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This study delves into the intricate relationship between Colombia’s status as one of
the world’s 17 Megadiverse countries and the socio-environmental challenges the
country faces, with focus on the geological diversity of the Sierra Nevada de Santa
Marta (SNSM); the world’s highest coastal massif laying in the Caribbean Region of
Colombia. Despite its natural splendors and magnificence, SNSM’s ecosystems have
been significantly shaped by the enduring Colombian armed conflict (1964- latent
today), leading to alarming environmental degradation that affects both geological and
biological diversity, and hence the local communities inhabiting the territory. Employing
modern geological methodologies such as Remote Sensing and Landscape Metrics,
this research explores and quantifies the extent of degradation within the SNSM. The
findings, spanning the pivotal years from 2000 to 2020, offer an innovative analysis of
the Geo-Bio-Megadiverse ecosystems of the Sierra. This comprehensive examination
reveals crucial insights to advancing informed environmental management, while
supplying a groundwork for potential geoconservation strategies in this embattled
territory; unequivocally acknowledged as a victim of a multifaceted and long-lasting
socio-environmental conflict. The definition “territory as a victim” originated by local
indigenous communities and is now incorporated in transitional justice systems such
as the Jurisdicción Especial para la Paz (JEP, Colombia), condenses the profound
violence experienced by the land, one that muted the spiritual guardians inhabiting its
waters, trees, plants, soils, and stones. By spotlighting the intricate interplay between
social struggles and environmental degradation as a central element of the ecosphere-
techonosphere conflict in the Anthropocene, this study heightens awareness of the
urgent issues confronting the SNSM, while advocating for targeted conservation
initiatives to preserve its distinctive and invaluable natural heritage.
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INTRODUCTION

A paradigmatic shift in geosciences occurred at the dawn of
the 21st Century with the establishment of Earth System
Science (ESS) as a necessary starting point for a more
holistic understanding of our planet’s functioning. ESS
emphasized the intricate interactions between the various
spheres, i.e., geo-, hydro-, atmo-, bio-, and even the
Technosphere (Steffen et al., 2020; Commoner, 1990). This
new approach to study our planet integrates living and non-
living entities, thereby contributing to the recognition of
geological diversity, or geodiversity, as an essential element
in modern geological thinking (Gray, 2005; Gray, 2019).
Originating from the Rio Earth Summit in 1992, geodiversity
gained formal acknowledgment in 1993, marking a pivotal
expansion beyond the traditional focus on biotic diversity.
The International Union for Conservation of Nature (IUCN)
officially embraced “geodiversity” in 2018, underscoring its
importance for environmental management, particularly in
protected areas. In recent years, the convergence of
geodiversity and biodiversity has become evident,
highlighting their joint significance in ecosystem
management and conservation (Comer et al., 2015; Pellitero
et al., 2016). While biodiversity has traditionally been
emphasized for its direct relationship with ecosystem goods
and services, geodiversity’s role in critical processes like
nutrient cycling and climate regulation has gained
recognition. Nutrient cycling, the movement of essential
elements through ecosystems, is influenced by geological
factors such as soil composition and topography (Noll et al.,
2022). Geodiversity also plays a crucial role in climate
regulation, affecting carbon storage, albedo, and water
cycles (IPCC).1 Consequently, geodiversity indicators are
now integral to nature conservation, protected area planning,
and broader environmental strategies (Gordon, 2018).
Moreover, it is now well accepted that geological process-
features of various kinds exert control on shaping biodiversity
patterns (Badgley et al., 2017; Antonelli et al., 2018; Sanín
et al., 2024).

To understand the intricate relationships within ecosystems
that inexorably involve biotic and abiotic elements, the
anthropogenic factor—human influence—must be addressed.
Since the introduction of the term Anthropocene by Crutzen
(2016) in his Nature article Geology of Mankind, or the
elaboration on the concept technosphere-ecosphere conflict
by Commoner (1990) in the bookMaking Peacewith the Planet,
amore thorough understanding of the consequences of human
actions on Earth has become vital in effectively addressing
ecosystem protection. Despite a lack of comprehensive
documentation, these concepts can support innovative
programs for ecosystem recovery and resilience studies in
the face of natural, anthropogenic, andmixed phenomena, e.g.,
climate and environmental change (Durán-Izquierdo and

Olivero-Verbel, 2021). In Durán-Izquierdo and Olivero-Verbel’s
study, the authors delve into a short portion of the
Anthropocene period, starting from the early industrial era
(~1850), and with geographic focus on the Sierra Nevada de
Santa Marta (SNSM), to examine human impacts, particularly
evident in activities such as deforestation (Ruddiman, 2013).
Currently available tools, including remote sensing and GIS,
have been employed to quantify and assess the effects of
these perturbations on ecosystem dynamics (Culbert et al.,
2012; Schindler et al., 2015).

Colombia, situated in the Tropical Andes of northwestern
South America between the Pacific Ocean and the Caribbean
Sea, boasts diverse ecosystems ranging from topical dry to
hyper-pluvial, and from highmontane to mangrove, many of
which are supported by abundant forests (Spencer et al., 2024).
As multiple ecological hotspots converge in this region,
including the Caribbean, Mesoamerica, Tropical Andes, and
Chocó-Darien-Western Ecuador/Tumbes-Chocó-Magdalena
(Mittermeier et al., 1999; Mittermeier et al., 2011), Colombia
faces significant challenges in preserving its valuable
ecosystems (Myers et al., 2000; Rodríguez et al., 2020).
Rapid deforestation, particularly between 1990 and 2005,
has led to a substantial loss of forest cover, especially in
Amazonia and the Caribbean region (753,893 ha that
represents the loss of 4.9% of total forest) (Armenteras
et al., 2013). Between 2013 and 2018 alone, deforestation
accumulated to ca. 3,482 km2 (González-González et al.,
2021). The Sierra Nevada de Santa Marta (SNSM), a coastal
mountain range with vast altitudinal gradients of >6,000 masl,
harbors a diverse range of litho-structural and geomorphic
units, contributing to a rich variety of microclimates, soil
assemblages, and fluvial-glacial basins that support
numerous ecosystems (Hooghiemstra and Flantua, 2019).
However, the SNSM has been significantly impacted by the
armed conflict in Colombia, which has been complex and
multifaceted involving multiple armed actors (e.g., the army,
rebel groups such as FARC-EP and ELN, paramilitary
organizations and drug cartels self-defense forces) as well
as illicit drug production-trafficking since the 1970s, resulting
in the progressive degradation of soils, waters, micro-climates,
and landscapes (Álvarez, 2007; Durán-Izquierdo and Olivero-
Verbel, 2021; Negret et al., 2019). This degradation has also
affected indigenous communities of the SNSM (Wiwa, Kogi,
Arhuaco, Arzarios and Kankuamo) as well as larger urban
centers such as Santa Marta, Valledupar, and Riohacha,
highlighting the interconnectedness of socio-environmental
issues across Colombia (Rocca and Zielinski, 2022).

In this paper, we aim to: 1) assess the geodiversity of the
SNSM, 2) evaluate the spatiotemporal patterns of
deforestation in the SNSM between 2000 and 2020, and 3)
explore the interplay between the evolution of geodiversity and
biodiversity with social phenomena, particularly the armed
conflict and illicit coca cultivation for cocaine production.
The study aims to emphasize potential ecosystem effects
and proposes tools for integrating Geoconservation into the
development of more coherent land planning and
environmental strategies and policies for the SNSM.

