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Abstract: Coastal erosion is a common phenomenon along the world’s coasts. Studying it is complex
because such studies must cover large portions of land, and it is necessary to understand the multiple
processes that interact in each area, so it is important to recognize regional patterns that allow for
defining representativeness in relation to the surrounding dynamics. Spatial statistics can be used
in coastal geomorphology to identify and quantify trends in coastal morphodynamics. This study
analyzes and interprets the spatio-temporal patterns present in the changes in a shoreline, that is,
the processes of erosion and coastal sedimentation in the Pacific and the Colombian Caribbean. The
results are derived from the detection of significant changes in the coastline via satellite images.
For this study, the shoreline of Colombia was digitized for the years 1986 and 2016, thus obtaining
changes in the shoreline at a medium temporal scale. The Global Moran’s Index, Local Moran’s
Index and Getis–Ord Index were used to explain the spatial statistics. The Global I Moran values
for the Pacific were I = 0.190, z = 31.063 and p = 0.01, and for the Caribbean I = 0.624, z = 74.545
and p = 0.01, which suggests good grouping in the Caribbean and very low grouping for the Pacific.
The local indices (Moran’s and Getis–Ord) allowed us to visualize and spatialize the significant
points of coastal erosion and sedimentation. According to the results, three conceptual models are
herein proposed that relate the indices with the geomorphological characteristics: (a) the greater
the geomorphological heterogeneity, the greater the grouping; (b) the greater the geomorphological
homogeneity, the lower the degree of clustering; (c) the greater the geomorphological complexity,
the lower the degree of clustering. Finally, it is confirmed that coastal erosion and sedimentation
processes predominate along low coasts.

Keywords: DSAS; Moran’s Index; GIS; coastal geomorphology

1. Introduction

Regional patterns show how representative observation locations can be of the dynam-
ics surrounding them. Regarding this, Bracs et al. [1] proposed the concept of “regionally
representative” coastal monitoring sites, obtaining a great intensity of measurements by
which the patterns and trends observed at these sites in the long term can be representative
of other beaches.

The coasts of Colombia, together totaling more than 6000 km, can offer good examples
of these spatial differences, since they interact with two seas, the Pacific Ocean and the
Caribbean Sea. The two coasts present complexities, which are related to the type of coastal
zone (sandy, muddy and rocky) and the marked climatic and oceanographic differences [2],
as well as the presence of different marine–coastal ecosystems and socio-cultural diver-
sity [3]. Therefore, it is necessary to develop methodologies to represent such diversity
and differences on coasts, which can facilitate decision making and adequate planning in
relation to the country’s coastal areas.
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Coastal erosion or sedimentation processes also cause damages and losses for society
and human activities; in turn, this modifies the coastline and coastal geomorphology [4],
and so coastal erosion is currently considered a major problem for states [5]. However, it
should also be mentioned that coastal erosion or sedimentation is also a natural process
necessary to many ecosystem functions. The causes of this phenomenon are diverse and are
related to geomorphological, climatic, oceanographic, anthropic, and geological factors [2].

In Colombia, different studies on coastal erosion have been undertaken, starting with
the descriptive analyses carried out by Posada and Henao Pineda [6] and Posada et al. [7,8],
which generated the first coastal erosion maps of the country from observations of coastal
geomorphological features. These studies were later complemented with quantitative
analyses through the calculation of changes in coastlines and the use of GIS tools [9–11].
Likewise, semi-quantitative information has been generated with relevance to risk manage-
ment by conceptually adapting the CVI (Coastal Vulnerability Index) methodology of the
USGS [3], which facilitated the generation of maps of the hazard and vulnerability caused
by coastal erosion in Colombia [2]. Finally, as part of the Third National Communication
on Climate Change, a vulnerability and risk analysis related to climate change was carried
out for Colombia, which included shoreline changes and their future projection in relation
to SLR (Sea Level Rise) [12].

The aim of this article is to employ spatial autocorrelation statistics to identify and
interpret statistically significant changes in the shorelines (erosion and coastal sedimen-
tation), and the results obtained from the DSAS (Digital Shoreline Analysis System), on
the two coasts of Colombia (Pacific and Caribbean). Thus, satellite imagery and shoreline
detection have been widely developed and used for a long time, and range from the manual
digitization of the coastline to proven automated processes [13–16]. In the same way, the
quantitative evaluation of changes that occur on coasts using tools such as DSAS [17–19]
has been very popular, and there are countless publications on this [9,11,18,20,21]. The
use of this metric requires multiple corrections and rules [22] in order to obtain values
close to reality, but before defining which method and tools to use, the objective must
be defined; that is, one must define the purpose of this metric, and from that, choose
appropriate elements.

The concept of spatial autocorrelation [23] is defined as the concentration or dispersion
of the values of a variable in space; in other words, it reflects the degree to which objects or
activities within a geographic unit are similar to other objects or activities within nearby
geographic units [24]. This starts from the first law of geography, or the principle of
spatial autocorrelation, proposed by Tobler [25], which states that everything is related to
everything else, but close things are more related than distant things.

Spatial statistical analyses, such as the Moran Index, have been used to evaluate the
distribution of physical phenomena such as soil erosion [26], rainfall [27], and ecological
features [28], generating clustered results similar to those of this study. On the other hand,
this process has mostly been applied in human and social studies, in order to evaluate
distribution, segregation, and transformations, among other social phenomena [29,30],
while other studies have focused on distribution phenomena or spatial autocorrelation
theory [31–33].

The objectives of this study are as follows: (1) to find a new reliable method to assess
coastal erosion at a regional scale to support the decision-making processes; (2) to identify
and analyze the spatial clustering patterns of coastal erosion and sedimentation in the
Colombian Pacific and Caribbean; and (3) to examine whether the geomorphological
characteristics of the coast are associated with the spatial clustering patterns of erosion
and sedimentation. The processes of erosion and coastal sedimentation (changes in the
coastline) may show regional trends, as implied by the spatial autocorrelation analysis.

2. Study Area

Colombia is located in the extreme northwest of South America, bordering Central
America, and has territory on two coasts, the Pacific Ocean and the Caribbean Sea (Figure 1).
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The total length of the two coasts of the country is 6962 km, of which 2253 km is on the
Caribbean and 4708 km on the Pacific. The tides in the Pacific are macro-tidal, and in the
Caribbean they are micro-tidal; the rainfall has a multiannual monthly average of 7609 mm
in the Pacific, while in the Caribbean it barely reaches 400 mm [2].
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Figure 1. Study area. (a) Location of Colombia in northern South America between the eastern
tropical Pacific and the Caribbean Sea. (b) Location of its coastlines in detail. (c,d) For the coastlines
of the Caribbean and Pacific regions, the coastal geomorphology (developed by Posada et al. [6,7] at
a scale of 1:100,000) is shown, along with the units. The green and yellow colors depict low coasts;
red to brown depict high shores. (c) Figure 2, corresponds to the location of the city of Riohacha,
see Figure 2. Examples of some geomorphological units: in the Caribbean: (e) Cliffs of the Sierra
Nevada de Santa Marta; (f) Ciénaga Grande de Santa Marta estuarine complex and mouth of the
Magdalena River; (g) Deltas of the Canal del Dique; (h) Fluvio-marine terraces (h1—photo of the
place). In the Pacific: (i) San Juan River Delta; (j) Cliffs in the Ladrilleros sector; (k) Isla Barrera El
Soldado (k1—photo of the place).
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The coastal geomorphology of the Pacific presents steep coasts with cohesive rocks,
located mostly to the north of Cape Corrientes, while the low coast occupies 76% of
the entire coastline and is represented by deltas, barrier islands, muddy coasts, mouths,
and beaches, located from Cape Corrientes to the border with Ecuador. For its part, the
Caribbean region is characterized by cliffs on its coasts formed from metamorphic–cohesive
rocks (Sierra Nevada de Santa Marta), igneous rocks (in Chocó), and sedimentary rocks
of calcareous and terrigenous origin; there are also deposits of recent alluvial, colluvial,
wind, fluvio-marine, lake, and marine. Along the low coasts, there are deltaic systems
(Sinú, Atrato, and Magdalena rivers, and others of smaller sizes), muddy coasts (Cispatá
bay) and beaches (La Guajira, Salamanca bar, beaches of San Bernardo del Viento, etc.) [2].

