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Abstract

Assessment of geodiversity frequently requires data derived from the interpretation of variables such as
geology, geomorphology, soil types, and other components of the natural system. However, this process
requires more detailed basic mapping, which is not yet available for all geographical areas. Fortunately,
morphodiversity, a component of geodiversity, can be assessed by use of primary attributes extracted from an
accurate Digital Elevation Model (DEM). To analyze the morphodiversity of the Mixteca Alta UNESCO Global
Geopark, the primary attributes of slope, convexity (analyzed here as slope shape), and roughness (fractal
dimension) were used; each attribute was divided into several classes, and their subindices were obtained. Thus,
mountainous terrain within the geopark, with rocks of volcanic origin (tuffs and andesites), has high and very
high morphodiversity (>54% based on slope values exceeding 9° and on high roughness); intermontane valleys,
and limestone hills have an intermediate morphodiversity, and finally, the plains with sedimentary deposits
have a low and very low morphodiversity, i.e., low degrees of slope and of roughness. If the subindices of the
primary attributes are differentially weighted, convexity (slope shape) appears as the subindex that most confers
a heterogeneous pattern in the spatial analysis. Morphodiversity applied to management indicates that areas
with high and very high values can be considered priority zones for geoconservation; homogeneous areas (low
morphodiversity) are more suitable for infrastructure development or visitor services, reducing pressure on

more sensitive zones.

Keywords: morphodiversity, geodiversity, Digital Elevation Models, primary attributes extraction, Mixteca

Alta Geopark.

1. Introduction

Geodiversity refers to the natural variety of the Earth’s surface, including geological and geomorphological
features, soils, surface waters, and systems resulting from both natural processes and human activity. Together
with biodiversity, geodiversity constitutes a fundamental component supporting sustainable development

(Koztowski 2004; Lausch et al. 2022). In UNESCO Global Geoparks, geodiversity plays a key role in the
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identification, conservation and management of geoheritage, where spatial information is essential for decision-

making related to conservation, geotourism and environmental education.

Most geodiversity assessments are based on thematic cartographic documents such as geological,
geomorphological or soil maps (Bétard and Peulvast, 2019; Parrot et al. 2024). However, these documents are
not always available at sufficiently detailed scales, particularly in regions such as southern Mexico. This

limitation reduces their applicability for fine-scale spatial analysis and geopark management.

In this context, morphodiversity derived from Digital Elevation Models (DEMs) constitutes an alternative
approach based on continuous and objective variables obtained directly from the tridimensional surface. In
contrast with thematic cartography requiring subjective interpretation, DEM-derived parameters provide
quantitative information describing terrain morphology. Although morphodiversity has increasingly been used
in geodiversity and geoconservation studies (Bartu§ and Mastej, 2023), its operational application in geopark

management remains comparatively limited, particularly for spatial planning and territorial management.

The Mixteca Alta UNESCO Global Geopark represents an appropriate study area because of its high
geomorphological complexity and the presence of numerous geosites requiring spatial prioritization strategies.
Previous studies have addressed the geology (INEGI 1984; SGM 2000; Montes de Oca-Villatoro 2021),
geomorphology (Orozco-Ramirez and Bocco, 2021), and vegetation (Ramirez-Santiago et al. 2021) of the
geopark, and 48 geosites have been identified (Sanchez-Cortez et al. 2025). Nevertheless, a detailed spatial
characterization based on terrain morphology remains necessary to support integrated management and

conservation strategies.

Therefore, this study aims to assess morphodiversity in the Mixteca Alta UNESCO Global Geopark using
DEM-derived variables such as slope, convexity and roughness, and to evaluate the contribution of
morphodiversity to geopark management, particularly for geoconservation, geotourism planning and spatial

zoning.

2. Study area

The Mixteca Alta Geopark is in the physiographic sub province of Western Mountains and Valleys (Ortiz-Pérez
et al., 2004) located in the State of Oaxaca; it covers an area of 42,058.32 ha that includes 9 municipalities,

each with its own special-historical heritage and its own responsibility within the geopark management (Fig.

1).
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Fig. 1 Location and altimetry of the Mixteca Alta UNESCO Global Geopark, Oaxaca, Mexico

The Mixteca Alta is a rugged region composed of sedimentary, volcanic, and plutonic rocks that date from the

Cretaceous to the Miocene, partially covered by Quaternary alluvial deposits.

Cretaceous rocks correspond to the Teposcolula Formation, characterized by cream to dark gray limestones that
weather to white. This massive unit contains some fossiliferous horizons with small oyster shells, though most
are poorly preserved due to surface erosion. The formation shows both massive and well-stratified sections

(Salas 1949).

