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ABSTRACT: Calculating interior forest change in the broadleaf temperate deciduous forest has implications for natural
resource conservation planning due to the global rarity of the resource type. Utilizing National Land Cover Data from
2001 (v.2) and 2011, spatial analyses using different sized geospatial moving windows were used to quantify interior forest
change in the 1,162,204 ha study area. Total forest area decreased by 2.35% (-27,264 ha) in Kentucky. Depending on
analysis window size and setting a 95% threshold for interior forest determination, 7.6% to almost 60% of interior forest was
reduced during the decade; a reduction 3.23 to 25.5 times greater than the total forest area loss. Total area and level of
GAP Stewardship Status of the classified interior forest were further analyzed using the Protected Area Database – United
States (PAD - US). A high of 55,203 ha (4.7%) to a low of 6,788ha (0.6%) interior forest have any direct GAP status in the
study area. The 2050 human population projection forecasts a 40.6% reduction from 1980 levels. Considering the predicted
extraction of surface mined coal and the anticipated study area human population reduction along with the potential
further interior forest reduction, this region should be of interest to researchers, government leaders, and conservation
organizations for opportunities to strategically plan for reforestation in order to provide for a range of ecosystem services
and biological diversity both locally and globally.
Keywords: Surface coal mining, mountaintop removal, Landsat imagery, forest characterization and fragmentation, Protected
Area Database – United States (PAD–US), National Land Cover Databases (NLCD), Gap Analysis Program (GAP)
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INTRODUCTION

Gap Analysis Program (GAP) Status Code. The research
approach used identifies substantial implications of and
potential for interior forest conservation activity in a study
region that has had a declining human population since at
least 1980 (Kentucky Division of Geographic Information,
2010). Additionally, the Kentucky State Data Center (2011)
predicts a 40.6% decline in human population from 347,822
people in 1980 to 206,478 people by 2050. None of the
11 counties in the region is projected to increase in human
population by 2050. The 2050 projected human population
density is 0.178 people per hectare in the study area.

Broadleaf temperate deciduous interior forest is important
in part because of its global rarity (Wickham et al. 2007). In
a global study of forest fragmentation, Riitters et al. (2000)
contend that the Appalachian Mountains have the only
extensive region of interior forest at the middle latitudes.
Loucks et al. (no date) consider the status for the Appalachian
mixed mesophytic forest as critical/endangered. Interior
forest is favored and in some cases required by certain species
of plants and animals. Fragmentation can harm woodland
birds because of increased vulnerability to nest parasitism
and/or predation by predators that are not typically abundant
in extensive forested landscapes. Temporal change in forest
fragmentation has been on-going in the continental United
States and is one of the primary causes of interior forest
decline. Forest fragmentation typically results in changes
to forest ecosystem condition and function (Wickham et al.,
2008). If only total forest reduction is considered, Riitters
and Wickham (2012) have shown that interior forest decline
is understated and actually more substantial. This interior
forest concern is in addition to the extensive environmental
review regarding the consequences of mountaintop mining
by Palmer et al. (2010). Wickham et al. (2013) focuses
on terrestrial impacts of mountaintop mining since much
attention had focused on aquatic resources. In particular,
Wickham et al. (2013) include six broad terrestrial-based
themes from topographic complexity loss, to human health
and well-being as terrestrial impacts.

As an example of this region’s importance, the study area
is known to be used by Neotropical migrant birds such as
the Cerulean Warbler (Setophaga cerulean) for summer
breeding. This species is listed by the International Union for
Conservation of Nature and Natural Resources (IUCN) as
Vulnerable and a species of highest concern in the eastern
United States, according to the Cornell Lab of Ornithology
(http://www.allaboutbirds.org/). The Appalachian Regional
Reforestation Initiative (http://arri.osmre.gov/), Green
Forests Work (http://greenforestswork.com/), and The
American Chestnut Foundation (http://www.acf.org/)
are working to reestablish ecological processes through
planting trees and other efforts. Going further, this region
presents a potential opportunity to implement systematically
a reassessment of habitat fragmentation experimentation
that can be comparative as well as applicable to studies
well beyond the plot scale as described in McGarigal and
Cushman (2002).