3. Materials and Methods
3.1. Shoreline Change Analysis

Two coastlines corresponding to the years 1986 and 2016 were digitized; for 1986,
images from the LandSat 4–5 sensors were used, and for 2016 LandSat 8 images were used,
in order to maintain uniformity in the sensor, resolution (spatial and temporal), and scale.
The georeferencing of the images was adjusted using images previously georeferenced.
These images have been widely used for this type of study, and are suitable for regional
and global analysis [14,15].

The process for the selection of the dates of the images had two factors: the
temporality—that is, the oldest (1986) and the most recent (2016) available for all of Colom-
bia were taken—and second, the unification of criteria; we use the same sensor at the
same spatial resolution, that is, images with different pixel sizes were not used. (In this
case it was the LandSat). The use of two images 30 years apart allows us to determine
the trend in the evolution and eliminate climatic variability (seasonal, interannual, and
decennial), verified by Crowell et al. [34] and Douglas and Crowell [35], as well as the
short-term anthropic effects that are generated along the unconsolidated coasts. Analyzing
the seasonal or temporary effects is not the objective of this study.

Photography errors were controlled in the georeferenced images, which was carried
out by comparing the registered images with the most recent image (2016 image), and by
means of the root mean square error (RMS), calculated using GCPs as reference points for
each image, which gave us a geometric precision of approximately <3.0 m [22,36].

All the images were orthorectified assuming a flat terrain, which enables minimum
distortion of the image at sea level [22], and were set in the same coordinate system [36].
The Ground Control Points (GCPs) were obtained for the most recent satellite image (2016),
and approximately 20 to 30 GCPs were used in each image; their positions varied for each
image [37]. In the different stages of this process, the error accumulates, so that within
the uncertainties of the shoreline, a combination of the Mean Square Error (RMS) was
related to the differences in the location of the GCP, the quality of the image (pixel) and
coastline mapping (digitization error) are the method recommended by Radosavljevic [22].
The DSAS also contributes in this stage, since it takes into account the uncertainty for the
analysis of the movement of the coastline, providing statistical robustness [19]. The average
cumulative total error was 26.65 m.

To digitize the shoreline, the HWL proxy (High Water Line) [38] was used, and also
the recommendations of Ojeda Zújar et al. [39] were used. This was carried out using
a single digitizer (a thematic expert) to reduce subjectivity, and at a scale of 1:2500 for
geometric coherence. The criteria had an ecological basis, defined by geomorphological
and physiographic characteristics [39]. The standardization of the tidal error and the storm
wave begins with the digitization of the coastline for the calculation of coastal erosion [39],
which combines long and short coastlines. This criterion allows for the elimination of tidal
errors in the Pacific (meso- to macro-tidal) and Caribbean (micro-tidal) regions (Figure 2).
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Figure 2. Digitized shorelines, following the parameters of Ojeda Zújar et al. [39] and the HWL as a
proxy. The coastlines correspond to the years 1985 and 2016 in the city of Riohacha (La Guajira), for
location, see Figure 1c.

The analysis was carried out with the DSAS (Digital Shoreline Analysis System)
extension, a tool that calculates the statistical parameters of coastlines changes for specific
periods. This analysis was carried out at the departmental level (political division of
Colombia). The extension requires transects perpendicular to the coastlines that are drawn
automatically and were each 200 m apart; at the regional and global scales, the transects
were generated every 250 m [15], or every 500 m [14]. The use of the DSAS yielded data
on the displacement of the coastline in attribute tables, and facilitated the calculating
of statistical parameters indicating status and changes in the specific periods already
determined in this study. Within this work, the following statistical parameter was used:

• End Point Rate (EPR). This is defined as the ratio of the distance between the oldest
and the most recent coastline, over the period (in years) between both lines [17]; it is
defined in distance over a unit of time (m/year).

The advantage of the EPR method is that it is simple [22]. The limitations are that only
two points are used; therefore, seasonality and its magnitude changes, and cyclical trends
in shoreline movement, can be overlooked [19,22,40], but as we have already said, this is
not the objective of this study. Radosavljevic et al. [22] compared different statistics with
the EPR, and found that the EPR is more conservative than LRR (Linear Regression Rate)
and WLR (Weighed Linear Regression) [17].

When using DSAS, the simplicity of the EPR can be convenient for the analysis of
spatial autocorrelation via regional patterns (the objective of this study), since negative
or positive values are taken from trends in the changes in coastlines, or from only two
points. Considering that there are multiple types of coastlines showing temporary (beaches,
mangroves, etc.) or permanent (cliffs) coastal erosion, the use of EPR or linear regressions
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(LRR or WLR) with seasonal correlations should not be detrimental to the results. Spatial
variables and analyses are essential elements when exploring geographic patterns, and this
process of visualization relies on computer-based Geographic Information System (GIS)
software and technology [41].

Sources of shoreline uncertainty can include pixels, digitization, rectification, and
seasonal and tidal fluctuation errors [42]. Pixel error refers to the spatial resolution of an
image, and corresponds to the image resolution in digital photographs [22]. The uncertainty
of the interpretation of the position of the coast is called the digitization error (in this study,
a single operator performed digitization) [22].

In order to be able to use coastal positions obtained from satellites for different analyses,
such as estimating trends and changes in coasts, a horizontal resolution of at least 10–20 m
is required; for example, a coast with rates of change of 0.5 m/year over three decades
would have a tendency towards erosion or sedimentation of 15 m [14]. Here, it should
be clarified that long-term trends unfold over decades to centuries [43]. In this context,
Luijendijk et al. [14] stated that different authors [21,44–47] have found that the positional
precision of coasts when derived from satellites, via individual images, ranges between
1.6 and 10 m. However, Hagenaars et al. [48] analyzed trends in coasts using long-term
and local-scale satellite images, and overcame all the aforementioned limitations. Here, the
coastal images derived from satellite images constructed out of a moving average showed
sub-pixel precision (approximately half pixel size); when applied to Landsat 4–5 images
(30 m), this precision would correspond to 15 m. The ~15 m precision of Landsat images
reported by Hagenaars et al. [48] coincides with the displacement required for reliable
classifications of coastline change over the last 30 years (10 to 20 m). Luijendijk et al. [14]
took the same approach as Hagenaars et al. [48] but on the global scale. Our study applied
this approach on a regional scale to define uncertainty, but we decided to expand this to
identify areas with better-defined long-term trends, thus making it useful for the subsequent
analysis of the spatial autocorrelation of coastal erosion and sedimentation.