1https://www.ipcc.ch/report/ar6/syr/downloads/report/IPCC_AR6_SYR_
LongerReport.pdf
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STUDY SITE: THE SIERRA NEVADA DE
SANTA MARTA

The SNSM, located within the jurisdictions of the departments
of Magdalena, Cesar, and Guajira, constitutes a significant
mountain massif topographically isolated from the rest of
the Andean ranges in Colombia (i.e., the Western, Central,
and Eastern cordilleras). Emplaced along the northern coast
of Colombia and facing the Caribbean Sea, the SNSM
resembles a massive, natural pyramid with an almost
perfect triangular base measuring approximately 500 km
in perimeter, and its northern side running virtually fromwest
to east parallel to the coastline (Figure 1). Some of its peaks
reach elevations of ~6,000 m, including Pico Colón and Pico
Bolivar, the country’s highest summits, so that the SNSM is
considered the world’s highest isolated coastal mountain
(Tschanz et al., 1974; Restrepo-Moreno et al., 2019). This
topographic condition is further emphasized if the
submarine trench, approximately 4.5 km deep (defining
the subduction boundary between the Caribbean and
South American Plates) is considered, potentially making
“the mountain” over 10 km high. The massive topographic
gradients of the SNSM, ranging from sea level to snow-
capped summits within less than 50 km, result in a
multiplicity of climates and ecosystems. These vary from
the hot lowlands of the Caribbean Region and its littoral
zones to permanently nival climates at its summits, which
are the most northernly ice caps in South America.
Additionally, the area encompasses contrasting
ecosystems that include estuaries and mangrove patches
at its base, and paramos and tundra towards the top. In
essence, the SNSM hosts many of the vegetation
assemblages observed by Humboldt and/or Caldas during

their journeys through tropical America. This astonishing
variety of environments represents at least 14 of the life
zones of ecology summarized by Holdridge (1967),
spanning the full altitudinal range from Premontane to
Nival and across climatic-precipitation gradients ranging
from very wet to desert, with marked contrasts in mean
annual precipitation.

Crust-atmosphere coupling causes the SNSM to work as an
efficient trap for atmospheric moisture from the Caribbean
Basin, which is transformed into several major fluvial basins.
These include the Nabusímake-Fundación, Aracataca, Sevilla,
and Frio rivers that flow into the Ciénaga Grande de Santa
Marta. Additionally, there are rivers such as the Córdoba, Gaira,
Manzanares, Piedras, Guachaca, Buritaca, Don Diego,
Palomino, San Miguel, Ancho, Santa Clara, Jerez, Tapias,
Camarones, De Moreno, and Ranchería, whose waters
directly reach a stretch of the Caribbean Sea coastline from
the city of Santa Marta (Magdalena) to Rio Hacha (Guajira).
Furthermore, tributaries of the Cesar River in the southeast,
including the Ariguaní, Garupal, Dilvio, Los Clavos, Cesarito,
Calao, Dunuchuí-Guatapurí, Seco, Badillo, and San Francisco
rivers, contribute to the hydrological network of the region
(Figure 1). On the other hand, the Sierra serves as the
primary water source for three departments (Guajira, Cesar,
and Magdalena), producing over 10 billion cubic meters of
water annually, which is utilized by ~1.5 million people (Viloria-
de-la-Hoz, 2005), including the native communities (Kogi,
Wiwa, Arhuaco, and Kankuamo). These indigenous groups,
with their ancestral knowledge, represent the important
cultural richness in the SNSM. The cryospheric component
of the Sierra’s hydrosphere sustains rapidly retreating ice caps
(Poveda and Pineda, 2009). In the last 200 years, 8 glaciers
have disappeared in Colombia, with the remaining six

FIGURE 1 | Sierra Nevada de SantaMarta ocation in the South American and Colombian and Caribbean contexts. The threemain cordilleras,
Western, Central and Eastern are marked as WC, CC, and EC, respectively. The Ciénega Grande de Santa Marta (CGSM) and the cities of Santa
Marta, Valledupar, and Riohacha are indicated.
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experiencing rapid retreat approximal to 70% since 50s.2

Recent geomorphological data from the SNSM indicate a
current retreat rate of 0.34 km2/year, suggesting that
perpetual snow may vanish in less than 20 years. This loss
of glacier mass not only impacts geodiversity but also leads to
the disappearance of geosystem services, affecting various
ecosystems in the region (Zapata-Herrera et al., submitted).
The SNSM is divided into three distinct tectonic provinces
(Tschanz et al., 1974). From East to Weast these are: 1) the
Sierra Nevada Province, located to the southeast, geologically
composed of an ancient granulitic rocks (~1.3 Ga,
Proterozoic), covered by rocks of Paleozoic and Permian
(?)–Triassic ages, without evidence of metamorphism, and
Jurassic volcanoclastic deposits; this is the only province
with this type of deposits. 2) The Sevilla Province, located
further north and bound by the Sevilla Lineament, consists of
Paleozoic metamorphic rocks intruded by Permian and Late
Triassic granites. 3) In the northwest corner lies the youngest
one; the Santa Marta Province, comprised of low-grade
metamorphic rocks from the Upper Cretaceous intruded by
Paleogene granites (Tschanz et al., 1974; Colmenares
et al., 2007).

The geodynamical context of the SNSM is related to The
Maracaibo Orogenic Float (MOF), that hosts several
physiographic units of the Santander Massif, Mérida Range,
Perijá Range, SNSM, and the Cesar-Ranchería, Catatumbo, and
Maracaibo basins, which collectively form the Maracaibo
Block. What is distinctive about the MOF is that it is a
portion of the Guiana Shield that extends further to the
northwest, covered by extensive Phanerozoic sequences
(e.g., Cediel, 2019 and references therein). Due to its
position in the NW corner of South America, the SNSM
constitutes an area with significant tectonic activity, as it
lies at the convergence of several tectonic plates, including
the South American, Caribbean, and Nazca plates (Cediel,
2019). This interaction has resulted in various structures
such as faults, folds, and thrusts.

Due to its geographic location, geology and topography, the
SNSM hosts diverse ecosystems, both marine and terrestrial,
ranging from coral reefs to forests, paramos, and glaciers,
making it one of themost biodiverse regions on the planet, with
a high concentration of endemic species (IDEAM, I., IAVH, S., y
IIAP, 2017; Carbonó and Lozano-Contreras, 1997; Fortier et al.,
2024). The diverse natural environments of the SNSM, biotic
and abiotic, served as the backdrop for the development and
flourishing of many significant American cultures before the
invasion and genocide perpetrated by Europeans in the late
15th Century. Geodiversity can be attributed as a key factor
contributing to the extreme biodiversity and cultural diversity of
the SNSM, a reflection that extends to Colombia as a whole
(Gadgil, 1987). Presently, at least five different indigenous
groups inhabit the SNSM—the Kogis, Aruacos, Kankuamos,
Wiwas, and Arzarios (Reichel-Dolmatoff, 1982). Each cultural
group has developed distinct modes of interaction with the

territory, encompassing spiritual-cosmogonic aspects as well
as technical and technological practices related to
agriculture, water and soil management, architecture, and
more. The presence of coca as an ancestral sacred plant has
always played a fundamental role in these cultural practices.
Since Dolmatoff’s work, ongoing research continues to
uncover evidence of the multiplicity of forms of
occupation and sustainable use of the territory. Gutiérrez-
Montoya (2022) focused on the Forgotten Cities:
Occupation and Architectonic Development, which delve
into understanding the occupation of SNSM, and Funari
(2023) emphasizes cultural change and
environmental awareness.

Since the time of invasion and genocide in the late 1400s,
and with a dramatic intensification over the 20th and 21st
centuries, the SNSM and its peoples have been subjected to
major modifications of their natural and cultural environments,
primarily in the form of deforestation and the introduction of
European agricultural practices (Manjarrés-García and
Manjarrés-Pinzón, 2004; Viloria de la Hoz, 2006; Durán-
Izquierdo and Olivero-Verbel, 2021). Wars over the control of
land and the illegal drug markets, starting with marijuana in the
early 1970s and then coca for cocaine production in the 1980s
until today, have continued to impose the horrors of a brutal
conflict not only on the people living in that territory but also on
the land itself, including plants, animals, rocks/soils, and
waters (Britto, 2020). It is this perpetually threatened SNSM
territory that we envision as a geological victim, including the
humans that inhabit it, as we are, after all, part of the geological
evolution of our planet. We do so in the sense suggested by
Huneeus and Rueda-Sáiz (2021), where the “territory”
constitutes not only the stage on which a specific form of
conflict unfolds but also as a victim itself, to the point that it
leads to a legal expression of the idea that both human lives
and those of other entities, living and “non-living,” are
obliterated as a result of war, including “earthy beings” such
as rivers, soils, rocks, mountains, and the spiritual world—a set
of concepts that are, in fact, intertwined in Colombia’s peace
process that seeks to transform the territory “from an object to
a legal subject that suffers harm and is in need of repair.” It is
this territory-as-a-victim expressed in the SNSM that we seek to
help better understand and protect in the context of its ge-
diversity, encompassing the geosphere, atmosphere,
hydrosphere, and biosphere, which form the supporting
structure of all the other diversity expressed in the
Technosphere that now places the Mega-Diversity of the
SNSM under siege.