This study quantifies temporal interior forest change in
Kentucky’s Central Appalachian region, a subset of the
Cumberland Plateau, from 2001 to 2011. Multiple scale
moving window analyses are employed and are similar to
those used by Wickham et al. (2007). A 95% neighborhood
threshold is used for interior forest determination on the
2001 (revised) and 2011 National Land Cover Databases
(NLCD) (Homer et al. 2007; Jin et al. 2013, respectively),
and a transportation network (public roadways and railways)
is incorporated. In order to accomplish this study, a semiautomated geospatial model was created to conduct the
analyses and can be readily applied in other regions because
nationally consistent land cover data were used. Additional
analyses identifying the level of protection for interior forests
were assessed using the Protected Area Database United
States (PAD-US) (v.1.3) (US Geological Survey, 2012) using

Forest Fragmentation Effects on Landscapes
The various effects of forest fragmentation manifest
themselves across a landscape, including alterations in
microclimates, vertebrate occurrence, and ecosystem
services and functions. For example, microclimate variables
such as soil and air temperature, wind velocity, and solar
input differ between interior and edge forest, thus having
implications for the flora and fauna that will live in the
different locations (Chen et al. 1993). Forest fragmentation
also affects ecosystem structure and function. Echeverria
et al. (2007) found that patch size was the most important
characteristic for affecting species composition and
stand structure measures. One common effect of forest
fragmentation is the alteration of the avian communities
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(Lynch and Whigham 1984; Terborgh 1992; Keyser et al.
1998). Keller et al. (2009) found that migrant bird species
richness was significantly higher in interior forest compared
to the forest edge. Smaller forest tract size is associated
with the decline of migratory songbirds (Wilcove 1985).
American martens (Martes americana) were almost nonexistent in landscapes having greater than 25% non-forest
cover, despite the presence of forest connectivity (Hargis
et al. 1999).

Previous studies examined large forest blocks and interior
forest that included the study region using both similar
and different datasets. The first by Evans et al. (no date)
identified large forest blocks across Kentucky using the
Kentucky GAP Land Cover data. The imagery set was
predominantly from 1992, but in some instances due to
image quality, a replacement image from a year before or
after may have been used to make the land cover complete.
There was no direct intent in that project to identify interior
forest areas and it is not entirely clear what methods were
used to identify the specific forest blocks. The second
study, by Wickham et al. (2007), analyzed Appalachian
forest spatial character using the 1992 and 2001 NLCD
data, particularly the amount and distribution of interior
forests in relationship to mountaintop coal mining. In the
central and southern Appalachian region, a dominant driver
of forest fragmentation is surface mining (Saylor 2008;
Wickham et al. 2007). Depending on the analysis window
scale and without the inclusion of roadways in the analyses,
Wickham et al. (2007) estimated 7.4% to 20.5% of interior
forest was lost; 1.75 to 5.0 times greater than total forest
lost between 1992 and 2001 in the Southern Appalachians
due to surface mining.

An additional consequence of forest fragmentation is the
facilitation of exotic species invasion. The forest edge is
recognized as the initial landscape element to be invaded
by exotic plant species in forest ecosystems (Pauchard and
Alaback 2006). Continuation of forest fragmentation will
significantly reduce the ability of remnant forests to maintain
the original biodiversity, as well as ecological process and
function for landscape or ecosystem services.
Roadways are generally associated with considerable
environmental impairment (Forman et al. 2003). In the
Appalachian Mountains, roads have a relatively high
contribution to fragmentation because of the road density
(Kupfer 2006). Roadways are noteworthy due to the
fragmentation effect they have on a number of organisms,
including plants. In a review of roadway effects on terrestrial
and aquatic communities, Trombulak and Frissell (2000)
concluded that roads are negatively associated with
terrestrial and aquatic ecological integrity from roadway
construction as well as chemical and physical alteration
of the environment by exotic species and increased
human use. Additionally, effects of roadways and forest
fragmentation on birds and other animals have been shown
to occur for a variety of species over time, as supported
by Lynch and Whigham (1984) as well as Develey and
Stouffer (2001). There is a negative relationship between
roadways and understory plants as well (Watkins et al.
2003). Presence and/or abundance of exotic plant species
are positively associated with roadway networks (Fei et al.
2008; Flory and Clay 2006; Pennington et al. 2010; Predick
and Turner 2008). Finally, roads have been found to alter
animal behavior in the way of home ranges, movement, and
reproductive success (Jensen 2009; Thomas et al. 1979;
Trombulak and Frissell 2000).