Finally, for the classification of shoreline rates, we considered that Landsat 4 and
5 images have a spatial resolution of 30 m per pixel, while Landsat 8 (with a Panchromatic
sensor) can resolve 15 m. Taking into account the fact that the pixel size was 30 m and
the evaluation time was 30 years, to obtain the margin of error in units of change rates
(m/year), the resolution distance was divided over the period between images (30 m over
30 years), obtaining an uncertainty range of 1 m/year (that is, between −1 and 1 m/year).
Therefore, the EPR values obtained within this range were not taken into account, and were
considered within the range of uncertainty or stability, allowing us to eliminate the possible
seasonality in low coasts.

For the analysis of the results of the change rates, the statistical median (given by
department) was used, which helped in verifying the relation between the behaviors in
each zone and in each region.

3.2. Spatial Autocorrelation

The implementation of spatial autocorrelation is not uncommon in coastal geomor-
phology; however, spatial statistics are generally underused in coastal geomorphology,
despite offering great potential for identifying and quantifying spatio-temporal trends in
landscape morphodynamics. That said, they have been used for studies of erosion and
sediment deposition in beaches and dunes [49,50]. These authors used LIDAR technology
to generate Digital Elevation Models (DEM) of a beach, and through the Moran Local Index,
they identified erosion and deposition zones. They also adapted Nelson and Boots’s [28]
conceptual scheme to geomorphological processes; we also adapted this scheme to the
processes of changes in coastlines (coastal erosion and sedimentation).

The local Moran I provides a statistical framework for detecting clusters of significant
changes in an attribute, and quantifying how this changes over space and time [49]. How-
ever, the simple presentation of a set of I and Z Moran values may not help to identify the
mechanisms of sedimentation and erosion underway around coasts, but through spatial
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autocorrelation, we may be able to more effectively infer these mechanisms, and thus more
clearly understand the phenomena on two coasts with environmental differences. Eamer
and Walker [49] used the local Moran’s Index to identify zones of erosion and deposition
on a beach, and geomorphic changes from a DEM, relying on the index’s geomorphological
relevance. The exploratory use of the index allowed them to identify patterns in their study
area, one of which is that the intuitive interpretation of the extreme groupings (HH and
LL), which they identified as Dh and Ec, corresponds to deposition and erosion processes,
respectively. They used a conceptual scheme adapted from Nelson and Boots [28], which
we too adapted to this study. In addition, we used the same premise to identify the pat-
terns of erosion and coastal sedimentation: Sh and Ec, respectively. This is all inferred
from the metric of changes in the coastline. The results of Eamer and Walker [49] validate
our interpretations.

3.2.1. Geospatial Approach

To analyze the spatial distribution of coastal erosion and sedimentation along the
coastline, the spatial autocorrelation was calculated [24], which can elucidate the depen-
dence [51] and the spatial heterogeneity [52,53] of the phenomena via the Moran Index,
which is estimated using global and local indicators of spatial autocorrelation.

The statistical significance of the z-values (z-score) of coefficient I (Moran’s Index) was
tested, with the assumption of normal distribution [23,24]. To check the significance of the
spatial autocorrelation, the results of the statistical p-value were used, which enables us to
reject the null hypothesis. Statistical tests, for the most part, begin with identifying a null
hypothesis, which involved using pattern analysis tools (cluster assignment) to determine
the complete spatial randomness of the entities, or the values associated with those entities.
The z-scores and the p-values generated by the pattern analysis tools may or may not
enable us to reject the null hypothesis. Here, the following statement is taken as the null
hypothesis: “the spatial configuration occurs randomly”. The alternative hypothesis is “the
spatial configuration does not occur randomly” [30,54].

This approach can also indicate whether, instead of a random pattern, the entities
(or the values associated with the entities) are clustered, or have a statistically significant
dispersion [55]. In other words, the p-value of pattern analysis tools always includes the
probability that the spatial pattern has been created by some random process. When the
p-value is very small, it means that it is very unlikely that the observed spatial pattern is
the result of random processes; therefore, one can reject the null hypothesis [30].

On the other hand, the z-scores indicate standard deviations, and the higher or lower
the value, the greater the intensity of the grouping. A positive z-score indicates that there is
a grouping of high values, which indicates that processes with extreme values are grouped
in greater intensity, namely, erosion or coastal accretion. These data, together with the NPL
values obtained as a whole and as interpreted, help us to determine whether the result of
the analysis is statistically significant according to the level of confidence [32].

Analyses were performed for the two regions (Caribbean and Pacific) separately.
Negative and positive values (above the uncertainty level) were obtained from the changes
in the shoreline, that is, the EPR results extracted from the DSAS. After this, the spatial
weights and neighborhood matrix were generated, and were incorporated as a file (.swm)
into the processing of the global and local Moran’s Index, all of which was executed in
ArcGIS. The values can be seen in Table 1.

Table 1. Generated spatial weights matrix. The default neighborhood search threshold was 4323.4261
m for the Caribbean and 2712.9342 m for the Pacific.

Region Number of Feature Percentage of Spatial
Connectivity

Average Number
of Neighbors

Minimum
Number of
Neighbors

Maximum
Number of
Neighbors

Pacific 7755 0.43 33.04 1 84

Caribbean 4111 0.85 35.09 1 79
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As mentioned before, the two spatial analysis techniques commonly used to evaluate
spatial clustering patterns are global and local. First, global grouping, using the global
Moran’s Index, has been populated and supported in previous studies [30,41,56], and
measures general patterns in a specific area without delineating exact locations, while the
local grouping evaluate patterns at a small scale in the study area [41,57]. This allows the
results of the local analysis to be mapped, showing the locations of the identified clusters.
Here, we used a local cluster detection measure, Anselin’s Local Moran’s I (LISA) [58],
and hot spots [59–61]. Both levels of grouping have different meanings and possible
interpretations, and can be used in complementary ways [41].

The manual computation of this process is laborious; therefore, these analyses were
facilitated in a GIS environment, and were complemented using ArcGIS and GeoDa soft-
ware [62].

3.2.2. Global Moran’s Index

The Moran Index [63,64] measures the tendency of similar values to group together in
space, and is scored between 1 and −1, where 1 is positive autocorrelation, −1 is negative
and 0 implies the non-existence of a defined pattern. This statistic can be calculated from
the equation proposed and reviewed by Cliff and Ord (1969) and Goodchild (1986) [23,24].

To execute this analysis, ArcGIS 10.6 was used through the Spatial Autocorrelation
(Moran’s I) tool, which, in the global spatial measurement of Moran I, implements the
statistic as follows:

I =
n
s0

∑n
i=1 ∑n

j=1 wi, jziz j

∑n
i=1 z2

i
, (1)

where I = the I statistic of Global Moran for the spatial, n = sample size, i = individual
observation, j = observations at other locations, wi, j = the spatial weight matrix (distance
threshold, see Table 1), xi = individual z-score value, and So = the aggregate of all spatial
weights [63,64]. Each feature is analyzed within the context of neighboring features located
within the distance that you specify for the threshold distance. Neighbors within the
specified distance are weighted equally.

The null hypothesis was that there is no spatial clustering in coastal erosion and
sedimentation in the Pacific and Caribbean regions, and our analysis has produced a
general clustering estimate for the entire country [64]. Finally, the distribution of the
points analyzed in the adapted figure of the Moran scatter plot quadrant (proposed by
Nelson and Boots [28] (standardized mean of neighborhood)) was determined using GeoDa
software [62].

3.2.3. Local Moran’s Index and Local Getis–Ord

The Local Indicators of Spatial Association (LISA) method allows one to expand the
spatial autocorrelation analysis by recognizing “local patterns” of spatial identification [30].
This is achieved via a disaggregation of the index (the Moran Local Index or the hot spots),
which allows us to check how much each spatial unit contributes to the global behavior of
the analyzed phenomenon [54]. The LISA cluster measures the association between the
values of one unit and those of neighboring units (in this case, EPR vs. EPR), and this
analysis produces analytical results for each individual in the data set [41].

