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A Comparison of Hydrocarbon-Related Landscape 
Disturbance Patterns Along the New York-Pennsylvania 
Border, 2004–2013
By Coral M. Roig-Silva, Lesley E. Milheim, E. Terrence Slonecker, Siddiq Kalaly, and Joseph Chestnut

Executive Summary
The New York-Pennsylvania area has a long history 

of hydrocarbon extraction, and the addition of shale gas 
extraction methods contributes to landscape disturbance borne 
by previously developed oil and non-shale gas resources. 
The main unconventional extraction method used to extract 
shale gas from the Marcellus Shale located in New York and 
Pennsylvania is hydraulic fracturing, or “fracking,” although 
other conventional methods are used extensively. All forms 
of hydrocarbon extraction disturb the surrounding landscape 
to some extent, primarily in the form of land clearance and 
degradation, road construction, and pipeline development, 
although the effects of these disturbances are not fully 
understood.

In this study, landscape-change metrics and indicators 
are used to analyze change in a 10-county region along the 
New York-Pennsylvania border—the New York counties of 
Allegany, Steuben, Chemung, Tioga, and Broome, and the 
Pennsylvania counties of McKean, Potter, Tioga, Bradford, 
and Susquehanna. This 10-county region was selected due to 
the differences in policies between the States of New York 
and Pennsylvania. While fracking occurred extensively in 
Pennsylvania over the past 10 years or more, the State of 
New York issued a temporary moratorium against hydraulic 
fracturing in 2010—citing repercussions that might affect air 
quality, water quality, and public health—and officially banned 
hydraulic fracturing in June 2015.

The quantification of landscape disturbance due to 
hydrocarbon extraction activities is presented in this report 
as land-use and land-cover (LULC) change between 2004 
and 2013 and defined using specific disturbance categories 
(including well sites, roads, and pipelines) to compare the 
disturbances and changes, by county, on both sides of the 
New York-Pennsylvania border. The quantification was 
accomplished by gathering the signatures of disturbance from 
high-resolution aerial images, comparing the derived totals 
of disturbance, and then computing landscape metrics in a 
geographic information system (GIS) environment.

The collected data represent a summation of landscape 
disturbance from oil and gas development, as some of the data 
represented were established decades earlier. The Analytical 
Tools Interface for Landscape Assessments (ATtILA) software 

was used to calculate land-cover area and landscape metrics 
for each shale gas, non-shale gas, oil, and other infrastructure 
types associated with hydrocarbons across each county and 
both five-county regions in the study area. The three primary 
metrics used to describe changes in forest structure were 
(1) forest area, (2) interior forest area, and (3) forest edge area. 
The changes in metrics were subsequently evaluated using the 
Pearson correlation coefficient.

Overall, the disturbed-area footprint in the Pennsylvania 
region is considerably larger than the disturbed-area 
footprint in the New York region (13,687.9 hectares [ha] in 
Pennsylvania; 3,840.5 ha in New York). Disturbance per site 
is similar, with 1.2 disturbed ha per site in New York and 
1.6 disturbed ha per site in Pennsylvania.

In the New York-Pennsylvania 10-county region, 
hydrocarbon-development and extraction disturbance strongly 
correlate with a reduction in the percentage of forest for the 
entire region. This observation also appears to be true in the 
New York five-county region for forest area. This form of 
disturbance in the New York five-county region shows signifi-
cantly correlated changes in forest metrics (–0.4 percent total 
forest area), particularly in the percentage of interior forest 
(–1.2 percent total area) and forest edge (+0.7 percent total 
area). On the other hand, gas and hydrocarbon-development 
and extraction disturbance (1.0 percent total area) in the 
Pennsylvania five-county region strongly correlates with 
a total decline in forest area and agricultural land area 
(–0.8 percent combined total area) but not with either land-
cover class separately.

Introduction
The need for cleaner-burning energy, coupled with 

technological advances in accessing deep, hydrocarbon-rich 
geologic formations, has led to intense efforts to find and 
extract natural gas and other hydrocarbons from deep, 
underground geologic formations across the Nation. One of 
these formations, the Marcellus Shale, is the target of exten-
sive drilling and production in the Allegheny Basin province, 
which extends from New York to West Virginia (fig. 1). The 
Marcellus Shale is located between 600 and 3,000 meters (m) 
below land surface (Coleman and others, 2011).
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Horizontal drilling and hydraulic fracturing processes 
garnered worldwide attention through the large amounts of 
fresh water (116 billion liters per year for shale gas; Kondash 
and Vengosh, 2015) and proprietary fluids used in the 
hydraulic fracturing process, both of which caused numerous 
environmental concerns, debates, and litigation. However, 
an often-overlooked issue in the hydrocarbon-extraction 
dialogue is the indirect effect these practices have on the 
Nation’s landscape.

