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Abstract: Geodiversity and geosystem services are essential concepts for conservation efforts in
mountain regions. Approaches that integrate both natural and human dimensions of mountain abiotic
nature are best suited for this purpose; however, geodiversity research and associated conservation
efforts along this vein are still developing. Here, we explore the potential of a public participation GIS,
which integrates qualitative surveys with quantitative geodiversity information, to assess possible
relationships between geodiversity and geosystem services for Grayson County, Virginia, U.S.A.
Specifically, we: (1) used a geodiversity index to model geodiversity for the study area, (2) used
a public participation GIS to map geosystem services markers, and (3) visualized geodiversity–
geosystem services hotspots to uncover potential relationships between geodiversity and geosystem
services values. Participants placed 318 markers, most frequently representing aesthetic (32%),
artistic (22%), and educational (15%) geosystem services values. The majority (55%) of these markers
corresponded to low and very low quantitative geodiversity index scores. Geosystem services value
markers were clustered around population centers and protected areas. Although quantitative
geodiversity measures are often used to identify and prioritize areas for conservation, our results
suggest that locations valued by respondents would be missed using quantitative metrics alone. This
research thus supports the need for holistic approaches incorporating place values to conserve and
best understand relationships between people and abiotic aspects of mountain landscapes.

Keywords: geodiversity; public participatory GIS; conservation; geosystem services; Appalachian
Mountains

1. Introduction

Geodiversity encapsulates the collective variety of the Earth’s abiotic features and
processes within a given area [1,2]. Mountains, by virtue of their dynamic slope processes,
topographic arrangements, and diverse weathering surfaces and microclimates, are an
archetype of geodiversity. Given their presence on every continent, comprising roughly
one-quarter of the global land area [3,4], mountains also comprise a substantial component
of global geodiversity.

Mountain geodiversity supports many tangible and intangible landscape services.
For example, mountain geodiversity sustains ecosystem development, maintenance, and
function [5–10]. Mountain geodiversity also provides abundant geosystem services, which
are the goods, functions, and services provisioned by abiotic nature that support human
societies and well-being [2,11,12]. Geosystem services include tangible aspects of abiotic
landforms and properties, for example, the provision of minerals. However, they also
encompass intangible benefits related to cultural practices and beliefs [13]. For example,
many mountain landscapes are sources of artistic inspiration, heritage, scientific knowl-
edge, and education [12,14] and, coupled with geodiversity assessment, may reflect the
geotourism potential of mountainous regions [15]. Geodiversity and geosystem services
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are, therefore, integral to sustaining holistic mountain systems [16]. However, in many
places, conservation initiatives that include geodiversity are lagging [17].

Conceptual and analytical standards for geodiversity research are still developing [18],
and geodiversity is thus undergoing an innovative period of methodological refinement,
especially concerning applications for conservation [19]. Quantitative methods often used
for estimating geodiversity and identifying conservation priority areas are algorithmic
and often utilize indices to identify and map abiotic features such as landforms, lithology,
and soils for a given area [2,18]. These methods enable researchers to identify locations
where geologic attributes support biodiversity [20]. Qualitative assessments of geodiversity
typically involve non-numerical descriptions of geodiversity elements or an explanation
of their value to humans [21]. Within the field of geoconservation, much of the research
emphasizes modeling physical geodiversity [18]. Yet, there is a need to integrate geo-
socio (and geo-eco-socio)-related research to clarify local stewardship priorities that can
preserve and promote cultural and physical geodiversity and geoheritage. However, inte-
grating quantitative with qualitative approaches presents methodological and conceptual
challenges [5,22,23]. These challenges include mismatches between how people value
geodiversity elements and, where people perceive geodiversity to exist, a lack of univer-
sally accepted geodiversity modeling methods, scale constraints, and limitations due to
verification [18]. Weightings based on geoinformation crowdsourcing is one promising
approach that has been implemented [24]. Yet, there remains room for additional new and
innovative methodologies.

Public participation mapping is one potential methodological approach for spatially
integrating geodiversity and geosystem services values. Public participation mapping
and analysis typically incorporate qualitative data (e.g., interviews, focus groups, and
written surveys) with quantitative spatial methodologies (e.g., indices and map algebra).
Specifically, place value mapping through public participation geographic information
systems (PPGIS) facilitates an understanding of where individuals perceive landscape
values to exist [25–31]. As such, it can assist in uncovering the nuances of place’ [32–34]. Using
geospatial mapping technologies and quantitative methods, a PPGIS allows researchers
or land managers to understand the convergence among environmental and landscape
factors, experience, perception, and ultimately, land use decisions [35–37]. Thus, given the
integration capacity of a PPGIS, it is a potential approach for geodiversity research with
promising conservation outcomes.

Here, we use a PPGIS methodology to assess potential relationships between geodi-
versity and geosystem services. Our study is informed by the geosystem services frame-
work [38] that systematically characterizes the value of geodiversity to people. We focus
our efforts on Grayson County, Virginia, U.S.A.—a rural, mountainous county in the
Southern Appalachian Mountains—and provide the first assessment of geodiversity in this
region. Specifically, we: (1) model the geodiversity of Grayson County using a modified
geodiversity index, (2) develop and implement a survey on geosystem services values for
Grayson County, Virginia, using a PPGIS methodology and a modified geosystem services
framework, and (3) visualize their integration. Finally, we share the benefits, drawbacks,
and lessons learned to help inform future work.