The local Moran Index defines the degree of grouping in the distribution of four
types of cluster: High–High (high center, high surrounded), Low–Low (low center, low
surrounded), Low–High (low center, high surrounded), and High–Low (center high, sur-
rounded low) [28]. To run this analysis, the ArcGIS tool was used in Cluster and Outlier
Analysis (Anselin Local Moran’s I).

The LISA statistic for each individual was calculated as follows [58]:

Ii =
(xi − x)

σ2

n

∑
J=1

wi J
(
xJ − x

)
, (2)
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where I = local Moran’s I statistic for localized spatial autocorrelation, n = sample size,
i = individual observation and j = observations in another location, xi = value of individual
z-score, x = mean value of z-score, σ2 = variance in z-score, and wij = spatial weighting
(distance threshold, see Table 1).

Another analysis that was implemented was the local Getis, which uses other statistics
in the same way as the Local Moran Index, and allows one to individually locate the
indicative values of the autocorrelation. The local Getis statistic only considers positive
spatial autocorrelation (cluster), and allows for differentiation between groups of values
that are high or low relative to the mean [28,59]. Using the local Getis statistic, it is possible
to identify the spatial groupings of large and small attribute values. After identifying the
groupings of large and small values, referred to as hot spots and cold spots (equivalent to
the High–High and Low–Low groups, respectively), the Local Moran Index is identified.

The ArcGIS tool Hot Spot Analysis (Getis–Ord Gi*) was used, which uses statistics in
the following way:

G∗i =
ΣjwijXj

ΣjXj
, (3)

For Gi*, the value of i is included in the sum, and the attribute relation is defined as
yij = xi + xj. Here, xj is the attribute value for feature j, wij is the spatial weight between
features i and j, and n is equal to the total number of features [59,61].

4. Results

In general terms, coastal erosion in Colombia affects 30% of the coastline of the country;
that is, approximately 2085 km of coastline is subjected to some coastal erosion process,
which is almost equivalent to the Colombian Caribbean coastline. On the other hand, 48%
of the country’s coastline falls within the range of uncertainty. Finally, 22% of Colombia’s
coast displays sedimentation, which means a significant contribution is still being made
by sediment.

The Colombian Pacific presented erosion along 32% of its coastline, which is 3% more
than the Colombian Caribbean coastline (29%). On the Pacific coast, approximately 1412 km
is affected, and on the Caribbean side, it is only 675 km; this difference is related to the
geomorphological characteristics of each region, whereby the deltas of the rivers in the
Pacific are dominated by tides, generating ebb and flow processes, which are tidal currents
with great dynamic effects that transport sediments at high speed, thus modifying the
coastal zone [65].

4.1. Variation in the Colombian Coastline 1986–2016 (Regional Characteristics of Caribbean and
Pacific Coasts)

The analysis of the variation in the Colombian coastline between 1986 and 2016, based
on the departmental median (Figure 3), has shown that, on the Caribbean coast, six of the
eight departments have negative values (regional variability), indicating a decline in the
shoreline. A general characteristic observed in these results (see graphs of transects within
Figures 4–6) is that the erosion and sedimentation processes are grouped, or are generally
found in long segments of the shoreline, and settle in a geomorphological unit.

In the northern zone of the department of La Guajira, the greatest changes (erosion
and sedimentation) were observed within bays and towards the low coasts, near the border
with Venezuela (Figure 4). These changes are mainly due to variations in mangrove cover.
In the city of Riohacha, sedimentation processes were observed, which were associated with
the protective infrastructure built on the beach. Non-cohesive rock cliffs such as marine
terraces, abrasion platforms, or hills of sedimentary origin, which have a high degree of
erodibility, were present. Sites such as Palomino, Manaure, Puerto Estrella, Ballenas, and
Punta de los Remedios have erosion rates greater than 1 m/year.
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Figure 4. Map of coastline changes—advance (coastal sedimentation—blue line) and retreat (coastal
erosion—red line)—for the departments of La Guajira and Magdalena (Colombian Caribbean). The
graphs show the DSAS results on the shoreline; the x-axis values correspond to the ID of the transects
generated, and the y-axis values correspond to the EPR change rates (m/year). The shoreline of the
department of La Guajira was divided into two transects A–B (A′–B′) and B–C (B′–C′).
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In the departments of Magdalena and the Atlántico, increases are observed in the
values of coastal erosion (Figure 3); between these two sectors is located the mouth of
the Magdalena river (the most important in the country), which has the highest levels of
sediment discharge [66,67]. To the northeast of the mouth (dep. Magdalena), the Salamanca
bar is located, as well as the largest coastal lagoon in Colombia (Ciénaga Grande de
Santa Marta), comprising mangroves, beaches, dunes, and estuaries, with rates close to
−20 m/year. Coastal erosion has been permanent during recent decades, generated by the
construction of a highway that blocks the passage of sediment between the swamp and the
sea [2], where there is only an opening of approximately 200 m [68]. Stable areas are present
in the metamorphic rock cliffs of the Sierra Nevada de Santa Marta; the beaches of this area
are situated within bays, and are thus sheltered (Figure 4). Different anthropogenic factors,
such as the construction of the Magdalena river jetty and other works related to the port of
Barranquilla, have impacted this area (erosion and sedimentation, ecosystem changes) [69],
the loss of islands such as Mallorquín (in the Atlantic) or Los Gómez (In Magdalena), and
the loss of coastal arrows such as Isla Verde and Sabanilla [70]. On the other hand, from
La Guajira to Bolívar, the waves are higher [71]; however, in addition, the extreme waves
generated by cold fronts and storms impact this area more frequently [72]. To the southwest
of the Magdalena River mouth are geoforms, such as fluvial deposit, beaches, bars, lagoons,
and littoral spikes (Figure 5).

The department of Atlántico has the highest negative change rates in the Caribbean
and the country. Sectors such as the Ciénaga de Mallorquín, Puerto Colombia, and the
Ensenada Rincón Hondo have presented retreat of the coastline with values between −20
and −40 m/year, being those characterized by alluvial deposits (Figure 4); one of the
causes of such high retreat values is due to the construction of the navigation channel at
breakwaters of Bocas de Ceniza at the Magdalena River, which has diverted the supply of
sediments, preventing them from reaching the coasts.

The department of Bolívar, on the contrary, presented positive values in coastline
changes (1.68 m/year) with rates between 30 and 50 m/year, in sectors near the mouths of
the Canal del Dique, related to the contribution of sediments of the Magdalena River; in
the same way, on this area of the Caribbean there is a geological variability, with a presence
on the coastal area of calcareous and terrigenous sedimentary rocks, and recent deposits
such as beaches, fluvio-marines, marines, and lacustrine. Finally, the negative rates only
reached maximum values between −10 and −30 m/year in the south of the department,
where low lacustrine coasts are located [67] (Figure 5).

In Sucre, changes occurred in the northern sector, near to Punta Sabanetica, such as
erosion processes occurring in exposed areas (normal in these geoforms), but sedimentation
could be observed nearer to the sheltered area, while the Gulf of Morrosquillo presented val-
ues within the range of uncertainty, generated by the large amount of coastal infrastructure
in the area (Figure 5).