A standard unconventional oil and gas (UOG) well is 
drilled in a cleared and graded 2.5-ha area that can extend 
beyond the well pad (Slonecker and Milheim, 2015). The 
well-development process can include an infrastructure with 
many components, including small sedimentation ponds; 
large, lined wastewater impoundments; storage tanks; 
staging areas; temporary trailers; drill rigs; temporary and 
permanent road access; and pipelines that connect to oil- and 
gas-transportation infrastructure. Pipelines usually extend long 
distances across counties, but they can also go to processing 
facilities (Slonecker and Milheim, 2015) or across short 
distances to specially developed railway stations.

In both New York and Pennsylvania, UOG development 
is only part of the overall oil- and gas-extraction effort. Oil 
and gas wells were first developed in this region in the late 
1800s, and their development continues (Dresel and Rose, 
2010). Oil and gas wells are drilled vertically and at shallower 
depths than UOG wells, and they also have a much smaller 
clearance footprint (Slonecker and Milheim, 2015), which 
allows their grouping in clusters or grids to extract resources 
more efficiently. Oil- and gas-well infrastructure typically 
includes sedimentation ponds, storage tanks, and access 
roads. Wells in depleted coal beds can use a low-volume 
version of hydraulic fracturing to free coalbed methane. Both 
well types and infrastructure systems are often developed 
proximate to one another, and their combined landscape 
disturbance can be substantial.

The accumulation of these kinds of landscape-clearance 
activities and other human interactions are often dramatic 
and can lead to consequences for ecosystems, wildlife, and 
human populations proximate to oil- and gas-extraction 
activities. Landscape disturbance can alter ecosystems and the 
services they provide by changing the spatial arrangement and 
connectivity of natural resources such as forests, water bodies, 
and wetlands. Landscape-disturbance data and analysis related 
to hydrocarbon extraction are presented in this report.

While hydraulic fracturing occurred extensively in 
Pennsylvania over the past 10 years or more, the State of New 
York created a temporary moratorium against hydraulic frac-
turing in 2010 (New York State Department of Environmental 
Conservation, 2015a, b), citing repercussions that might affect 
air quality, water quality, and public health. In June 2015, 
the State of New York officially banned hydraulic fracturing 
following the final release of a study by the New York 
State Department of Environmental Conservation, although 
litigation is expected to ensue (New York State Department 

of Environmental Conservation, 2015a, b). Regardless, in 
both New York and Pennsylvania, shallower oil- and gas-well 
drilling is ongoing.

Location

The assessment of landscape change in this report focuses 
on 10 counties: Bradford, McKean, Potter, Susquehanna, 
and Tioga Counties in Pennsylvania, and Allegany, Broome, 
Chemung, Steuben, and Tioga Counties in New York (fig. 1). 
All 10 counties lie within the Marcellus Shale development 
area known as the Marcellus Shale Play or the Interior 
Marcellus Assessment Unit. These counties were chosen for 
their position relative to the border between the two States 
and a “sweet spot” of highly productive Marcellus Shale 
(Stevens and Kuuskraa, 2009). Marcellus Shale in the area is 
exceptionally thick, ranging from about 61 to 122 m (Stevens 
and Kuuskraa, 2009). The region is rural, dominated by forest, 
and includes a substantial amount of agriculture (fig. 2).

Key Research Questions

A central goal of this report is the quantification of land-
scape disturbance as land-use and land-cover (LULC) change. 
The quantification of landscape disturbance is evaluated—by 
specific disturbance categories (including well sites, roads, and 
pipelines) and the comparison of disturbances and changes by 
county—on both sides of the States’ border. The quantification 
was accomplished by way of collected disturbance signatures 
from high-resolution aerial images, comparing the derived 
totals of disturbance, and computing the landscape metrics 
in a geographic information system (GIS) environment. This 
report’s research and monitoring focused on answering the 
following questions:

•	 What is the level of overall disturbance attributed 
to hydrocarbon-development activities in both New 
York and Pennsylvania, and how has this changed the 
landscape?