Study Area Description
The study area is described by the US Environmental
Protection Agency (US EPA 2013a; 2013b) as a high,
dissected, rugged plateau composed of sandstone, shale,
conglomerate, and coal. The terrain, cool climate, and
infertile soils limit agriculture, resulting in a mostly forested
land cover. The high hills and low mountains are covered by
a mixed mesophytic forest with areas of oak and northern
hardwood forest. Surface and sub-surface bituminous
coal mines are common. The study area is approximately
1,162,204 ha (Figure 1) and comprises approximately 53%
of the region used by Wickham et al. (2007). In 2010, there
were 283,471 people (0.244 people/ha) living in the study
area (Kentucky Division of Geographic Information 2010),
a 4.2% (-74,351 people) decrease compared to 1980.
The study area contains two recognized “primary” forest
remnants: Lilley Cornett Woods and Blanton Forest. In
recent years, the American black bear (Ursus americanus)
has established regional populations that are genetically
distinct from each other (Unger et al. 2013; Hast 2010).
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METHODS

Evergreen Forest - areas dominated by trees generally
greater than 5 meters tall, and greater than 20% of total
vegetation cover. More than 75% of the tree species
maintain their leaves all year. Canopy is never without
green foliage.

This study used the National Land Cover Databases
(2001 and 2011) derived from Landsat Missions (landsat.
usgs.gov) and are a result of numerous U.S. government
entities working together through the Multi-Resolution Land
Characteristics (MRLC) Consortium (www.mrlc.gov). The
MRLC Consortium, a conglomerate of federal agencies,
coordinates and generates consistent and relevant land
cover information at the national scale for environmental,
land management, and modeling applications. Methods
used in this study have been used in similar studies (e.g.
Wickham et al. 2007). The temporal aspect of this study
from 2001 to 2011 adds to the literature of interior forest
change over time. In particular, moderate resolution (30
meter) satellite based land cover classified data from 2001
NLCD Update 2 (Homer et al. 2004; 2007) and 2011 NLCD
(Jin et al. 2013) were used in this study. Roadways (KYTC
All Roads Centerline 2006) and active railway centerlines
(KYTC Active Railroad Centerline 2006) were incorporated
into the model to identify interior forest (Riitters et al. 2004).
The 2006 transportation data were used as a mid-point
between the two land cover datasets because spatially
complete data for 2001 were not available for the study
area. Analyses were performed in the Kentucky Single
Zone Projection Coordinate System of 1983 (ftp://kygeonet.
ky.gov/kygeodata/standards/Ky_StatePlane.pdf).

Mixed Forest - areas dominated by trees generally greater
than 5 meters tall, and greater than 20% of total vegetation
cover. Neither deciduous nor evergreen species are greater
than 75% of total tree cover.
Step two involved creating a 61-meter (200-foot or slightly
greater than two 30-meter Landsat pixels) buffer on each
side of the transportation feature centerline. The buffer size
was chosen after reviewing several sources concerning
habitat fragmentation and edge effects (Broadbent et al.
2008; Environmental Law Institute 2003; Forman and
Godron 1986; Forman and Sperling 2002; Groom et al.
2006; Primack 2014). Two of the sources included metaanalyses of other sources. The conclusion reached was
that the edge effect distance varies depending on the
phenomena or species of interest. Therefore, the decision
was made to use a relatively small buffer size to account
for small roads passing under the tree canopy. A lack of
forest canopy could be observed in the landscape as the
transportation network corridors increased from small
roads to divided interstate highways, for example. The
NLCD data typically identified the larger corridors as one of
the four possible ‘Developed’ classes.