MATERIALS AND METHODS

We employ a combination of geospatial approaches to
integrate geological information across different spheres of
the Earth System, encompassing the geo- (lithologies,
structures, geomorphology, and soils), atmo- (climate and
precipitation patterns), hydro- (rivers and glaciers), and
biosphere (vegetation cover and biodiversity).2http://www.ideam.gov.co/web/ecosistemas/glaciares-colombia
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Geodatabase (Gdb) Conformation
and Analysis
The creation of a Geodatabase (Gdb) is a fundamental step in
understanding the significance of high-value biodiversity data.
This approach requires the inclusion of areas within the SNSM
that are more comprehensive geologically speaking, and that
encompass their evolving dynamics, including their connection
with the societal challenges posed by illegal crops and
associated warfare. The first phase of this process involves
the compilation of both primary and secondary information,
sourced from field expeditions, tourism guides, scholarly
papers and theses, and other pertinent references.

Geological and geomorphological data primarily originated
from 1:100,000 scale maps provided by the Servicio Geológico
Colombiano (SGC; Colombia’s geological survey), specifically
sheets number 12, 13, 14, 15, 20, 21, 22, 23, 27, 28, 29, 35, and
36. Climate and soil data were extracted from the ecosystem
study conducted by the Instituto de Hidrología, Meteorología y
Estudios Ambientales de Colombia (IDEAM, I., IAVH, and IIAP,
2017), the base hydrology, composite by the main rivers and
swamps, was taken from Instituto Geográfico Agustin
Codazzi3 at a 1:100,000 scale.

Geodiversity Quantitative Methods
For the quantitative assessment of geodiversity, we utilized the
Geodiversity toolbox proposed by Valentin (2021). We divided
the study area into a raster grid of 1.5 km × 1.5 km sections,
incorporating information from geological, geomorphological,
pedological units, structural geology (represented by faults,
folds, and lineaments extracted from DEM-derived hill shades),
and hydrology (based on Strahler River classification). These
five sub-indices collectively contributed to the calculation of
the total geodiversity (number of abiotic elements per unit
area). The geodiversity index was computed by map algebra
additions of all sub-indices, with equal weights assigned to
each variable, following the methodology successfully applied
in the Chinchiná River Basin in the Colombian Andes (Arias-
Díaz et al., 2023). While the classical approach of using a
number density of selected diversity indicators is a common
method for assessing geodiversity, it is important to note that
different methodologies are available. These alternatives
provide relative values for specific diversity indicators,
allowing for a more nuanced understanding of geodiversity
in different contexts. The ultimate goal of these methods is to
generate maps that identify areas with potential geosites,
which can be valuable for conservation, education, and
tourism purposes (Zakharovskyi et al., 2023; Zakharovskyi
et al., 2024).

Morphometric Diversity Map
The morphometric diversity map was based on the index
proposed by Argyriou et al. (2016). We focus on six sub-

indices: slope gradient (Sg), dissection index (Di), stream
frequency (Fu), drainage density (Dd), and Topographic
Wetness Index (TWI). This analysis was implemented on a
grid of 404.496 km2 and aimed to accentuate
geomorphological, hydrological, and morphotectonic settings
in this tectonically active region. Morphotectonic information,
crucial for this analysis, was derived from the amplitude relief
index (Ar), describing fluvial erosion and vertical
displacements. Geomorphological processes were assessed
by Sg and Di, while hydrological indicators (Fu, Dd, and TWI)
provided insight into surface runoff potential, geomorphic
activity, landscape dissection, and soil moisture.
Normalization, summarization, and the application of the
Natural Breaks function were carried out to highlight areas
with anomalous morphometric indices, indicative of
susceptibility to degradation related to land cover changes.

Land Cover Changes Estimations
The geodatabase of land cover changes utilized raster data
from Hansen Global Forest Change v1.8 (Hansen et al., 2013),
processed using the Python API in Google Earth Engine (GEE)
to analyze deforestation processes from 2000 to 2020. This
timeframe is significant as it spans the transition from the peak
of the armed conflict to the initiation and implementation of the
Peace Agreements in 2016. The raster data, classified into
21 classes, underwent further analysis using the ArcGIS Pro
calculator to quantify forest area loss in pixels (30.92 m ×
30.92 m), which was then normalized to 10,000. To identify
critically deforested regions, a basin-to-basin comparison was
conducted, aiming to identify the most vulnerable basins and
assess their level of criticality in terms of deforestation. Land
cover is crucial not only in biological terms as it directly implies
loss of habitat and hence of biodiversity (Haines-Young, 2009),
but also a key influence on the hydrological-fluvial and
geomorphic behavior (erosion, natural slope stability) of
mountainous regions (Alvarado-Villalon et al., 2003).

RESULTS

Gdb Analysis
Numerous studies conducted in the SNSM, and surrounding
areas (Figure 2) underscore the importance of this unique
lithostratigraphic province. The geological records in the
SNSM span from the Precambrian to the present day,
capturing orogenic processes associated with the assembly
of supercontinents Rodinia, Gondwana, and Pangea. This area
has been a focal point for some of the country’s earliest
geodiversity studies, with many locations of geological
interest identified. Among the documented studies compiled
in the SNSM Geodatabase, 71% have been published in
international journals (e.g., Journal of South American Earth
Sciences, International Geology Review, Geologica Acta, GSA
Bulletin, Sedimentary Geology). The remaining 29% are tied to
thesis projects from universities that include EAFIT (Escuela de
Administración, Finanzas e Instituto Tecnológico or by its
translation School of Administration, Finance and

3IGAC from https://www.colombiaenmapas.gov.co/?e=-82.43784778320864,-
0.17644239911865092,-71.23179309571162,9.90326984502256,4686&b=
igac&u =0&t=23&servicio=205
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Technological Institute) University (primarily focusing on the
geodiversity zoning), Universidad Nacional de Colombia
(Colombia) and Université Grenoble Alpes in France
(Figure 3). These studies emphasize the geological
significance of the SNSM, capturing a wide diversity of
geological processes at various temporal-spatial scales.
Work accumulated over several decades, but particularly
over the last 20 years, has resulted in a comprehensive
overview of the geological history within the national
territory. Most geological-related data for the SNSM (geo-,
atmo-, hydro- and bio-spheric) is available at a 1:
100,000 scale or was collected at the same scale, forming a
foundational dataset for calculating and zoning geodiversity.
Collected data were then used to create a Geodatabase of
Geological Interest Points (GIPs). The choice of these
128 points considered criteria such as scientific,
geomorphological, ecological, or cultural relevance. These
points serve as tangible, real-world examples of the
evolution of this geological complex and its tectonic
framework. They also act as proxies for finding different
“bio-geo-cultural hotspots,” contributing to the development

of effective management plans, including water and
ecosystem regulation, and the integration of eco-tourism
(turismo ecológico/turismo de naturaleza). Examples of
such key locations include: Pico Bolivar (the highest summit
in the SNSMa tca. 5780 masl), Ciudad Perdida (ruins of an
ancient Kogi settlement), indigenous reservations (e.g.,
Kankuamo, El Zahino-Guayabito-Muriaytuy, Potrerito), the
glacier deposits, the beaches along the Tayrona National
Park, the main rivers descending from the SNSM,
among others.

