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Throughout the Central Appalachians of the United States resource extraction primarily from coal mining has contributed to the
majority of the forest conversion to barren and reclaimed pasture and grass. The loss of forests in this ecoregion is significantly
impacting biodiversity at a regional scale. Since not all forest stands provide equal levels of ecological functions, it is critical to
identify and map existing forested resources by the benefits that accrue from their unique spatial patterns, watershed drainage,
and landscape positions. We utilized spatial analysis and remote sensing techniques to define critical forest characteristics. The
characteristics were defined by applying a forest fragmentation model utilizing morphological image analysis, defining headwater
catchments at a 1 : 24,000 scale, and deriving ecological land units (ELUs) from elevation data. Once critical forest values were
calculated, it was possible to identify clusters of critical stands using spatial statistics. This spatially explicit method for modeling
forest habitat could be implemented as a tool for assessing the impact of resource extraction and aid in the conservation of critical
forest habitat throughout a landscape.

1. Introduction

Forests provide many benefits to society and the natural envi-
ronment that include providing wildlife habitat [1], main-
taining biodiversity [2], regulating climate and providing
carbon storage [3, 4], nitrogen cycling [5, 6], and altering
and moderating hydrologic function, including evapotran-
spiration rates and surface runoff volumes [7]. Society
land use needs and resource extraction often result in the
loss of forested land cover, leading to an impact on bio-
diversity from habitat conversion [8–10]. In reference to
forest and biodiversity conservation, there has been a shift in
focus from rare or endangered species management to eco-
system and landscape scale management in which the health
and function of the ecosystem as a whole is considered
[11]. This focus requires that a diversity of ecological pro-
cesses be considered, such as the health and structure of
the forest [11]. The need is to focus on conservation of
habitat richness and biodiversity at the landscape-level.

Conservation efforts should be directed at spatially explicit,
landscape-level attributes, such as minimizing structural
contrast between adjacent landscape units [12]. The goal of
this paper was to implement such a methodology in analy-
zing the conservation of biodiversity and forest habitat in the
Southern Coal Fields of West Virginia.

We have expanded on previous work by suggesting and
implementing a methodology that allows for the indexing of
critical forest stands on a pixel-by-pixel basis relative to frag-
mentation patterns, watershed drainage, and landscape posi-
tion. We implemented a methodology for extracting high-
resolution, spatially explicit forest cover and disturbance data
from National Agricultural Imagery Program (NAIP) ortho-
photography using object-based image classification and an-
cillary datasets. A fragmentation model utilizing morpholog-
ical image analysis was then applied to the land cover data
after Vogt et al. [13] to obtain high-resolution forest frag-
mentation data. These data were then related to watershed
and landscape position in order to index forest pixels relative
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to importance of conservation for terrestrial habitat and bio-
diversity conservation within the region. An objective was to
implement a spatial analysis method that utilized high-re-
solution data to describe the distribution and patterns of
forest stands critical to biodiversity as a potential tool for
evaluating and mitigating the effect of resource extraction in
this unique and biodiverse landscape.

2. Background

Not all forest stands are equal in terms of crucial habitat.
Wickham et al. [14] documented the importance of core or
interior forests in Southern Appalachia. Core and fragmen-
ted forests differ in terms of structure, composition, and eco-
logical processes. Edge forests have higher rates of atmo-
spheric decomposition [15] and higher proportions of exotic
species [16]. In addition, it has been determined that the
amount of forest cover is positively correlated with forest
breeding bird populations [17]. Habitat edges have an influ-
ence on ecological function, including biogeochemical nutri-
ent transport [18] and species interactions [19, 20]. Edges
impact ecological mechanisms, patterns, and dynamics at
variable spatial scales [21], including the landscape scale
[22]. Fragmentation is of critical concern when modeling
processes at the landscape scale [16].

