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Abstract: A recent review of global arid areas supports the idea that there are two patterns to
vegetation in arid lands. Patches of thick vegetation alternate with those with much less vegetation
or none at all. There is a specific size, shape and spatial distribution that characterizes vegetation
patterns in arid land ecosystems. In some places, the patches have irregular shapes; these are called
spots or Leopard bush. This research project is based on a biophysical approach that integrates
information collected in the field, high resolution historical satellite images and Geographical
Information System technology. The results revealed that there were certain places in the landscape
that facilitate the singular development of the vegetation. The Leopard pattern results from the
interaction of various factors (fertility island, fragmentation of vegetation, anthropic influence,
herbivorism). Specific characteristics that limit plant life forms are found in the area; since only
certain resistant species develop, these form associations and in turn generate strategies to optimize
resources. Eventually, this equilibrium is disturbed by human activities in the shape of ungulate
livestock breeding and anthropogenic activities, resulting in a heterogeneity of soils and vegetation
whose interaction generates the pattern.
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1. Introduction

Dry lands cover approximately 41% of the earth’s land surface, and are home to over 2000 million
people (some 35% of the global population) [1]; in Colombia, the percentage is 16.9% [2]. A notable
example of dry land in Colombia is found in La Guajira Department, in the northernmost part of both
the country and South America. Its location in the Caribbean leads its arid areas to be classified in the
country’s bio-geographic provinces as a dry pre-Caribbean belt. The area’s vegetation consists typically
of small trees, rigid stunted perennial bushes, and thorny shrubs. The area is primarily inhabited by
the indigenous communities who settled there some 5000 years ago, and have adapted to the harsh
surroundings [3]. The peninsula’s climate is characterized by the lack of thermal seasons, strong winds,
irregular precipitation, and temperatures that can reach highs of between 28 and 33 °C [4].

Over the last two decades, a number of authors [5-7] have supported the idea that vegetation in
those ecosystems where water is very limited is not continuous, but homogenously organized in two
phases, with densely-vegetated patches alternating with patches of little or no vegetation. Over the
past 50 years, the planet’s arid and semi-arid areas [8] have shown regional and local spatial forms with
vegetation forming regular patterns [9-11]. Such patterns are particularly visible from remote sensors.
Some ecosystems show the presence of dense patches which form a stripe pattern, also known as the
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“Tiger Bush pattern”, while, in others the dense vegetation is more patchy; this is called the “Leopard
bush pattern” [5]. The tiger bush pattern has patches of vegetation in strips or stripes that alternate
with bare, or sparsely covered, ground; these may be between 30 and 400 m long, and 10 to 50 m wide.
The leopard bush pattern has patches of vegetation in spots, or ground cover alternating with bare
ground; these can be from 1 to 10 m long, and 2 to 50 m wide (Figure 1). It has been hard to reach a
theoretical definition for these patterns, as well as other regular patterns that are called “Maze patterns”,
which are frequently seen in North American and Eurasian wetlands. However, most hypotheses link
such features to a range of causes; the selective grazing of herbivores; the effects of fire; anisotropic
environmental conditions; seed dispersal over long and short distances; and competition between
plant species [7]. According Lejeune et al. [12], aperiodic and isolated vegetation patches observed in
South America and West Africa are interpreted as localized structures arising from the coexistence
between the bare state and the patchy vegetation state. The same mechanism has been applied to
gaps of vegetation such as fairy circles in Namibia [13,14] and to the patches of vegetation observed in
the Sajama National Park in Bolivia [15]. Also, the transition from periodic distribution of patches of
vegetation to tiger bush type of pattern [16].

Figure 1. Tiger bush pattern (A), Somalia 2010 (7°46’51.15” N, 47°55'38.56” E); and leopard bush
pattern (B), La Guajira 2007 (12°8'6.54” N, 72°7’25.92” W). QuickBird—ArcGIS Online data.

Patches of vegetation usually have a characteristic size and well defined circular shape in isotropic
environmental conditions. However, It has been shown recently that patches can be destabilized
by a deformation of their circular shape, either leading to the formation of labyrinthine patterns
(Tiger bush), or dividing into two new identical patches of smaller diameter. This mechanism,
called a self-replication of localized vegetation patches in arid or semi-arid-ecosystems has been
proposed to explain the spatially periodic distribution of vegetation patterns in herbaceous populations
of the Catamarca region, Argentina [17] and in Zambia and Mozambique [18]. The analysis is based on
both remote sensing analysis (statistical analysis of satellite images) and the mathematical modeling
using a generic interaction-redistribution model, based on the relationship between the structure
of individual plants and the facilitation-competition interactions existing within plant communities.
A review of published research shows that, while the tiger pattern has been widely studied in the
semi-arid regions of Africa, Asia, Australia and North America, the leopard pattern has been the
subject of little research (Table 1). Analyses of this latter have mainly been through the use of numerical
simulations [19].
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Table 1. Presence of the Leopard pattern in bibliographic references.

