the Karst Landforms

The aerial photo interpretation carried out by means of digital stereoscopy led to the
identification of the most relevant geomorphological elements in the area. The Murgia
landscape is characterized by a significant number of different types of dolines/sinkholes,
belonging mostly to the categories of collapse and solution types [103,104]. Collapse dolines
are the sharpest in terms of effects on the landscape: their vertical walls and high depth
make them the prominent karst landforms in Murgia, with the Altamura Pulo and the
Gravina Pulicchio as the most significant (reaching a depth of 90 and 110 m, and diameter
of 700 and 530 m) [84,86,105,106]. Other karst landforms, such as poljes [107-109], are less
represented in this sector of Murgia; nevertheless, one of the most remarkable poljes of
Apulia is located in the Low Murgia area [87,110] and hosts the deepest cave in the region,
reaching the water table at —264 m from the ground surface, and a total explored depth of
—324m [111,112].

The geomorphological map shown in Figure 3 reports the study area in the presence
of a relevant number of dolines and endorheic basins, depicting a peculiar landscape which
has been described by several authors [29,30] as produced in climatic conditions quite
different from the present ones, similarly to the cockpit karst landscape, today typical
of tropical regions [113-115]. The area is incised by numerous short temporary streams,
which represent the relict of old water drainage lines and are locally called lame. Often
marked by the presence of terra rossa deposits [116] and with a slight connection with
the adjoining flanks, they eventually find their base level at the bottom of a depression
or doline. Colluvial deposits, identified at the bottom of topographic depressions such as
endorheic basins and dolines, are at the origin of the formation of temporary lakes due
to stagnancy of water after heavy rainstorms, as frequently recorded in many areas of the
Apulian karst [117]. In the Murgia karst, several caves are present (Table 1), with variable
depth and development [118] (location of caves from the regional inventory, available
online: http://www.catasto.fspuglia.it/ (accessed on 17 May 2022)).

Overall, the above are the main testimonies of past karst processes, but some of them
have also been partly lost due to anthropogenic changes. Grave Ferratella (PU 444 in the
regional inventory of caves) was once the deepest in Apulia, reaching a total depth of
320 m from the ground surface; explorations were still ongoing when access was halted
by farmers by dropping rocks and soil within the main shaft after clearing the stone of the
field [119].
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Figure 3. Geomorphological map of the main karst landforms in the study area.

Table 1. Caves in the study area shown in Figure 1 (data from the regional inventory, available online:
http:/ /www.catasto.fspuglia.it/ (accessed on 17 May 2022)).

Entrance
Cadastral Name Length Depth (m) Elevation LandsFape
Number (m) Location
(m a.s.l.)

PU 444 Grave Ferratella 90 —320 483 doline bottom
PU 493 * Grotta della Masseria Lago Cupo - - 530 lama flank
PU 1258 Grotta della Ferrata 36 —18 380 lama flank
PU 1259 Grotta del Brigante 11 -2 385 lama flank
PU 1260 Grotta delle Volpi 9.5 —16 449 lama flank
PU 1261 Capovento in loc. Petronella 13.5 —13 423 lama flank
PU 1262 Grava della Cavallerizza 36 —43 445 doline bottom
PU 1263 Buca in loc. Jazzo Rosso 15 -5 485 lama flank
PU 1264 Capovento di Pancia d’Aceto 5.5 —14 380 lama flank
PU 1265 Capovento in loc. Cavallerizza 12 —25 453 plateau surface
PU 1268 Voragine di Notarvincenzo 35 —84 480 plateau surface

* PU 493 does not exist anymore since it has been filled with stone materials.

Several limestone quarries are also present in the investigated sector; this is due to the
fact that much of the local rock has long since been extracted and used as ornamental stone
and building rock [120-122].

Morphometric parameters (Table 2) indicate the main characteristics of dolines; they
can also be used to understand the main mechanisms at the origin of their formation
and their related hydrologic role as well [123,124]. The average area is 5213 m, while the
perimeter ranges from 1783 m to 35 m. Proximity values measure the distance (in m)
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between a doline and the neighboring ones. The measured average distance is 113.81 m,
with a minimum distance of 6 m.

Table 2. Morphometric parameters of dolines. ER: Elongation Ratio; CI: Circularity index.