•	 What are the structural components (land-cover 
classes) of this change and how much change can 
be attributed to each class in both New York and 
Pennsylvania?

•	 How has the disturbance associated with natural gas 
exploration and development affected the structure, 
pattern, and process of critical ecosystems, especially 
forests, in both New York and Pennsylvania?

Landscape Disturbance and Analysis

Important, sometimes overlooked aspects of contempo-
rary oil- and gas-development activities are the geographic 
locations, distributions, and spatial arrangements of these 
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activities on the land surface. Energy extraction requires 
specific LULC change activities that alter critical aspects of 
the spatial pattern, form, and function of the natural landscape 
that in turn affect the ability of the resident ecosystems 
to provide essential ecological goods and services. These 
essential services affect the social, economic, and public 
health benefits the ecosystems provide. A critical challenge for 
geographic science is learning to understand and calibrate the 
effects of LULC change and the complex interaction between 
human and biotic systems at different natural, geographic, and 
political scales (Slonecker and others, 2012).

Understanding the dynamics of LULC change requires 
an awareness of the complex nature of human environmental 
systems and the development of a suite of tools that enables 
scientific investigations into the intricacies of LULC change. 
Tools of this type include traditional geographic data and 
analysis methods, such as remote sensing and GIS, alongside 
other innovative approaches used for understanding the 
dynamics of complex natural systems (O’Neill and others, 
1997; Turner, 2005; Wickham and others, 2007). The 
landscape assessment method of O’Neill and others (1997) is 
one such approach. The concept of landscape assessment is 
derived from landscape ecology and is rooted in the realiza-
tion that pattern and structure are essential components of 
ecological processes.

Landscape assessment uses spatially explicit imagery 
and GIS data on land cover, elevation, roads, hydrology, and 
vegetation, along with in-place sampling results, to compute 
a suite of numerical indicators, known as landscape metrics, 
to assess ecosystem conditions. The analysis of landscape 
metrics can reveal relationships between pattern and process 
(flow of energy) and other broad-scale ecological concerns 
such as habitat, conservation, and sustainability. Landscape 
analysis can be applied to biological and anthropogenic 
landscapes to explore LULC change and its effect on ecosys-
tems and biological endpoints.

Landscape metrics are spatial and mathematical functions 
that enable objective descriptions of different landscape 
structure and pattern aspects (McGarigal and others, 2002). 
These metrics characterize the structures and environmental 
processes at the landscape and ecosystem levels. Metrics, 
such as average patch size, fragmentation, and interior forest 
dimension, capture the spatial characteristics of habitat quality 
and their potential effects on critical populations of animals 
and vegetation. Many landscape metrics are computed and 
used for specific purposes, but several researchers (Riitters 
and others, 1995; Wickham and Riitters, 1995; Wickham 
and others, 1997) have shown that metrics are often highly 
correlated, sensitive to misclassification and pixel size, and, 
to some extent, questionable regarding additional information 
value; in other words, some metrics overlap in the types of 
information they provide.

The landscape analysis presented in this report is based 
on the framework outlined in O’Neill and others (1997). 
The key landscape concepts and metrics reported here include 
changes in land-use and land-cover percentages and forest 

metrics with a primary focus on total disturbance, forest loss, 
interior forest loss, and forest edge increases. The formulae 
used to compute the metrics in this report are available in the 
software documentation for the Analytical Tools Interface for 
Landscape Assessments (ATtILA) software (Ebert and Wade, 
2004). Computation details for determining the percentages 
of interior forest and the percentages of forest edge are 
documented by Riitters and others (2000). ATtILA is an 
extension developed by the U.S. Environmental Protection 
Agency (EPA)—designed for use with Esri’s ArcView or 
ArcGIS software and available at https://www.epa.gov/​
enviroatlas/​attila-​toolbox—to compute landscape, riparian, 
and watershed metrics at the county level, as explained in 
the ATtILA User Manual (Ebert and Wade, 2004), which 
can be obtained at https://www.epa.gov/​eco-​research/​
analytical-​tools-​interface-​landscape-​assessments-​user-​manual.

Disturbance
The initial step in landscape analysis is to determine the 

spatial distribution of disturbance and identify hotspots of 
activity. Disturbance, in this report, is approached as a discrete 
value that is presented in graphic files and tables of summary 
statistics, which afford a greater focus on specific locations. 
An example of the distribution of natural gas extraction in 
Steuben County, N.Y., is found in figure 3, which shows how 
instances of disturbance are situated with respect to local 
land cover.