Place Continent Distance References
Sudan Africa 30-50 m 1971 [20]
Argentina America 2m 1994 [21]
Argentina America 2m 1996 [22]
Nigeria Africa 2-50 m 1997 [23]
Burkina Faso y Mali Africa 60-180 m 1999 [24]
Mayo River—Argentina America 2m 1999 [5]
Burkina Faso Africa 30-50 m 2001 [25]
Negev—Israel Asia 1-2m 2004 [26]
Spain Europe 1-2m 2004 [27]
Chihuahua Las Cruces, NM America 1-2m 2006 [28]
Zambia Africa 15-30 m 2009 [19]
Del Monte Desert, Argentina America 2-3m 2009 [29]
New Mexico America 20-40 m 2010 [30]
Namibia Africa 3-5m 2012 [31]

This research developed a biophysical approach that integrated Geographical Information System
(GIS), Remote Sensing (RS), and information gathered in the field to isolate the specific environmental
conditions of La Guajira that cause such patterns. Such tools provide the data from which geospatial
models can be implemented. These, along with first-hand information, aid in understanding the
behaviour of the vegetation patches. High-resolution satellite images were used to analyze the
fragmentation and land use; some of these were historical (Corona KH-4A), and some contemporary
(Quick Bird, EROS-B). Elevation models were also used in the preprocessing step and geomorphological
interpretation. Fundamental features of the leopard pattern are the fragmentation of vegetation cover,
and the distances between them; satellite images provide information regarding the relation between
the variables that play a role in the development and distribution of the vegetation pattern. It is posited
that the distribution and composition of the Leopard pattern in the Guajira Peninsula originates
from the interaction between anthropic and environmental aspects, which facilitate the singular
development of the vegetation. Specific characteristics that limit plant life forms are found in the
area; these in turn generate strategies to optimize resources and are eventually disturbed by ungulate
livestock breeding and anthropogenic activities, resulting in a heterogeneity of soils and vegetation
generated by this disturbance.

2. Materials and Methods

2.1. Study Area

The peninsula of La Guajira is in northern Colombia and Venezuela, and is surrounded by the
Caribbean Sea; it has an area of some 6800 km?2, and is located in the northernmost part of South
America (Figure 2). The Colombian part of the peninsula is called the Alta Guajira; it has large flat
areas, and some small mountain ranges, the highest point being 867 m. The research was carried out
in a square area in the Cabo de la Vela municipality (Figure 2). Most of the land in the study area is flat,
although there are a number of mountain ranges and small hills, the highest of which reach 200 m.
All the area’s inhabitants belong to indigenous communities; their livelihood is mostly gained from
goat and sheep farming, and fishing from the adjacent shore. It has an area of some 43 km?, it lies
between 12°8’54.92” N, 72°7°18.76” W and 12°7'12.85” N, 72°7'18.57” W. The departmental capital,
Riohacha, is 120 km away, and the Colombian capital 900 km [32].
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Figure 2. Location of study area, Cabo de la Vela, La Guajira.

2.2. Satellite Images

2.2.1. Corona KH-4A Images

Corona KH-4A was one of a group of spy satellites operated by the CIA. The programme
ran from the early years of the Cold War, in 1960, and ended in 1972. These were the first
high-resolution satellites, and Corona KH-4A was launched in August 1960 [33]. Corona’s images were
panchromatic satellite photographs recorded on film, with a visible spectrum response (400-700 nm).
The photographs were taken using a panoramic camera that recorded the images onto a roll of film [34];
exposed film was then jettisoned and recovered in the air by specially designed aeroplanes [35].
Each Corona KH4A mission photograph covers some 17 by 232 km. Data was digitalized in four
superimposed files, separated to an 8-bit radiometric accuracy with a single panchromatic band [35].
The full archive of Corona images was declassified in 1995; it has been fully indexed and can be
downloaded from the United States Geological Service (USGS) at a nominal ground resolution of
between 2.74 and 1.83 m. This research used two Corona KH-4A sensor images from 6 October 1965 ID
DS1025-1014DA009 and DS1025-1014DA010 (Figure 3), processed to a standard PAN-type quality.
They were obtained from the USGS via the Earth Explorer system https:/ /earthexplorer.usgs.gov/.

In recent years, the great potential of these declassified images can be seen in some of the scientific
studies that used Corona images (Table 2).


https://earthexplorer.usgs.gov/
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Table 2. Studies that use Corona images.