Area (m?) Perimeter Width (m) Length (m) Proximity ER CI

MAX 149,900.33 1783.16 301.57 705.53 1554.78 8.53 0.99
MIN 84.59 35.47 791 13.58 6.95 1.02 0.24
Mean 5213.95 231.81 51.43 87.53 113.81 1.72 0.82
Median 1790.37 166.06 37.97 63.15 73.89 1.47 0.88

The ER indicates a maximum value of 8.53 (elongated shape) and a minimum of 1.02 (circular
shape), while the mean is 1.72 (sub-elliptical shape), and the median is 1.47 (elliptical shape).

The graph in Figure 4 reports the percentage of the shapes calculated with the ER
formula. It is possible to observe that sub-elliptical shapes are less represented, and the
circular form is not represented at all, while among subcircular, elliptical, and elongated
shapes, no class is largely predominant.

Doline shapes (%)

Figure 4. Percentage of doline shape, classified on the basis of the Elongation Ratio values as circular
(ER < 1.05), sub-circular (1.05 < ER < 1.21), elliptical (1.21 < ER < 1.65), sub-elliptical (1.65 < ER < 1.8),
and elongated (ER > 1.8).

3.2. Landcover and Karst Features Transformations

Multi-temporal analysis from aerial photo interpretation highlighted that the main
changes in terms of land cover, as well as the transformation in karst landforms due to
anthropogenic actions, occurred in two time intervals: 1954-1973 and 1973-2006. In general,
it was observed that the most significant transformations were registered in the last time
interval, 1973 to 2006, and the period 1954-1973 can be overlooked (Table S1 available as
Supplementary Material to this article).

From 1973 to 2006, there was a limited increase in urban areas and in land exploited
for excavation (quarries) (Table 3). There was also a modest increase in dense vegetation
(roughly 213 ha), classified as forest, corresponding to almost 4% of the area. In 1973 the
predominant land cover classes were pasture and permanent crops, while in 2006, we see
an extensive presence of cultivated areas. This is ascribable to the most prominent change
observed, namely the increase in cultivated areas (some 30%), meaning almost 1715 ha
of new land was converted towards cultivation. Overall, cultivated areas in 1973 had an
extension that was a quarter of the extension of the pasture lands, but in 2006 this difference
was completely erased, and they came to have comparable extension with the cultivated
areas that exceeded the pasture lands by 725 ha. These changes occurred at the expense of
permanent crops and pasture, which reduced their extension by 11% and 24%, respectively.
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Table 3. Land cover changes in the time span from 1973 to 2006, shown in hectares (ha) and as a
percentage (%).

Land Cover Class 1973 (ha) 2006 (ha) A (ha) 1973% 2006% A%
Urban area 1.32 3.63 2.30 0.02 0.06 0.04
Bareland /quarries 2.71 67.51 64.80 0.05 1.19 1.15
Cultivated area 870.05 2585.26 1715.21 15.39 45.73 30.34
Forest 317.55 531.01 213.47 5.62 9.39 3.78
Permanent crops 982.02 339.15 —642.87 17.37 6.00 —11.37
Pasture 3480.02 2127.11 —1352.91 61.55 37.62 —23.93

The above numbers testify to the great changes that occurred, most of which were
caused by stone clearing and crushing during the 1990s.

A transition matrix was also computed to characterize each specific transformation
from one class to another (Table 4). The most relevant transitions were those related to
permanent crops and pasture that were converted to cultivated areas, together with the
permanent crops cultivated towards pasture. There was also an increase in forested area
(mainly dense vegetation) at the expense of pasture lands. To a lesser extent, a conversion
of cultivated areas to pasture and permanent crops was also observed. Transitions involv-
ing urban areas appear to be of secondary importance and can be related to some rural
constructions (visible in 1973) that, from the observation of the 2006 images, resulted in
being abandoned and/or demolished.

Table 4. Transition matrix for the period 1973-2006, with transitions expressed in hectares (ha). Stable
areas are shown in bold.