A multiple step analysis process was used to determine
interior forest utilizing the 2001 and 2011 land cover data
and thereby enabling quantitative comparison. All analyses
were conducted with public roadways and active railways
included. The process described next illustrates the basic
steps. Step one was to reclassify the land cover into two
categories: forest (deciduous [NLCD class 41], evergreen
[42], mixed forest [43]) with a value set to one, and nonforest, with a value set to null, since aggregating land cover
classes has been found to improve class accuracy in NLCD
data (Wickham et al. 2010). The data originators, MRLC,
describe the three forest cover classes (reclassified into a
single category for this study) as follows:

In step three, the transportation corridors were reclassified
so that cells within the corridors were set to null, and cells
outside the corridors were set to zero. The reclassified land
cover data and the transportation corridor data were added
together in a local operation (Tomlin 1990; 1994). A cell in
either raster data layer that was coded as null remained
null, and the remaining cells that were coded as one in
the forested raster data layer remained as one. Finally, the
resulting raster data layer was reclassified to be comprised
of ones and zeros with null value cells becoming zero value
cells for use in the next step involving the moving window
analyses.

Deciduous Forest - areas dominated by trees generally
greater than 5 meters tall, and greater than 20% of total
vegetation cover. More than 75% of the tree species shed
foliage simultaneously in response to seasonal change.

In step four, four different sized moving window analyses
were individually used to characterize the forested cells
into an interior forest status based on a 95% threshold (i.e.,
percent of cells within the window are forested).
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In map algebra terms, this is considered a focal operation
(Tomlin 1990; 1994; DeMers 2002). Jones et al. (1997)
provide an illustrated description of a similar approach. This
moving window analysis process was used to characterize
forested areas and determine if the center cell was an interior
forest based on the percentage of cells around the center cell
that were forested. The four square analysis windows utilized
were sized as 5 x 5 (25 cells, 5.56 acres, 2.25 hectares), 9 x
9 (81 cells, 18.01 acres, 7.29 hectares), 27 x 27 (729 cells,
162.13 acres, 65.61 hectares), and 81 x 81 (6,561 cells,
1,459.13 acres, 590.49 hectares), as was done by Wickham
et al. (2007). In total, eight moving window analyses were
performed for the four windows to identify interior forest for
2001 NLCD revised and 2011 NLCD.

markedly affect the ratio of overall forest decreases to interior
forests (Wickham et al. 2007) except at their largest (243 x
243 or 5,314.41 ha) analysis scale. With a 90% threshold, that
study identified interior forests while at the 100% threshold,
none were found. In the study reported on here, the decision
to use a 95% threshold was based on forested land cover
data accuracy. National accuracy assessment of the 2001
Anderson Level I land cover product indicates forest cover
had a 95% user’s accuracy (Wickham et al. 2013b). An
accuracy assessment of the 2006 NLCD (Fry et al. 2011) in
the Commonwealth of Kentucky indicated that the producer’s
accuracy assessment for the forested land cover class was
95% accurate using 375 observation locations (Clark and
Lee 2011). Neither a 2011 NLCD accuracy assessment nor a
Kentucky based accuracy assessment has been published.
However, given the accuracy of the 2001 and 2006 NLCD,
the methods used, and the intent of the 2011 NLCD products,
a reduction in the accuracy of the 2011 NLCD is not expected.
It is also important to point out that in this study, transportation
corridors were buffered and the results directly encoded into
the moving window analysis layer. Wickham et al. (2007) did
not directly consider transportation corridors, which is seen
as a shortcoming for species that are negatively impacted by
roadways. The interior forest modeling process was semiautomated using ModelBuilder™, which is integrated into Esri
ArcGIS™ (v.10.2.1) in order to speed the analysis and reduce
human error during the individual moving window analyses.

In the previous step, forested cells were coded as one; the
moving window analysis was used to sum the number of
forested cells in the moving window. For example, in a 9
cell by 9 cell (9 x 9) moving window analysis, the minimum
value would be zero (no forest), while the maximum value
would be 81 (all forest) in the resulting raster data layer. A
summed value of 77 was required for the principle cell to be
considered interior forest for a 95% threshold. Subsequently,
a binary raster data layer was created of only interior forest
cells by reclassifying all the raster data layer cells with a value
of 77 to one and all other raster data layer cells to zero. This
repeated process of changing the window size and required
cell number results in eight raster representation data layers
depicting only interior forest at all moving window analysis
sizes for 2001 and 2011 for analysis.