2. Materials and Methods
2.1. Study Area

Grayson County, Virginia (VA) (Figure 1), is situated in the Southern Appalachian
Mountains within the Blue Ridge physiographic province, lying just north of Virginia’s
border with North Carolina. Grayson County is distinctive within the region for its ex-
tensive highlands. Elevation ranges from 649.2 m to 1746.2 m a.s.l. at the summit of
Mount Rogers—the highest point in the state. An array of relief types (e.g., mountains,
rivers, valleys, and plains) create a distinctive landscape and easily identifiable physical
landmarks [39]. Grayson County is underlain by a variety of igneous and metamorphic
rocks comprising 21 different lithological units [40]. Differential erosion and extensive
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folding have created a varied terrain characterized by erosion-resistant granitic outcrops
and uplands and by valleys composed of gneiss, granites, and schists. The New River, the
oldest river on the North American continent [41], meanders north through the central part
of the county, with Chestnut Creek, Elk Creek, Fox Creek, Little River, and Wilson Creek
being major tributaries. Among the fifty-nine different soils series that exist throughout
Grayson County, Peaks very gravely loam (18.6%), Edneytown loam (16.6%), Edneyville
loam (13.2%), Glenelg loam (9.4%), and Tate loam (7.9%) dominate. The US Department of
Agriculture, Natural Resources Conservation Service, provides detailed descriptions of the
soils that are found within Grayson County, as well as across the USA [42].
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Figure 1. Grayson County, Virginia, U.S.A. Landmarks and designated public land. Wilderness Area
is managed by the U.S. Department of Agriculture, Forest Service. The Blue Ridge Parkway is a
scenic byway managed by the U.S. National Park Service.

Like other counties in southwestern Virginia, Grayson County is rural and has a low
population density, with 5359 people living within the county’s land area of 1145 km2 [43].
Agriculture, including cattle production, dairy products, corn, hay, and burley tobacco,
comprises approximately 40% of the land use. Manufacturing includes textiles, furniture,
and other wood products. Several highly visited state and federally managed lands reside
fully or partially within Grayson County [44]. These include the Blue Ridge Parkway,
George Washington–Jefferson National Forests (containing Lewis Fork and Little Wilson
Creek Wilderness and Mt. Rogers Recreational Area), Grayson Highlands State Park, and
Matthews State Forest [42].

Grayson County’s natural heritage intertwines with the cultural heritage of the South-
ern Appalachian mountain people. Music, traditional crafts, and festivals are venues for
expressing cultural heritage and its ties to the landscape. For example, Appalachian string
band (or old-time) music is a traditional American folk music style for which the region is
well known [45], which continues to be celebrated via music festivals throughout the year.
Traditionally, Appalachian music is taught by ear and passed down through generations of
families and within communities [46]. Before radio, the rugged Appalachian Mountains
that dissect the landscape influenced the development of distinctive musical styles between
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communities [47]. The diversity of landforms and cultural heritage fosters an Appalachian
musical ‘sense of place’.

Grayson County landscapes have been degraded by decades of mineral and timber
extraction and increasingly through the direct impacts of recreation and tourism [48]. In-
discriminate clearcutting during the late 1800s and early 1900s resulted in extensive soil
erosion. Building dams to support the woolen and textile mills along the New River also
altered hydrological regimes. Visitation to the Blue Ridge Parkway—the most visited
National Park Service unit in the United States [49]—brings millions of tourists, exacerbat-
ing the denigration of natural features on trails and rocky overlooks through trampling,
defacement of natural features, and overcrowding.

2.2. Methodology

The overall methodology includes three primary steps (Figure 2). The first involved
the creation of the geodiversity index for the study area. Second, we developed, tested,
and implemented a survey to assess how community members value geosystem services
using public participatory mapping. Finally, we visualized the spatial congruence be-
tween the quantitative geodiversity index map and the geoservices value markers using
hotspot mapping.
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2.2.1. Deriving a Geodiversity Index Map for Grayson County, VA, USA

We created an index map to characterize the spatial variability of geodiversity in
Grayson County. Ours was the first assessment of geodiversity for the study area. Nine fac-
tors, collectively considered necessary for physical landscape evolution [50], were included
in the index. These factors were: soil diversity, geological diversity, local relief, landform
taxa, terrain ruggedness, slope position, hydrography, and topographic wetness (TWI).
Each factor map was derived using readily available spatial datasets and created using Ar-
cGIS Pro (2.8.x, © ESRI). Except for geological diversity which is categorical, each factor was
reclassified and normalized using natural breaks [51] in the manner of Zwolinski et al. [18]
and Melelli et al. [52] (Table 1).
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Table 1. Values of the ten factors used in the geodiversity index.

Geodiversity
Category
and Score

Slope
Position Ruggedness Landform

Taxa
Local Relief

(m)
Geological
Diversity

Soil
Erodibility
(K-Factor)

Insolation
(kW/m2) TWI Hydrography

(m/km2)

Very Low (1) Flat Slope 0–2.98 Plains 0–9.01 Ultramafic rock
variety 0.06–0.22 0.74–1.97 2.86–

6.15 0–0.53

Low (2) Middle
Slope 2.99–5.03 Valley 9.01–16.00 Conglomerate

variety 0.22–0.28 1.97–3.56 6.15–
8.08 0.53–1.33

Medium (3) Upper/Lower
Slope 5.04–7.26

Open/Upper
Slopes, Mid-
slope/Upper

Drain

16.01–23.00 Sandstone 0.28–0.34 3.56–5.04 8.08–
11.05 1.33–1.53

High (4) Valley 7.27–10.25
Local/Mid-

slope
Ridges

23.01–32.00

Amphibolite,
greenstone,

meta-argillite,
mica schist,

quartz
monzonite,

rhyolite,
sedimentary

breccia

0.34–0.43 5.04–6.66 11.05–
15.46 1.53–1.66

Very High
(5) Ridge 10.26–47.53 High Ridges 32.01–91.00

Augen gneiss,
biotite gneiss,
felsic volcanic
rock, granite

0.44–0.52 6.66–8.49 15.46–
23.33 1.66–1.86

Geological diversity represents the spatial variability of lithology and rock hardness,
which controls the topographic response of erosion on the landscape [52]. Calculating
rock hardness was based on Kori et al. [50], whereby each lithological unit’s hardness
and hardness variability was ranked on a scale from 1 to 5. Vectorized geologic maps of
Virginia (1:600,000 scale) [53,54], were used to aid expert hardness classification. The final
classification reflects reclassified rock hardness values represented by the following rock
types (listed from softest to hardest): (1) ultramafic; (2) conglomerate; (3) sandstone; (4) am-
phibolite, greenstone, meta-argillite, mica schist, quartz monzonite, rhyolite, sedimentary
breccia; and (5) augen gneiss, biotite gneiss, felsic volcanic rock, and granite (Table 1).