2006 (ha)
1973 (ha) Urban Bareland/ Cultivated Permanent

Area Quarries Area Forest Crops Pasture

Urban area 0.46 0.00 0.23 0.00 0.98 0.58

Bareland/quarries 0.00 2.59 0.12 0.00 0.00 0.00
Cultivated area 1.61 7.95 662.05 11.00 80.93 106.50

Forest 0.00 541 0.29 297.22 0.00 13.71
Permanent crops 0.98 35.65 423.71 22.29 161.40 338.00
Pasture 0.58 15.90 1498.87 200.51 95.90 1668.27

Information derived from the transition matrix 1973-2006 is proposed graphically
in Figure 5. Looking at changes as a percentage (chart of Figure 5), almost half of the
analyzed area retained the original landscape, meaning that it did not experience any
change. The extraction area (quarry) was localized in the northeastern part of the study
area (Figure 5b,c). The new dense vegetation occurred on the flanks of a lama with NE-SW
orientation. The new pasture lands were diffuse and scattered with a certain degree of
fragmentation. The conversion of pasture and permanent crops towards cultivated areas
was widespread in the entire area (Figure 5c). A large part of the newly cultivated area
appeared where doline, lame, and colluvial deposits were also recognized.

Land cover changes also occurred in correspondence with the presence of karst landforms.
Furthermore, the interpolation of landcover changes with these elements (Tables 5 and 6) shows
that transformations occurred despite the presence of karst geomorphological elements;
as a consequence, these were partially or totally modified, and their distinctive features
were often obliterated in the transformation [125]. More than 23 ha of land, characterized
by colluvial deposits (Table 5) and 40 ha of doline (Table 6), were converted to cultivated
areas from permanent crops and pasture. Other changes with lesser extension, such as the
conversion of cultivated areas to other land cover classes or permanent crops to other land
cover classes, also involved colluvial deposits and dolines.
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Figure 5. Overview of the land cover in 1973 (a) and 2006 (b), and land cover changes (c) observed in
the period 1973-2006. The histogram shows the percentage of land cover transitions greater than
1% and the percentage of the stable area. P1 to P3 sites in Figure 5c refer to the sites shown in
Figures 6-8, respectively.

Figure 6. Multi-temporal observation at the site of the cave “Grave Ferratella”: (a) 1973 aerial photo;
(b) 2006 orthophoto (letter c indicates view of sight of the photograph below); and (c) photograph
taken in summer 2021. Location shown in Figure 5c (site P1).
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Figure 7. Multi-temporal observation of site P2 (location shown in Figure 5c): (a) 1973 aerial photo;
(b) 2006 orthophoto (letter ¢ indicates view of sight of the photograph below); and (c) photograph
taken in summer 2021.

Figure 8. Multi-temporal observation of site P3 (location shown in Figure 5c): (a) 1973 aerial photo;
(b) 2006 orthophoto (letter ¢ indicates view of sight of the photograph below); and (c) photograph
taken in summer 2021.

In this investigation, extensive fieldwork was utilized in association with aerial photo
interpretation. The aim of the fieldwork was to verify in the field the most peculiar cases
of land cover changes and karst landform obliteration. In fact, after thorough visual
examination of the aerial photos from multiple years to verify the transformation or the
erasure of the doline, lame, and colluvial deposit’s geomorphological characteristics, a
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number of sites were also checked in the field to verify the present land cover and the
present state of preservation of the karst landforms. The three most explicative cases where
land cover transformation determined partial or total obliteration of the karst elements
were reported and described.

Table 5. Land cover changes in hectares (ha) and as a percentage (%) from 1973 to 2006 observed in
correspondence of colluvial deposits.

Colluvial Deposits o
Land Cover Changes Area (ha) o

Cultivated area-Cultivated area 30.41 49.07
Cultivated area -> Forest 0.12 0.19
Cultivated area-> Permanent crops 1.09 1.77
Cultivated area -> Pasture 1.73 2.79
Permanent crops -> Cultivated area 4.95 7.99
Permanent crops—Permanent crops 1.73 2.79
Permanent crops -> Pasture 0.81 1.30
Pasture -> Cultivated area 18.60 30.02
Pasture -> Pasture 2.53 4.09

Table 6. Land cover changes in hectares (ha) and as a percentage (%) from 1973 to 2006 observed in
correspondence of dolines.