The SNSM boasts exceptional geodiversity. This complex
geological entity features Precambrian crystalline basement
rocks overlain by Paleozoic and Mesozoic sedimentary
formations, contributing to the region’s unique mineral
resources and scenic landscapes. Home to four indigenous
communities—the Arhuaco, Wiwa, Kogi, and Kankuamo—the
Sierra Nevada serves as a cultural and spiritual heartland.
Recognizing their traditional land stewardship, several
indigenous reservations exist within the mountain range.
Additionally, the Sierra Nevada de Santa Marta National
Natural Park, established in 1964, safeguards a significant

FIGURE 2 |Map of studies undertaken at the SNSM: 1. Tschanz et al. (1974); 2. Valencia-Jaramillo and Castañeda-Molina (2020); 3. Duque-
Trujillo et al. (2019); 4. Bayona et al. (2006); 5. Idárraga-García and Romero (2010); 6. Piraquive-Bermúdez (2016); 7. Pizarro-Bello (2019); 8.
López-Moreno et al. (2020); 9. Poveda and Pineda (2009); 10. Gutiérrez-Martínez (2021); 11. Cardona et al. (2008b); 12. Cardona et al. (2008a);
13. Piraquive et al. (2022); 14. Bustamante et al. (2009); 15. Pérez andNaranjo (2021); 16. Wokittel (1957); 17. Quiroga et al. (2024). The GIPs
Inventory is marked with black stars. The red polygon marks the current study.
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portion of the region’s ecosystems, aiming to conserve its
biodiversity and the cultural heritage of indigenous
communities. Understanding the geodiversity of the Sierra
Nevada de Santa Marta is crucial for effective conservation
strategies, highlighting the intricate interplay of geology,
cultural heritage, protected areas, landforms, soils, and life
zones that make it a truly unique and irreplaceable
environment.

Geodiversity Estimation
In the SNSM, several conservation figures with different aims
coexist (Henao and Molina, 2010), such as the Biosphere
Reserve Area, the 19 indigenous reserves, and the two
National Natural Parks (Sierra Nevada de Santa Marta and
Tayrona), which also have development zones that include
152 mining operations concentrated along the edges of the
Sierra. The indigenous reserves and National Natural Parks are
mainly found in the higher parts and encompass littoral areas
towards the NW corner of the SNSM (e.g., Tayrona). Despite
these administrative efforts, the native communities at the
SNSM are at conflict with mining operations, mainly due to
socio-environmental degradation caused by the
latter (Figure 4).

In total, 33,188 abiotic elements (polygons and lines) were
found in the SNSM covering ca. 1,732,435.35 Ha. The
distribution is listed in Table 1. In the Caribbean portion of

the SNSM, a pronounced rainfall gradient relates to the
marked topographic barrier imposed by this massive
mountain (orographic precipitation). Rainfall varies from
around 500 mm/year near coastal zones to 3000 mm/
year along the high mountains (Manjarrés-García and
Manjarrés-Pinzón, 2004). The SNSM region is
characterized by two distinct climatic periods, a rainy
season (September-November and May-June) and a dry
season (January-April and July-August) (Serna et al.,
2015). Warm climates (arid and semi-arid, humid, and
semi-humid) prevail in the lowland and coastal areas
(56.12%), with the most extensive being the warm semi-
arid climate (25.95%).

The survival of key ecosystems, such as the páramos, which
are endemic ecosystems of the Andes (Cuatrecasas, 1968;
Balslev and Luteyn, 1992; Pabón and Hurtado, 2002; Hofstede
et al., 2003) are threatened by the reduction and eventual
disappearing of glaciers of SNSM. Other key ecosystems
such as the dry tropical forest (in the process of
desertization) and tropical moist mountain forest
(transformed into savanah) are also under pressure
(Cavelier et al., 1998; Le Houérou, 2002; Mayr et al., 2013).
These situations have significant consequences for the
stability of the region’s ecosystem assemblages, which have
been identified as part of one of the most critical biodiversity
hotspots (Myers et al., 2000).

FIGURE 3 | Geodiversity estimation framework. Adapted from Valentin (2021).
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FIGURE 4 | Elements of the SNSM geo-diversity. Altitude, lithologies, soils, life zones, geomorphology and indigenous groups.
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In terms of geomorphological, lithological, and structural
diversity, the predominant environments are structural,
influenced by the strong tectonic control exerted over the
Sierra by the complex geodynamic milieu where it evolved
(Cediel, 2019). This is clear through crustal scale structures
such as the NW-SE Bucaramanga-Santa Marta Fault to the
west, the NE-SWCesar-Ranchería Fault to the east, and the Oca
Fault to the north with an EW direction. Smaller lineaments and
faults also follow these preferred orientations, although the NE-
SW constitutes the main litho-structural grain of the Sierra
(Figure 2), with structure often separating blocks of different
lithologies. Denudational environments are also present,
controlled by the topography, lithology, soils, vegetation
cover, and diverse climatic conditions across the SNSM.

The morphoclimatic diversity of the SNSM significantly
impacts its geomorphological features. This diversity ranges
from arid lowlands to humid páramos and nival-glacial zones,
creating a complex interplay of climatic and geological factors.
Orographic precipitation patterns contribute to varied rainfall
distribution, shaping the landscape and influencing erosion
and soil formation-destruction processes. These diverse
climatic conditions, combined with the tectonic and
structural influences, result in a unique environment where
different ecosystems, such as páramos, thrive amidst the
dynamic interactions between climate and geology.
Understanding these morphoclimatic factors is crucial for
developing effective conservation strategies in this
biodiverse and geologically complex region.

Predominant outcropping rocks exhibit compositions
ranging from acidic to intermediate with Mesozoic to
Triassic-Jurassic ages. To the west, there are granodioritic,
quartz-monzonitic, and alkali granite bodies of Triassic age
intruding metamorphic rocks of Precambrian age (Stenian-
Tonian), corresponding to the Mangos Granulite unit in the
central zone and the Buriticá Neiss in the north. Pyroclastic
rocks were deposited on these formations. Sedimentary rocks
of Permian-Triassic age are also present in the central zone of
the Sierra, forming small enclaves known as the Corual
Formation. Additionally, sedimentary rocks of Cenozoic age

are concentrated in the northeastern, western, and to a lesser
extent, in the southern parts of the massif, e.g., Guatapurí and
Monguí formations and the Cerrejón Formation found to the
east of the Sierra. In the northern portion of the Sierra, Cenozoic
igneous bodies such as the Santa Marta Batholith, and the
Buriticá and Toribío plutons, intrude metamorphic bodies of
Upper Cretaceous age like the Taganga Phyllite and the Gaira
and San Lorenzo schists. Most unconsolidated deposits are of
Quaternary age and are found along the edges of the SNSM
and internally, associated with fluvial basins, along with other
Holocene deposits present along the western border (e.g.,
Tschanz et al., 1974; Cediel et al., 2003; Bermudez, 2016 all
references there in).

According to soil studies by (IDEAM), soil types at the SNSM
include five of the main orders (Ultisols, Vertisols, Mollisols,
Inceptisols, Entisols). More specific types such as Typic
Udorthents, Typic Dystrudepts, and Typic Eutrudepts, have a
relatively wide distribution along the edge of the Sierra
(covering 7.4%), with an exception in a northern stretch.
Other soil types like Typic Ustorthents, Lithic Ustorthents,
and Typic Haplustepts have a similar distribution, occupying
a slightly larger area (8.8%). Soil types including Typic
Dystrudepts, Humic Dystrudepts, Lithic Udorthents, and
Typic Udorthents are concentrated mainly in the northern
and western parts of the Sierra (4.3%). In the central zone
(mostly the current and inherited glacial and periglacial areas),
rocky outcrops are present instead of soil. In the southwestern
zone, soil types such as Typic Dystrudepts, Oxic Dystrudepts,
and Typic Udorthents predominate (9.8%) (IDEAM, I., IAVH, S., y
IIAP, 2017). In the coastal, lowland, and mid-mountain units,
the ecosystems that predominate are those transformed by
anthropogenic activity, whether partially or entirely, primarily
for agriculture or livestock, which have radically transformed
the soils through compaction and erosion.