The local relief, landform taxa, slope position, and terrain ruggedness factors were
derived from 1 arc-second digital elevation models (DEM) using the open source System
for Automated Geoscientific Analyses (SAGA, Version 8.0; [55]). The DEM was acquired
from the USGS 3DEP Program dataset [56]. Local relief is a surrogate of potential landscape
energy that determines erosion potential. It is calculated by subtracting the minimum
from the maximum elevations of the surrounding cells (within a 3 × 3 window) to create
a map of landform energy [57]. Landscape roughness, a quantitative measure of surface
irregularity [52], considers terrain ruggedness and is a factor in erosion potential, which
may change depending on altitude [15]. Typically, landscapes with higher ruggedness
are recognized to be more diverse compared to flat terrain [58]. We calculated roughness,
and topographic irregularity [59], using a topographic roughness index (TRI) following
methods by Riley et al. [60].

Slope position and landform taxa are critical for characterizing the geomorphological
components of geodiversity. Slope position categorizes both slope steepness and the loca-
tion of a position on a slope. Landform taxa considers the role of landforms in hydrological
processes, microclimatic variation, and erosion potential. The slope position index (SPI)
and landform taxa factor maps were calculated based on the derivation of a topographic
position index (TPI) based on methods in Jenness [59]. TPI compares the elevation of
each cell within the DEM to the average elevation within a 3 × 3 window around the
cell. The slope position index (SPI) is a classification system that calculates the standard
deviation of the TPI to define six slope position classes: ridge, upper slope, middle slope,
flat slope, lower slope, and valleys. SPI slope types were then reclassified (1–5) through
expert classification by each class’s erosion potential (Table 1). The landform taxa factor is a
derivate of a classification algorithm that compares the TPI at both coarse (aggregated cells)
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and fine (original cells) scales so that it can identify individual landforms such as small
hills and river features, as well as prominent ridges and valleys [59].

Soil erodibility (soil k-factor) is a quantitative value that estimates the erodibility of a
soil type and the rate of runoff [61]. The k-factor considers soil infiltration rate, permeability,
surface sealing, structure, texture, organic matter content, surface gravel, and total water
capacity [62,63]. Overall soil k factor is essential for understanding landform and landscape
development [50]. The soil erodibility factor is calculated through the Universal Soil Loss
Equation (USLE) A = R × K × LS × C × P. The resulting k factor is represented as the rate
of erosion per unit erosion index from a standard plot and is used to create a soil taxa index.
Soil k-factor attribute data for Grayson County, VA, USA, was retrieved through SSURGO
database at a scale of 1:12,000 [42]. Each soil type contains a polygon that provides the
spatial and other associated soil data (k-factor) that we could factor into the final model.
Surface hydrology (as represented in the hydrography factor) shapes the landscape through
erosion and sediment deposition. Hydrographic density for Grayson County was calculated
by dividing the total water length (km) of the streams and water bodies of each basin by that
basin’s area (km2) [52]. Data from the USGS National Hydrography Dataset (NHD) [64] at
a 1:24,000 scale provided information for this factor.

Finally, mesoclimatic conditions were factored into the geodiversity index using a
topographic wetness index (TWI) and insolation. We used 1 arc-second (~30 m) DEMs to
calculate insolation and TWI in SAGA. Mesoclimatic factors represent erosion potential
from precipitation and solar radiation intensity on surface topography through physical
weathering [65]. Precipitation creates surface runoff that erodes rock surfaces and soils,
transports rock downslope, decreases friction leading to slope failure, and accelerates
erosion through freeze–thaw processes. The amount of solar radiation reaching a rock
surface can substantially impact its internal and external temperature, creating thermal
fatigue on the exposed rocks that enhance erosion potential [66].

We used map algebra (i.e., the Multi-Criteria Evaluation technique through Ana-
lytic Hierarchy Process) to generate the final geodiversity map based on the weighted
summation of each of the nine factors. We followed the weighting process described by
Kori et al. [50] but modified our weights to reflect the dominance of weather-resistant meta-
morphic and igneous rocks and the prominent role of geomorphological processes on the
rugged landscape. Our final weights (out of 100%), reflecting the geologic and geomorphic
influence and importance of each factor, were determined as slope position (27.7%), geo-
logical diversity (18%), soil erodibility (14.8%), landform taxa (10.6%), ruggedness (9.1%),
hydrography (8.8%), local relief (8.6%), insolation (1.2%), and TWI (1.2%).

2.2.2. Using a PPGIS to Spatially Assess Geosystem Services

Geosystem services are “the goods and services that are related to geodiversity” [67]
(p. 227). Gray [38] presents a framework adapted from the Millennium Ecosystem As-
sessment (MEA), whereby 25 geosystem services are organized into six groups: intrinsic,
cultural, aesthetic, economic, functional, and scientific. Notably, the geosystem services
framework recognizes the value of abiotic nature to people independently from its role in
supporting people via ecosystem and biodiversity regulation. For example, mountain to-
pography (through slopes, rock features, and microclimate variation) provides geotourism
and leisure activities such as rock climbing, hiking, skiing, and sightseeing. Through
these geotourism benefits, mountains also provide economic and cultural amenities to
tourism-based communities. Topography also provides protective barriers from natural
hazards and may have spiritual and cultural associations [14]. Finally, topography has
educational values, allowing us to study and learn about the geomorphic processes that
generate them [67,68].

We used a PPGIS to determine where people perceive different categories of geosystem
services to exist within Grayson County. Using ArcGIS online (ESRI), we configured, pilot-
tested, and distributed an internet-based PPGIS survey instrument and interactive map
application. In the map interface, markers (points) represented one of ten geodiversity
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services and geosystem services. We developed our PPGIS based on Brown et al. [69], who
used interactive mapping to assess ecosystem services.

Informed by the geosystem services framework [23,38,67], we selected and adapted ten
geosystem services values for inclusion in the PPGIS. These were: aesthetic (i.e., Environ-
mental Quality [67]), geotourism and leisure, spiritual, historic, and cultural associations,
artistic inspiration, social, food and drink, energy products, ornamental/construction
products, important geological landmarks, and educational areas. We selected geosystem
services thought to be relevant to the study area context and by perceived ‘mappability’.
These geosystem services values belong to the provisioning, knowledge, and cultural
categories (Table 2). Provisioning service values include food and drink, fuel, and con-
struction materials/ornamental products (i.e., gemstones). Locations characterized by
cultural services have spiritual, historic, aesthetic, artistic, social, and leisure values. Finally,
knowledge values represented important geological landmarks and significant historic or
educational geologic areas.

