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Remote sensing (RS) enables a cost-effective, extensive, continuous and standardized monitoring of traits and trait

variations of geomorphology and its processes, from the local to the continental scale. RS technologies can record

geomorphic traits, their diversity and variations, from which the other four geomorphodiversity characteristics are

derived. However, compared to in situ measurements, RS approaches can only record certain parts of these

geomorphic traits and their variations. This is because capturing geomorphic traits and diversity using RS

approaches is limited by various constraints, namely: (1) the characteristics and spatial-temporal distribution of

geomorphic traits; (2) the characteristics of geomorphological processes; as well as (3) the RS sensor

characteristics, the chosen RS platforms and the characteristics of RS data-processing and classification

information. These constraints and limitations define the detectability, feasibility, accuracy, depth of information,

repeatability, and, thus, standards disability in monitoring the five geomorphic characteristics using RS approaches.

Remote sensing  Geomorphodiversity  Structural  Taxonomic  Genesis  Functional

Traits  Geomorphic Traits  Biodiversity  Earth Observation

1. Characteristics of Geomorphodiversity

Geomorphodiversity, as part of geodiversity, can be described by its five characteristics, namely: (a) geomorphic

trait diversity, (b) geomorphic genesis diversity, (c) geomorphic structural diversity, (d) geomorphic taxonomic

diversity, and (e) geomorphic functional diversity . These five characteristics of geomorphodiversity exist on all

spatial, temporal, and directional scales of geomorphic organization and interact and influence each other, as well

as affecting biodiversity and further spheres of geodiversity such as the lithosphere, hydrosphere, or atmosphere,

either directly or indirectly on all these scales. The five characteristics of geomorphodiversity are defined by Lausch

et al.  as:

Geomorphic trait diversity, which represents the diversity of mineralogical, bio-/geochemical, bio-/geo-optical,

chemical, physical, morphological, structural, textural, or functional characteristics of geomorphic components
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that affect, interact with, or are influenced by geomorphic genesis diversity, geomorphic taxonomic diversity,

geomorphic structural diversity, and geomorphic functional diversity.

Geomorphic genesis diversity represents the diversity of the length of evolutionary pathways, linked to a given

set of geomorphic traits, taxa, structures, and functions. Therefore, sets of geomorphic traits, taxa, structures,

and functions are identified that maximize the accumulation of geomorphic-functional diversity.

Geomorphic structural diversity, which is the diversity of composition and configuration of 2D to 4D geomorphic

structural traits.

Geomorphic taxonomic diversity, which stands for the diversity of geomorphic components that differ from a

taxonomic perspective.

Geomorphic functional diversity, which is the diversity of geomorphic functions and processes, as well as their

intra- and interspecific interactions.

A clear separation and assignment of the five characteristics of geomorphodiversity is not always possible, but

nevertheless helps to monitor, assign and assess the various indicators of in situ and RS approaches, as well as to

understand the links between both approaches.

Geomorphic traits that can be monitored using RS techniques in various regions of the electromagnetic spectrum

are called spectral traits (ST); the changes to these spectral

Remote Sens. 2022, 14, 2279 10 of 48 traits are referred as spectral trait variations (STV). Hence, the respective

RS approaches are referred as RS spectral traits and RS spectral trait variations—concept (RS-ST/STV-C; see

Figure 1)  .[2]
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Figure 1. In situ and remote sensing (RS) approaches, common links, and the constraints of RS for monitoring the

five characteristics of geomorphodiversity. Geomorphological traits are the crucial link between in situ and RS

monitoring approaches (from Lausch et al.  ).

2. Geomorphic Trait Diversity and Its Changes Using RS

“Geomorphic trait diversity represents the diversity of mineralogical, bio-/geochemical, bio-/geo-optical, chemical,

physical, morphological, structural, textural or functional characteristics of geomorphic components that affect,

interact with or are influenced by the geomorphic-genesis diversity, the geomorphic taxonomic diversity, the

geomorphic structural diversity, and the geomorphic functional diversity” .

Only when features, such as the radiometric, geometric, spectral, angular, or temporal resolution of RS sensors,

are specific for the detection of geomorphological spectral features, these can be detected with RS. The

requirements for the resolutions differ, for example, when different minerals (silicates, oxides, carbonates, sulfates,

chlorides), material types (sand, rock, gravel, soils), material properties (texture, colors, shapes) or form features

(river valleys, fracture steps, pits, slope inclinations, or curvatures of river loops) should be detected.