Meyer et al. [23] documented the importance of head-
water reaches. Such areas within a watershed contribute to
overall biodiversity in a watershed, provide refuge from pre-
dators, competitors and alien species, and serve as links to
adjacent watersheds. The unique conditions of an individual
headwater reach contribute to the heterogeneity of the entire
watershed and landscape and enhance biodiversity [24]. Ap-
palachia supports 10% of the global salamander and fresh-
water mussel diversity [25, 26], and their diversity is high in
headwater streams [27].

Strausbaugh and Core [28] documented the unique
cove hardwoods or mixed mesophytic forests that support a
wide range of species in Appalachia, such as a host of ara-
chnid species [29, 30]. These communities are highly pro-
ductive due to high moisture and fertile soil [31]. Cove hard-
wood forests are species rich [32, 33], and loss and fragmen-
tation of these communities influence habitat suitability and
potentially the persistence of the species on the landscape
[31].

Weakland and Wood [34] and Wood et. al. [35] doc-
umented the importance of upland, core forest for pre-
servation and protection of the Cerulean Warbler, a species
of concern that is threatened by habitat perturbations [34,
36, 37]. As a result, we argue that forest fragmentation pat-
terns, watershed position, and landscape position have an in-
fluence on how critical a forest stand is in terms of habitat
conservation.

The Southern Coal Fields of West Virginia provides large
expanses of temperate deciduous forest that are rare world-
wide and provide for biodiversity [14]. For example, the
eastern deciduous forest supports a wide variety of avian and
large carnivore species; however, the extent and fragmenta-
tion of the forest have a direct impact on species abundance
and composition [38]. In the temperate zone, the southern

Appalachian region is among the highest in biodiversity
and endemism with more than 2,000 documented vascular
plant species and the highest freshwater biodiversity in North
America [25, 39]. In the Southern Coal Fields of Appalachia,
it has been suggested that increased seasonality of climate
during the transition from glacial to interglacial conditions
in the late Pleistocene and Holocene induced landscape
instability that resulted in a heterogeneous mosaic of habitats
[40]. This resulted in the rich and diverse biota observed
today, and environmental changes can have a significant im-
pact on the survival of species that have adapted to such spe-
cific conditions [40]. Southern Appalachian forests can be
characterized as spatially extensive interior forests, and the
extent of forest and its spatial patterns and distribution have
been shown to have a direct influence on habitat suitability
[41–43].

Land use and land disturbance impact forest extent, com-
position, and spatial patterns, which have consequences for
biodiversity and other environmental services [44, 45]. Sur-
face mining, and specifically mountaintop removal with
valley fills (MTR/VF), is currently the leading cause of land
cover and land use change in the Southern Coal Fields of
West Virginia [46–49]. MTR/VF consists of clearing upland
forests, removing top soil, and blasting away overburden rock
material to extract coal seams. Overburden material is often
placed in adjacent valleys, filling headwater steam segments.
Land cover, landscape contours, and surface flowpaths are al-
tered [24]. Multiple watersheds in West Virginia have more
than 10% of their surface area disturbed by surface mining
[50]. The mining processes often results in a conversion of
forested land cover to barren land cover. Later reclamation
produces grasslands on the topographically altered moun-
taintops; however, productivity of the grasslands is often low
due to poor soil conditions [51]. It has been estimated that
all surface mining in Appalachia has resulted in a net loss of
420,000 ha of forest [48].

Wickham et al. [14] suggest that the amount of interior
forest lost is greater than the amount of forest lost resulting
from direct conversion of forest to surface mines. Forests
loose interior character by the introduction of nonforest
edges. Thus, the influence of surface mining extends into ad-
jacent forest due to edge effects, and the spatially extensive
nature of the forest is interrupted. Weakland and Wood [34]
and Wood et al. [35] found that MTR/VF mining alters the
spatial configuration of forested habitats, creating edge and
area effects that negatively affect Cerulean Warbler abund-
ance and occurrence on the landscape.