Place Field of Study References
Sabche Glacier, Nepal Topographic control 2018 [36]
Tarim Block, northwestern China Mapping of mafic dykes 2018 [37]
Kogyae Strict Nature Reserve, Ghana Deforestation 2018 [38]
Iraqi Kurdistan, Iraq Land use change 2018 [39]
Carpathian Mountains, Romania Land use change 2018 [40]
Shanghai, China Archaeological 2017 [41]
Danube River, Romania and Serbia. Landscape 2016 [42]
EE.UU. Mapping 2016 [43]
EE.UU. and Brazil Land use change 2016 [44]
Balikh River valley, Syria. Archaeological 2013 [45]

T
12290

Caribbean Sea

1:500.000 [&

1:100.000 A

T
o

Figure 3. Stereoscopic images (A, above; B, below) from the Corona KH-4A satellite, 6 October 1965 of
Cabo de la Vela.

2.2.2. Quick Bird Images

QuickBird is a commercial high-resolution satellite operated by DigitalGlobe, put into orbit on
18 October 2001 from the Vandenberg air base, USA. This satellite is able to acquire information with
a sub metric accuracy of 0.61 cm in panchromatic 450-900 nm mode, and of 2.44 m in four multispectral
bands; blue (450-520 nm); red (520-600 nm); green (630-690 nm); and near infrared (760-900 nm).
It orbits at a height of 450 km, synchronously with the sun every 93.5 min. Above the equator,
its inclination is 97.2°, and 16.5 km at the nadir (the closest point to the satellite, which generally
coincides with the center of the image). It has an on-board storage capacity of 160 GB. An archive
image dating from 15 March 2007 ID 1010010005867100 was used (Figure 4).
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Figure 4. QuickBird image 15 March 2007 of Cabo de la Vela.

2.2.3. Eros B Images

Eros B is a high-resolution Israeli satellite operated by ImageSat International. It was launched on
25 April 2006 from the Svobodny launch complex in Siberia, Russia. The satellite can gather information
with sub metric accuracy from a Push-broom type CCD-TDI sensor to acquire a panchromatic band
(500-900 nm) with a spatial resolution of 70 cm at the panchromatic and it is capable of obtaining
stereoscopic images in two adjacent orbits. The satellite’s stereoscopy is fundamental when obtaining
ground elevation. The images have a stereoscopic effect since they are of two fields of view, these may
be across and along the satellite’s track. The images are of two close but slightly different orbits; one is
taken from an angle of between 60° and 75°, while the other is taken from an oblique angle of the
satellite’s path, of between 60° and 97.4°. This shows that the satellite can turn in relation to its orbit
(Figure 5). Satellite sensors with this feature can be termed stereoscopic image systems since the data
they provide can be used to calculate three-dimensional coordinates, producing information regarding
ground height. Two stereo images of the lower La Guajira area were taken on request in 6 February
2013 ID MBT1-e2376518 and MBT1-e2376519.
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Figure 5. Eros B stereoscopic images (A MBT1-e2376518, left; B MBT1-e2376519, right 6 February 2013).
2.3. Modelling of Sensor Parameters

The topographic data available of the area studied dates from the early 1970s; however, they show
very little detail, and are now out of date. In order to reconstruct a topographical digital surface model
(DSM), stereoscopic pairs of high-resolution satellite images taken from the EROS B platform were used.
DSMs are the true representation of all of the variations in elevation of the objects and surfaces present
at the time of data collection. The main difference between DTMs and DSMs is that the former represent
only the elevation values of the lowest points of a surface (terrain), whereas the latter represent the
elevation of the surface layer of objects on the terrain. DTMs can be a product of a DSM process.
This process was considered to be a practical and cost-effective alternative methodology. DSM is a layer
of information that is useful in the orthorectification process of satellite images once they have been
classified. The study used the OrthoEngine module of the PCI Geomatic photogrammetric computer
programme to generate a DSM; and Rational Polynomial Coefficients were extracted. An analysis
scale of 1:10,000 was defined for the study area. Two CCD EROS-B sensor images were used with an
L1A processing level. The meta-data of two EROS B stereo images of Cabo de la Vela with different
angles of view produced the satellite orbit, control, and altitude data. Ground Control Points taken
on the ground for both images were entered; the Tie Points (points located in two geographically
superimposed raster images); and the Check Points in each image were measured. A mathematical
model was created associated to the satellite’s position for both stereoscopic images through the
manipulation of orbit and height data with the control point data; the root mean square was then used
to analyze the point error (Table 3). One-hundred-and-fifty control points, 80 tie points, and 20 check
points were taken.

Table 3. Resulting error values in EROS B images.