Overlying it conformably is the Yanhuitlan Formation, composed of thin, rhythmic layers rich in silt and reddish
clay, reaching thicknesses of approximately 300-600 meters (Ferrusquia 1976). Deposition of these sediments
took place in extensive lacustrine environments during the Paleocene and Eocene, about 40 million years ago
(Martiny et al. 2000). This formation is one of the most extensive within the geopark, and its poorly
consolidated, friable sediments have promoted the development of the distinctive erosional landforms that

define the region’s landscape.

The Oligocene Llano de Lobos Tuff conformably overlies the Yanhuitlan Formation. It consists of rhyodacitic
to andesitic tuffs interbedded with conglomerates containing a sandy matrix and calcareous clasts. Above it lies
the Yucudaac Andesite, composed of trachyandesitic to basaltic lavas with a characteristic trachytic texture

(Ferrusquia 1970) that correspond to the extensive within the geopark.
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Finally, the Quaternary deposits consist of unconsolidated gravel, sand, silt, and clay that form the region’s

alluvial cover.
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Zamudio-Angeles D, Rosado-Gonzalez E, Romera-Béjar C (2025) Geological synthesis
of the Mixteca Alta Geopark, Oaxaca, Mexico. Modified from Geological Mexican
Service (2000), fieldwork in process.

Fig. 2 Geological synthesis of the Mixteca Alta UNESCO Global Geopark, Oaxaca, Mexico

The schematic geological map of the figure 2 corresponding to the last field observations by Zamudio-Angeles
et al. (2025) (field work in process) provides complementary information to the map of the Mexican Geological
Service (SGM 2000). Geological surfaces of the five formations have been calculated using the program
Surface JFP Param V2 (Parrot, 2025a).

The folded Neocomian limestone series cover 7454.33 ha (Table 1). They are essentially observed eastwards
the geopark and appear westwards in an even more folded group called Zapotec Formation (1103.39 ha). Their

rugosity index (2.39) is relatively low.

The Yanhuitlan Formation that covers 10254.23 ha is characterized by a very low roughness (1.86). Volcanic
formations are rougher: the bidimensional surface of the Llano de Lobos Tuffs is equal to 5591.47 ha and the
roughness index is 4.53; and the Yucudaac Andesite formation covers 10916.67 ha, and its roughness index

reaches 7.45.

The surface of the quaternary alluvium is equal to 6969.01 ha and the percentage change when calculating the

tridimensional surface is very low (1.54).
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Geological formation Surface 2D (ha) Surface 3D (ha) Percentage
change
Neocomian Limestones 7454.33 7632.51 2.39
Yanhuitlan Formation 10254.23 10445.30 1.86
Llano de Lobos Tuff 5591.47 5845.06 4.53
Yucudaac Andesite 10916.67 11730.58 7.45
Quaternary Alluvium 6969.01 7076.37 1.54

Table 1. Percentage change from 2D to 3D of the five geological formations

The bidimensional and tridimensional surface measurement of the geological formations leads to calculation of
a percentage change P between these two surfaces (Parrot 2007; Parrot 2025b); this determines the percentage
of increase that affects the bidimensional surface, percentage that can be likened to a roughness index; it is

calculated as follows:
Ssp — S
p_(( 3D ZD)/ . )x100 [1]

where Szp and S3p correspond respectively to the bi- and tridimensional surfaces.

This percentage change indicates a difference between the Neocomian limestones and the Miocene Yucudaac

formation, difference that is not evident from the slope data alone (as will be shown below).

3. Data used

3.1. Digital Elevation Model

The model was generated using the vector file E14D25 provided by INEGI (2013). Various executable modules
described in Parrot (2016) allow extracting zones of interest from this file according to its coordinates. In a first
step, gray-tone contour lines are created, as well as a table indicating relationships between gray-tone values
and the altitude in meters, decimeters, centimeters, or millimeters. The millimetric scale creates the most precise
surface representation. Then, after correction of any possible defects, a module transforms the gray-tone image
to a 32 bits image (4 bytes) where the contour lines appear with their altitude on a neutral background equal to
-99999. This image is used to generate a DEM by means of either a module that applies a contour line dilation

(Fig.3A), or a module based on a multidirectional interpolation (Fig. 3B) according to the following equation:

Ay = A + [(A;— A) x (di/d)] [2]
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Fig. 3 Interpolation types: A. Contour line dilation (Taud et al. 1999); B. Multidirectional interpolation
(Parrot 2016)

The first type of interpolation has the advantage of generating a DEM even if local defaults can be observed in
the contour lines. The second type needs a complete analysis and an accurate improvement of all the contour

lines; generally, this correction requires time, but the result is more precise.
To carry out the following calculations, only the hypsometric values located in the geopark area are used.
3.2. Primary attributes

Three attributes extracted from the DEM have been used to calculate the tridimensional morphodiversity: a)

slope, b) convexity and c) roughness. The process requires a previous segmentation of these attributes.
For slope, field observations are considered to define the segments.