Table 2. Geosystem services marker definitions.

Geosystem
Service (GS)

Category
GS GS Benefits Operational Definition

Cultural Aesthetic
Appreciation of

landscape or
landmark

I appreciate the scenery
or landmark.

Geotourism and
leisure

Provides recreation
opportunity

I find this location useful
to participate in outdoor
sports, walking, hiking,

biking, dog walking, rock
climbing, etc.

Spiritual, historic, and
cultural Associations

Significant area that
represents spirituality,
local culture, heritage,

or history.

This location plays a
significant role in my

spirituality, local culture,
heritage, and/or history.

Artistic inspiration
Provides materials or

inspiration for
art/music.

I find this place useful for
my creativity (drawing,

music, writing, and
woodworking).

Social Significance to social
interactions.

I find this location to be
beneficial to social groups

that I am a part of
because of its terrain or

non-living benefits.

Provisioning Food and drink Useful for subsidence

I collect/harvest
non-living food or drink
from this location. (e.g.,
freshwater and mineral

water).

Energy products
Signifies important

areas for abiotic
energy resources

This location is important
for my energy needs (e.g.,

coal, gas, oil,
hydroelectric, and wind

power).

Ornamental/construction
products

I utilize the non-living
materials in this location
(e.g., gemstones, metals,

stone, and brick).
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Table 2. Cont.

Geosystem
Service (GS)

Category
GS GS Benefits Operational Definition

Knowledge Important geological
landmarks

Signifies important
geological

landmarks/area.

I find this location of
geologic importance.

Educational areas

Signifies influential
areas to

educational/local
knowledge about the

Earth.

This area is influential to
what I have learned

about the Earth or can
teach people about the

Earth.

An accompanying survey obtained information about respondent demographics,
experience participating in the PPGIS survey, and perceived level of knowledge about the
study area (Appendix A). Questions were based on those developed by Brown et al. [69] for
biodiversity but explicitly modified to gain an understanding of geodiversity. Demographic
variables collected included age, gender, level of formal education, length of residence, zip
code of residence, county residency, and time spent in Grayson County. Survey questions
prompted participants to self-rate their knowledge of the study region, scientific knowledge,
amount of time spent in nature, and ease of participating in the PPGIS, based on a scalar
single-digit integer value between one and five.

Respondents, Survey Dissemination, and Interaction with the PPGIS Map Interface

The study was based on a convenience sample of volunteers; we thus consider the
nature of the PPGIS work exploratory. Virginia Tech’s IRB protocol (#21-220) approved
the survey before dissemination. All subjects gave their informed consent for inclusion
before they participated in the study. Volunteer survey respondents were sought out
based on the geographic scope and goals of the study, with a particular focus on Grayson
County, Virginia. Since familiarity with the study area was necessary for mapping, potential
respondents were solicited from time-limited in-person gatherings, local gathering places,
and through email. In-person gatherings included the Mt. Airy Fiddlers Convention (3–5
June 2021), Fries Community Center Jam Session (23 June 2021), and the Independence
Farmers Market/US-52 Road Market on 13 August 2021. Additional solicitation occurred
at Chestnut School of the Arts and the Galax Public Library, both located in the nearby city
of Galax, Virginia. Potential participants were asked if they lived in, lived near, or owned a
second home in Grayson County. If the response was yes, we provided a consent form, and
they recorded their email address to receive the survey. Attendees at events or gathering
places were given information about the study and asked to provide emails if they were
interested in participating further. Seventy-five people agreed to participate via informed
consent; 30 completed the online PPGIS survey. This response rate of 40% was considered
more than adequate for study purposes.

Ages of the 30 respondents ranged from 21 to 77 years, with a mean age of
57.48 ± 15.91 years. Gender was half male and half female. Education ranged from
some college (16.6%) to a completed degree (43.0%). Respondents resided in Grayson
County and five adjacent counties. All respondents reported some familiarity with the
Grayson County landscape (mean = 3.52 ± 1.06 SD); time spent in Grayson County ranged
from 2 months to 55 years, with a mean of 15.38 years.

We distributed the PPGIS and the short demographic/ease-of-use survey (Appendix A)
via a URL link through email so that respondents could complete the survey at home or at
a location of choice with an accessible computer. In addition to demographic questions,
a unique PPGIS instrument and link were created for and emailed separately to each
respondent to maintain confidentiality. Respondents were asked to geolocate (using an
online interactive map interface [Figure 3]) examples of geosystem services from which they
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benefited or valued, using point features representing one of the ten selected geosystems
(Table 2).
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Figure 3. Example of the online PPGIS interface provided to survey respondents.

Respondents interacted with the online map interface by selecting among the ten
individual service point markers on the screen’s right panel (Figure 3) and dragging and
dropping the markers to a location on a basemap of their choice (e.g., Imagery, Streets,
Navigation, Open Street Map, USA Topo Maps) to facilitate geolocation. Respondents
could choose to place as many or as few markers as they wanted. On the mapping
interface, prompts helped respondents interpret the meaning of the geosystem services.
Point markers were labeled as a prompt based on the operational definitions (Table 2).
For example, “I find this location useful to participate in outdoor sports, walking, hiking,
biking, dog walking, or rock climbing” was the prompt used for the geoservice value
marker representing geotourism and leisure. Fagerholm et al. [30] provided a guide for
framing questions suitable for inclusion in a PPGIS (Table 2). The online survey allowed
participants to identify locations by zooming, dragging a cursor, or using the address
search tool.

Integration of Geoservice Value Points and Geodiversity Value Map

Geodiversity provides a foundation that enables the provision of geosystem ser-
vices [70]. To qualitatively assess geosystem services within the greater context of geodi-
versity, we used hot-spot mapping to visualize how geosystem service marker locations
corresponded with the quantitative geodiversity index values. To do so, we extracted the
geodiversity index scores corresponding to the geolocation of each geosystem services
marker placed survey respondents. We assume that geodiversity provides geosystem
services that are recognized in different capacities by local survey respondents and that a
spatial relationship exists between the variation in abiotic diversity and their contribution
to the well-being of people (e.g., de Groot et al. [71] and Brown and Fagerholm [72], for
ecosystem services). Through contingency analysis, we explored the relationship between
geosystem services categories and the geodiversity index score.