Point Residual X: RMS Y: RMS
MBT1-E2376518 0.78 1.64 0.83
MBT1-E2376519 0.99 1.90 0.91

Tie points 0.26 0.71 0.45
Check points 0.17 0.83 0.66

2.4. Generation of DSM and DTM

The first fundamental step in creating the DSM was the calculation of the epipolar image for
one of the images. This showed that both images are compensated in the X parallax. A pixel in
the original image was located using statistical functions calculated for the overlapping area of the
images (Parallax). The height of a specific point can be calculated through the use of the average,
final value, or highest correlation of the pixel parallax. The next stage was the generation of the DSM
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with a resolution of 2 m; any areas that provided no information regarding elevation, or had been
wrongly calculated were edited out. An image enhancement tool was also used that included the
complex processes of interpolation, filtering and image softening, and a masking function to replace
filtered values. In photogrammetry, the processes that result from the calculation of the parallax
between two images produce the areas of all those objects present when the data was taken. The 3D
reconstruction of the area corresponding to the view of the first facet of the ground contains both
micro-relief (buildings, trees, etc.), and bare ground. In this case, the choice was made to use a simple
data cleaning technique with the DSM2DTM function of the PCI Geomatic programme converting a
raster digital surface model (DSM or elevation) into a bare-earth digital terrain model (DTM). Filters are
used to remove surface items such as buildings and trees. This process eliminated areas that included
houses and small changes in height of those objects present in the data (Figure 6).

290W T28TW 2 7TOW 2°80W 250w
1 1 1 1 1
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&7 $02 4
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1:65.000

T T T T T
290w 7280W 2ToW 72'60W 2'sewW

Figure 6. DTM resulting from the extraction of the DSM from the Eros B Images A, flat area; B,
Mountain range.

The assessment of the quality of DSM and DTMs is generally through the measurement of the
RMS between the elevation given by the model and precise measurements of known points. In this
case, the analysis produced an acceptable degree of accuracy, with an average margin of error of 1.77 m
for the superimposed area, compared with the ground points taken by a sub metric GPS. Bearing in
mind that the area was analyzed at a scale of 1:10,000, the DTM that resulted from the DSM cleaning
process produced an area with a 2 m margin of error when statistically compared with altimetric
field data. The resulting elevation was reliable since the mean square error was under the minimum
acceptable level for the 1:10,000 scale, some 8.5 m (Table 4).

Table 4. Maximum expected error according to scale variation FGDC [46].

Scale RMSE (m)
1:50 0.0125
1:100 0.025
1:200 0.050
1:500 0.125
1:1000 0.25
1:2000 0.50
1:4000 1.00
1:5000 1.25
1:10,000 2.50

1:20,000 5.00
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2.5. Correction and Orthorectification

Radiometric correction is required in order to correct a number of errors in the sensor that,
on interacting with the atmosphere, produce erroneous values, altering the radiance values the
satellite receives. This process eliminates the distortions that reach the sensor from the earth’s surface.
The QuickBird satellite image from 2007 was acquired at a 2A processing level, showing 0% cloud
cover and a prior radiometric correction level from the satellite. The 2013 Eros B satellite image also
showed 0% cloud cover and had prior radiometric corrections; since the processing level was also
2A, neither image had banding, pixels or lines lost. The next image analyzed in search of possible
deficiencies was the oldest, that from Corona in 1965. These images are not digital, but the result of a
high-resolution scan of the film itself, this made it impossible to carry out any radiometric correction.
Nonetheless, image quality is good, and shows 1% cloud cover in the analyzed area. In general,
satellite images can be processed at different levels. Level 0 is the raw, unprocessed image; level 1A
includes radiometric corrections; level 1B has geometric corrections of systematic distortions in the
image geometrics, such as poorly aligned scan lines and non-uniform pixel size; and level 2A makes a
geometric correction placing the pixels in the geographical space, thus correcting possible standard
cartographic projection distortions based on a prediction of the satellite’s position when the image
was taken. As previously mentioned, the most modern Eros B and QuickBird images are of level 2A,
with a fairly precise location over the ground. Thus, they differ from the Corona image, which provides
no reference and is classified as raw, unprocessed level 0. Having two level 2A images therefore makes
it possible to take the assigned reference system and use it in this stage of the process. The raw image
can be georeferenced using the information provided by the above-mentioned 2A images since the
definitive control points needed to make precise geometric corrections of all images were compiled
in the field. This process involved the transformation of the pixels in the second image (Corona)
so that they precisely coincided with those of the first (Eros B). This was done through a second
degree polynomial transformation obtained through a group of pairs of control points of both images.
After georeferencing the images, the final geometric correction was made, this was the correction of
the topographical effect on the satellite images. This procedure corrects those movements caused by
the inclination of the sensor, ground relief, and the curvature of the Earth. The main input in this stage
was the elevation model resulting from the DSM process, the specific sensor data when the image was
taken (metadata), and control points taken in the field.