Abiotic Elements
The number of abiotic elements per unit area in the SNSM zone
ranges from 1 to 24. The highest values (between 18 and 24)
are concentrated at the center of SNSM, dominated by the
main rivers and many crustal structures (predominantly
lineaments), while the areas with less abiotic elements are
located towards the borders of the SNSMdue to the absence of
structures and rivers with high order, however in these zones
there are presence of multiple Geological Interests Points
(GIPs) (Figure 5A). The maps containing the number of
abiotic elements, were transformed to a raster format in GIS
and underwent a reclassification process using the Natural
Breaks method with the Reclassify function. This resulted in a
reclassified map with values ranging from 1 to 5,
i.e., exceptionally low, low, medium, high, and extremely high
(Figure 5B). With this approach geodiversity hot spots appear
more clearly in their spatial distribution. The reclassified
quantitative method revealed that almost 14.68% of the
SNSM belongs to the medium geodiversity zone, followed by
48.75% with High and Exceedingly high. Within the Sierra
Nevada National Natural Park, we can recognize the highest

TABLE 1 | List of abiotic elements according to the SNSM Geodatabase.

Type of geological element Number of
elements

Lithological Units 31
Geomorphological Units 119
Paleontology Fossiliferous units 4
Structural geology Faults 182

Folds 7
Lineaments 18,040

Soil Types Subgroup 70
Climate Caldas-Lang classification 16
Hydrology Rivers with Strahler classification method

order >5
5,870

Mineral
occurrence

Mining titles 8,849
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values of geodiversity associated with the glacial morphology
and the remaining glaciers.

Morphometric Diversity Map
The morphometric diversity map (Figure 6) shows that the H
igh and Exceedingly H igh values make up 12.33%. In these

zones, there is a confluence of multiple geological processes
such as fluvial erosion-dissection, landsliding uplifted or
subsiding blocks, and the vertical escarpment of the hill
slope. In summary, these areas reflect the evolutionary
dynamics of the landscape, aligning with the geologically
nature of the SNSM. These characteristics make these

FIGURE 5 |Distribution of quantitative and reclassified geodiversity classes (Abiotic Elements). The black stars represent the LIG’s, the black
squares the principal cities and blue circles are the principal populations.
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areas susceptible to terrain and land cover transformations (Yu
et al., 2007). Most of the Geological Interest Points (GIPs) align
with these areas showing high Morphometric Index diversity,
reasserting the significance of these points in describing the
evolution of the SNSM and its unique landscapes and
ecological niches.

Land Uses Changes
Vegetation is a key component in the functioning of earth’s
systems, as it participates in important fluxes of mass and
energy between the atmosphere, the hydrosphere, the
geosphere and the biosphere (DeFries, 2008). From the
geomorphic perspective, vegetation exerts strong controls
on surface processes such as weathering and erosion, slope
development, therefore impacting the status of geodiversity
beyond the geosphere, as increased sediment loads in the
fluvial network affect riverine flora and fauna and can be
transferred to wetlands and estuaries, with deleterious
effects on their proper functioning (Wynn et al., 2004;
Marston, 2010). Vegetation is also one of the components
of the earth’s system more vulnerable to radical modifications
from the Technosphere (Houghton, 1994; Fischlin et al., 2007).
Loss of vegetation via deforestation is one of the major causes
of landscape modifications and environmental degradation,
often causing major increases in erosion (Tsegaye, 2019) and
the development of badlands and desertization (Ballesteros-
Cánovas et al., 2017) and slope destabilization (van Beek et al.,
2008). Increased erosion due to removal of the vegetation
cover is worse in regions of steep slopes and with marked

hydroclimatic gradients, two conditions that are prevalent at
the SNSM. The SNSM has been the focus of intense
transformation of its natural vegetation (Cavelier et al.,
1998; Durán-Izquierdo and Olivero-Verbel, 2021). Most of the
original forest covers of the SNSM have undergone some form
of modification (Figure 7 shows the deforestation of the main
fluvial basins in Sierra Nevada between 2001 and 2020).
Concentrating along the main streams and near the coastal
area, the Camarones basin (Figure 7A) exhibits a loss of
natural cover of ca. 7.19% of the total area, mainly due to
agriculture and livestock activities. The principal peaks in
deforestation occurred in 2003 with ca. 8.23% of
deforestation, and between 2016 and 2018 (26.4% of total
cover loss during those 3 years). The Tapias Basin, with the
highest deforestation at the northern and eastern flanks,
accounts for 11.04% of the total area (Figure 7B), largely
impacted by anthropogenic activities such as banana
plantations and cattle, especially during the interval
2016–2020. Deforestation rates dramatically increased
since 2014, with 58.38% occurring in just 7 years,
comparable to earlier peaks such as in 2003 (9.32% of total
cover loss). The basin most affected is the Ciénaga Grande de
Santa Marta (Figure 7C), particularly in its western zone, due to
the expansion of banana plantations. This agricultural activity
replaced the natural vegetation covers essential for the
mangrove ecosystem proper functioning, while also leading
to significant increase in use of agrochemicals now
accumulated in both soil and water and in a variety of
organisms. Many of these changes occurred during

FIGURE 6 |Morphometric DiversityMap. The black stars represent the LIG’s, black squaresmark the location ofmajor cities, and blue circles
indicate smaller settlements.
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2016–2020, with the percentage of total deforested areas
amounting to 8.21% (see the summary in Table 2).

From the above data, SNSM emerges as a laboratory for
studying socio-environmental processes, particularly those
related to internal war and conflicts arising from competing
land use vocations (agriculture, mining, tourism), a milieu
conducive to ecosystem degradation. The loss of natural
tree cover, primarily driven by the introduction of illicit crops,
and more recently by other land uses like agriculture and cattle
grazing. This accelerated deforestation poses a threat to the
biomes and biota composition. The deforestation trend shows
peaks between 2016 and 2018, with 43.3% occurring during
this period. Although the rate started declining in later years,
occasional high peaks are still observed.

The SNSM serves as an ideal site for investigating socio-
environmental dynamics, particularly those arising from
prolonged armed conflict and competition over land use,
leading to ecosystem degradation (Jiménez et al., 2015).
Deforestation rates have shown an upward trend, with peaks
observed between 2016 and 2018, during which 43.3% of the
total deforestation occurred. The year 2017 witnessed the
highest number of hectares deforested. Although the rate
has started to decline in recent years, occasionally high
peaks remain evident. The most visible impact of these
processes is the significant loss of natural tree cover, with
massive deforestation observed since the 1980s, largely driven
by expansion of illicit crops (Uribe, 2005). Approximately 90%
of the total forest area has been converted to other land uses,
such as agriculture, livestock farming, and related activities
(Durán-Izquierdo and Olivero-Verbel, 2021). These figures are
consistent with those of other authors that indicate that SNSM
is one of the most threatened tropical forests due to rapid
deforestation, leading to biome degradation and loss of
biodiversity (Carbonó and Lozano-Contreras, 1997).

The high rate of deforestation in the SNSM leads to several
environmental issues. Firstly, it endangers a significant portion
of the forest ecosystems of the Caribbean Ecological Hotspot,
a region already at great risk of disappearing (Maunder et al.,
2008). Secondly, it contributes to the decline or eventual loss of
biodiversity hotspots, as reported by Myers et al. (2000), who
noted that 50% of vascular plants and 42% of vertebrates in the
area have experienced such declines. Additionally, the integrity
and health of communities, soil, and eco-geosystems are
compromised by anti-drug policies that employ a war
approach supported on herbicide spraying (Peterson, 2002).
These policies have failed to effectively reduce drug
production and have caused substantial damage to
Colombia’s ecology and its most vulnerable citizens
(Tokatlian, 2003).

The correlation between geodiversity and deforestation
reveals a direct connection between the two factors. We
identified three main affected basins, all of which
encompass geodiversity hotspots. Specifically, areas with
high and extremely high geodiversity are concentrated within
the Ciénaga Grande de Santa Marta basin, notably along the

FIGURE 7 |Deforestation in themost affected basins in Sierra Nevada de SantaMarta: Camarones basin (A), Tapias’s basin (B) and Ciénaga
Grande de Santa Marta (C).

TABLE 2 | Data and deforestation calculated for the SNSM with emphasis in
three fluvial basins at.