To visualize the geosystem services markers and associated geodiversity index scores,
we created a geodiversity–geosystem services hotspot map following methods by Alessa
et al. [73]. This process entailed: (1) generating a geosystem services marker density map
(also known as kernel density or heat map) using a point density function tool in ArcGIS Pro,
(2) rasterizing and reclassifying the point density layer according to the geodiversity index
classification, and (3) dividing the point density map by a reversed classified geodiversity
index layer through the raster calculator within ArcGIS Pro.
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3. Results
3.1. Geodiversity Index Map

The final geodiversity map (Figure 4) is a raster map, with a pixel resolution of
25 m, that depicts the spatial variability of geodiversity as a grid of numerical parameters,
classified into five ordinal groups ranging from very low (1) to very high (5). Mountain
peaks, ridges, and sloped areas of high relief (e.g., Buck Mountain and Point Lookout
Mountain) characterize landscapes within Grayson County with very high (5) geodiversity.
Very low (1) geodiversity scores comprised 14.94% of the county area and generally exist in
population centers or low-sloped meadows (Table 3) and where highly erodible ultramafic
rocks occur (Figure 4). The mean geodiversity rank for Grayson County was 2.77.
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Figure 4. Nine geologic and geomorphological factors (A) were integrated into the final geodiversity
map for Grayson County, Virginia (B). The final geodiversity raster map had geodiversity ranging
from 85.6 to 480.4, which were grouped into five classes: very low (85.60–224.94), low (224.95–265.19),
medium (265.20–305.44), high (305.45–359.63), and very high (359.64–480.40) using natural breaks [51].
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Table 3. Area of Grayson County, VA, USA, represented by geodiversity index categories and scores.

Score Category Area (km2) Area (%)

1 Very Low 273.81 14.94
2 Low 526.57 28.73
3 Medium 529.83 28.91
4 High 362.27 19.77
5 Very High 140.19 7.65

3.2. Geosystem Services Values: Public Participatory GIS

The 30 respondents placed 318 markers representing locations they recognized for at
least one of the ten geosystem services categories. Among the 318 markers, all geodiversity
score categories were represented (Table 4), indicating that the local respondents valued
geosystem services associated with locations characterized by a wide range of geodiversity.
Respondents assigned more markers to the aesthetic geosystem services category than
any other (31.4%). Markers associated with artistic inspiration (22.0%) and educational
(15.7%) values followed, along with geotourism and leisure (8.5%), social (6.6%), spiritual,
historic and cultural (6.6%), important geological landmarks (5.0%), food and drink (1.6%),
ornamental/construction products (1.3%), and energy products (1.3%) followed (Table 4).

Table 4. Frequencies and percentages of mapped geosystem services (GS) marker categories associ-
ated with geodiversity index score categories.

Very
Low (1) (%) Low (2) (%) Medium

(3) (%) High (4) (%) Very
High (5) (%)

Total
Mapped

Attributes

Aesthetic 21 21.00 30 30.00 19 19.00 16 16.00 14 14.00 100

Artistic inspiration 20 28.57 19 27.14 15 21.43 12 17.14 4 5.71 70

Educational areas 10 20.00 14 28.00 16 32.00 7 14.00 3 6.00 50

Geotourism and leisure 7 25.93 11 40.74 6 22.22 2 7.41 1 3.70 27

Social 3 14.29 8 38.10 7 33.33 2 9.52 1 4.76 21

Spiritual, historic, and
cultural 9 42.86 5 23.81 4 19.05 3 14.29 0 0.00 21

Important geological
landmarks 2 12.50 5 31.25 5 31.25 4 25.00 0 0.00 16

Food and drink 0 0.00 0 0.00 5 100.00 0 0.00 0 0.00 5

Ornamental/construction
products 0 0.00 0 0.00 3 75.00 0 0.00 1 25.00 4

Energy products 1 25.00 1 25.00 2 50.00 0 0.00 0 0.00 4

Total mapped attributes 73 22.96 93 29.25 82 25.79 46 14.47 24 7.55 318

Out of the 318 markers placed throughout the county, the very high geodiversity
category comprised 7.55% (n = 24) of the markers, 14.47% (n = 46) were associated with
the high geodiversity category, 25.79% (n = 82) were in the medium geodiversity category,
and 29.25% (n = 93) and 22.96% (n = 73) were in the low and very low geodiversity
categories, respectively (Table 4). These results indicate that most marker locations had
low corresponding geodiversity index scores. However, individual geosystem services
categories varied in the proportion represented by each geodiversity category (Figure 5).
Among these, over 50% of the markers in the aesthetic, artistic inspiration, geotourism and
leisure, social, spiritual, historic and cultural categories fell in locations with low or very low
geodiversity index scores. Contingency analysis revealed that the relationship between the
geosystem services category and the categorical geodiversity score χ2 (36, n = 318) = 51.6,
p < 0.05 is statistically meaningful.
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Figure 5. Stacked column graph depicting the proportion of each geodiversity category (very low to
very high) contributing to the total response rate for individual geosystem services categories. The
number of responses for each geosystem services category is listed in Table 4.

Point density mapping of geoservice values markers revealed clustering near towns
and natural areas with high visitation. The largest marker cluster was placed near Grayson
Highlands State Park, followed by clusters in the towns of Fries, Independence, Elk Creek,
and Whitetop, Virginia (Figure 6). The highest density clusters (based on kernel density
calculations) ranged from 2.05–5.11 markers/km2, whereas smaller clusters ranged between
1.00 and 2.04 markers per km2 (Figure 6).