2.6. Image Segmentation and Classification

Segmentation is the process by which an image is divided into segments with similar spectral,
spatial and/or textural characteristics. Ideally, the image segments correspond to features in the real
world. The ENVI programme was used for image segmentation. ENVI (the Enviroment for Visualizing
Images) is a revolutionary image processing system. From its inception, ENVI was designed to address
the numerous and specific needs of those who regularly use satellite and aircraft remote sensing data.
ENVI provides comprehensive data visualization and analysis for images of any size and any type—all
from within an innovative and user-friendly environment [47]. It contains a feature extraction module,
which uses a methodology that is a hybrid between pixel-based and segment-based classification.
Feature extraction uses a focus based on objects in order to classify images, where an object (also called
a segment) is a group of pixels with a similar spectrum and/or textural characteristics. The Rule
Based Feature Extraction Workflow function was used to create an image of segments for each satellite.
The Object Creation module saw the interactive development of the training sites based on the scale
and fusion level of each segment. Workflow divides an image into a number of segments and calculates
their various attributes; then rules are constructed to classify those features of interest. Each rule
contains one or more attributes, such as area, length, or texture, which are restricted to a specific
range of values. In the Rule Base model, a parametric rule classifier was used based on the interactive
classification of the histogram of each segment in order to isolate the three classes defined above.
Finally, the classifications were exported in the ArcGis Shape vector format.
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3. Results

3.1. Land Use and Cover Maps

Three types of high-resolution satellite images were used in the research, the aim being to obtain
the most detailed information on vegetation cover in those years when high resolution was accessible
(1965, 2007, and 2013). The legend used to classify ground cover at a 1:10,000 scale was based on the
fact that patterns in arid areas are produced by only a few plant species; thus, only three classifying
groups are used (Table 5). In producing those classes related to land use, geometric entities were
generated from the coverage layers to be independently analyzed.

Table 5. Classes used to classify vegetation cover and land use.

Cover Description Use Description

Refers to soil that does not have a

continuous surface layer that All visible paths produced by

il . . Path . .
Bare soi protects it from weather; this means aths vehicles, people and animals.
that it is damaged by water or wind.
Tree GI‘OL'IP of mainly tree and cac'tl ' Paddock The place where animals are
species that form plant associations. kept (mostly ungulates)

A group of ranches or cabins
that make up a settlement
inhabited by the indigenous
Waytiu community.

Low vegetation coverage in sandy
Low vegetation  soils of the coastal area produced by =~ Ranches
plant associations.

A Colombian term referring to a
Jaguey body of artificial surface water
for human and animal use.

The coverage maps (1965, 2007 and 2013) were the result of applying the attributes table to
differentiate the required classes. The segmentation process provided great detail on the coverage
present in the area. Land use characteristics, such as paths, ranches, jaguey and paddocks were
digitalized manually for each of the years (Figures 7-9). The Kappa coefficient is a statistical measure
that adjusts the effect of chance on the proportion of the observed agreement for qualitative elements
where P(A) is the proportion of times that the coders agree and P(E) is the proportion of times that we
would expect them to agree by chance [48].

P(A) —P(E)

K=="1"9m

)

The kappa coefficient was used to carry out a statistical evolution of the maps; it is one of the
most widely used in assessing classification process results, or the visual interpretation of satellite
images [49]. The advantage of this coefficient is that it estimates the classification errors in each of
the classes; that is, it is a weighted value of the complete quality of the classification that is closest
to reality [50]. The kappa value is obtained through a confusion matrix that tabulates the number of
correct and incorrect elements in the classification. In order to determine the truth on the ground,
a random distribution of points is made, taking into account the total area studied and finding the
category deemed correct at each point. Confusion matrix reference values must be the truth on the
ground, which is set out in the columns, while the classification values are in the rows. Confusion
matrix results were 0.9312 for 2013; 0.9521 for 2007; and 0.9165 for 1965. These results are high due
to the few classes and the level of detail obtained of ground cover during the segmentation process.
The satellite images enabled the classification of paths, infrastructure, and jaguey present in each of the
images. Vectors were delineated and polygons created using the ArcGis programme computational
view. Results for 1965 showed 69.01 km of paths, with 44.06 Ha of paddocks, 1.37 Ha of ranches,