3. Study Area

The study area for this project is a 2,280,423 ha area that
encompasses the Southern Coal Fields of West Virginia
(Figure 1). This area was defined relative to hydrologic unit
code (HUC) 8 boundaries that intersect the MTR/VF region
in West Virginia.

The study area exists within the Appalachian Plateau
physiogeographic province, a dissected, westward-tilted
plateau dominated by Pennsylvanian bedrock. Pennsylvanian
stratigraphy is characterized as cyclic sequences of sandstone,
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shale, clay, coal, and limestone [52]. The terrain is dissected
by a dendritic stream network and shows fine texture with
moderate-to-strong local relief. In comparison to the north-
ern Appalachian Plateau, the Southern Coal Fields is gener-
ally more rugged due to resistant strata. Precipitation levels,
temperature, and terrain allow for a variety of forest com-
munities to flourish including oak-pine, oak-chestnut, cove
hardwoods or mixed mesophytic forests, and floodplain
communities [28]. Although surface mining has altered this
landscape, it is still predominantly forested, in contrast to
other regions of the eastern United States that have exper-
ienced development [46, 47].

4. Methodology

Indexing critical forest habitat incorporated several remote
sensing image classification and spatial analysis processes.
First, high-resolution land cover was extracted using object-
based feature extraction and GIS decision rules. Object-
based image classification allowed for the creation of high-re-
solution land cover/land use data from available aerial image-
ry. Second, a high-resolution forest fragmentation model was
created for the region using a model developed by Vogt et al.
[13]. Third, small catchment areas relative to 1 : 24,000 scale
stream segments were extracted and headwater catchments
were identified. And lastly, we incorporated digital elevation
model (DEM) data at 1 : 4,800 scale to produce ecological
land units (ELUs) for a thematic map representation of land-
forms. These products were then combined to describe
critical forest habitat relative to fragmentation, watershed
position, and landscape position.

4.1. Extraction of Land Cover/Land Use Data. Land cover/
land use was produced utilizing an object-based feature
extraction process along with decision rules. NAIP imagery
was collected during leaf-on conditions in 2009 and made
available in October 2009. The imagery has a 1 m nominal
pixel spacing, a scale of 1 : 10,000, and is rectified to a hori-
zontal accuracy of within±5 meters of reference digital ortho
quarter quads from the National Digital Ortho Program.
This imagery was classified and results were merged to pro-
duce a continuous thematic dataset for the region.

Feature Analyst 4 by Visual Learning Systems (VLSs)
within Erdas Imagine 9.3 was utilized to extract the following
land cover types: barren/developed, grasslands, and forest.
This software tool examines both the spectral and textural
information within the imagery to produce thematic map
data. As a result, unlike supervised classification techniques,
feature extraction classifies an image using more than just
the digital number (DN) or spectral information contained
by each pixel. Spatial context information such as spatial
association, size, shape, texture, pattern, and shadow are
considered [53]. Studies have shown that feature extraction
or objected-based algorithms are more effective and accurate
at extracting information from high-resolution imagery than
traditional image classification methods, such as supervised
classification, because additional image characteristics are
considered such as spatial context [54–57]. Feature extrac-
tion takes into account the spatial context that is available

Figure 1: Study area. Southern Coal Fields of West Virginia.

in high-resolution imagery, such as NAIP orthophotography.
Due to the high spatial resolution and reduced spectral
resolution of NAIP orthophotography in comparison to
satellite imagery traditionally used to obtain thematic map
data, we used feature extraction as the classification approach
in order to make use of the spatial context and textural
information contained in the imagery.

User-assisted feature extraction requires user-defined
knowledge, as training data, to recognize and classify target
features in an image [58]. As a result, we collected training
samples as polygons by manually interpreting the imagery.
For example, for a single dataset, we collected 101 examples
of barren/developed land cover, 165 examples of grasslands
land cover, and 147 examples of forested land cover. Our
goal was to provide training data that accurately described
the spectral and textural signature and variability of the land
cover of interest.