The GIS operation, region group, identified interior forest
areas based on adjacent cells that were identified as the same
value through the moving window analysis. When preparing
the data for this study, the base land cover data represented
areas included a border area of eight kilometers (five miles)
beyond the actual study area boundary previously described.
The analyses were performed in this way to reduce boundary
effect bias; however, the border area was not included
in calculations. For final interior forest block quantitative
determination, a geoprocessing operation clipped the moving
window analyses output data layers to include only the
study area. Visual inspection of several study area locations
was performed utilizing Farm Service Agency – National
Agriculture Imagery Program (FSA-NAIP) data to ensure
the moving window analyses and clipping operations were
performing as expected in identifying interior forest. FSANAIP data are aerial imagery acquired during the growing
season for use as a base layer in GIS since it is captured at a
one-meter ground sample distance and a horizontal accuracy

A 9 x 9 moving window scale is often used in this paper in
order to explain the moving window approach and represents
about 7.29 hectares or 18 acres. Although analysis window
scales vary in size, it is difficult to conclude categorically that
one scale is inherently better than another scale because the
scale use determination will depend on the species of interest.
In addition, despite gains being made in understanding the
importance of forest edges, Harper et al. (2005) contend that
this is still an emerging field.
Performing the analyses at the 95% threshold allows
for more relaxed analysis criteria than 100% forested to
accommodate expected error in forest land cover data
classification while still remaining realistically conservative
for analysis. Wickham et al. (2007) performed analyses
at 100% and 90%. The relaxed threshold of 90% did not
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of six meters with known control points (USDA FSA 2010).

to quantify the amount of interior forest by calculating the
geometry of the simplified polygon features. In order to
determine the amount of interior forest by the different GAP
status categories, the interior forest polygons were clipped
using the Kentucky based PAD-US data.

Land Stewardship Status Designation
Once the interior forest analyses were completed at multiple
scales, it was possible to characterize how much, if any, of
the identified interior forest had some generally recognized
level of land protection or management. As in many areas
of the U.S., much of the land area in the Commonwealth
of Kentucky is privately owned with multiple owners and/
or land managers. Of the 1,162,204 ha in the study area,
approximately 84,137 ha or 7.2% is identified as having GAP
Land Stewardship Status according to the Protected Area
Database-United States (PAD-US) (v.1.3) (US Geological
Survey 2012) (Table 1). The different status designations
generally indicate how much and the types of land
management and use that can occur. A Status 1 designation
generally means that the area is managed for biodiversity
and disturbance events proceed or are mimicked. A Status 2
area is still managed for biodiversity but disturbance events
are suppressed. A Status 3 area is managed for multiple uses
and is subject to extractive uses, and a Status 4 generally
indicates no known mandate for protection.

RESULTS
Of the 1,162,204 ha study area, 80.3% (933,218 ha) was
forested in 2001, with approximately 2.35%, or 27,264 ha,
transformed to another land cover leaving 905,954 ha
(77.95%) forested by 2011. The ratio of percentage interior
forest reduction divided by the total forest transformation
ranged from 3.23 (5 x 5) to 25.51 (81 x 81). The ratio is
important because the loss of interior forest is several times
greater than total forest loss in general. When using a larger
analysis window, 81 x 81 verses 5 x 5, the greater the interior
forest reduction as a percentage. Across all four moving
window analysis scales, total interior forest reduction from
2001 to 2011 ranged from -7.6% to -59.8% depending on the
moving window size (Table 2). For example, based on a 9 x 9
analysis window, 480,008 forested hectares of the total study
area (1,162,205 ha) was interior in 2001; by 2011 a 10.5%
(-45,532 ha) interior forest reduction had occurred (Table 2
and Figure 1).

In the study area, following each moving window analysis
(5, 9, 27, and 81) a raster to feature operation was used

Table 1: GAP Land Stewardship Status designations (Gap Analysis Program).
Status

Description

Status 1

An area having permanent protection from conversion of natural land cover and a mandated management plan in operation to maintain a
natural state within which disturbance events (of natural type, frequency, and intensity) are allowed to proceed without interference or are
mimicked through management.