The convexity is segmented according to the pyramidal distribution of the values to emphasize the minimum

(thalwegs) and maximum (watershed boundaries) values.

The surface roughness is calculated using the tridimensional local fractal dimension (Taud and Parrot 2005)

and the result is segmented by means of equipopulation.

a. Slope

The slope of the surface corresponds to its inclination with respect to a horizontal plane. Slope calculation uses
Sobel operators that correspond to an efficient treatment, because, in a simple way, are obtained both the
magnitude of the slope and the direction of the slope using horizontal and vertical gradients. These quick and
simple calculations are especially useful for analyzing relief. There are many alternative treatments, such as
Gaussian derivatives or methods based on Fourier Transforms or wavelets. But in fact, these treatments are only
stopgap measures that seek to compensate for the irregularities of the documents on which they are applied. For

this reason, Taud ef al. (1999) and Parrot (2016) developed interpolations that generate perfectly smoothed
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DEMs, without pits or peaks, artifacts or noise, and which therefore require no tools other than Sobel operators

Sy and Sj.

These operators calculate the Slope and this result corresponds to the value of the inclination (0-90°).

Siope = atan(,/Sx% + Sy?) x (180/m) [3]

Slope class %
Extremely steep (>35°) 1.54
Very steep (21-35°) 14.53
Steep (13-20°) 22.15
Moderately steep (9-12°) 16.76
Sloping (4-8°) 22.16
Gently sloping (2-3°) 9.99
Flat or almost flat (0-1°) 12.87

Table 2. Occurrence (%) of slope classes in the
Mixteca Alta UNESCO Global Geopark, Oaxaca,
Mexico.

Seven slope classes have been defined: 1) flat or almost flat (0 — 1°); 2) gently sloping (2 - 3°); 3) sloping (4 —
8°); 4) moderately steep (9 — 12°); 5) steep (13 —20°); 6) very steep (21 - 35°); 7) extremely steep (> 35°). The

percentage of each slope class in the geopark is reported in Table 2. According to these results, 54.98% of the

area comprises mountainous zones with slope > 9°.

This parameter is segmented according to field observations and measurements (Fig. 4).
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Fig. 4 Slope classes in the Mixteca Alta UNESCO Global Geopark, Oaxaca, Mexico.
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Flat and gently sloping gradients correspond to Quaternary alluvial deposits in valleys located in the south-
central zone, as well as in the intermontane valleys to the northeast and northwest of the geopark. The
moderately steep and steep slopes characterize the elevations of Paleocene-Middle Eocene conglomerates and
sandstones, as well as Neocomian limestones. Finally, the very steep and extremely steep gradients correspond

essentially to the Upper Eocene - Miocene tuffs.

b. Convexity

The shape of the slopes or slope profile (Douglas 1977) reflects the irregularities of the earth’s surface. In the
Ruhe (1960) model, the geometric classification is based on five classes: concave, convex, two inclined surfaces

and one horizontal plane.

Depending on the resolution of the DEM, calculation of convexity requires definition of the size of the moving
cell used (i.e., 5 x 5), as well as the dynamic scale (0-100 or 0-255). The histograms in Figure 5 show the results
for these two scales, where the maximum value (100 or 255) corresponds to the pixels of convex surfaces, while
the minimum value (0) corresponds to the concave areas. The intermediate values around the peak of the

pyramidal curve correspond to the flat areas and their transitions.
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Fig. 5 Convexity expressed in percentage (N = 100) or
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In fact, a stretching based on the PINS algorithm (Parrot 2011) is required to emphasize the concave and convex
surfaces at the extremities of the histograms; the lowest values characterize the channels and the highest values

the watershed boundaries.

This treatment saturates the extreme values and normalizes the results between 0 and 255, using a saturation
rate applied to the two extremities of the diagram. Inside a 3 x 3 moving window is obtained the sum of all

pixels belonging to this window. The histogram of these sums (Fig. 6) allows calculation of the number of



184  pixels Ns4r comprised between 0 and the lower sum value, as well as the distance between 2295 and the upper
185 sum value; 2295 is the maximum theoretical value (9 x 255). Thus, the saturation limits minssr and maxsar are
186 obtained and finally, it is only necessary to normalize between 0 and 255 the values bounded by those limits

187 minsar and maxsar. Then, segmentation of the stretched image is performed.
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Fig. 6 Stretching parameters and calculation (In: Ramirez-Nufiez et
al., 2026)
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190 As seen in figure 8, the result corresponds to a Gaussian distribution despite the absence of information for

191 some values. The segmentation considers that the peak value must correspond to horizontal surfaces.
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193 Figure 8 illustrates the distribution of the classes of surface shapes in the geopark; high concavity (black)
194 corresponds to riverbeds and high convexity (white) to watershed boundaries (Table 3). Transition surfaces and

195 flat areas are shown in gray.
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Fig. 8 Convexities and concavities in the Mixteca Alta UNESCO Global Geopark, Oaxaca, Mexico.