An error assessment was performed by comparing the
thematic map results to manual interpretation of the imagery
at randomly selected locations. This assessment predicted
88% producer’s accuracy and 99% user’s accuracy for the
forest class. As a result, this method allows for an accurate
differentiation of forested land cover utilizing NAIP imagery
to provide a recent and high spatial resolution representation
of land cover and forest extent. It should be noted that
datasets can be updated as new imagery is collected; for
example, NAIP imagery has been collected in West Virginia
in 2007, 2009, and 2011, which is a true benefit of utilizing
NAIP. It is publically available, high-resolution data and is
commonly flown every two years.
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Figure 2: Land cover/land use data from object-based image
classification of NAIP orthophotography.

To further differentiate the land cover, we incorporated
ancillary GIS data. Surface mine permit data from the
West Virginia Department of Environmental Protection
(WVDEP) were utilized to extract barren and grassland land
cover that resulted from surface mining. For example, if bar-
ren land cover existed within a permit, it was determined to
be a result of mining. This method allowed us to obtain an
estimate of the area that is currently permitted but is still
forested, and this classification represents areas on the land-
scape that have a higher potential for future disturbance
relative to areas outside of surface mine permits.

This feature extraction and decision rule method allowed
for the development of a high-resolution land cover dataset
for the region relative to leaf-on 2009 conditions. Figure 2
describes the resulting land cover.

4.2. Forest Fragmentation Model. The land cover data were
reclassified as a binary forest/nonforest raster. The data were
resampled using bilinear interpolation to a 9 m cell size to
match the topographic data. Morphological image proces-
sing was applied to extract forest fragmentation data. The

Figure 3: Fragmentation model after Vogt et al. [13].

methodology is described in detail by Vogt et al. [13]. Mor-
phological image processing uses mathematical morphology
to analyze shape and form of objects [13]. Forest pixels
are classified as patch, edge, perforated, or core using this
model. This method has been shown to provide a more
accurate representation of fragmentation at the single pixel
or landscape level when compared to image convolution
[13]. Figure 3 shows the fragmentation model.

4.3. Defining Watershed Position. Headwater watersheds
were produced at a 1 : 24,000 scale as described by Strager
et al. [59]. The high-resolution National Hydrologic Dataset
(NHD) stream segments were extracted and catchments de-
lineated for all stream segments using DEM data. Photo-
grammetrical elevation data from 1 : 4,800 scale were inter-
polated to a 3 m and then 9 m scale. Stream segment pour
points were compared to a flow direction grid to obtain the
catchment areas.

The high-resolution NHD data have tabulated flow net-
works and connectivity information for each segment, to
delineate headwater reaches. These are reaches that do not
collect drainage from upstream. As a result, the headwater
catchments in this project are 1 : 24,000 scale catchments
derived by comparing high-resolution NHD data to DEMs
and were defined as catchments collecting no upstream
drainage.
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Figure 4: Critical forest model for Southern Coal Fields of West
Virginia.

4.4. Modeling Landscape Position. The 9 m DEM data for the
region, resampled from 3 m, was used to classify the terrain
into the following ecological land units (ELUs): cliff, steep
slope, slope crest, upper slope, flat summit, sideslope, cove,
dry flat, moist flat, wet flat, and slope bottom. The metho-
dology described by Anderson et al. [60] provides a means
to utilize DEM data to classify the landscape into different
units of ecological significance. DEM derivatives were created
including slope in degrees, a hydrologically filled DEM, flow
direction, and flow accumulation within GIS. The slope and
flow accumulation grids were utilized to calculate a mois-
ture index. The moisture index is a relative measure of the
moisture of a specific cell, and it assumes that the moisture
level is a function of how much water flows into the cell,
predicted by flow accumulation, and how fast the water can
flow out, described by slope [61–66].

Landscape position was calculated following Fels and
Zobel [67], by dividing the landscape into the following cate-
gories: ridge, wide ridge, and slope/flat, slope/cove. The ap-
proach is based on a local neighborhood analysis in which a
cell is compared to its neighbors. This method is based on
distance-weighted assessment of elevation values in which a
cell is compared to the mean elevation of all values within
search windows of different sizes and extents. Landscape
position was combined with slope and moisture index data
to derive the ELU classes.