Year Deforested
area (ha)

Net
change

Percent
change

2001 8141.79
2002 3612.69 −4529.10 −55.63
2003 10222.94 6610.25 182.97
2004 2366 −7856.94 −76.86
2005 3820.24 1454.24 61.46
2006 4583.39 763.16 19.98
2007 5697.73 1114.34 24.31
2008 5008.16 −689.58 −12.10
2009 4948.24 −59.92 −1.20
2010 3171.24 −1777.00 −35.91
2011 4449.31 1278.08 40.30
2012 6022.13 1572.82 35.35
2013 2854.86 −3167.27 −52.59
2014 6612.69 3757.83 131.63
2015 4719.72 −1892.97 −28.63
2016 9348.97 4629.25 98.08
2017 13361.99 4013.02 42.92
2018 9957.19 −3404.80 −25.48
2019 7323.34 −2633.85 −26.45
2020 7560.99 237.65 3.25
Total, Deforested Area (ha) 123783.58
Cover without changes (ha) 1596217
Total, Cover (ha) 1720000.58
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Sevilla River and between the Tucurinca and Aracata rivers.
Within the Tapias River basin, we observed two additional
hotspots, albeit with smaller areas: one over the Tapias
River and another between the Corual River and El Salado
creek. This scenario underscores a serious concern, as it
highlights the vulnerability of geodiversity in the face of
deforestation that has occurred over the past two decades.
The focal point of this degradation is near these
stream systems.

Geodiversity Loss Linked to Deforestation
Gray (2004, 2013) defines geodiversity as encompassing
crucial interactions between abiotic elements, emphasizing
their significance as the substrates of life and a key
component of the interactions of the “living” with the
environment. These biotic-abiotic interactions act as drivers
of biodiversity, as geodiversity provides access to resources
both temporally and spatially. Improved accessibility offers
species better opportunities, thereby reducing competition and
buffering populations against stochastic events. This implies
that a diverse array of abiotic features fosters and sustains
greater biodiversity (Parks and Mulligan, 2010).

Threats to geodiversity at the SNSM can be identified
through the analysis of land cover changes and land use
patterns. In this specific context, one of the primary land
cover changes is linked to deforestation, particularly
associated with expansion of illegal crops such as
marijuana and coca since the 1970s and 1980s,
respectively. More recently, the advance of agricultural
frontiers, notably banana and cocoa crops, has also
contributed to deforestation (Cavelier et al., 1998; Britto,
2020). Both sources of deforestation, illegal and legal, serve
as major drivers of environmental transformation, posing
threats to geodiversity. These changes can impact abiotic
elements such as landforms, soils and water, as well as the
geo-services they provide. Additionally, local biota may also be
disturbed as a consequence of these transformations
(Schwanz et al., 2023). Moreover, geodiversity, as an integral
component of the Earth System, can be impacted by the
reduction of biodiversity. For instance, the erosion rates and
the intensity of the hydrological cycle could be influenced by
the loss of natural covers (Maslin and Lewis, 2015).
Comprehending geodiversity in mountain systems like the
SNSM is crucial for raising awareness of their vulnerability
and for understanding biota adaptation (Gordon, 2018).
Additionally, mountains serve as significant biodiversity
hotspots (Antonelli et al., 2018).

The very high geodiversity within the deforested areas is
strongly related to the periphery of the three most affected
basins: Camarones, Tapias, and Ciénaga Grande de Santa
Marta basins to the north and west. In contrast, in the
central zone towards the core of the SNSM, there seems to
be no direct relationship between geodiversity and
deforestation, partly because forest cover is sparser as the
páramo and nival environments become more prevalent
(Figure 8A). Nevertheless, the Morphometric Diversity Map,
in conjunction with the most heavily deforested areas

(Figure 8B), reveals that the most vulnerable regions
associated with fluvial-tectonic processes are undergoing
significant land use transformations. These alterations have
the potential to impact the evolution of hillslopes, potentially
increasing runoff and concentrated erosion, which could lead
to destabilization of soil-rock massifs and further enhance soil
erosion/slope instability, establishing a vicious cycle that may
lead to the formation of badlands. Deforestation, recognized
as amajor driver of erosion rates, may further exacerbate these
effects. Such changes can have cascading impacts not only on
geomorphic dynamics but also on biodiversity, including fish
and herpetofaunal assemblages and bird species richness and
abundance (e.g., Werner et al., 2018; Martensen et al., 2012;
Suazo-Ortuño et al., 2008).

DISCUSSION

Territory as a Victim
The assessment of natural heritage in the SNSM is crucial. This
mountain range stores a significant portion of the orogenic
history and processes responsible for shaping the Andes in its
most northerly expression. Due to its unique position and
configuration, the SNSM hosts all ecological zones with
their corresponding biological representations, leading
UNESCO to declare it a Biosphere Reserve in 1979.4

However, social conflicts in the SNSM, driven by land use
changes associated with sociopolitical-socioeconomic
instability, contribute to loss of geodiversity as ecosystem
dynamics are disrupted and traditional land management
practices are compromised. Several examples illustrate this:

Increased Social Conflict: Social conflicts often correlate
with changes in land use, including deforestation, agricultural
expansion, and infrastructure development (Arias et al., 2014).
These transformations can directly affect the geodiversity of
the region by altering natural processes that occur in
landscapes and ecosystems (Corrales et al., 2019).

Disruption of Traditional Practices: Social conflict may
result in the displacement or disruption of indigenous and
local communities that have developed traditional and
sustainable land management practices that support
geodiversity, such as agroforestry and rotational agriculture,
practices that may end up being replaced by more intensive
and less ecologically sensitive activities (Antrop, 2006).

Loss of Biodiversity Hotspots: The SNSM is renowned for its
high biodiversity and unique ecosystems. Social conflicts
leading to habitat destruction, fragmentation, or degradation
may be conducive to loss of biodiversity in key hotspots and
specialized niches, contributing to a decline in overall
geodiversity (Jha and Bawa, 2006; Faria et al., 2023).

Altered Water Management: Disputes over water access
and usage may trigger modifications in river courses, affecting
aquatic ecosystems and associated geodiversity (Zhang and
Wei, 2021). Increased erosion and sediment production affect

4https://www.unesco.org/en/mab/sierra-nevada-de-santa-marta
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the dynamics of the fluvial system, with consequences
throughout the river network and particularly affecting
wetland ecosystems in the lowlands and the littoral zone
(e.g., riparian forests, mangrove stands, proximal coral reefs).

Soil Degradation: Intensified land use, especially in the
context of social conflicts, often causes soil degradation
through erosion and nutrient depletion. Changes in soil
quality can further affect the distribution of plant species
making the lasndacpe more pronoe to evolt into badlands

wher hig rates of erosion and deterioratoni of soul fertility
further enhance the risks for savanization and or
desertizatioun, two situations that in turn negatively
influence the overall geodiversity of the area (Lal, 1996;
Sarmiento, 2000; De la Paix et al., 2013).

Fragmentation of Ecological Corridors: Fragmentation can
disrupt natural processes, reducing genetic exchange among
populations and potentially leading to the decline of certain
species of flora and fauna (Kupfer and Franklin, 2009). New

FIGURE 8 | Relationship between geodiversity, morphometric diversity, and deforestation: (A) high geodiversity areas, (B) high
Morphometric diversity Index and deforestation in SNSM (the black polygons represent the deforested areas). Red zones are areaswith very high
diversity. Blue squares show the location of main cities and blue circles mark the location of small towns.
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biotic assamblages may also mean reacomodatinos of the
non-biotic elements of the landscape (Oyuela-Caycedo, 2008).

Erosion of Indigenous/Local Knowledge: Indigenous
knowledge often includes sustainable land use practices
that have helped maintain geodiversity. The loss of such
wisdom may further worsen the negative impact on the
region’s geodiversity (Oviedo et al., 2007; Goyes et al., 2021).

Vegetation plays a pivotal role in controlling several
geologic processes that directly affect the abiotic
components of the environment (soils, slopes, water
courses, lakes and oceans). Removal of the vegetation
cover via deforestation is a major contributor in shifting
geomorphic dynamics in mountainous, topical settings
(Nyssen et al., 2009). Overall, the years with the highest
deforestation in the SNSM were 2017 (13,361.99 ha) and
2003 (10,222.94 ha), each representing an extension of
~1.4% of the total area of the Sierra. Illicit crops are a
significant factor contributing to deforestation in the SNSM,
with historical events such as the “Bonanza Marimbera” and
“Bonanza Coquera” exacerbating the degradation of the
Sierra’s natural system (Calderon-Luna and Torres-Guisao,
2017; Britto, 2020; Gutiérrez-Villegas, 2024). Since the 1990s,
violent confrontations and harassment of civilian populations
by armed groups have further intensified, altering the
landscape, and contributing to the loss of geo- and
biodiversity (Díaz-Escobar and Sánchez-Torres, 2004).