Shape class %
Strong Concavity 2.01
Concavity 25.24 Table 3. Area (%) occupied by each shape class in the
Flat 69.82 Mixteca Alta UNESCO Global Geopark, Oaxaca,
Convexity 2.92 Mexico.
Strong Convexity 0.01

¢. Roughness

The DEM roughness is the third criterion used to calculate here the morphodiversity. This parameter
corresponds to differences in elevation data, and it is calculated as an absolute standard deviation of all values
inside a moving window or as the calculated deviation from a fitted plane (Hobson 1972; Evans 1984; Haneberg

et al. 2005; Wilson et al. 2007; Olaya 2009; Pike et al. 2009; Parrot and Ramirez-Nufiez 2021).

We use here the local Fractal Dimension (FD), a surface roughness parameter developed by Taud and Parrot
(2005). The FD of each pixel describing the DEM surface is calculated within a moving box s X s x s and uses
a tridimensional method derived from box-counting. In this treatment, the voxels that describe the volume at a

local level are directly related to the altitude values of the pixels defining the DEM surface.
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Fig. 9 Local Fractal Dimension with a window = 12 and a coefficient 4 = 0.25

The resulting tri-dimensional FD values lie between 2 and 3 (Fig. 9). As the studied central point is located, by

definition, in the center of the cube, a horizontal surface will fill one-half of the test cube.

When the surface is irregular, each column of voxels belonging to the tridimensional portion of terrain that is
taken locally in the moving box s X s x s reaches a level greater or lower than the horizontal surface that fills
one-half of the test cube and the result thus obtained indicates the magnitude of roughness of this surface. Thus,
when the irregularity of the surface increases, its #D grows in the direction of dimension 3.

Then, a single equipopulation process is applied to the result to obtain only 5 classes (Fig. 10 and Table 4). A

subsequent inversion of the resulting scale yields a comprehensive view of the result.
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Fig. 10 Fractal dimension classes in the Mixteca Alta UNESCO Global Geopark, Oaxaca, Mexico.
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Fractal Dimension class %
Very High Roughness 20.11
High Roughness 20.83
Medium 18.97 Table 4. Percentage of the Mixteca Alta UNESCO
Low Roughness 19.84 Global Geopark, Oaxaca, Mexico for each fractal
Very Low Roughness 20.35 dimension class.

The Quaternary alluvium has the least roughness; the conglomerates and sandstones from Paleocene to Middle
Eocene and Neocomian limestones have intermediate roughness; and the upper Eocene to Miocene tuffs have

the greatest roughness.

4. Subindices calculation

Calculation of subindices and morphodiversity index rests on the number of topics present in each cell of a grid
of squared cells. Grid size depends on the regional scale (Serrano and Ruiz-Flafio 2007), but its selection is

generally empirical (Lopes et al. 2023).

Here, morphodiversity has been measured in terms of three subindices: slope, convexity, and roughness. The
segmented images presented in the previous section have been processed in Map Explor (Parrot 2023a) and

Diversity Index (Parrot 2023b).

4.1. Generalities

The value of each subindex (/na) is calculated using a grid of squared cells. The size ¢ x ¢ of the cells of this
grid results from the application of a range R which depends on the size m of the pixel side and the desired
viewing surface S (Parrot ef al., 2025). In the present case, the size m of the pixel side is 5 meters and various

values of S have been used to retain only the most significant. The range R is calculated as follows:

R=<(\[%)—1>/2 (4]

with m in meters, S in km? and $'= .S x 1 000 000.

The number of cells containing only a single theme decreases as cell size increases. It is thus possible to
objectively and non-empirically define a cell size for calculating subindices. The Objective Window Size
module we developed (Parrot and Ramirez-Nuiiez 2025) addresses this issue by tracking the decrease in the
percentage of cells ¢ containing only a single theme as cell size increases. It can be estimated that if this

percentage is only 5%, the document under study will present a valid response. For example, Figure 11, which



247 corresponds to a processing applied to the slope class (Fig. 4), shows that for a range R equal to 20 (i.c., a cell
248 of 41 x 41 pixels, or 205 x 205 m), only 5% of these cells contain only a single theme (Fig. 12).
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Fig. 11 Percentage of monothematic cells according to the range values
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Fig. 12 Distribution of monothematic cells in a grid applied to the Mixteca Alta UNESCO Global Geopark,
Oaxaca, Mexico according to the range.
250

251 Conversely (Fig. 13), a treatment on the geological map presented in figure 2 shows that for a R value of 5 (Fig.
252 14A), the percentage of monothematic cells is 96.81%. This percentage decreases only slightly when the value
253 of R increases and remains above 78% for R = 35 (Fig. 14B). Cells with a value greater than 1 are only found

254 on or near the boundaries of the geological zones.