Once the ELU data were created, certain classes were
selected as critical for our model. This included upland areas
(slope crest and flat summit) and coves. This provided two
mutually exclusive positions upon the landscape that were
considered critical for biodiversity.

4.5. Critical Forest Model. The critical forest model was
created by combining the core forest, forest in headwater

Figure 5: Flow chart for critical forest model creation.

catchments, cove forests, and upper slope forests. These
layers were combined as binary raster layers to produce
an index grid. Possible values ranged from 0 (not critical)
to 3 (most critical). As the model was defined, cove and
upper slope forests could not overlap, so the maximum index
possible was 3. As a result, the final result of the analysis was
an index grid that combines forest fragmentation, watershed
position, and landscape position to describe forest critical for
habitat and biodiversity at a 9 m pixel scale. The final output
is shown in Figure 4. Figure 5 describes the overall process
for the creation of the critical forest model.

Once the critical forest model was produced, we summa-
rized the data relative to HUC (Hydrologic Unit Code) 8 and
11 catchments. We also assessed the data for spatial clustering
using cluster and outlier analysis (Anselin Local Morans I)
in GIS. Areas of surface mining, both active mining and
reclamation, were converted to forested land cover, and the
analysis was repeated using the potential premining land
cover to analyze the distribution of premining critical forest
habitat.

5. Results

5.1. Land Cover/Land Use and Forest Fragmentation. The
land cover/use for the entire study area extent is summarized
in Table 1. Although this landscape has been heavily surface
mined (contributing 3% of the land cover/land use), forest is
still the dominant cover type (86.1% of the land cover); how-
ever, 3.2% of the landscape has been permitted for mining,
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Table 1: Land cover/land use data for study area.

Land cover/land use Hectares Percentage

Forested 1,892,774 82.9%

Grasslands/pastureland/agricultural land 172,316 7.5%

Barren/developed 54,770 2.4%

Forested in permit (not disturbed) 72,505 3.2%

Grasslands in permit (potentially
reclaimed)

44,314 1.9%

Barren in permit (potentially active mining
or not yet reclaimed)

25,621 1.1%

Open water 20,318 0.9%

Table 2: Land cover/land use data for the Coal River Watershed.

Land cover/land use Hectares
Percentage of

watershed

Forested 168,420 73.0%

Grasslands/pastureland/agricultural
land

1,6420 7.1%

Barren/developed 4,140 1.8%

Forested in permit (not disturbed) 20,070 8.7%

Grasslands in permit (potentially
reclaimed)

12,760 5.5%

Barren in permit (potentially active
mining or not yet reclaimed)

7,640 3.3%

Open water 1,310 0.6%

Table 3: Critical forest index distributions.

Index
Study area Forest in Permit

Hectares Percentage Hectares Percentage

0 351,924 17.7% 14,406 21.5%

1 819,975 41.3% 35,768 53.3%

2 670,289 33.8% 15,305 22.8%

3 143,474 7.2% 1,596 2.4%

but is currently not disturbed (forested). As a result, mine
expansion is likely to induce further land cover change and
loss of forest over large extents.

The landscape disturbance is not evenly distributed
throughout the region. Table 2 describes the land cover
distribution for the Coal River HUC 8 watershed. According
to our land cover calculations, 8.8% of the watershed is
disturbed by active mining or reclamation while an addi-
tional 8.7% has been permitted but has not yet been dis-
turbed or is still forested. The dominant land cover type in
this watershed is forest; however, landscape disturbance due
to surface mining is a dominant land use feature.

Of the forested land cover within the region, 51% was
predicted as core forest using the Vogt et al. [13] model,
38.1% was classified as perforated, 9.2% as edge, and 1.2%
as patch. Of the core forest, the majority of the pixels were

Table 4: Critical forest index distribution in mined areas.