In the department of Córdoba, several situations can be observed; the first relates to
the mouth of the Sinú River (delta), where positive rates of change are reached indicating
sedimentation with values of up to 66.34 m/year. Cispatá Bay shows negative rates of
−20 m/year. While the beaches of San Bernardo del Viento have suffered a decrease in the
same way, almost the entire southern area is characterized by terraces of terrigenous origin,
presenting a definitive decline, with the towns of Minuto de Dios and Puerto Rey being
the most affected, in addition to some rocky points with negative values where the highest
rates reached −20 m/year due to it receiving the strong waves of the dry season and the
north trade winds at the base of the slope. It is also affected in the rainy season by runoff
water, which gives rise to furrows and erosion [20] (Figure 6).

In Antioquia, positive values of change can be observed in the delta of the Atrato
River, reaching values higher than 60 m/year, while negative changes in the coastline were
observed in the Zapata and Damaquiel sectors, with this being the longest sector with
coastal erosion and characterized by being the continuation of terraces or sedimentary
deposits of terrigenous origin (Figure 6). In the Caribbean part of the department of



Coasts 2022, 2 137

Chocó, the sectors of Zapzurro, Capurganá, and Acandí, located to the north and center,
respectively, presented negative changes in the coastline, as did the southern part of the
department, reaching rates of up to −15 m/year. Only the Playetas sector, a long beach that
reaches 14 km in length, presented positive changes. These variations were only observed
in the low coasts, since in the coastal region of this department, there are rocks and cliffs of
volcanic origin that generate stability (Figure 6).

In the Colombian Pacific (Figure 3), the trend was negative in all departments. A
homogeneous trend was observed in the Pacific with respect to the Caribbean, which shows
greater variability by department.

In general, there is great variability between the sedimentation and erosion processes
in short segments of the shoreline (see transect graphs in Figure 7). The most important
characteristic is that, from Cabo Corrientes to the north, high coasts predominate, and from
Cabo Corrientes to the south, low coasts predominate (Figure 7a) [2,65,73,74]. Towards the
north, erosion values are observed in the beaches and mangrove areas within the bays, and
these are grouped almost without exception. It should be remembered that despite the
geological and geomorphological differences between the northern and southern sectors of
the Pacific region, there are also differences in the climatic and oceanographic processes [2].
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Figure 7. Map of coastline changes—advance (coastal sedimentation—blue line) and retreat (coastal
erosion—red line)—for the department of Chocó (a) and the departments of Valle del Cauca, Cauca
and Nariño (b) (Colombian Pacific).

The department of Chocó presented values of −60 and 40 m/year in the southern
zone, where low and depositional coasts predominate, with high dynamics of the mouths
of rivers and estuaries that maintain a very high variability of change. On the other hand,
in the north, there are no negative changes in the beaches and only in the cliffs, and there
are rates in the range of uncertainty or stability; it can be observed in a general way in the
department that there is a great variability between the processes of accretion and erosion
(Figure 7a).

The Valle del Cauca also presented variability in positive and negative values over its
entire coastline, dominated by barrier islands, mangroves, beaches, cliffs, channel mouths,
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river mouths, and bays. On the steep coasts located to the north, stability values were
observed; only inside the bays (Málaga and Buenaventura) were accretion processes present
(Figure 7a).

In the department of Cauca, variability can also be observed, but this time associated
with the low coasts; in this area there is only presence of this type of coastline, related
to beaches and mangrove swamps. The negative values of the change rates of greater
magnitude were observed to the north of the department, and the rest was interspersed
between negative and positive values (Figure 7b).

Finally, in the department of Nariño, as in Valle del Cauca, Cauca, and Chocó, there
are negative and positive values interspersed, showing the variability in the Pacific coast of
Colombia, which makes it dynamic and with change values between 40 and 70 m/year. On
the Nariño coast is the deltaic system of the Sanquianga National Natural Park, followed by
some small stretches of rocky coasts, but mostly low sandy coasts and mangrove swamps,
until reaching the delta south from the Mira River near the border with Ecuador (Figure 7b).

In the southern zone (Figure 7b), where low and depositional coasts predominate,
with dynamic river mouths and estuaries, the meso- to macro-tidal system and the climatic
conditions (including high rainfall) [2] maintain a trend of great variability, represented
by the sedimentation and erosion processes observed in very short stretches of shoreline
(see the transect graphs). This area is dominated by low coasts, characterized by the
presence of barrier islands, mangrove areas, bars, beaches, river mouths, river and bay
mouths, estuaries, and ebb and flow tidal currents. Castelle et al. [75] show the change
in the coastline with the presence of two large-scale tidal inlets, the mouth of an estuary,
and some coastal cities, and their results suggest a great spatial and temporal variability.
They propose that the coasts adjacent to the inlets and the mouth of the estuary are the
most dynamic, alternating erosion and accumulation over time (decades). Other studies of
changes in the shoreline carried out on estuarine coasts show similar behaviors [76–78].

The deltaic systems of the Pacific (Rios San Juan, Sanquianga, and Mira) behave
differently from those of the Caribbean (Magdalena, Sinú, and Atrato rivers) [67,79]. In the
Pacific, the variability between erosion and sedimentation is maintained in short stretches
of shoreline, while in the Caribbean, erosion and sedimentation are observed in each delta.
Despite this grouping or accumulation of erosion and sedimentation processes in long
segments of the coast, they were also observed in other geomorphological units of the
Caribbean. Mentachi et al. [15] suggest that the installation of dams, irrigation systems,
and structures that modify the flow of sediments is one of the factors that promote changes
in the shoreline, among others. The results show that the size of the observed changes
(grouped), can differ greatly between the coastal stretches, which can range from more than
1 km to tens of kilometers, showing, for example, the Indus delta, some parts of the Bohai,
or the Kazakh Caspian coasts.

4.2. Spatial Autocorrelation of the Rates of Change in the Coastline
4.2.1. Global Moran’s Index

The spatial autocorrelation on the Caribbean coast is significant (0.624), while that on
the Pacific side is very low (0.190); according to the classification of Siabato and Guzmán-
Manrique [32], these values indicate that the two regions present a positive spatial autocor-
relation with a cluster pattern. That is to say that similar values are grouped on the same
map, and a grouping phenomenon predominates (Table 2).

Table 2. Results of the Global Moran Index and average nearest neighbor.

Region
Global Moran’s I Local Moran’s I

Index Value z-Score High-High Cluster Observations 1

(#,*,%)
Low-Low Cluster Observations 1

(#,*,%)

Caribbean 0.587 25.33 313, 6 350, 6.7
Pacific 0.275 8.61 402, 5.1 366, 4.7

1 p-value: * p < 0.05; # (number of observations); % (percentage of observations).
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The z-score is used to test this hypothesis; for the Caribbean, the score was 74.545,
which represents a probability of less than 1% that the grouping pattern could be the result
of a random cause. Similarly, the Pacific obtained a z-score of 31.063 (Table 2). According to
these data, the null hypothesis is rejected, and an alternative hypothesis (with statistical
significance of 95%) is accepted, stating that there is a high degree of spatial aggregation,
specifically between high values (whether negative or positive), that is, sedimentation
processes and coastal erosion.

4.2.2. Local Getas–Ord

The Getis–Ord results show that larger neighborhood sizes result in more centroids
with significant spatial patterns (Table 3). Visually, hot regions show consistency in terms
of location (Figure 8). The local grouping results can be seen in Table 3. The Colombian
Pacific showed 14.58% cold spots and 99% hot, while in the Caribbean, 20.28% of the entire
sample was observed.

Table 3. Getis–Ord results for hot spots and cold spots detected in the Caribbean and Pacific regions.