255 This explains why we chose to conduct our research by focusing on morphodiversity and not on geodiversity

256 which would require a level of cartographic detail that is not yet available.
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Fig. 14 Treatment applied to the geological map (monothematic cells in clear gray; bi-thematic cells in
dark gray; tri-thematic cells in black)

4.2. Map Explor

This executable module calculates the value of each subindex (/n4) using a grid of squared cells. This study
has tested four values of R. With R = 22, using a pixel size 5 x 5 m and a cell side ¢ of 225 m, the 2025 pixels
describing the surface S correspond to 0.050625 km? (5.0625 ha). Three other sizes have been tested: R 31 [c =
315; 5=0.099225 km? (9.923 ha)], R 38 [c = 385; §=0.148225 km? (14.8225 ha)], R 44 [c = 445; § = 0.198025
km? (19.8025 ha)].

Each cell can contain a given number (nc) of classes (i.e., 7 classes for the slope). This number leads to definition
of the number of histograms (Zist/nc]) that the program requires to calculate the diversity subindex Ing;, of this

variable. Beginning the process, all histograms hist/nc] are initialized to zero. During the scanning, the nc value
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of a pixel that belongs to the cell produces an increment of 1 of the corresponding hist/nc] histogram. The
distribution of the nc values within the cell is thus obtained and the subindex /ngy, corresponds directly to the

number of not empty hist/nc] histograms.

The module generates for each variable (slope, surface shape, and roughness) a map of /n4, superimposing the

drawing of the squared cell grid on the resulting image if required by the user.

To illustrate the behavior when using increasing ¢ values, we present here the results obtained in the case of the
slope subindex. The diversity value in each element of the grid grows in relation to the increase in cell size (Fig.
15). For R = 22, the pixel edge size m is 45 and the window size in pixels 45 x 45; according to the pixel size
in meters (5 x 5), a cell surface corresponds to 5.0625 ha (0.051 km?); in this case, 8213 cells are required to
cover the geopark surface that corresponds to 44.45% of the image. To cover this surface, it is necessary to use
4190 cells 0£9.923 ha when R is 31, 2805 cells of 14.8225 ha when R is 38, and 2100 cells of 19.8025 ha when
R = 44 has been chosen.
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Fig. 15 Slope subindex for the Mixteca Alta UNESCO Global Geopark, Oaxaca, Mexico according to cell
size



284 The relative percentages of the seven slope classes (Table 2) evolve as a function of cell size (Table 5); this
285 allows us to specify the dominant character of each of these classes (Fig. 16), with the aim of defining the cell

286 size most appropriate to study the area.

Map R22 R 31 R 38 R 44
Slope class
Symbology 45x45 | 63x63 | 77x77 | 89 %89
1 Flat or almost flat (0-1°) 4.74 3.42 2.86 2.17
2 Gently sloping (2-3°) 7.91 522 4.46 4.60
3 Sloping (4-8°) 12.45 7.80 5.82 4.32
4 Moderately steep (9-12°) 17.61 12.73 9.70 8.27
5 Steep (13-20°) 22.73 24.44 23.04 20.21
6 Very steep (21-35°) 15.06 17.77 19.27 20.03
7 Extremely steep (>35°) 19.50 28.32 34.85 40.40
287 Table 5. Values of slope classes according to the cell size
288
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290 Fig. 16 Percentage of slope classes according to cell size
291 In this first example, the number of cells with high diversity naturally increases when the size of the cell

292 increases; this behavior does not modify the general trend; this indicates that the morphodiversity value results

293 from an objective analysis of the different morphologic zones.

294 For convexity and concavity, it is difficult to visualize the differences. Table 6 and figure 17 show the evolution

295 of the surface shapes with the increasing of the range R.

296

R22 R31 R 38 R 44

Surface shape class 45 x 45 63 x 63 77 x 77 89 x 89




297

298
299
300
301
302
303

304

305

Strong concavity 1.54 0.81 0.64 0.33
Concavity 14.37 8.51 6.17 4.7

Flat 70.35 65.92 60.04 55.07
Convexity 13.74 24.73 33.11 39.85
Strong Convexity 0 0.03 0.04 0.05

Table 6. Values of surface shape classes according to the cell size

Note that the tridimensional fractal dimension is a factor that measures roughness regardless of the altitude
range; a plain or a plateau (both smooth surfaces) will have the same roughness index, which will result in a
high value because in this case all the voxels will be filled. On the other hand, the fractal dimension will be low
when the morphology of the area cannot fill the tridimensional space, for example a canyon or a mountain ridge.