Value Hectares Percentage

0 61,949.7 9.3%

1 222,677.1 33.4%

2 296,801.1 44.5%

3 84,903.3 12.7%

within large core extents, greater than 500 acres. Forested
areas currently in permits were predicted as dominantly be-
ing edge and perforated forest explained possibly by the
adjacency to active mine sites and reclamation or small forest
stands surrounded by reclamation.

5.2. Critical Forest Model. Table 3 shows the distribution of
critical forest index values throughout the region and only
within the permitted forested areas. Based on visual inter-
pretation of the results, the most critical areas as defined by
the model are either cove or upper slope core forests within
headwater reaches. As can be seen in Table 1, it was very
common for a pixel to satisfy at least one of the criteria.

The data were summarized relative to HUC 8 and HUC
11 watershed that intersect the MTR/VF region and exist
entirely within West Virginia. This data suggests that The Elk
River HUC 8 watershed has the highest percentage of critical
forest value pixels (values 1 through 3) within the MTR/VF
region of West Virginia. At the HUC 11 scale, we found that
local, spatial clusters of watersheds exist when the percentage
of critical forest is considered.

Perhaps a more useful representation of spatial clustering
for land management and regulation purposes would be the
stand scale throughout the landscape as opposed to large
catchment areas. We smoothed the raster critical forest mod-
el using majority filter operations within GIS then converted
contiguous areas of a single critical forest value to polygon
features, and a cluster and outlier analysis of these areas
was performed relative to area of the polygons and critical
forest value. This showed that clusters of critical forest areas
exist across the landscape, especially when value 3 areas are
of interest. Clusters of critical forest stands could represent
areas that should be managed or protected in order to
preserve biodiversity throughout the landscape and region.

Table 4 describes the distribution of critical forest values
in areas of mine disturbance and it offers an estimate of
the critical nature of mine disturbed areas based on the
assumption that these areas were forested on the premining
landscape, which we argue is a valid assumption based on
comparisons to premining satellite data and the landscape
position of the mines. Figure 6 offers a comparison of pre-
and postmining conditions. This data suggests that critical
forest areas overlap with areas of resource extraction. It has
been documented that mining impacts headwater catch-
ments and upland terrains, which are critical for biodiversity
[14, 24, 35]. This data suggests that there is a need to delin-
eate stands and clusters of critical forests habitats throughout
the region because they are being deforested and impact-
ed by resource extraction.
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Figure 6: Pre- and postmining critical forest habitat.

6. Discussion

Our critical forest modeling is based on that all forest stands
are not equal in terms of habitat suitability and supporting
biodiversity. By taking into account high-resolution forest
fragmentation patterns, watershed position, and landscape
position, forest pixels were indexed relative to these factors
that have an impact on habitat. Continued surface mining in
the region will likely continue to alter forests, habitats, and
the ecosystem and landscape as a whole, and this practice has
been shown to produce both aquatic and terrestrial habitat
degradation [24, 50]. Perhaps considering not just the extent
of forest to be disturbed, but the ecological function of
the forest, is necessary when continued mining and forest
disturbance are proposed. Perhaps certain forests, such as
core, headwater, cove forests, should be protected over other
forested areas that are not as ecologically valuable. As re-
source extraction continues, perhaps regulators should take
into account such abiotic factors of the landscape and adjust
practices to minimize disturbance of critical areas. Perhaps
spatial clusters of critical forest habitat should be considered
during the permitting process.