Doline

Land Cover Changes Area (ha) o
Cultivated Area—Cultivated Area 36.69 30.71
Cultivated area -> Forest 2.53 2.12
Cultivated area-> Permanent crops 2.07 1.74
Cultivated area -> Pasture 1.90 1.59
Forest-Forest 0.40 0.34
Permanent crops -> Cultivated area 12.84 10.75
Permanent crops -> Forest 0.81 0.68
Permanent Crops—Permanent Crops 4.32 3.62
Permanent crops -> Pasture 2.25 1.88
Pasture -> Cultivated area 27.88 23.34
Pasture -> Forest 0.29 0.24
Pasture -> Cultivated area 0.17 0.14
Pasture -> Pasture 27.30 22.85

Figure 6 reports the case of Grave Ferratella, one of the most important caves in
Apulia [119], that reached a depth of 320 m below the ground according to explorations in
the 1960s [30]. From the multi-temporal aerial photo interpretation, it is possible to infer that
in 1973 (a), the cave was still visible, and access to the karst system with the surrounding
doline, lame, and colluvial deposits was preserved as a result of their morphological
properties. Furthermore, the land cover in the area was mainly represented by crops. In
2006 (b), the cave entrance was lost, the water drainage lines, such as the lame, were not
visible anymore, and the colluvial deposits were removed. The entire karst system was
altered, and the land cover appears to have been converted to cultivated land. This was
confirmed by the photograph recently taken in the field (c), where even though it is possible
to appreciate a slight depression, it is not possible to recognize the doline boundaries, and
the cave entrance has completely disappeared.

Another example is provided in Figure 7, where the land cover conversion from
permanent crops (a) to cultivated (b) determines the smoothing of the karst morphological
elements: namely, doline and lame are no longer visible, and, as a consequence, the drainage
system is obliterated. From the photograph shown in Figure 7c it is possible to also notice
that the lame flat bottom is used for cultivation.

The last example (Figure 8) shows that in 1973 cultivation activity was limited to the
inner area of the doline, while in 2006, the area was completely exploited for cultivation. In
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the photo taken during the field activity, it is possible to appreciate how part of the doline
borders were erased by agricultural practice, especially towards the north.

4. Conclusions

The importance of using remote sensing techniques and multi-temporal analysis to
evaluate karst geomorphological features and their evolution must be stressed. This tool
allows us to identify elements that are not easily recognizable in the field, especially in low-
land karst and settings showing heavy anthropogenic pressure. Assessment of the changes
that occurred is dependent upon the availability of multi-temporal aerial photographs
at a suitable resolution. This is the main problem in ascertaining land transformation at
high scales and for small karst landforms such as dolines or cave entrances of limited size.
Nevertheless, even when the aerial coverage does not cover the considered time span with
continuity, some general information can be drawn from the analysis, as described in the
case of the Murgia territory.

The conversion of land cover to cultivated areas determines the destruction of the
original karst, with particular emphasis on the epikarst. This conversion is mainly attributed
to the practice of stone clearing and crushing.

This was also observed during the field surveys, where shattered and comminated
carbonate rocks were documented over lands originally characterized by bare karst and
the outcropping of the carbonate rock mass (Figure 9). New parcels of pasture scattered
with high fragmentation can be recognized as lands abandoned among two or more
cultivated areas.

Figure 9. Shattered carbonate rocks mixed with soil as a result of stone-clearing activity, as observed
during the field survey, examples from two different observation points (a,b).

Grave Ferratella is the main example of the loss of karst landforms in Murgia, but
unfortunately, it was not the only case reported. As repeatedly documented in other sectors
of the Apulian karst, there are many situations where caves have been canceled or partly
destroyed by human actions, notwithstanding the existing laws regarding the protection
and safeguarding of karst and resources therein contained. The morphometric parameters
from our analyses indicate that many endorheic basins and dolines were severely affected
by the changes in land use, with a high number of canceled karst features. Even where such
landforms are still present, they have been partly modified by human actions, and their
boundaries significantly changed. These actions are frequently at the origin of episodes
of erosion, up to the development of floods and/or debris flows, even on low-gradient
slopes on the occasion of rainstorms. Thus, land use changes, in addition to producing the
destruction of karst landscapes, also act in predisposing terrains to loss of soil and solid
transport during rainfall events.

In times of change, both climate and anthropogenic, determining and quantifying the
transformations affecting the natural landscape are the first steps to designing new policies
which aim to achieve sustainable land use planning. The outcome of the present work is an
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explicative example to stress the need to protect the environments strongly endangered by
human action and, in particular, to protect karst resources known to be peculiar for their
environmental and ecological characteristics.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/land11101842/s1. Table S1: Land cover changes in hectares (ha) and
as a percentage (%) from 1954 to 1973.
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