RS can record and monitor geomorphic trait diversity based on geomorphic spectral traits/trait variations. If the

landforms to be recorded do not differ with respect to the mineralogical, bio-/geochemical, bio-/geo-optical,

chemical, physical, morphological, structural, textural, or functional characteristics of their geomorphic components,

then they cannot be differentiated from each other using RS technologies. The detectability of geomorphic trait

diversity forms a crucial basis for the detection, differentiation, classification, and monitoring of the remaining four

characteristics of geomorphodiversity.

[1]
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In regions without vegetation cover compared to regions with vegetation cover, the recording of geomorphic trait

diversity with RS technologies is possible using direct RS indicators. The spectral RS signal is the result or integral

of the state and the changes, shifts and/or disturbances of geomorphic traits, geogenesis traits, structure traits, and

taxonomy as well as functional traits. In regions covered by vegetation, water or ice, indirect indicators may be

used in addition to the direct RS indicators that are integral to the response of traits in bacteria, algae, plants,

populations, communities, and traits of landforms and their interactions.

RS techniques are, therefore, the only and the most essential method and basis for monitoring geomorphic trait

diversity, which is the basis of the geo-spectranometric approach and the “spectral fingerprint of geomorphology

and geomorphodiversity”.

3. Geomorphic Genesis Diversity Using RS

“Geomorphic genesis diversity represents the diversity of the length of evolutionary pathways, linked to a given set

of geomorphic traits, taxa, structures, and functions. Therefore, sets of geomorphic traits, taxa, structures and

functions that maximize the accumulation of geomorphic functional diversity are identified”.

The Siberian Trap and the Deccan Trap, also called the Deccan Large Igneous Province, are examples of

geological volcanic eruptions that led to the formation of characteristic geomorphic genesis diversity . As a result

of the volcanic activity from 252 million years ago (the duration of the flood basalt event being ~900,000 years),

extensive areas of flood basalt (with a total thickness of up to 6500 m) were formed in the Siberian Traps. The

Sibierian Traps extend from the West and North Siberian Lowlands and the Central Siberian Highlands as well as

to part of the Central Yakutian Lowlands, including the western slope of the East Siberian Highlands. The impacts

of the eruptions produced up to ~2000 km³ of lava, leading to a large-scale distribution and volcanic deposit-

covered area of ~7 million km . Enormous releases of sulfur dioxide, methane, carbon dioxide, and large amounts

of hydrogen sulfide from volcanic as well as organic (bacterial) sources , resulting in the formation of mountain

structures such as the Putorana Mountains. Present-day deposits of silicon-rich migmatites, large amounts of

volcanic tuffs, and pyroclastic deposits such as rhyolite, and metal-bearing rocks such as nickel, copper, and

palladium are mined from extensive deposits today. The eruptions and their impacts are thought to be causally

related to the mass extinction at the end of the Permian era. Thus, the toxic effects and extreme temperature

increase of terrestrial and marine areas by 8 to 10 °C led to the collapse of many ecosystems and the emergence

of new forest habitats, which only repopulated larger areas after about 15 million years. In contrast to the

ammonites, conodonts, and foraminifera (with a regeneration time of 1 to 3 million years), the damaged coral reefs

needed some 8 to 10 million years for complete regeneration.

RS has added a new dimension to the monitoring of geomorphic genesis diversity, its characteristics,

consequences, disturbances, and biodiversity. RS can describe genesis traits (minerals, rock types), taxa

(mountain types) structures (genesis patterns, lineaments), and functions (run-off behavior), which represent

geological tectonic architecture and its features . Detailed structural and pattern analyses using RS technologies

help to interpret, classify, discriminate and, thus, identify the genesis of various structures and patterns in the

[7]
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Siberian and Deccan Traps . Thus, RS-based lineament analyses are crucial key elements for interpreting local,

regional, and continental geogenetic structures . Any naturally formed linear feature on the Earth’s surface that

is related by the processes of extension, compression, strike-slip, or as a result of the magmatic or metamorphic

activity, is called a lineament . There are various geotaxonomic forms of lineaments, including rock types, linear

sinkholes, fault-related traps, fold hinges, faults, shear zones, dykes, mineralized veins, uplifted topography, or

contacts between elongated fractures or fault-bound elongated valleys . In addition to lineaments, terrain

patterns or fluvial drainage patterns provide important clues about the causes, trends, and nature of subsurface

structures that cannot be detected with RS . Drainage patterns in flat terrain are usually dendritic; however, in a

dome or mountain structure, drainage patterns are radial and concentric . Orthogonal, barbed, and double-

drainage or compressed meanders are other examples of drainage patterns that control the course of water

movement through their structure .