Status 2

An area having permanent protection from conversion of natural land cover and a mandated management plan in operation to maintain a
primarily natural state, but which may receive use or management practices that degrade the quality of existing natural communities,
including suppression of natural disturbance.

Status 3

An area having permanent protection from conversion of natural land cover for the majority of the area, but subject to extractive uses of
either a broad, low-intensity type or localized intense type. It also confers protection to federally listed endangered and threatened
species throughout the area.

Status 4

There are no known public or private institutional mandates or legally recognized easements or deed restrictions held by the managing
entity to prevent conversion of natural habitat types to anthropogenic habitat types. The area generally allows conversion to unnatural
land cover throughout or management intent is unknown.
(Source: http://gapanalysis.usgs.gov/padus/data/metadata/) (accessed March 22, 2015)
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Table 2: Change in interior forest with a threshold of 95% from 2001 to 2011. Percent reduction is relative to the amount of interior
forest in 2001 and the ratio equals percentage reduction divided by total forest reduction (e.g., (5 x 5 window) 7.6 /2.35 (total forest
percent) = 3.23).
Window Size
Cells (Hectares)

2001 Interior Forest
Hectares

2011 Interior Forest
Hectares

Difference
Hectares

Percent %

Ratio

5 x 5 (2.25)

620,581

576,900

-43,681

-7.6

3.23

9 x 9 (7.29)

480,008

434,477

-45,532

-10.5

4.47

27 x 27 (65.61)

195,731

161,573

-34,158

-21.1

9.01

81 x 81 (590.49)

29,043

18,170

-10,872

-59.8

25.51

Figure 1: Interior forest loss identified
during the 9 x 9, 95% threshold moving
window analysis. Areas in brown indicate
a loss of interior forest from 2001 to 2011.
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Number of Interior Forest Patches

in all analyses (-21.4% to -104.2%). The 9 x 9 scale had the
greatest reduction in terms of percentage (-104.2%) as well
as hectares (-6,558) (Table 5).

Studying total forested area is one way to determine interior
forest change; another is counting the number of interior forest
patches. From 2001 to 2011, the number of patches increased
at the 5 x 5 and 9 x 9 scales indicating fragmentation over
time while at the 27 x 27 and 81 x 81 scales, the number of
patches decreased (Table 3). The number of patches at the
81 x 81 scale for 2001 was 2,372; by 2011, the number was
116 patches.

Interior Forest Land Stewardship Status
Land management status analysis identified by PAD-US
(v.1.3) (2012) data indicated that 7.2% (84,137 ha) of the
1,162,204 ha study area had any stewardship designation.
Interior forest across all analysis windows and all levels of
GAP status code designation ranged from 4.7% (55,203 ha,
5 x 5) to 0.6% (6,788 ha, 81 x 81). Interior forest based on
the 2011 NLCD analysis with any designated status ranged
from a high of 36,963ha (5 x 5, Status 3) to a low of 48 ha
(81 x 81, Status 4). The 9 x 9 cell analysis across all four
status categories identified 46,143 ha with 22.5% of the
designated area in either Status 1 or 2. The 81 x 81 analysis
window indicated that 2,081 ha of interior forest had Status
1 or 2 (Table 6) representing 0.18% of the study area. In
short, interior forest of the study area in 2011 appear to be

Patch Size of Interior Forest
Interior forest mean patch size across all but one scale
decreased in size, from 18.4% to almost 33% during 2001 to
2011. Mean interior forest patch size increased at the 81 x 81
scale, to just over 92%. Keep in mind that the overall amount
of interior forest at the 81 x 81 analysis scale decreased by
10,872ha or 59.8% and resulted in a reduced number (-2,256)
of patches (Table 4). The maximum patch size decreased

Table 3: The change in the number of interior forest patches over time as determined by multiple analysis scales.
Window size			
Cells (Hectares)			

2001 Interior Forest		
Number of Patches		

2011 Interior Forest		
Number of Patches		

Difference
Number of Patches

5 x 5 (2.25)			6,685			8,241			+1,556
9 x 9 (7.29)			5,250			6,053			+803
27 x 27 (65.61)			1,989			1,938			-51
81 x 81 (590.49)			2,372			116			-2,256