Respondents’ experience with the public participation mapping was assessed via an
accompanying questionnaire based on a scalar single digit integer value between easy (1)
and hard (5). Ease of using the mapping survey was reported to be moderately easy (mean
rank = 2.37 ± 0.97 SD), as was the comprehension of the geosystem services markers (2.17
± 0.80 SD). Identifying geosystem services on the map had a mean rank of 2.82 ± 0.97 SD,
indicating that it was slightly challenging.
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Figure 6. (A) Kernel density map of the geosystem services markers based on individual point marker
locations. 1. Hotspot situated around Grayson Highlands State Park; 2. Hotspot centered around the
town of Fries; 3. Hotspot near Blue Ridge Music Center on the Blue Ridge Parkway. (B) Individual
point locations for each geosystem service, by category.

3.3. Integrating Ecosystem Service Markers and the Geodiversity through Visualization

We visualized the spatial congruence of mapped geodiversity index scores and survey
marker placement using a hotspot map. The geodiversity–geosystem services value hotspot
map (Figure 7) depicts areas with high concentrations of geosystem services point markers
and high concentrations of geodiversity. Based on visual inspection, areas of high and
geodiversity-high geosystem services concentrate around Grayson Highlands State Park,
Fries, and Independence. Whitetop Mountain and Elk Creek communities exhibit notable
importance but are smaller hotspot areas. Very small hotspots are located around the
Blue Ridge Parkway and Mouth of Wilson. Medium-to-low-value areas are dispersed
throughout the rest of the county.
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4. Discussion

We explored potential relationships between geodiversity index scores and geosystem
services in Grayson County, VA, USA, using PPGIS. This work also aimed to contribute to
the methodological development of geodiversity research at the quantitative/qualitative
interface. Here, we outline findings from the case study and contextualize their implications
for mountain conservation. We additionally note the benefits and drawbacks of utilizing a
PPGIS for geodiversity research and discuss possible avenues for future applications of a
PPGIS in place-based geodiversity research.

4.1. Case Study Findings and Implications

The interactive PPGIS survey enabled respondents to identify and mark locations
perceived as valuable for cultural, provisioning, and knowledge-based geosystem services
(Table 2). Altogether, the mapped geosystem markers represented each of the geodiversity
index score categories (very low to very high) and all ten geosystem services categories
(Table 4 and Figure 5).

Although isolated markers offer insights into associations between the landscape
and geosystem services valuation at an individual level, marker clusters demonstrate a
collective recognition of geosystem services. Areas characterized by high geodiversity
and clusters of service markers are likely of interest for geoconservation efforts. This
research revealed marker clusters near population centers and natural areas with recreation
access and cultural amenities (Figure 6). The largest cluster of geosystem services markers
was spatially associated with Grayson Highlands State Park—a mountainous, 1822 ha
recreational area popular with outdoor and music enthusiasts [74]. The hotspot map also
revealed ‘high-high’ clusters, including Grayson Highland State Park and other rugged
regions such as Buck Mountain and Whitetop Mountain (Figure 7). An additional large
cluster was situated near Fries, which is a community gateway to the 57-mile, multipurpose
New River Trail, and the scenic New River. Independence, Elk Creek, Whitetop, the Blue
Ridge Parkway, and the unincorporated community, Mouth of Wilson, were locales of
smaller clusters (Figure 6). Marker clustering around communities or natural amenities
has also been reported in studies that use a PPGIS for mapping ecosystem services [69].
Such mapped placement is likely influenced by ease of access to marked locations [75] and
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spatial discounting [26,76–78], a theory suggesting people prefer to be close to things they
like and further away from what they fear or dislike [79].

The maps in Figures 6 and 7 also reveal marker placements in areas with low quantita-
tive geodiversity scores. In fact, the majority of geosystem services markers were located on
pixels classified as having very low to low geodiversity (Table 4, Figure 5). Many mapped
points were not placed at locations with high to very high geodiversity scores, but rather at
locations with personal relevance, suggesting an epistemological mismatch between the
mapped quantitative geodiversity layer and responses from the place-based geosystems
services survey. For example, a respondent might have placed a Spiritual, Historic, and
Cultural marker at a family burial plot at a location with a low geodiversity score. Geodi-
versity map scores, as defined through the quantitative index alone, would thus have failed
to detect such an association, regardless of the importance of the cultural significance of the
location. Alternatively, our results could reflect spatial uncertainty and a scale mismatch
in marker placement or that point markers (as opposed to polygons) were insufficient for
spatially representing geosystem services’ locations. This finding could reflect the reclassi-
fication of geodiversity scores to reflect relative geodiversity within the county since an
overall rugged landscape characterizes the county. Geosystem-services-marked locations
with low geodiversity scores represent opportunities for natural heritage interpretation
that may be overlooked using only a quantitative geodiversity assessment. Our findings
thus reinforce the importance of integrating quantitative information, and qualitative input
from community members for uncovering natural and social nuances of geodiversity.

Among the ten geosystem services, more markers placed by survey respondents
were in the aesthetic category than any other geosystem services category (Figure 5). The
aesthetic geosystem service reflects an appreciation of the landmark or scenery visible from
the landmark. Aesthetic markers are dispersed throughout the county, but clusters again
occurred at Grayson Highlands State Park, town sites associated with New River adventure
tourism (e.g., Fries), and areas characterized by rugged terrain and high relative relief
(Figure 6). We note that aesthetic clusters also tended to reflect a diversity of geosystem
services and are, in some instances, additionally associated with artistic and geotourism
services (Figure 6). The evaluation of intangible resources associated with geodiversity
such as aesthetics and artistic inspiration is critical to the holistic conservation management
of geodiversity [80]. In Grayson County, Virginia, the connection could be rooted in
both history and culture. Research has suggested that place values are a function of the
“sense of place” around one’s home [81]. The historical land use upon which many of
the communities in Grayson County were founded (i.e., agriculture, textiles, and logging)
cultivated a deep connection to the mountain landscape and the New River for the abiotic
resources it provided [48]. Future work could assess how geosystem service valuation
changes over time and space with geodiversity and landscape change, perhaps within a
framework that considers critical perspectives, as well as dynamics and feedback among
integrated geosystem, ecological, and social systems.

4.2. Benefits, Challenges, and Limitations

Conceptual and analytical standards for geodiversity research are still in develop-
ment [18]. Although exploratory, this work is a step toward more focused and refined
place-based geodiversity research. Our focus here is geodiversity in a mountainous region,
but an overarching benefit of this approach is its adaptability. The approach affords the
exploration of similar questions across an array of landscapes. Furthermore, the geosystems
services framework [67], which was adapted to our spatial study, has additional capacity
for assessing the role of globally relevant geosystem services at regional and local lev-
els [16,82,83]. Notably, based on the survey results, respondents reported comprehension
of the geosystems services markers to be moderately easy.