If lineaments, their patterns, or substructures are not directly visible and cannot be recorded using RS techniques,

then, vegetation traits or plant functional types  or land-use anomalies and groundwater patterns , or the

delineation of shallow Deccan basaltic aquifers using aerial photointerpretation , or channel widths, landslides,

faults, or high-spatial-resolution Google Earth imagery in the study of Earth surface processes  can be used

directly or as a proxy for geomorphic genesis diversity.

4. Geomorphic Structural Diversity Using RS

“Geomorphic structural diversity is the diversity of composition and configuration of 2D to 4D geomorphic structural

traits” .

Exogenous and endogenous processes are responsible for generating relief and form, leading to the development,

structuring, and shaping of Earth’s crust and entire ecosystems. Geomorphometry, geomorphic structure, patterns,

diversity, relief, and topography are all crucial for the functionality, feedback, and resilience of geomorphology and

the biota controlling the Earth’s surface processes and landforms . Spatial-temporal heterogeneity and

evolutionary geomorphological structures and patterns lead to plant and animal species diversity and gradients in

ecosystems, increasing the niche dimensionality of species and consequently supporting species richness and

biodiversity  . The 2–3D structures and sculpture forms, patterns, and communities enable essential

conclusions to be drawn about the relief, structure, rock, and soil-formation processes during genesis. The diversity

of geomorphic structures, patterns, and forms provides not only crucial information about the type and origin of the

process but also its characteristics, such as the scope, length, intensity, consistency, dominance, and overlay of

the process. Further more, spatial-temporal geomorphic patterns can equally be used to describe the degree of

naturalness or anthropogenic influence or degree of human influence (hemeroby)  on geomorphology and

landforms.

Through land use intensity (LUI) and urbanization, ponst-mining landscapes, forestry intensification or river

regulation evolutionary geomorphic structures and shape patterns are altered and, in some cases, are so heavily

overprinted that the original evolutionary structures are now challenging to monitor. Numerous examples of
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geomorphic imprinting define the terrain of present-day cultural landscape, such as buildings, cities, streets,

terraces, boundary walls, brownfields, ditches, canals, reservoirs, or restored wetlands. The characteristics of

geomorphic structures are, therefore, crucial fingerprints of human influence . For this reason, geomorphic

structural diversity is an important indicator for measuring and assessing inferences regarding the state, changes,

and the origin, type, and intensity of human influence. . Geomorphic structures and patterns are crucial for the

discrimination of geomorphic taxa and, thus, the characterization of geomorphic taxonomic diversity using RS.

Structural diversity exists on all levels of a geomorphic organization. Therefore, structural geomorphic traits can be

recorded by different RS platforms and, thus, on all spatial-temporal and directional scales of geomorphology. To

successfully record and monitor structural diversity and its traits, the spatial, spectral, radiometric, angular, and

temporal characteristics of the RS sensors play a significant role. Moreover, the distribution, density, and

composition, as well as the configuration of structural traits, also play a major role here. Examples are the

structures of fluvial landforms such as channel characteristics, floodplain morphology hydraulic channel

morphology, geometries, topography, river width arc length, longitudinal transect or channel slope, or below

waterline morphology. Morphometric patterns can be recorded with high-resolution LiDAR technologies, whereas

optical RS approaches are doomed to fail with a spatial resolution of only 20 cm.

The choice of sensor technologies and characteristics is crucial to capture the exact geomorphological structure,

such as topography. This will determine the model quality and, consequently, the quality of the prediction of

disturbance effects in landscapes. Thus, ecological and hydrological model predictions are only as good as the

quality of the input data that are collected by RS . For example, by capturing the detailed terrain structures of

coastal regions through airborne LiDAR data, it has been demonstrated that more than three times as many people

are at risk from climate change and rising sea levels than was previously calculated from less detailed shuttle radar

topography (SRTM)-DEM-RS data .

5. Geomorphic Taxonomic Diversity Using RS

“Geomorphic taxonomic diversity is the diversity of geomorphic components that differ from a taxonomic

perspective” .