We argue that a spatially explicit and high-resolution
means of classifying or indexing critical forest stands is valu-
able as a regulatory tool for assessing the impact of continued
mining and resource extraction in this region. McDermid
et al. [68] suggest that remote sensing and GIS data that con-
sider multiple attributes for modeling wildlife habitat are
valuable, especially for large study areas. They also high-
lighted the use of land cover derived from object-based image
classification, as was performed here. Their study focused on
explaining patterns of grizzly bears habitat use within a study
area in Alberta, Canada, and they found that incorporating
data beyond categorical land cover was superior for their
modeling purposes. Currently, there is a lack of guidelines
for the selection and analysis of spatial data for exploring
environmental and ecological questions [68]. We suggest that
considering forest fragmentation (a derivative of land cover)

along with catchment and terrain-derived variables provided
a better understanding of critical habitat in the Southern
Coal Fields of West Virginia than could be obtained utilizing
land cover alone.

Optimal spatial resolution of thematic map data for a
region of this extent and for this mapping purpose is debat-
able. As an example, Landsat MSS data, offering a 60 m pixel,
has been shown to be inadequate for urban mapping; also,
as a general rule a pixel should be at least one-half the size
of the shortest dimension of the smallest feature that is being
mapped [69]. Our aim was to describe the forest cover at a
stand level and to map disturbance features with small spatial
extents that interrupt the canopy. As a result, a finer resolu-
tion dataset was required than what Landsat Multispectral
Scanner (MSS) or Thematic Mapper (TM) data could offer;
as a result, NAIP imagery and object-based classifiers were
utilized to obtain the base thematic map data from which
the forest cover and forest fragmentation were derived. Now
that object-based image classification tools are available and
high-resolution land cover and forest cover can be extracted
from high-resolution and low spectral resolution imagery,
forest cover data at the stand scale may become more widely
available. We note that there is value in including such data in
environmental modeling and assessment practices and com-
bining that data with other datasets, such as topographic
data, to model multiple attributes of the landscape.

Forest alteration resulting from mountaintop mining
may not be characteristic of other human land use practices
that result in deforestation, such as agriculture. Generally,
forest cover change is most common in areas of low elevation
and gentle terrain [70]. Mountaintop mining often induces
land cover change in upland areas, headwater reaches, and
rugged terrains [24, 35]. As a result, there is a need to un-
derstand the critical nature of these upland forests in order
to assess the environmental impact of mountaintop mining,
which produces unique landscape alteration.

Critical forest habitat modeling may also be useful in
other landscapes impacted by resource extraction. For ex-
ample, extraction of natural gas from the Marcellus Shale
Formation throughout parts of New York, Pennsylvania,
West Virginia, and Maryland in the eastern United States
could contribute to habitat fragmentation and alteration of
forest extents as access roads and well pads are established
[71]. High-resolution land cover, fragmentation, watershed,
and terrain data could be used to model the impact and
predict critical habitats using similar methodology as pro-
posed here.

7. Conclusion

We have presented a method for indexing of critical forest
stands on a pixel-by-pixel basis relative to fragmentation
patterns, watershed drainage, and landscape position. This
methodology was implemented throughout the Southern
Coal Fields of West Virginia and could be applied in
other regions impacted by resource extraction. It relies on
high-resolution spatially explicit forest cover from NAIP
imagery using object-based feature extraction, creating a
forest fragmentation model after Vogt et al. [13] utilizing
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morphological image analysis, defining headwater catch-
ments at a 1 : 24,000 scale, and extracting ecological land
units (ELUs) from DEM data. Once critical forest values are
calculated, it is possible to identify spatial clusters of critical
stands. This spatially explicit method for modeling forest
habitat could be implemented as a tool for assessing the
impact of resource extraction and aid in the conservation of
critical habitat.

Future research should focus on incorporating additional
landscape variables to model and differentiate forest stands.
For example, canopy height data derived from LiDAR (light
detection and ranging) could provide additional forest met-
rics for modeling. Additional pattern and connectivity analy-
sis may provide for a better understanding of the network of
critical forest stands throughout the region.

Our goal was to present a remote sensing and GIS meth-
od for indexing forest pixels throughout a disturbed land-
scape and was based on the assumption that all forests are not
equal in terms of habitat. As resource extraction continues
throughout the region, considering the nature of the forest
to be disturbed may aid in mitigating environmental impacts
of human land use.
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