The SNSM became a focal point of hostilities between
different Colombian armed groups, such as guerrillas and
paramilitary organizations like The United Self-Defenses of
Colombia (AUC), and drug traffickers vying for control of
this strategic zone. The Revolutionary Armed Forces of
Colombia—People’s Army (FARC–EP) used the SNSM as a
rearguard for the Caribbean Block and as a hiding place for
hostages. The AUC repeatedly attacked the civilian population
to gain control of the territory, while drug traffickers viewed the
SNSM as an ideal territory for producing marijuana and coca,
using it also as a corridor and port for smuggling narcotics to
the Caribbean and Central and North America (Britto, 2020;
Vicepresidencia de la República, 2002).

The data presented highlights the urgent need for
stronger enforcement of environmental regulations and
governance in the SNSM. The weak presence of
governmental entities in the region has further
compounded this problem, allowing illegal armed groups
to operate with impunity and exert violent influences in the
territory. Efforts to strengthen governance structures,
increase law enforcement capabilities, and enhance
coordination among relevant authorities are crucial to
combating these illegal activities and preserving the bio-
geo diversity and ecosystem services of the SNSM.
Additionally, it is essential to engage local communities in
conservation initiatives and promote sustainable land use
practices that support ecosystem health and resilience. By
empowering communities to participate in decision-making
processes and providing alternative livelihood options, we
can foster a sense of ownership and stewardship over the
region’s natural resources.

Addressing the underlying drivers of deforestation and
environmental degradation in the SNSM requires a multi-
faceted approach that integrates environmental protection,
social equity, and economic development. Collaborative
efforts involving government agencies, civil society
organizations, indigenous communities, and other
stakeholders are essential to safeguarding the Sierra
Nevada de Santa Marta for future generations.

The assessment of natural heritage in the Sierra Nevada de
Santa Marta (SNSM) highlights not only the region’s
biodiversity but also the significant geological features that
make it unique. Figure 9 demonstrates the extent of
deforestation, particularly due to illicit crop cultivation and
land use changes. These images illustrate the impact of
human activities on the region’s delicate geodiversity,
emphasizing the urgent need for sustainable land
management practices. As traditional methods are
disrupted and ecosystems fragmented, the SNSM’s rich
natural and geological heritage faces increasing threats,
making it crucial to address environmental degradation and
preserve its unique ecological balance.

Global Comparison of Conflict Zones and
Their Impact on Geodiversity
The SNSM is not unique in the challenges it faces from social
conflicts, land-use changes, and environmental degradation.
Around the world, similar regions have experienced detrimental
impacts on their geodiversity and biodiversity due to conflicts,
armed groups, and unsustainable land management. These
examples from global conflict zones offer a broader
perspective on how violence and instability can devastate
fragile ecosystems and natural landscapes, further
highlighting the urgency for effective conservation efforts.

Democratic Republic of Congo – Virunga National Park
(VNP): Famous for its large primates (mountain gorilla,
chimpanzees, and Grauer’s gorillas) and variety topography
and natural habitats that make it one of the most biodiverse
areas in Africa, the VNP, has been severely impacted by
decades of armed conflict (Verweijen and Marijnen, 2016).
The presence of various militias, coupled with illegal activities
like mining, logging and hunting, has devastated the region’s
geodiversity. Similar to the SNSM, where illicit crops contribute
to deforestation, Virunga has suffered from illegal resource
extraction, leading to habitat destruction and soil degradation.
The fragile balance between conservation and conflict in
Virunga underscores how armed groups can devastate
geodiversity through unsustainable practices (Büscher and
Davidov, 2013).

Afghanistan – Hindu Kush Mountains (HKM): The ongoing
conflict in Afghanistan, particularly in the Hindu KushMountain
range, has resulted in severe environmental degradation. The
pressures of war, overgrazing, deforestation, and
unsustainable agriculture have negatively impacted the
region’s geodiversity, much like the SNSM, despite the lesser
geologic (topographic, geomorphic, lithologies, structural),
biotic and climatic diversity of the HKM. Soil erosion,
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reduced fertility, and the loss of vegetation have all contributed
to the decline of biodiversity and ecosystem health. The
parallel between these two mountainous regions illustrates
how prolonged instability can trigger land-use changes that
degrade geodiversity (Saba, 2001).

Middle East– Syrian CivilWar: The Syrian CivilWar has caused
significant environmental damage, with water management
systems heavily disrupted by conflict. Desertification and soil
degradation, exacerbated by deforestation and unsustainable
agricultural expansion, are key issues, similar to the altered
water management and soil degradation seen in the SNSM.
The destruction of critical infrastructure in Syria has also led to
increased vulnerability to natural disasters, paralleling the threats
facing geodiversity in conflict-affected regions like the SNSM
(Gleick, P. H., 2014).

Sudan – Darfur Conflict: The Darfur conflict in Sudan, driven
by competition for natural resources, has caused widespread
land degradation and deforestation. Overgrazing,
unsustainable agricultural expansion, and the destruction of
traditional land-use practices have accelerated desertification,
eroding the geodiversity of the region (De Juan, 2015). Like the

SNSM, where indigenous practices have been disrupted, Darfur
has seen its traditional ecological systems replaced by more
harmful methods, further damaging the landscape
(Suliman, 1999).

The parallels between these global conflict zones and the
SNSM highlight a common pattern: social conflicts, particularly
those involving armed groups and illicit activities, directly
contribute to the degradation of geodiversity and
biodiversity. The examples from Virunga, the Hindu Kush,
Syria, and Darfur underscore the broader need for
multifaceted solutions that address both social and
environmental issues. Effective governance, strong legal
frameworks, and the protection of indigenous practices are
essential components in mitigating these destructive forces
and preserving geodiversity worldwide.

Geodiversity as Important as Biodiversity
Geodiversity is considered as important as biodiversity
because, in the end, it underpins biodiversity. Many cultural
elements, practices, and traditions express direct links with
geodiversity. “Geodiversity encompasses all the parts of nature

FIGURE 9 | Aerial photographs from the Sierra Nevada de Santa Marta (SNSM). The first two rows highlight geodiversity, showcasing key
geological features, while the last row illustrates deforestation caused by land use changes activities. Credits EAFIT University.
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that are not alive, including everything from minerals and
fossils to soils and spectacular landscapes. Scientific
knowledge about how geological and geomorphological
processes occur in nature is extremely important for
disaster risk prevention (earthquakes, tsunamis, volcanoes,
flooding, and landslides) and to support smart solutions in
land use planning and spatial management. Geodiversity acts
as a natural laboratory and textbook, teaching new generations
about Earth’s history, the sustainable use of Earth’s resources,
and the science necessary to overcome the challenges of
tomorrow” (Geodiversity Day, 2022).

Geoconservation aims to identify and protect heritage
related to Earth Sciences (geoheritage) to prevent its loss
and to exploit its pedagogic potential. However, maintaining
the integrity of geoheritage is increasingly complex for
decision-makers who must balance economic growth and
social responsibilities (Henriques et al., 2011). Geological
resources provide raw materials essential for people’s
wellbeing and economic development, but most of these
resources are non-renewable, and the extraction methods
often deployed are deleterious to the environment and the
communities. Consequently, valuable geological and
geomorphological features, processes, sites, and specimens
considered as geoheritage are particularly vulnerable. Once
damaged, they are lost for future generations, taking away part
of the planet’s history with them (Brocx and Semeniuk, 2015).
Understanding the Earth’s past helps society address many of
today’s environmental problems and find solutions to mitigate
them in the present and future. Hence, the protection of
geological heritage is crucial, along with enhancing
awareness and disseminating geoscientific knowledge to
society (Carreras and Druguet, 2000).