In fact, the scale of values is here reversed to facilitate visual understanding of the results offered by this

parameter.

Percentage
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S & & & &

(=]

Shape surface class

Fig. 17 Evolution of the surface shape classes according to range R
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307 Fig. 18 Fractal dimension subindex according to the cell size

308 The fractal dimension is only partially influenced by the observation scale (Fig. 18); the areas of greatest slope
309 are characterized by strong roughness. Table 7 and figure 20 show the evolution of the fractal indices related to

310  therange R.

R22 R31 R 38 R 44
Fractal dimension class 45 x 45 63 x 63 77 x 77 89 x 89
Very High 9.01 7.44 7.04 6.18
High 3.17 2.64 2.11 2.49
Medium 771 451 3.47 2.78
Low 39.55 29.12 22.14 16.69
Very Low 40.56 56.29 65.24 71.86

311 Table 7. Fractal dimension classes according to the cell size
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Fig. 19 Occurrence (%) of the fractal dimension classes related to the range R

The sum of these observations at the local level validates the results obtained at the general level.

4.3. Morphodiversity Index

The Diversity Index module sums the three sub-indices (slope, surface shape, and roughness) used to define
morphodiversity. In addition, the algorithm considers the relative weight of each of these sub-indices to
determine which one is dominant. This weight depends on the chosen scale, the type of moving window used
for calculation (square or circular), and the resolution of the input data; all these variables are corroborated by
field observations. This program also draws the square cell grid, if desired, and generates a detailed report

concerning the results.

In a final phase, the algorithm distributes the different cells into 5 classes of morphodiversity (very low, low,
medium, high and very high). For each cell £, the process is as follows: considering that Valyu, corresponds to
the sum of the maximum ranks reached by each variable in the whole image, the normalization value Valg) of

the cell % is calculated as follows:

Vals *)
Val(k) = ( um /ValMax) Xn [5]

where Vals.ma is the sum of the ranks reached by all the variables in the cell 4, and # is the number of

morphodiversity classes, here 5.

Various tests define which of the three subindices is dominant (Fig. 20, Fig. 21 and Table 8). Considering the
visibility, R = 38 has been chosen, that means a cell size of =15 hectares. The following four images result from

the combination of the subindices slope, convexity, and fractal dimension, assigning an identical weight to each
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in figure 20A and giving them differential weighting in each of the other images: 2-1-1 (Fig. 20B), 1-2-1 (Fig.
20C), and 1-1-2 (Fig. 20D).

Whereas the morphodiversity shown in figures 20A, 20B and 20D is comparatively homogeneous, the
dominance assigned to the convexity subindex has introduced a greater dispersion in figure 20C; hence, the

slope and the fractal dimension (which is a good indicator of geological limits) tend to homogenize the result.

Overall, figure 20 reveals three main distributions within the geopark: 1) a southern homogeneous area of the
alluvial flat zones of the lower reaches of the Rio Grande and Rio Blanco (greens for very low and low
morphodiversity), surrounded by transition zones of medium morphodiversity (yellow); 2) polygenic
conglomerate sandstones of Oligocene age covered by remnants of Neogene andesitic tuffs and andesites
(orange and red for high and very high diversity), where this disrupted cover leads to scattered abrupt changes
of the convexity value from weak to intense, as can be observed when the convexity subindex is dominant; 3)
Neocomian limestones located eastwards and westwards with a smoother surface and intermontane valleys

(yellow and orange for medium morphodiversity).
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Fig. 20 Morphodiversity assessment (from 1 — very low morphodiversity, to 5 — very high morphodiversity)
according to the relative weighting assigned to the subindices: slope - convexity - fractal dimension,

respectively
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Weighting
Morphodiversity

Index 1-1-1 2-1-1 1-2-1 1-1-2
1 — Very low 0.64 0.64 0.64 0.64
2 —Low 6.13 6.66 4.46 6.63
3 — Medium 7.68 7.52 9.04 4.97
4 — High 27.02 35.31 42.88 18.15
5 — Very high 58.53 49.87 42.98 69.61

Table 8. Morphodiversity Index according to differential weighting
assigned to the subindices slope - convexity — fractal dimension,

respectively
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Fig. 21 Index distribution according to the weight

5. Results

This section presents the quantitative outcomes of the morphodiversity assessment carried out in the Mixteca
Alta UNESCO Global Geopark, based on the analysis of slope, surface shape (convexity), and surface

roughness (fractal dimension) derived from a high-resolution DEM.