Concerning the spatial analysis and visualization capacities of the PPGIS, we addition-
ally note the following benefits for supporting geodiversity-related research and mountain
conservation efforts:
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• Widely applicable. The method we used is straightforward and can be replicated with
similar, publicly available datasets for other areas; PPGIS methods are developed with
open-source software making them widely accessible. Furthermore, we note that the
geodiversity index has been used extensively as a framework for several studies with
slight variations in the application [9,84,85]. One such variation includes applying a
grid overlay system to calculate geodiversity within each grid cell. For our purposes
here, we determined that individual weighting of variables allowed us to achieve
greater customization of the model based on the landscape type (e.g., flat-lying vs.
mountainous) [62]. However, the grid cell technique has been used successfully to
compare areas of high geodiversity with concentrations of human activities, such as
land degradation and urban growth [86].

• Identify priority locations for mountain geoconservation and future research priorities. As an
example, geodiversity includes aspects of the abiotic realm that are rare and vulnera-
ble, as well as those that are stable or prolific [70]. PPGIS can empower the community
through engagement, discourse, and conversation to bring geodiversity and geodiver-
sity elements into conservation decisions. Knowledge about geosystem services and
associated geodiversity can also provide foresight concerning the social and natural
consequences of decisions affecting abiotic diversity. For example, similar methods
could help to avert threats to geodiversity, including (but not limited to) unsustainable
tourism, land development, or river and coastal engineering [1].

• Uncover spatial nuances associated with geodiversity and a ‘sense of place’ that integrates
culture within physical landscapes. The method we used is informed by a framework that
creates knowledge about how globally important geosystem services, as provisioned
by geodiversity, are perceived and valued on a local level. The spatial approach allows
socio-geo-related nuances specific to geographic regions to be uncovered. For example,
in this study, we noted informally that the placement of markers reflected locations
referenced in the lyrics of traditional Appalachian string band, fiddle, and banjo
musical stylings of Grayson County (e.g., [45]). Additionally, as reported in another
study, the foraging of ramps (Allium tricoccum) as a seasonal famine food in niche
microclimates and soil conditions of the Appalachian hillsides [87] reflects a locally
significant human connection to abiotic diversity with implications for sustainability.
This topic, or a similar one, could be explored more fully using a PPGIS.

• Support holistic science and management of mountains via the ability to integrate several data
types, thematic content, and spatial analyses. Like biodiversity, mountain geodiversity
is pressured by climate change, tourism impacts, intensive land use practices, and
extractive industries [12,88]. The ability to integrate several reference layers (e.g., land
use and land cover (LULC), climate, and biodiversity) with qualitative geographic
and non-geographic survey information, enables place-based exploration of complex
spatial questions at the interface of human systems, the environment, and geosystems.
PPGISs can thus aid spatial decision-making for land and ecosystem management
with important geodiversity components. As an example, a PPGIS could aid in the
development of a management plan for protecting globally rare plant communities
that are restricted to specific rock types and maintained by geomorphic processes (such
as the Southern Appalachian, high-elevation rock outcrop plant communities [89])
from the impacts of tourism and climate change. It could further aid in the articulation
and integration of indigenous (or other cultural) perspectives into geodiversity and
geoheritage research. Many examples that demonstrate the informal linkages between
geodiversity and culture have expression within everyday life, for example, within
mythologies, songs, and language [90]. PPGISs could be valuable for uncovering
spatial nuances of these associations.

One drawback of the PPGIS method, not unique to this study, is the limited validation
potential of both geodiversity layers and mapped geosystem services markers. Validation
and verification challenges emerge from several interrelated factors, including GIS reference
data availability and quality, scale mismatches of datasets, the technological aptitude
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and cartographic literacy of respondents [36], and a lack of a general understanding of
geodiversity as a concept. Qualitative assessment of geodiversity services, for example, as
determined by marker placement on a map, contains subjectivity that is neither comparable
across location, nor compatible with the verification of results [91]. In this study, landscapes
across the range of geodiversity classes exhibited wide variability (Figure 8), but variability
was also observed among landscapes classified within the same geodiversity category.
Furthermore, our study relied on survey respondents for basic map literacy; we could
not verify that marker locations accurately represent their intended placement. Thus, in
our study, we added a 50 m buffer around the points mapped to account for possible
misplacement of points. As was implemented by Brown et al. [69], we suggest the inclusion
of a short, written description (e.g., “peak of Mount Rogers” or “cliffs along New River”)
for each mapped geosystem service marker to help contextualize marker placement. Other
research has recommended ordinal questioning for assessing categorical rankings. For
example, the placement of different size markers to represent the degree of valuation has
been used in previous work on ecosystem services [26,92]. Interviews [93], or focus groups
that permit elaboration and storytelling, would offer a superior, yet time-intensive, option.
Social media data are an innovative and promising avenue for uncovering relationships
between geodiversity and cultural ecosystem services [7] and could also be leveraged in a
PPGIS for spatial geosystem service assessments.
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Figure 8. Landscape examples within Grayson County across the range of geodiversity classes.
(A)—Very Low (1), Land around Independence 1908 Courthouse; (B)—Low (2), Open field in the
foreground along Saddle Ridge Road; (C)—Medium (3) Hilly farm field; (D)—High (4) Waterfall
along Fox Creek; (E)—Very High (5), The peak on top of Point Lookout Mountain.

The interpretation and quantitative estimation of geodiversity elements at varying
spatial scales add additional complexity [94]. In mountain environments, geodiversity
encapsulates very small individual elements (e.g., sediments) to very large elements such as
glacial moraines or mountain ranges larger than the study area. Thus, available datasets for
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representing the gamut of geodiversity within a given area can be limited. The acquisition
of available data at varying resolutions is challenging and creates a need for a scale-specific
geodiversity classification framework to help determine what geodiversity elements should
be modeled at different spatial scales with different data resolutions [95].