Pacific Caribbean

Gi Number % Number %

Cold spot 99% 473 6.09% 393 9.55%

Cold spot 95% 358 4.61% 183 4.45%

Cold spot 90% 304 3.92% 159 3.86%

Not significant 5539 71.4% 2742 66.6%

Hot spot 90% 156 2.01% 77 1.87%

Hot spot 95% 267 3.44% 116 2.82%

Hot spot 99% 658 8.48% 441 10.7%

Total 7755 100% 4111 100%

Total hot + cold spot (99, 95, and 90%) 2216 28.5% 1369 33.3%

Total hot + cold spot (99%) 14.58% 20.28%

We take into account hot and cold spots with 99% significance, and this index allows
for spatializing the significant points locally, and thus identifying the locations of cold spots
(negative values—coastal erosion) and hot spots (positive values—sedimentation). On
the Colombian Caribbean coast, cold spots were found in the Salamanca bar (Magdalena
department); the northern area of the department of Atlántico, between the mouth of the
Magdalena river (delta) and the low coasts to the southwest (beaches, littoral spikes); the
area near the mouth of the Canal del Dique (delta) (department of Bolívar); sectors of fluvial
and marine terraces in the department of Córdoba; and south of the mouth of the Turbo
River in Antioquia and the beach sectors in the department of Chocó (Figure 7a). The hot
spots, on the other hand, were located in the department of Bolívar, and correlated with
some coastal rocky points and the deltas of the Canal del Dique, the Tinajones in Córdoba,
and the Atrato in Antioquia (Figure 8a).

On the other hand, in the Colombian Pacific, due to its variability, fewer clustered
areas and greater levels of dispersion (at 99%, 95%, and 90% significance) were observed.
Regardless, cold spots were evident to the north of the department of Chocó, on the
embedded beaches, and were more prevalent towards the south, that is, on the low coasts,
which means that the sedimentation values in the mouths were higher. Another region of
interest was in the delta of the Sanquianga river in Nariño. Hot spots were observed on
the lower coasts of Valle del Cauca and in the interiors of bays, where mangrove swamps
predominate. Nariño contains hot spots to the south of the Sanquianga sector, along almost
the entire coastline, and these relate to the low coasts and the delta of the Mira River
(Figure 8b).
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Figure 8. Locations of points with maximum negative values, indicating cold spots or sites un-
dergoing coastal erosion (blue points) and sedimentation processes (red points), and those with
high positive values indicating hot spots, for all coastal departments of the Caribbean (a) and the
Colombian Pacific (b) coasts.

4.2.3. Local Moran’s Index

The results of the I Moran local tests (Anselin) show significant local clustering pat-
terns. The numbers of High–High and Low–Low cluster observations for the Pacific and
Caribbean regions are presented in Table 4. High–High cluster (HH) observations repre-
sent points with positive values (sedimentation), which have z-scores indicating elevated
BMI compared to the rest of the point, and are also surrounded by other points that have
similarly high BMI z-scores (positive). The opposite is true for Low–Low (LL) groups
(negative—erosion). In the Caribbean, there were 402 High–High and 491 Low–Low
statistically significant spatial cluster observations, representing 9.7% and 11.9% of the
sample, respectively. In the Pacific, there were 526 HH observations (6.7%) and 556 LL
observations (7.1%).

Table 4. Total number of observations for the Local Moran’s Index.

LISA Pacific Caribbean

Number Observations % Number Observations %

HH 526 6.78% 402 9.78%

LL 556 7.17% 491 11.94%

LH 231 2.98% 40 0.97%

HL 177 2.28% 28 0.68%

Not significant 6265 80.79% 3150 76.62%

Total 7755 100% 4111 100%

Points with high or low neighborhoods of the Local Moran’s Index are shown, with the
High-High (coastal sedimentation) and Low–Low (coastal erosion) areas identified. In the
Caribbean, isolated HH and LL points can be observed in the beach sectors corresponding
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to the center of the department of La Guajira, as well as to the interiors of the bays; LL
points are also observed in the Salamanca bar (dep. Magdalena) and to the southwest of the
mouth of the Magdalena River, interspersed with clusters of HH–LL–HH. In later periods,
in the department of Bolívar, several separate clusters of HH predominate, where beaches,
coastal lagoons, and the delta of the Canal del Dique are located; the delta of the river Sinú
presents HH, similar to the delta of the river Atrato. Finally, an LL cluster was evident on
the terraces of the departments of Córdoba and Antioquia, in addition to the beach areas
of Chocó (Figure 8a). Visualizing the HH and LL clusters in the Pacific was more difficult,
due to their dispersion into four clusters, but the groups were consistent on the shoreline
from Cabo Corrientes in Chocó to the southern border with Ecuador (Figure 9b).
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Figure 9. Spatial autocorrelation LISA cluster (Local Moran’s I) of the phenomenon of coastal erosion
in the Caribbean (a) and the Colombian Pacific (b). Hot spot = sedimentation (red); cold spot = erosion
(blue). HH = Sh, LL = Ec, LH = Eo, HL = So.

On the other hand, Figure shows that the slope of the linear equation of the percentages
of the I Local Moran groups is greater in the Caribbean than in the Pacific, with greater
significance in the Caribbean and a greater dispersion in the Pacific.

In the Caribbean, localization correspondence with hot spots and cold spots is ob-
served, while in the Pacific, we see dispersion between the four groups. In this region, the
Getis–Ord index is more effectively visualized, despite maintaining dispersion values.

These results help to define the more statistically intense zones undergoing erosion
and coastal sedimentation, through the values of neighborhoods, grouping and distance of
the two processes as a whole.

4.2.4. Spatial Clustering by Coastal Erosion and Sedimentation

The global and local Moran’s Index between the lagged values of the EPR and the
EPR values show that in the Caribbean, there is greater clustering and a High–High and
Low–Low cluster distribution (Figure 10a), while in the Pacific, there is less clustering
and greater distribution between the four types (Figure 10b). Similarly, the above can also
be observed and verified spatially through the LISA cluster, wherein, for the Colombian
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Caribbean, areas such as the Salamanca bar show grouping based on Low–Low, and the
delta Tinajones shows High–High cluster grouping.
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Figure 10. Graph of the spatial autocorrelation analysis (Global and Local Moran’s Index) between
lagged EPR values and EPR values of the coastal erosion phenomenon in the Caribbean (a) and
the Colombian Pacific (b). Hot spot = sedimentation; cold spot = erosion. HH = Sh (sedimentation
hot spot), LL = Ec (erosion cold spot), LH = Eo (erosion outlier), HL = So (sedimentation outlier).
Adapted from Eamer and Walker, 2013; Nelson and Boots, 2008; Walker et al., 2013 [28,49,50].

One way of understanding Figure 10, which was adapted from Eamer and Walker,
Nelson and Boots, and Walker et al. [28,49,50], is to relate the values of the Global and Local
Moran’s Indices with the erosion and coastal sedimentation processes of the Pacific and
Caribbean regions, as follows: Caribbean—we observed greater sloping of the lagged EPR
data, which means that the values of HH and LL (hot spot and cold spot) are separated
from those of HL and LH (outlier), showing a Global Index of greater significance (0.624).
However, we observe that the erosion (Ec) and sedimentation (Sh) processes are grouped
together and are more intense, depending on the geoform upon which they are located.
Pacific—there is less sloping in the lagged EPR data, which indicates that the values of HL
and LH (outlier) are higher and are closer to those of HH and LL (hot spot and cold spot),
with a low Global Index (0.190) and near randomness with low clustering. This verifies
that the erosion (Ec) and sedimentation (Sh) processes show greater variability in space,
close to the erosion outlier (Eo) and sedimentation outlier (So).