In the Mixteca Alta UNESCO Global Geopark, 70.35% of the terrain is mountainous in terms of altitude (>2200

m a.s.l.) and 54.98% in terms of slope (>9°); therefore, morphological analysis is essential for the study of

geodiversity and biodiversity.

5.1 Sensitivity to cell size and scale effects
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The sensitivity of morphometric parameters to cell size was evaluated using four range values (R =22, 31, 38,
and 44), corresponding to cell sizes between 5 and 20 hectares. Results show a systematic increase in diversity
values as cell size increases, due to the higher probability of incorporating multiple morphometric classes within

each cell.

For the slope subindex, the relative proportion of steep and very steep classes increases with cell size, while
gentle and moderate slopes decrease. This reflects a scale effect in which larger cells integrate heterogeneous
terrain conditions, enhancing the representation of extreme values. Despite this variation, the overall spatial

pattern remains consistent, indicating robustness in the identification of major morphologic units.

Convexity exhibits a clearer scale dependency. As cell size increases, flat surfaces decrease significantly, while
convex areas increase, suggesting that larger observation windows tend to emphasize watershed structures over

local concavities. This behavior highlights the influence of spatial aggregation on surface shape representation.

In contrast, the roughness variable shows only partial sensitivity to scale. Although minor variations are
observed, the spatial distribution of roughness remains relatively stable. This suggests that roughness, as
measured through local fractal dimension is less dependent on observation scale compared to slope and

convexity.

Overall, these results confirm that scale influences the magnitude of morphometric descriptors, but do not
fundamentally alter their spatial patterns. Based on both statistical behavior and visual interpretability, a range
value of R = 38 (=15 ha) was selected as the most appropriate compromise between spatial detail and

representativeness.

5.2 Subindex behavior

The three subindices—slope, convexity, and roughness—exhibit distinct behaviors, reflecting their

complementary roles in describing terrain morphology.

The slope subindex shows a strong sensitivity to topographic gradients and clearly differentiates mountainous
areas from low-relief zones. Its distribution is consistent across scales, making it a reliable indicator of relief
intensity. However, its dominance in steep terrains may lead to an overrepresentation of high-diversity values

when considered independently.

Convexity provides information on surface shape and geomorphological structure, distinguishing between
concave areas (valleys), flat surfaces, and convex features (watershed boundaries). Its behavior is more scale-
dependent and introduces variability in the results, particularly when weighted more heavily. This subindex is

especially useful for detecting transitional zones and subtle morphological variations.

The roughness subindex, derived from the local fractal dimension, captures more detailed topographic

variability independently of elevation range. Its relative stability across scales makes it a robust descriptor of
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surface irregularity. Additionally, it shows a strong correspondence with lithological boundaries, reinforcing its

geomorphological relevance.

The comparative analysis indicates that slope and roughness tend to homogenize the morphodiversity pattern,
while convexity introduces greater spatial differentiation. This suggests that convexity plays a key role in

enhancing spatial contrast, whereas slope and roughness provide structural consistency.

5.3 Morphodiversity index

The morphodiversity index integrates the three subindices by summing their contributions and applying a
normalization procedure. The resulting values were classified into five categories, ranging from very low to

very high morphodiversity.

The spatial distribution of the index reveals three main morphological domains within the study area. First, the
southern sector is characterized by low morphodiversity, corresponding to alluvial plains with minimal

topographic variation. These areas form homogeneous zones dominated by flat surfaces.

Second, regions composed of polygenic conglomerates and volcanic covers exhibit high to very high
morphodiversity. These areas are characterized by strong topographic contrasts and abrupt variations in

convexity, reflecting complex geomorphological processes.

Third, the limestone regions located in the eastern and western sectors display intermediate morphodiversity

values, associated with smoother surfaces and the presence of intermontane valleys.

The analysis of different weighting schemes shows that the relative importance of each subindex significantly
influences the result. When convexity is dominant, the index exhibits greater spatial dispersion, whereas slope
and roughness tend to produce more homogeneous patterns. This confirms that morphodiversity is not only a

function of terrain complexity, but also of the relative contribution of its defining components.

Overall, the morphodiversity index provides an integrated and spatially coherent representation of terrain

heterogeneity, revealing patterns that are not evident when analyzing individual morphometric variables.

6. Discussion

The morphodiversity assessment presented in this study provides a set of spatially explicit outputs that can
directly support geopark management. By identifying areas of contrasting morphodiversity, the results
contribute to the definition of management priorities, zoning strategies, and the planning of geotourism

activities within the Mixteca Alta UNESCO Global Geopark.