Table 4: The change in mean interior forest patch size over time as determined by multiple analysis scales.
Window size			
2001 Interior Forest		
2011 Interior Forest		
Difference
Percent
Cells (Hectares)			Hectares			Hectares			Hectares		%
5 x 5 (2.25)			93			70			-23		-32.6
9 x 9 (7.29)			91			72			-20		-27.4
27 x 27 (65.61)			98			83			-15		-18.0
81 x 81 (590.49)			12			157			+144		+92.2
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Table 5: The change in maximum interior forest patch size over time as determined by multiple analysis scales.
Window size			
2001 Interior Forest		
2011 Interior Forest		
Difference
Percent
Cells (Hectares)			Hectares			Hectares			Hectares		%
5 x 5 (2.25)			15,249			12,560			-2,689		-21.4
9 x 9 (7.29)			12,853			6,295			-6,558		-104.2
27 x 27 (65.61)			5,084			3,246			-1,838		-56.6
81 x 81 (590.49)			2,462			1,775			-688		-38.8

Table 6: The amount of 2011 interior forest at multiple analysis scales by different levels of GAP Stewardship Management Land Status Code.
Window size
Cells (Hectares)

Status 1		
Hectares		

Status 2 		
Hectares		

Status 3		
Hectares		

5 x 5 (2.25)

2,605		9,050		36,963		6,585		55,203		4.7

9 x 9 (7.29)

2,417		7,944		30,651		5,131		46,143		4.0

27 x 27 (65.61)

1,836		5,037		17,127		2,214		26,214		2.3

81 x 81 (590.49)

817		1,264		4,659		48		6,788		0.6

substantially lacking any nationally/internationally recognized
land protection status.

Status 4 		
Hectares		

Total		
Hectares		

Percent (%) of
Study Area

amount declined at all scales. The three smallest moving
window scales all showed a reduction of interior forest of
mean patch size. The maximum forest patch size decreased
across all moving window scales while the number of patches
increased for the two smaller windows (5 x 5 and 9 x 9) and
decreased for the two larger windows (27 x 27 and 81 x 81).
Briefly stated, interior forest has been greatly reduced and
more fragmented.

DISCUSSION
The analyses reported on here provide additional
considerations concerning past and future interior forest
in a part of eastern Kentucky associated with surface coal
mining. Using the interior forest scale designation across
the four analysis window scales allows for important
quantitative comparisons. The analyses presented are: 1)
based on the best national scale land cover data and locallycollected ground transportation network data in a study area
previously identified (1992 – 2001), and 2) conclude that an
additional interior forest reduction in the tens of thousands of
hectares between 2001 and 2011 has occurred. There are
several basic ways to measure changes to the amount and
spatial configuration of this region. The measures used here
paint a picture of overall reduced amount and spatial extent
of interior forests during the study period. Total interior forest

This region is known for mountaintop removal coal mining
practices and surface based contour mining (OSMRE 2009;
Strager et al. 2013; US EPA 2013a). Therefore, the primary
reasons for the changes in interior forest between 2001 and
2011 were extractive resource operations as well as other
anthropogenic land cover changes as a minor component.
It is also important to recognize that there are errors and
limitations in each of the datasets. One study limitation
concerns the transportation network data from a temporal
aspect. While the same roadway and active railway datasets
were used in all the analyses, they occur at different points in
time than the 2001 or 2011 NLCD.
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Temporally accurate and spatially extensive roadway and
railway data were not available for 2001. Therefore, it is
possible that in some locations the transportation corridors
may or may not have been in existence during the same
period as represented by the land cover data. There is the
potential for analysis error to be introduced by this mismatch
in data acquisition timing. Although this is a consideration,
the likelihood of a roadway being completely removed during
the study period is relatively small. Furthermore, it is much
more likely that additional roads were constructed during
the study period. Therefore, the likely scenario is that even
more interior forest existed in 2001, particularly at the 5 x 5
scale, than was reported/recorded in the NLCD for that year.
Finally, roadway data are not complete since the available
data only included the public roadways and did not include
private roadways. Private roadways could fragment the forest
more but these roadways were not able to be systematically
included in the analyses.