Different evolutionary processes (geogenesis), such as plate tectonics, mountain building, or volcanism are

described by the numerous geomorphic taxa (also referred to as types, classes, or units) of mountains, reliefs,

volcanoes, channels, rocks, and landforms, leading to the development of different geomorphic taxa with specific

geochemical, mineralogical, and structural properties, forms, and shape classes. This taxonomic diversity,

heterogeneity, and richness of different geomorphic types (mountains, dunes, coast, or dune types) define the

state, stability, and resilience of the entire geosphere and biosphere, as they induce a high diversity of ecosystem

processes, functions, forms, and types of structures, ultimately forming ecological niches.

Different geomorphic types (taxa) vary in terms of their different geomorphic traits, in their geogenesis, structure,

and function. For example, the production of volcanic lavas, solids, and gases shapes various characteristic

[26]
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volcanic forms. In addition, there are differentiating properties of the resulting volcanic products, such as gaseous,

viscous, or low viscosity to solid properties. Likewise, the character of the production of different volcanoes differs,

e.g., from explosive to effusive. Cinder volcanoes, for example, were formed from loose material and have a

characteristic cone shape with a slope of 30–40°, leading to the formation of the distinctive concave slope shape.

Furthermore, volcanic ash created the vast grass-covered savannah areas of the Serengeti, preventing the

invasion and development of forest communities.

However, anthropogenic changes, such as land-use intensity, agricultural expansion, urbanization, climate change,

or resource extraction have influenced, shaped, and defined a variety of landforms and geomorphic types for

thousands of years . This has led to changes in evolutionary types and the formation of distinctive

anthropogenic-geomorphic types with strong anthropogenic features such as reservoirs, embankments, canals,

mines, terraces or roads, buildings, and cities . The expression of geomorphic characteristics and types present

today, thus, range from “purely evolutionary types” to “strongly anthropogenic-geomorphic-dominated types”, which

demands special recording and assessment procedures. Anthropogenic geomorphic features, such as linear

structures, river straightening, and the characteristic structures of terraces or mines can now be used to monitor

the degree of human influence and to improve the discrimination and classification of geomorphic types.

RS techniques can capture traits in geomorphology  , soil characteristics , and the responses of above- and

belowground diversity  as well as biodiversity , depending on their RS characteristics. Many RS technologies

are being used to detect human impacts and changes in the geomorphic taxa through LUI, using spectral image

analysis—such as the monitoring of river degradation, terrain creation , and coastal structure changes with

LiDAR  or urbanization (cities and roads) using multispectral, LiDAR or RADAR technologies .

6. Geomorphic Functional Diversity Using RS

“Geomorphic functional diversity is the diversity of geomorphic functions and processes as well as their intra- and

inter-specific interactions” .

Through anthropogenic impacts, such as urbanization, land-use intensity, and river straightening, the 19th to the

21th centuries increasingly witnessed irreversible changes and disturbances to the natural geomorphology, leading

to considerable disturbances in the functionality and resilience of geosystems.

Rivers adapt their path according to the temporal variations of their outflow. Hence, during geogenesis, meanders

emerged due to convergent and divergent flow movements that were transverse to the general direction of flow.

The number of factors influencing the formation of meanders can still not be fully explained today. However, it is

understood that the meanders of a river are the expression of a stable, dynamic balance between the river and the

riverbed, creating characteristic fluvial biodiversity with high self-purification potential. The geometry of meanders,

both cut-off meanders and oxbows, can greatly differ since meanders are subject to a permanent positional

change. In the 19th century, flood prevention measures were undertaken on the Upper Rhine (a reduction in areas
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prone to flooding), to regulate low-water levels (e.g., for year-round shipping) as well as regulations to produce

hydropower.

The morphological impacts of these “corrective measures“ on the River Rhine in Germany altered the erosion and

sediment behavior of the river. At the same time, the flow velocity increased, leading to strong vertical erosion of up

to 7 m in the Rhine. As a result of this eroded material, sandbanks and gravel banks frequently formed, and these

barrages acted as sediment traps, which meant that further measures were then required to regulate low-water

levels . Hence, river regulations or barrages lead to changes in the genesis, structural and functional fluvial

traits, subsequently leading to fluvial trait variations. The structural geomorphological changes in the original

meandering or sediment displacement can now be recorded using RS approaches because these fluvial trait

variations lead to spectral responses in the RS signal. In addition to structural changes, hyperspectral technologies

(HySPEX, AISA, CHIME, or EnMAP) can be used to make statements about changes to vegetation diversity and

water quality (increasing eutrophication, chlorophyll content, and turbidity); in other words, impacts from river

straightening. There are numerous examples of monitoring topography and relief (DEM, DSM) using RS

technologies.
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