All this can be observed in the graphs of changes in the coastline (Figures 4–7), which
show that in the Caribbean, there are localized and wide groups of erosion or sedimentation
(depending on the geoform), while in the Pacific, there is intense variability between erosion
and sedimentation.

The local Moran’s Index and Getis–Ord index show similarities in the Caribbean, and
it is possible to differentiate the significant points, but in the Pacific, it is not possible to
observe the significant points using the Local Moran’s I, as the dispersion and complexity
of coastal areas influence this aspect (Figures 8 and 9). The percentages (indicators of each
point) of the hot spot–cold spot and significant HH-LL points indicate that there are more
significant locations in the Caribbean, and greater dispersion in the Pacific (Figure 11). The
foregoing coincides with what is presented in Figure 10. Ultimately, the results are similar
for the two local statistics.
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Figure 11. Comparison of the percentages between (a) Local Moran’s Index and (b) Getis–Ord Index.

When observing the spatial results of the Local Moran’s Index and the low and high
coasts of Colombia, in the Caribbean and Pacific regions, the HH and LL groups generally
coincide with low coasts (Figure 12). This corresponds to the real situation, since these
coasts contain unconsolidated materials and have high variability, presenting high rates of
coastal erosion and sedimentation, such as beaches, long beaches, pocket beaches, deltas,
barrier islands, littoral bars, and mangrove swamps.
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Figure 12. Comparison between the Local Moran’s Index and the low coasts (sandy, muddy coasts,
etc.) and high coasts (cliffs) for the Caribbean region (a) and the Pacific region (b).

As already mentioned, the locations of the significant points between the Local Moran’s
Index and the Getis–Ord Index (Figures 8, 9 and 12) coincide significantly. The results
of the local indices as a whole, along with observations, were compared with the coastal
physiographic units [80,81]. It was observed that the significant points manifest certain
characteristics in relation these physiographic units; in the Caribbean, the Peninsula de La
Guajira unit contains some significant points, but the next unit, the Sierra Nevada de Santa
Marta, is characterized by cliffs, and does not present any significant point. Then, the unit
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Delta of the Magdalena River, which encompasses the Ciénaga Grande de Santa Marta up to
the mouth of the Canal del Dique, presents large groupings of points, both positive and
negative. The Sabanas del Caribe unit corresponds to the department of Sucre; this unit had
no points, while the unit Valle of the Sinú and Alto San Jorge rivers only contained a grouping
in the delta of the Sinú River and some points on the cliffs of the terraces. Finally, the Gulf of
Urabá unit contained several significant points, correlated with the mouths of the Atrato and
Turbo rivers and the flood zones. The location of the significant points of the Colombian
Caribbean coincides with the results of the study carried out by Rangel et al. [11], which
shows the changes in the coastline until the year 2015, identifying from the observation of
its results the critical points of coastal erosion. This confirms the benefits of using spatial
analysis indices for coastal erosion and sedimentation processes.

In the Pacific, the Serranía del Baudó unit covers the entire north of the Choco depart-
ment, from Cape Corrientes to the sector on the Caribbean coast, which behaves in the
same way, with significant points on the beaches embedded between cliffs (both in the
Pacific and in the Caribbean). The two remaining physiographic units of the Pacific are the
alluvial valleys of the Atrato and San Juan rivers and the Pacific coastal plains. These two units
are characterized by low alluvial coasts, and are where the largest number of dispersed
and variable significant points was observed.

The significant points, which are obtained from the statistical spatial analysis, show
which areas are where the greatest processes of coastal erosion and sedimentation are con-
centrated, matching with the analysis carried out in chapter 4.1 (Variation in the Colombian
coastline 1986–2016—regional characteristics of Caribbean and Pacific coasts-). Therefore, the
Local Moran and Getis–Ord indices are useful tools to statistically and spatially identify
critical points of coastal erosion and sedimentation, supporting the interpretation made
from the observation of the DSAS results.

5. Discussion

Coastal erosion (sedimentation) is a phenomenon that occurs in areas or extensions
with similar conditions [82], but at longer temporal scales, regional patterns arise that are
related to the configuration of the coast and geomorphological units, and their geographic
extent depends on the homogeneity/heterogeneity of the coast. Each region shows varia-
tions in the level of clustering; that is, certain clustering patterns emerge. In this way, we
can use the spatial autocorrelation law to determine the nature of the phenomenon for each
zone or region, whether it works in a punctual or zonal way, and whether the conditions
are different or similar.

The above-mentioned is important because of the future increase in shoreline projec-
tions on low-lying coasts, such as beaches, barrier islands, mudflats, etc., which should be
treated with great care since the change trends on the coasts due to erosion and accretion
are not uniform in time and space [34,83]. The record of shoreline change shows short-term
variability, and change occurs in response to different cyclic factors [34,35], which vary
from days to millennia in scale; for example, Galal and Takewaka [84] proposed patterns
of shoreline response during a storm (short-term), and correlated these with wave energy,
obtaining patterns of variability on a small scale. Furthermore, this was not a typical study
of shoreline changes, but it has yielded regional patterns of these changes that can improve
future projections of the shoreline, as proposed by Vousdoukas et al. [16], Crowell et al. [34],
and Douglas and Crowell [35].

The results also indicate differences between the Caribbean region and the Colombian
Pacific in terms of erosion and sedimentation phenomena in the coastal zone [2]. On the
one hand, in the Caribbean, erosion and accretion processes occur in large areas or blocks,
such as bars, coastal lagoons, deltas, etc. On the other hand, in the Pacific, large grouped
areas showing erosion or accretion processes are not present, and high variability can
be observed across the shoreline. Additionally, anthropic pressure is much higher in the
Caribbean, which also influences the coastline via human impacts related to the destruction
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of certain geographical features, coastal geoforms, and geodiversity [4]. This alters the
natural evolution of the coast and generates coastal erosion or sedimentation.

The data in Table 5 allow us to propose conceptual models of the regional patterns of
coastal erosion and sedimentation, which are supported by Figure 13, for the Caribbean
and Pacific regions. First, with more coastal geomorphological units (heterogeneity), a
tendency may arise for greater clustering (represented by coastal erosion and sedimentation)
(Figure 14a). Second, when the geomorphological units are larger (homogeneity), the level
of clustering is smaller (Figure 14b).

Table 5. Values illustrating the relationship between Global Moran’s Index, the geomorphological
units, the number of repetitions of geomorphological units, and the sizes of geomorphological units.

Region Moran’s I Geomorphology Units Number of Repetitions Size Units (Geomorphology
Units/# Repetitions)

Caribbean 0.624 41 2511 61

Pacific 0.190 23 7755 337
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Figure 13. Values from Table 5 expressed graphically. This shows the relationship of the Global
Moran’s Index with the geomorphological units (a), the sizes of the geomorphological units (b), and
the number of repetitions of the geomorphological units (coastal complexity) (c) of the Pacific and
Caribbean regions.

Another relevant factor is the coastal complexity, represented by the number of repe-
titions of geomorphological units for each region (Figure 13c). A low level of clustering
(Global Moran’s Index), as is seen in the Pacific, is related to high coastal complexity, which
is represented in the number of repetitions of the geomorphological units of each region;
on the other hand, the high level of clustering in the Caribbean (Global Moran’s Index)
manifests low coastal complexity (Figure 14c). This is supported by the spatial distribution
in the results of the Local Index (Figures 8 and 9) and by the lagged EPR points (Figure 10).
This contradicts, or complements, the previous theory by relating the Global Index to the
size and number of geomorphological units (Figure 14a,b).