Geosciences 2018, 8, 366 11 of 19

and 2.25 Ha of water. Results for 2007 showed 229.68 km of paths, 34.81 Ha of paddocks, 3.87 Ha of
ranches, and 8.49 Ha of water. Results for 2013 showed 324.50 km of paths, 31.57 Ha of paddocks,
7.13 Ha of ranches, and 13 Ha of water. The evolution of the main aspects of land use shows a clear rise
in anthropogenic features that directly affect the landscape. Paths increased from 69.01 km in 1965 to
324.5 km in 2013, ranches from 1.37 Ha in 1965 to 7.13 Ha of built area in 2013, their number rising from
130 to 695 over the 1965-2013 period. Jagiieys rose from 2.5 Ha in 1965 to 13 Ha in 2013. The period saw
a rise in size, distance, and quantity in almost all aspects. The only aspect that showed a fall was the
area occupied by paddocks, which fell from 44 Ha in 1965 to 31.57 Ha in 2013. Nonetheless, the number
of paddocks continues to rise; in 1965 there were 46 paddocks, with an average area of 9579 m2,
while in 2013 there were 180, with an average area of 1816 m?.
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Figure 8. Land use and cover 1997.
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3.2. Landscape Units and Plant Formations

The climatic aspect is the first classifier of the landscape identified as hyper arid in the area.
The average temperature of the area was 28.45 °C, with the highest temperatures being in June,
July and August. The average precipitation for the area was 27.82 mm, October being the wettest
with 100.41 mm and February the least wet with 1.41 mm. A climograph representing precipitations
and temperatures for the area shows that the precipitations are lower than the average temperature
for almost all months except October (wet period). The climograph indicates that it is an arid area
according to the De Martonne index, the rainfall curve being below the temperature curve 11 out
of 12 months a year. The geological and geomorphological aspects situated the units within the
erosive and accumulation processes of the coastal zone. Some of the deposits are generated by
erosion of the highest mountains (mountainous areas), whose materials are deposited downhill
by the wind, gravity and water processes in the rainy season, creating the geomorphological unit
known as glacis. The other process of deposition and erosion is the beach, generated by the action of
sediments being balanced between the land and the sea; and finally, the coastal plain is a relatively
flat area (6% average gradient) resulting from alluvial deposits during rains or storms and geological
processes. These geomorphological aspects led to the development of soils with a basic pH type
Aridisols (Typic Haplocalcids, Typic Haplocambids) present in the geomorphological units of the
coastal plain and glacis. In the beach area, we find Entisols (Typic Torripsammen). One aspect strongly
related to the landscape is the vegetation, with two large associations of plant species making up the
patches found in the field (Association of Heterostachys ritteriana—Sesuvium portulacastrum and
of Castela erecta—Prosopis juliflora—Opuntia caracasanan). Within the patches and the different
individual species related to the Leopard pattern there is evidence of a very common phenomenon
in arid zones, known as the fertility island or island of resources, which consists in the creation of
a micro-habitat that allows for a more favorable development of the ecosystem present within the
island in contrast to those areas that do not present the phenomenon (bare ground). These islands
generate changes in the micro-climate and in soil properties, obtaining a greater concentration of
nutrients and microbial diversity.

3.3. Settlement Model and Population Change

The location of human settlements in the study area matches the way of life of the indigenous
Waytu culture. They are semi-nomadic, and the ranches and paddocks are temporary constructions
built using local materials (Cactus wood or trupillo tree, Prosopis juliflora); over time, religious beliefs
and family processes (weddings, deaths, rites) lead to changes in these buildings. The constructions
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are disperse, generally placed near water sources (Jaguey and wells), along the whole flat area near the
coast (providing access to fishing), and on higher land that is free from flooding in the rainy season.
The satellite images show that, over time, these settlements have increased in size, and in some cases
have disappeared or changed substantially, as is the case of those paddocks seen in 1965. The area’s
population was calculated using census data from 1964, 1993 and 2005, the year of the latest census.
Municipal population density projections from 2007 and 2013 were also used, and then extrapolated to
the study area. The area’s population increased nine-fold between 1964 and 2013, this is in line with
the regional and national rise. The evolution in buildings, paddocks and bodies of water shows the
trend towards an increasing colonization of the area, with a rise in the number of people and animals.
The population in the area evolved in a manner consistent with population growth for the region and
country, by 2013 displaying an increase of around nine times (855 people) the initial 1964 population
(90 people). The evolution of the constructions, corral areas and water bodies shows the progressive
increase in colonization of the area, in contrast with the increase in the human and animal population.
The satellite images make it possible to digitize the data for roads, infrastructure and artificial water
bodies (Jaguey) present in the images for different years. The number of cattle in the area extrapolated
from official data increased almost seven times from 1965 to 2007. From 2007 to 2013, the number
of animals doubled from 1334 to 3063, and then there was a constant increase up to 3141 in 2016,
which reflects the annual increase in grazing pressure on the vegetation in the area. A clear tendency
was also observed for the goat population overtaking that of sheep, probably because goats are more
resistant to drought and better able to withstand such changes. The element to have generated the
greatest disturbance in the vegetation is grazing; many domesticated animals display behaviours that
lead to heterogeneity in the vegetation, following a pattern of movement that generates regular routes
around the points of water, rest and food. The main factor that determines the dispersion of animals
in the area is the relief, which helps them spread throughout the area in small groups. According to
Arnold et al. [51], the more deteriorated the pasture, the more subgroups form to graze, which leads to
a higher level of separation.