Although various conservation figures with different
objectives coexist in the SNSM (e.g., UNESCO’s Biosphere
Reserve under the Man and Biosphere Program,
19 indigenous reserves, and two National Natural Parks),
socio-environmental conflict is evident in many aspects,
arising from both legal and illegal phenomena. Notably,
there are ongoing territorial disputes among armed groups
and issues related to illicit drug production and trafficking, as
well as the development of 152 mining operations
concentrated along the edges of the Sierra. One of the most
significant conflicts in the SNSM takes place between local
communities, mostly indigenous, andmining operations due to
the degradation of the territory caused by the latter. Exploration
and exploitation of geological resources (metals, energy,
strategic) often trigger socio-economic and socio-
environmental conflict (Pyhälä, 2020). The concept of
geodiversity surpasses the often-dominant extractivist
approach in geology, advocating for new uses of the
geological discipline as opportunities for more sustainable
development consolidate. Implementing adequate
environmental policies in the SNSM is imperative for holistic
development, considering the needs of both the environment
and the communities.

The SNSM is, in essence, a territory of indigenous
communities. Understanding the relationship between

these communities and their territory is essential. The
different communities in the SNSM have repeatedly been
forced to migrate internally, losing their roots and ancestral
land, and being compelled to abandon traditional activities.
As Yeismith Armeta Ama, coordinator of the historical
memory process of the Wiwa peoples, stated: “The armed
conflict has violated, mistreated, and murdered our sacred
territories. This violence has affected our spiritual fathers
who live in the water, the trees, the plants” (Centro de
Memoria Histórica, 2015). Due to the exchange of
knowledge between national and indigenous governments,
the idea of the territory as a victim of conflict has emerged
and been incorporated into the Decree Law of Victims (4633-
2022, Arts. 3, 8, 45). This recognition acknowledges the
diversity of epistemologies and relationships between
indigenous peoples and Mother Earth, “promoting a
certain recognition of the increasingly porous borders
between the realms of the given or natural (kosmos) and
the constructed or cultural (politikos), and an opportunity to
highlight the place from which the State regulates the
relations between the public and the private, between the
universal and the particular, between science and belief”
(Ruiz-Serna, 2017). Considering Ruiz-Serna’s analysis
(2017), does the concept of territory as a victim imply the
equal importance of considering the living and non-living
components affected by the armed conflict? If so, does it
legitimate the necessity of including geodiversity as part of
the territory in the implementation of the “Victims’ Law”?

Indigenous peoples have long modified and used
geological heritage in harmony with the landscape and its
ecosystems for their prosperity and survival. The landscape
and many of its natural components are deeply ingrained in
their culture and often are integral parts of their
cosmogonies. In doing so, they have enriched the modern
landscape and inherited a geodiversity with extensive
knowledge of their environments and the importance of
their conservation. According to Worton (2008), it is
essential to consider indigenous knowledge and practices
within modern definitions of geoconservation. The
interaction of knowledge between scientists, experts, and
communities (including indigenous, Afro-descendants,
peasants, farmers, and other inhabitants) is crucial to co-
create ideas that could be proposed and adopted by the
government. Given the complexity of the Colombian socio-
political context, especially in the SNSM, the first step
towards real co-creation is reconciliation between actors
and with the territory. According to Slaghekke (2020), this
reconciliation is characterized by ambivalent conceptions
that perpetuate violent dynamics.

Colonial conceptions of nature were imposed on Indigenous
peoples to establish unequal power relationships (Adnan,
2004; Escobar, 2010; Mukherjee, 2010). These conceptions
persisted during neo-colonial periods, with unfair forest
projects around the world pushing these communities to
prioritize development using modern technologies over their
traditions. For indigenous peoples, the Earth is not a fixed
entity; it is an active actor that can influence their lives, actions,
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and ways of being. They rely on spirituality and experiences to
set up connections among the different actors of nature (Datta,
2015). In Colombia, the Laws “de Origen” (or Law Sé, ancestral
indigenous law) and “Línea Negra” (Resolution No. 000002 of
1973) are legal mechanisms employed by indigenous
communities for the organization of their territories and
their respective spiritual connection with them (Cárdenas,
2002). In this context, the “mamos,” who are the spiritual
leaders of the SNSM, use their ethnobiological knowledge to
guide the ordering, management, and handling of these
territories (Barbosa, 2011). These laws also encompass the
relationship between sacred places and territories (Rodríguez-
Osorio, 2014) to mitigate the environmental and cultural
damages caused by the profanation of sacred territories of
native people (Kogui, Wiwa, Kankuamo, and Arhuaco) and the
indiscriminate use of natural resources (Duque, 2009).

In this context, it is crucial to begin by defining a clearer and
more participatory governance structure for the SNSM that
allows different actors to take part securely. This is particularly
important in Colombia, where conservation initiatives are often
neglected by authorities, influenced by illegal groups, or
threatened by various challenges. Defending the
environment and territories has unfortunately led to the
deaths of many environmental and social leaders. Viloria-de-
la-Hoz (2005) points out inadequate administration of the
Sierra, hindering agile and effective territorial management.
This is partly due to the overlapping responsibilities of several
entities, including the three departmental administrations
(Guajira, Magdalena, and Cesar), 20 municipalities, three
regional autonomous corporations (CORPAMAG,
CORPOCESAR, and CORPOGUAJIRA), two national parks, the
Institute of Anthropology and History (ICANH), among others.
This overlapping jurisdiction is exacerbated by the overlapping
of titles, responsibilities, and mining rights, which is
inconsistent with the goals and purposes of
environmental entities.

According to Viloria-de-la-Hoz (2005), Sierra and its
stakeholders cannot work as a team without a unified plan.
Having a guiding plan and a sole entity to follow up on it is
imperative. The lack of concerted environmental planning and
the deficiencies in environmental administration have
contributed to the degradation of the SNSM. Consequently,
there is an urgent need to define and implement clear, effective
policies and plans to protect and manage the geodiversity and
biodiversity of the SNSM, ensuring the sustainable
development of the region.

CONCLUSION

Diverse narratives about the SNSM unveil a concerning tale of
environmental degradation intricately woven with the threads
of social conflicts, historical events, and unsustainable human
activities. The assessment of this unique heritage spotlights
the urgent need for intervention and conservation efforts to
safeguard the rich geodiversity and biodiversity of
the Sierra.

The significant threats identified include the loss of
biodiversity hotspots, altered water management, soil
degradation, reduction of slope stability, fragmentation
of ecological corridors, and erosion of indigenous
knowledge. Historical events, such as the “Bonanza
Marimbera” and “Bonanza Coquera,” underscore the
nexus between armed conflict, illicit activities, and
environmental degradation, emphasizing the complex
interplay of social, economic, and ecological factors.
Statistical insights reveal alarming trends, with peak
deforestation in 2017 and 2003, predominantly fueled by
illicit crops, illegal wood trade, and unchecked agricultural
expansion. Or findings also highlight the consequences of
weak presence by governmental entities, allowing the
prevalence of illegal groups in controlling the territory
and amplifying the environmental-conservation
challenges faced by the SNSM.

The Sierra, a UNESCO-declared Biosphere Reserve, stands
at the nexus of orogenic processes shaping the Northern
Andes. Yet, increasing socio-environmental conflicts,
manifesting as changes in land use, deforestation, and
agricultural expansion, have catalyzed a cascade of
detrimental effects on geodiversity and hence on
biodiversity. Traditional land management practices, crucial
for supporting geodiversity, face disruption, further worsening
the challenges. This complex context demands innovation in
the approaches for environmental management strategies and
actions. Strengthening governance structures, enhancing law
enforcement, and promoting community engagement in
conservation in initiatives are crucial steps.

Addressing these issues requires amultifaceted approach that
prioritizes the protection of both living and non-living components
of the environment. By empowering local communities and
recognizing their traditional land management practices, we
can foster a sense of ownership and stewardship over the
region’s natural resources. Furthermore, there is a need to shift
the paradigm of resource use and governance. Geological
resources should be seen not merely as materials for
extraction but as integral parts of the region’s heritage that can
contribute to sustainable development. Implementing innovative
environmental policies that balance economic growth with
ecological preservation will be essential in safeguarding the
SNSM for future generations.
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