Given the complexity of the coasts, it can be observed that HH and LL (Local Index)
grouping occurs in areas with a specific geoform, taking into account the size (neighbor-
hood and distance). In the Caribbean, this occurs in areas such as deltas and coastal bars
or large terraces. There are no intercalations of smaller-scale geoforms, as is seen in the
Pacific, which reduces the coastal complexity of the region. In the Pacific, as already men-
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tioned, high coastal complexity is maintained due to the intercalation of smaller geoforms
(estuaries’ mouths, bars and beaches, and the sequence is repeated), unified within a few
geomorphological units associated with mangrove swamps, estuaries, and barrier islands,
which induces complexity in the configuration of the coast at a low scale as well as regional
geomorphological homogeneity, due to the presence of fewer geomorphological units. All
this is indicated by the low significance of the Global Index.
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Figure 14. Conceptual diagram of the interaction between (a) geomorphology units (heterogeneity)
and clustering (Global Moran’s Index); (b) the sizes of geomorphology units (homogeneity) and
clustering (Global Moran’s Index); and (c) the number of repetitions of geomorphologic units (coastal
complexity) and clustering (Global Moran’s Index) to indicate regional patterns of coastal erosion
and sedimentation.

Coastal erosion is a chronic phenomenon; it is not a one-time event [2]. It shows
a high degree of variability in space and time, which depends on the conditions of the
intrinsic nature of the phenomenon, as well as the physical, environmental, and anthropic
conditions of each region [3]. Different studies around the world support the previous
affirmations. In the Mediterranean, for example, the results of the coastline analyses of
Awad and El-Sayed [85] showed alternation of erosion and coastal sedimentation over a
time period of 34 years, and in addition, clustered by zones of homogeneous results (four
zones of erosion and three of accretion). Finally, they consider that the triggering factors
are human activities and waves as the main factor in coastal dynamics. Molina et al. [86]
attribute the results of coastal erosion to local conditions and state that the erosion rate
classifications should not be the same for each place. Borzi et al. [87] present three factors
as the main modulators of coastal erosion and clustered under specific characteristics:
deltas (rivers), the dune–beach relationship, and protection infrastructure. The results of
Molina et al. [88] showed clustering in deltas, pocket beaches, and infrastructure zones.

Studies in the Pacific area also support our claims. Duan et al. [89], on the coasts
of China, clustered their coastal erosion and sedimentation results into rocky, beachy,
muddy, and anthropic coasts. Martinez et al. [90] carried out multi-temporal analyses
for different beaches in Chile; their results are attributed to processes derived from local
regional conditions, such as the different effects of seismic tectonics, e.g., tsunamis, the
up-lift, and subsidence. Godwyn-Paulson et al. [91] analyzed the effects on the coastline
produced by the sea swell event, where new local conditions, such as geomorphology and
bathymetry, are the predominant factors in the results. Finally, Godwyn-Paulson et al. [92]
mention that the migration pattern of the coast exhibits different behavior depending on
the coastal environment in a particular region; for example, beaches are highly vulnerable
compared to rocky coasts. This study relates triggering factors and landforms, and the
results showed that the areas of greatest fluctuation are estuarine rivers and beaches. All the
previous studies analyzed coastal erosion and sedimentation in space and time, under local
conditions that allow clustering of the phenomenon, supporting our assertions. Despite the
environmental differences in the world, such as areas with macro- or micro-tidal systems,
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the processes of coastal erosion and sedimentation present fluctuations that depend on
local conditions, with different levels of clustering.

So, coastal erosion, being a chronic event, allows for its spatial behavior to be evaluated
and, as such, we can define or conceptualize the phenomenon [41]. This study indicated
that coastal erosion is a phenomenon with positive spatial autocorrelation; that is, it shows
a certain degree of clustering, and its result is not random, nor does it happen in a dispersed
way; it occurs in zones or areas that are most susceptible, which means that its occurrence
depends on the presence of units with certain conditions, in which similar values are
grouped. In this order of ideas, the Colombian Caribbean presents a higher degree of
autocorrelation than the Pacific, which is generated by the differences in the environmental
(geological and geomorphological, climatic, oceanographic, and anthropic) conditions of
each region.

One of the main reasons why spatial autocorrelation is important is that it is derived
from independent observation; that is, its concern is with evaluating the phenomenon
and its intrinsic conditions [32]. If autocorrelation is present in coastal erosion (which
starts with measuring the numbers of nearby objects compared to other nearby objects),
this phenomenon will tend to present greater coherence between its nearby objects, and
independent evaluation allows for it to be redefined, which is an advantage offered by the
use of statistics to evaluate physical phenomena, such as this one.

Based on the concept of autocorrelation, under the concepts of coastal erosion and
sedimentation, we can consider the loss or gain of territory in relation to the sea. However,
we must also consider that these phenomena occur in areas or extensions of different
sizes, under similar conditions, and that their level of impact will depend on the degree of
clustering of the conditions. Together, this offers a comprehensive approach that considers
the conditions and factors that influence coastal erosion and sedimentation. In addition, it
illustrates how the configuration of the coastal zone influences regional patterns of coastal
erosion. These results can be useful for planning purposes, because the greatest restrictions
on land use would be imposed on shorelines having the highest erosion rates as proposed
by Crowell et al. [34], and for the association with geomorphological units used to pay
attention to other sectors of the coasts of the country with incipient erosion.

6. Conclusions

The clustering levels of coastal erosion and sedimentation of the Colombian Pacific
and Caribbean are modulated by the different geomorphological characteristics of each of
these regions. It was possible to define the high level of clustering in the Caribbean region,
and the low level of clustering (or dispersion) in the Pacific. This means:

1. Caribbean: Significant areas here display low complexity, extensive spaces, and
geomorphological unification (Local Index). This area has greater regional significance
(Global Index). It has a greater slope of lagged EPR values.

2. Pacific: In areas with greater significance, larger sizes are attained. However, in terms
of scale (Local Index), coastal complexity (mouth, islands, bars, beach, mouth, etc.) is
indicated by larger geoforms (e.g., mangrove swamps), which generates significance
in confined or ungrouped areas. This region has less significance (Global Index). The
area is ungrouped and dispersed, with lower slopes of the EPR lagged-value curve,
and HH and LL predominate, but HL and LH show more significant values here than
in the Caribbean, which aids in differentiation.

It was possible to verify the efficiency of the spatial autocorrelation methods to char-
acterize the processes of coastal erosion and sedimentation in the two coastal regions of
the country. The Global Index method can be used for a general characterization of the
two regions, since it allows defining the grouping level of each one, while the Local method
(Moran and Getis) allows a visualization of significant data effectively and spatially. In
addition, the Local Moran and Getis–Ord indices are useful tools to identify critical points
of coastal erosion and sedimentation statistically and spatially, supporting or replacing the
interpretation obtained from the observation of the DSAS results.
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According to the results, three conceptual models can be proposed that relate the
indices with the geomorphological characteristics: (1) the greater the geomorphological
heterogeneity, the greater the grouping; (2) the greater the geomorphological homogeneity,
the lower the degree of clustering; (3) the greater the geomorphological complexity, the
lower the clustering.

Our findings support the proposal of a new reliable method to assess coastal erosion
at a regional scale to support decision-making processes, through spatial autocorrelation
analysis (Global Moran index, Local Moran index, and Getis–Moran index).
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