Areas classified as having high and very high morphodiversity correspond to zones of greater geomorphological

complexity and interest, where variations in slope, convexity, and surface roughness are more pronounced.



427
428
429
430

431
432
433
434
435

436
437
438
439

440
441
442
443
444

445
446
447
448

449

450

451
452
453
454
455
456
457

458
459
460

These areas are likely to concentrate significant geomorphological features and landscape diversity, making
them suitable candidates for geoconservation priorities and for the designation or reinforcement of geosites.
Additionally, such areas may represent zones of high scenic and educational value, supporting the development

of geotourism routes and interpretative activities.

In contrast, areas characterized by low morphodiversity tend to exhibit more homogeneous terrain conditions,
such as alluvial plains and gently sloping surfaces. These zones may be more appropriate for the development
of infrastructure, visitor facilities, or access routes, as they potentially involve lower environmental impact
compared to more complex and sensitive areas. This differentiation can support the implementation of zoning

schemes that balance conservation and use within the geopark.

Intermediate morphodiversity classes represent transition zones that may play a key role in connecting areas of
high geoconservation value with zones of human use. These areas could be considered for controlled tourism
or educational activities, where accessibility and landscape diversity can be combined without compromising

sensitive geomorphological features.

Furthermore, the sensitivity of the morphodiversity index to the weighting of subindices highlights the
adaptability of the method to different management objectives. For instance, emphasizing convexity may
enhance the identification of geomorphological discontinuities, while slope and roughness may better capture
terrain complexity relevant for hazard assessment or accessibility. This flexibility allows decision-makers to

tailor the analysis according to specific planning needs.

Overall, the proposed morphodiversity approach represents a transferable and reproducible tool that can
complement existing geodiversity assessments, particularly in regions where detailed thematic data are limited.
Its integration into geopark management frameworks can support spatial zoning, conservation prioritization,

and the sustainable development of geotourism.

7. Conclusions

Although the geodiversity of Mexico has been assessed at the national level, there are several limitations due
to the lack of detailed cartography when the basic data are derived from large-scale cartographic documents, as
in the study of the Mixteca Alta UNESCO Global Geopark. Here, the lack of detail regarding geology,
geomorphology and edaphology (variables generally used to calculate geodiversity), precludes their use to
detect diversity. For instance, the subindex calculated from the geological map of figure 2 does not provide
information regarding diversity because it only identifies the boundaries between the four different formations

(Fig. 14).

The use of a DEM of 5 m spatial resolution addresses this issue, because it can consider the continuous nature
of the given information to calculate, directly from the tridimensional DEM surface, the value of various

objective attributes such as slope, convexity or different types of roughness.
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Bartu$ and Mastej (2023) used altitude and topographic attributes (slope, aspect, curvature) to realize a morpho-
structural analysis that they considered as morphodiversity. Adopting that concept, we have presented here a
treatment of this type to characterize the morphological features of the Mixteca Alta UNESCO Global Geopark,
using the continuous variables slope, surface shape (convexity), and roughness (tridimensional fractal
dimension). Whatever the variable and partly whatever the weight of this variable, these results show a
convergence between mountainous regions and morphologic zones that present high diversity; hence,
measurement of morphodiversity is an objective instrument in geoconservation, to promote diverse aspects of

the natural heritage, to create geoparks, to manage tourism and to conserve biodiversity.

The morphodiversity assessment of the Mixteca Alta UNESCO Global Geopark demonstrates that DEM-
derived variables provide an effective and objective alternative for spatial characterization in areas lacking
detailed thematic cartography. Beyond its methodological contribution, this approach offers direct applications

for geopark management.

First, areas with high and very high morphodiversity can be considered priority zones for geoconservation, as
they concentrate geomorphological complexity and landscape heterogeneity. Second, the spatial distribution of
morphodiversity classes can support the planning of geotourism routes by identifying zones of high visual and
educational interest. Third, the method allows the identification of homogeneous areas with low
morphodiversity, which may be more suitable for infrastructure development or visitor services, reducing

pressure on more sensitive zones.

Additionally, the sensitivity of the results to the weighting of subindices —particularly convexity— highlights
the importance of adapting the method to specific management objectives. This flexibility makes
morphodiversity a valuable tool not only for scientific analysis but also for decision-making processes within

geoparks.

Therefore, morphodiversity mapping should be integrated into geopark management strategies as a

complementary tool for zoning, conservation prioritization, and sustainable territorial planning.
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  P =  (    (   S  3 D −   S  2 D )    S  2 D ) × 100


    A  p   =     A  i   +    [  (   A  s −     A  i ) ×  (   d  i / d ) ]  


  = a t a n  (    S x 2 +     S y 2 ) ×  (  180  𝜋 )
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