3.4. Measurement of Distances between Patches, Fragmentation

The distances between vegetation in dry areas is a very important factor in how the leopard
pattern behaves in an area like La Guajira. A number of measurements were made in the field to be
used as a reference when defining the distances between the patches of vegetation (Figure 10).

Figure 10. Distance measurements between leopard patches on the ground and the satellite image Eros B.
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FRAGSTATS is a spatial pattern analysis program for quantifying landscape structure (Table 6).
The landscape subject to analysis is user-defined and can represent any spatial phenomenon.
It quantifies the areal extent and spatial distribution of patches (i.e., polygons on a map coverage)
within a landscape; it is incumbent upon the user to establish a sound basis for defining and scaling
the landscape (including the extent and grain of the landscape) and the scheme upon which patches
within the landscape are classified and delineated [52].

Table 6. Indices used of FRAGSTATS.

Index Description Formula

CA equals the sum of the areas (m?) of all patches of the n
Class area (CA) corresponding patch type, divided by 10,000 (to convert to CA = AZ ajj (m,lw)
hectares); that is, total class area. j=1

NP equals the number of patches of the corresponding patch

Number of Patches (NP) type (class). NP = n;
Eucli(.:lean Nearest Neighbor MN (Mean) equals the sum, across all patches in the T X
Distance (ENM_MN) landscape, of the corresponding patch metric values, divided MN = N
Mean patch area by the total number of patches. MN is given in the same units

(AREA_MN) as the corresponding patch metric.

FRAGSTATS software, part of the ArcGris programme, was used to study this behaviour, and
analyze how vegetation cover has fragmented over the years (1965, 2007 and 2013). Once the coverage
information for the 3 years was established, the indices were determined. Firstly, the total extension
of coverage (CA) was calculated in m?, and then divided by 10,000 to give a total in hectares.
The next stage was the calculation of the number of patches (NP), providing an indication of the
degree of fragmentation, particularly if the habitat or land use in the area was originally relatively
homogenous. The larger the number of fragments, the greater the influence it will have on the
landscape’s fragmentation. Finally, the average index of the Euclidian distance (ENN_MN) was
calculated. This measurement is the total of the distance between one patch and the closest patch of
the same type, based on the distance between edges, divided by the number of patches of the same
type [53]. This index indicates the degree of isolation between fragments of the same type. In the study
area, the dominant coverage according to the total area (CA) was mostly bare soil (Table 7).

Table 7. Total area of coverage (CA) for the different years.

Cover 2013 2007 1965
ha % ha % ha %
Bare soil 3.495 81.29 3.595 83.62 3.366 78.29
Tree 800 18.6 692 16.07 924 21.49
Low vegetation 4 0.1 12 0.28 9 0.22
Total 4.299 100 4.299 100 4.299 100

The Number of Patches (NP) was calculated for each class, which indicates the degree of
fragmentation, especially if in its initial state the region was relatively homogeneous in terms of
type of habitat or land use. The greater the number of fragments, the greater the influence on the
fragmentation of the landscape (Table 8).
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Table 8. Number of patches (NP) for the different years.

Cover 2013 2007 1965
Number of patches  Number of patches  Number of patches
Bare soil 2.168 2.610 4.314
Tree 136.328 168.240 25.803
Low vegetation 1.249 1.347 446
Total 139.745 172.197 30.563

This is evidence that bare soil tends to be compacted into ever larger fragments, and tree classes
into ever smaller fragments, as can be seen in the average patch size index AREA_MN (Table 9).

Table 9. Mean patch area (AREA_MN) for the different years.

Cover 2013 2007 1965
m? m? m?

Bare soil 15.200 13.704 7.811
Tree 73 41 358
Low vegetation 37 91 203

Analyzing the NP and AREA_MN indices together shows that the fragmentation of the area
increased. Finally, the average value of the distance between one fragment and another can be seen
using the ENN_MN index. For the tree class, the average distance between patches was 8 m in 1965,
4 m in 2007 and 3 m in 2013; these results coincide with the measurements made on the ground in 2014.
Bare soil changed from an average of 7 m in 1965 to 4 m in 2007, a figure that remained the same in
2013. The distance between low vegetation was 15 m in 1965, falling to 6 m in the following years.