factors must be considered when determining the economic
viability of mining coal in eastern Kentucky and the larger
Central Appalachian region. Strager et al. (2013) have
developed a spatially explicit surface coal mining predictive
model for the larger Appalachian Landscape Conservation
Cooperative (http://applcc.org/) region. The authors’
predictive model identifies the study area of this paper with a
plethora of active surface mine permits and even extends it
into southwest West Virginia (Figure 15, Page 22) with 1,736
polygons of mines representing 2,594.5 square kilometers.
The predicted probability model of additional surface mining
is spatially extensive and very high in the study area of the
current research (Figure 17, Page 29). Under a high coal
production scenario, their work indicates a high probability of
future surface production (Figure 27, Page 44).
Certainly Palmer et al. (2010), Wickham et al. (2013a), and
Lutz et al. (2013) extensively identify landscape effects of
surface mining. This study area has had a lot of bituminous
surface mining and is predicted to have intensive and
extensive mining through at least 2035 (Strager et al. 2013).
This forest pattern trend is likely to negatively affect forest
dynamics with at least regional implications. The spatial and
resulting ecological implications of surface coal mining in the
region are noteworthy as indicated by Wickham et al. (2007;
2013a), especially in the context of the environmental impact
statements and legal action(s). In keeping with Riitters et al.
(2000; 2002) and Wickham et al. (2007), this study region
is important in a global context because of the continued
interior forest reduction of this spatially extensive broadleaf
temperate deciduous forest in the middle latitudes.

This work extends the temporal aspect of Wickham et al.
(2007) (1992–2001) by specifically including the updated
2001 and 2011 land cover data. Depending on moving
window size, Wickham et al. (2007) attributed the interior
forest losses to mountaintop removal coal mining and were
1.75 to 5.0 times greater than direct forest loss, meaning that
the impact on interior forests is greater than total forest loss.
The ratios reported on in this study indicate that the interior
forest ratios to total forest are generally larger (3.23 to 25.51)
than in Wickham et al. (2007). This study region is part of
the study region that Wickham et al. (2007) used, and this
study used the transportation network, while the other study
did not explicitly incorporate a network. Based on Strager
et al. (2013), it appears that this smaller study area likely
experiences more intense mining density activity (ie. more
mining in a smaller geographic area) than the larger area
considered by Wickham et al. (2007).

Potential opportunities exist to reduce forest loss and in
particular, to reverse the interior forest reduction trend shown
here and in the work by Wickham et al. (2007) over the last
two decades. The region’s human population is predicted to
decline through 2050. Therefore, the inquiries of if, how, and/
or when forests are reestablished once they are removed
are important considerations for this region’s landscape
conservation planning.

Coal is an important resource for fueling many parts of the
global economy and likely to be used as an energy source
into the future. Kentucky’s bituminous coal reserve base
is the fifth largest in the nation (OSMRE 2009). Looking to
the future, the demand for coal through various removal
methods is likely to continue at fluctuating rates. The
number of surface mines in Kentucky greater than 40 ha
has increased over 15 evaluation periods (OSMRE 2009)
and accounts for 67% of surface mines in Kentucky. Many

One potential action is to identify reclaimed surface mines
that are not conducive to forest establishment and/or
succession from surrounding seed sources. Using the same
land cover data sources along with additional data sources,
suitability analyses could be conducted to identify strategic
areas on which to focus reforestation efforts in order to
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improve intact forest functions. These reforestation efforts
could be used to provide jobs to a historically economically
poor region, grow forests for future timber needs, and habitat
for a variety of species, as well as increase the amount of
ecosystem service capacity on lands that are generally in
an arrested succession state due to reclamation procedures
(Appalachian Regional Reforestation Initiative – Science
Team 2009).

Forestry Reclamation Approach. Through a transdisciplinary
and coordinated conservation planning effort, the opportunity
also exists to fundamentally implement and extend important
conservation planning ideas of Soulé and Terborgh (1999),
and Noss (1999), as well as experimental landscape
ecological ideas of McGarigal and Cushman (2002).
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