Confusion over spatial scale also applies to the perception of geosystem services.
Mismatches can occur between the spatial scale at which geosystem services are perceived
versus how they are measured or represented on an interactive map. Viewshed analysis,
a GIS-based procedure for mapping the area that is visible from a given ground location
shows promise for incorporation into a PPGIS and has been used to map cultural ecosystem
services [96,97]. Such an analysis may be especially relevant for studies in prominent
mountain landscapes where view quality is of importance [98]. Additionally, flexibility
with the mapping interface, such as the ability to draw polygons to depict an area, could
offer an alternative to point location mapping.

The output of quantitative geodiversity indices may also vary based on differences in
expert knowledge. Validation of quantitative geodiversity measures is thus limited [18].
Although some research has reported progress (e.g., [52,99]), successful attempts tend to
depend upon the availability of concrete validation data, such as pre-existing maps. In situ
verification is an ideal approach [18]; however, this process remains subjective (in part due
to within-class variability), time intensive, and expensive. Depending on the project goal,
however, subjectivity could also represent an opportunity for the researcher to understand
the nuances of lived experiences.

Finally, we acknowledge that the survey sample, although suitable for this study, was
insufficient to be comprehensive or definitive. Seventy-five participants provided their
email and indicated an interest in participating, but 30 participants completed the survey.
Overall, this sample was highly educated, with 23/30 holding a bachelor’s degree or higher.
The education levels that characterize our sample are comparable to those from other
PPGIS surveys focusing on land and ecosystem value perception [69,76]. These studies
have reported formal education levels related to the types of services mapped. For example,
aesthetic values were commonly chosen among a highly educated sample in an ecosystem
services survey [76]. Thus, there is the potential for skewed results when demographics
among participants are similar. Future research should more closely examine the potential
association between demographics and geosystem services markers.

5. Conclusions

Mountains are highly geodiverse landscapes with natural and cultural significance.
The concepts of geodiversity and geosystem services are thus essential for conservation
efforts in mountain regions, yet approaches that integrate both natural and human dimen-
sions of mountain abiotic nature are still developing. Here, we explored the potential of
public participation GIS (PPGIS) to assess potential relationships between geodiversity
and geosystem services for Grayson County, VA, USA. Our objectives were to adapt a
geodiversity index to model geodiversity for Grayson Country and subsequently used
qualitative survey methods in a PPGIS. Finally, we visualized geodiversity–geosystem
services hotspots to uncover potential relationships between geodiversity and geosystem
services values. Quantitative geodiversity measures are often used to identify and prioritize
priority areas for conservation, with an emphasis on identifying areas with high geodiver-
sity. In this study, however, our results revealed that local respondents placed geosystem
services markers most frequently at locations with low levels of geodiversity. The majority
(55%) of these markers corresponded to low and very low quantitative geodiversity index
scores. Geosystem services value markers were clustered around population centers and
protected areas. Although quantitative geodiversity measures are often used to identify and
prioritize areas for conservation, our results suggest that locations valued by respondents
would have been missed using quantitative metrics alone. The benefits of incorporating
a PPGIS methodology include: (1) promoting public participation for identifying how
local people ascribe value to and benefit from geodiversity, and (2) spatial integration
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of geodiversity and geosystemic services values (in this case, in mountainous regions).
Ultimately, we advocate for approaches that consider both the numerical variability of
geodiversity across space and local valuation of abiotic diversity for integrated mountain
conservation [2,18,100].
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Appendix A Geosystem Services Survey

Please fill out the survey questionnaire to the best of your ability.

1. Age ___________
2. Gender _________

Male Female Other

3. Ethnicity _________________

White
Hispanic or Latino
Black or African American
Native American or American Indian
Asian/Pacific Islander
Other ____________

4. Level of Formal Education ______________

High School Diploma
Technical or 2-Year Degree
Some College
Bachelor’s Degree
Advanced Degree

5. What County do you live in? ______________
6. How long have you lived in that county? If you lived elsewhere, provide total

years spent in the county across your lifetime ____________

Please indicate your level of understanding of each of the following concepts where
5 is Excellent Understanding and 1 is No Understanding.

7. How familiar are you with the landscape of Grayson County, VA, USA?
1 2 3 4 5

None Average Excellent

Please indicate your experience of the survey process by rating the following con-
cepts where 5 is Hard and 1 is Easy.
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8. PPGIS Survey ease of use
1 2 3 4 5
Easy Hard

9. Comprehension of Geosystem Service Marker Definitions

1 2 3 4 5
Easy Hard

10. Challenge of identifying geosystems services

1 2 3 4 5
Easy Hard
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57. Zwoliński, Z. The Routine of Landform Geodiversity Map Design for the Polish Carpathian Mts. Landf. Anal. 2009, 11, 77–85.
58. Manosso, F.C.; de Nóbrega, M.T. Calculation of Geodiversity from Landscape Units of the Cadeado Range Region in Paraná,

Brazil. Geoheritage 2016, 8, 189–199. [CrossRef]
59. Jenness, J. Topographic Position Index (tpi_jen.avx) Extension for ArcView 3.x, v. 1.3a. Jenness Enterprises. 2006. Available online:

http://www.jennessent.com/arcview/tpi.htm (accessed on 22 December 2020).
60. Riley, S.; Degloria, S.; Elliot, S.D. A Terrain Ruggedness Index That Quantifies Topographic Heterogeneity. Int. J. Sci. 1999, 5,

23–27.
61. Bouyoucos, G.J. The Clay Ratio as a Criterion of Susceptibility of Soils to Erosion. Agron. J. 1935, 27, 738–741. [CrossRef]
62. Wischmeier, W.H.; Smith, D.D. Predicting Rainfall Erosion Losses: A Guide to Conservation Planning; Department of Agriculture,

Science and Education Administration: Washington, DC, USA, 1978.
63. Karydas, C.; Petriolis, M.; Manakos, I. Evaluating Alternative Methods of Soil Erodibility Mapping in the Mediterranean Island of

Crete. Agriculture 2013, 3, 362–380. [CrossRef]
64. USGS 3D Elevation Program Digital Elevation Service. Available online: https://hydro.nationalmap.gov/arcgis/rest/services/

nhd/MapServer (accessed on 2 December 2021).
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