4. Discussion and Conclusions

The results can clearly be extrapolated to other places if we bear in mind that Fuentes et al. [32]
managed to demonstrate that the Leopard pattern presents itself in a wide variety of places around
the world, mainly because they share very similar environmental conditions. Grazing pressure from
ungulates was a result that was mentioned in the literature [5,54-57]. Heavy grazing and trampling
by livestock in semi-arid regions, concentrated around water sources, often leads to a reduction in
vegetation cover and soil compaction. This result is similarly mentioned in other studies. Excessive
grazing can alter in situ plant-soil relationships and create spatial heterogeneity; References [58—60]
suggested that vegetation patterns in semi-arid grasslands were created by herbivores’ selective
grazing. Studies of the Tiger pattern in Australia mention its relationship with the pattern formation
with bands of vegetation. Bands evolve as the dense vegetation cover thins due to climate deterioration
or grazing pressure [61]. The extensive elimination of vegetation has been observed in western New
South Wales (Australia) during dry years due to combined pressure from actions by rabbits and goats.
Following stabilization of the model, the grazing pressure was eliminated and trends in the recovery of
the Strip were observed [62]. These studies note that grazing and anthropogenic activities can modify
vegetation patterns. One of the results consistent with those identified by other authors is the greater
humidity in the areas where the vegetation is present. The resulting spatial variation can be structured
on certain scales where patch vegetation concentrates nutrients and water in the soil, but these are
eliminated in patches of bare or compacted soil [5,59,63-68].

Aguiar [5] specifies something that was partially corroborated in La Guajira. The basic mechanism
is a redistribution of water, nutrients and seeds (resulting from the presence of dominant woody plants),
which creates and maintains dense vegetation patches. Water is the major agent of redistribution in
tiger vegetation, whereas wind and animals are the major cause of redistribution in leopard vegetation.
Moreover, in tiger patterns, water is the main driver of secondary seed dispersal, whereas in leopard
patterns, wind or animals are the main agents of dispersal [5]. The fragmentation of ecosystems,
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particularly in dry lands, is indicative of the reduction of ground cover and the accelerating pace
of land degradation. Assessing the change in vegetation cover (leopard pattern) in the studied area
shows that, over time, vegetation cover has fallen (18.72%), while there has been a rise in the extent of
bare ground (81%). The lack of nutrients in the soil, along with low or inexistent rainfall, mean that
vegetation cover is generally low in arid areas. However, large-scale vegetation fragmentation does
not occur naturally, it requires an element that produces such a change in the natural balance of the
area. This element is man and animals. The effect of man is clear in the whole area, and the satellite
images show this effect on ground cover.

The fragmentation indices show the continuous reduction in ground cover, the increase in the
number of shrub fragments, and the reduction in the size of vegetation patches. The opposite effect
was observed on bare land, with fewer fragments, greater distances between them and an increase
in the size of patches. Vegetation eco-system fragmentation is linked to anthropogenic pressure in
the area; this is seen over time through the increase in the number of ranches, paths, jagiieyes and
paddocks. This is evidence of the great pressure that vegetation and the area as a whole are subjected
to year after year. Coverage was mainly affected by the breaking up of vegetation to create roads and
paths for people, bicycles, motorbikes and 4 x 4 s. This change is shown in the combined map of all
3 years (1965, 2007 and 2013), providing evidence of the large number of roads and paths that exist in
the study area (324.5 km in 2013), where they are evenly distributed across the entire area except on
higher land, where there are very few. The other element that is linked to animals and plays a role in
the fragmentation process is the effect of trampling on the ground. Animal hooves compact the soil
and disrupt the natural balance. This compacting leads to the loss of nutrients, greatly reducing the
amount of nitrogen and carbon provided due to the slower decomposition of the soil caused by the
reduction in biota (bacteria and micro-organisms). It also becomes more impermeable, thus reducing
the supply of water to plants through infiltration. Hardened or compacted layers cause a mechanical
impediment that means that roots cannot penetrate the soil. This effect is more pronounced and faster
on the paths built by people; with human footprints and vehicle tyres all compacting the soil.

Finally, the pattern derives from the fact that during the rainy season, the seeds (grasses and woody
plants) trapped in the fertility island germinate due to the increase of humidity in the sand, and the
improved local conditions facilitating its development. Within the fertility islands, the conditions are
more favorable than those of the surrounding bare soils because there is greater infiltration in the
islands due to the presence of plants. Water erosion redistributes the surface material during the rainy
season, while during the dry season compacted soils and spaces fragmented by human and animal
activity that contain sandy sediments are eliminated by the wind, leaving bare soil between patches of
vegetation and thus forming the Leopard pattern.
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