Disturbance is a crucial concept in a landscape-analysis 
approach and for ecology in general. Disturbances are discrete 
events in space and time that disrupt ecosystem structures and 
functions; they also change the physical environment and the 
availability of resources (White and Pickett, 1985; Turner and 
others, 2001). When a natural or anthropogenic disturbance 
occurs in natural systems, it generally changes abiotic and 
biotic conditions to favor the success of different species 
over those organisms present pre-disturbance. Oil and gas 
development lead to spatially explicit patterns of landscape 
disturbance, primarily from the construction of the associated 
infrastructure (fig. 3).

Landscape disturbance from oil and gas development 
includes land clearance and increased traffic and noise 
from construction, drilling operations (horizontal and 
vertical), hydraulic fracturing, extraction, transportation, 
and maintenance activities. The mere presence of humans, 
construction machinery, infrastructure (for example, well pads 
and pipelines), roads, and vehicles can substantially affect 
flora and fauna. Increased traffic, especially rapid increases 
on historically inactive roads, can detrimentally affect 
populations (Gibbs and Shriver, 2005). Forest loss, as a result 
of disturbance, fragmentation, and edge effects, negatively 
affects water quality and runoff (Wickham, and others, 2008), 
alters biosphere-atmosphere dynamics that could contribute 
to climate change (Hayden, 1998; Bonan, 2008), and affects 
even the long-term survival of the forest itself (Gascon and 
others, 2000).

https://www.epa.gov/enviroatlas/attila-toolbox
https://www.epa.gov/enviroatlas/attila-toolbox
https://www.epa.gov/eco-research/analytical-tools-interface-landscape-assessments-user-manual
https://www.epa.gov/eco-research/analytical-tools-interface-landscape-assessments-user-manual
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Forest Fragmentation

Fragmented forest and habitat are primary ecological 
concerns. Habitat fragmentation occurs when large areas of 
natural landscape are intersected and subdivided by other 
(usually anthropogenic) land uses, forcing smaller patches to 
become the habitat for species in that area. As human activities 
increase, natural habitats, such as forests, are divided into 
smaller and smaller patches, and these reduced areas have a 
decreased ability to support viable populations of individual 
species. Habitat loss and forest fragmentation can threaten 
biodiversity, although current research is inconclusive 
(With and Pavuk, 2011).

Many human and natural activities result in habitat 
fragmentation, but oil and gas development can be extreme 
in the degree to which it affects the landscape. Disturbances 
from well sites create holes in the natural landscape, and 
secondary roads and pipeline networks crisscross and 
subdivide surrounding habitat. Landscape disturbance 
associated with oil- and gas-extraction infrastructure alters 
habitat through land clearance (loss), fragmentation, and edge 
effects, which subsequently alter the flora and fauna dependent 
on the habitat. The fragmentation of habitat is expected to 
amplify the problem of areal habitat loss and increase habitat 
degradation. Fragmentation alters the landscape by creating a 
mosaic of spatially distinct habitats from initially contiguous 
habitat, which leads to smaller patch sizes, a higher number 
of patches, and decreased interior to edge ratios (Lehmkuhl 
and Ruggiero, 1991; Dale and others, 2000). Fragmentation 
often causes detrimental effects for flora and fauna because of 
increased mortality for individuals moving between patches, 
lower recolonization rates, and reduced local population sizes 
(Fahrig and Merriam, 1994). The remaining patches can be 
too small, too isolated, and possibly too influenced by edge 
effects to maintain viable populations of some species. The 
rate of landscape change can be more important than the 
amount or type of change because the temporal aspect of 
change can affect the probability of recolonization for endemic 
species, which are normally restricted by their dispersal 
range and the kinds of landscapes in which they can move 
(Fahrig and Merriam, 1994).

While assumptions and hypotheses are derived from the 
existing scientific literature, which involves similar stressors, 
the specific effects of habitat loss and fragmentation in the 
Marcellus Shale Play depend on the needs and attributes 
of specific species and communities. A recent analysis of 
Marcellus Shale well-permit locations in Pennsylvania found 
that the well pads and their common infrastructure (roads, 
water impoundments, and pipelines) required nearly 3.6 ha 
per well pad with an additional 8.5 ha of indirect edge effects 
(Johnson, 2010). This extensive and long-term habitat conver-
sion has a more substantial effect on natural ecosystems than 
activities such as logging or agriculture. The effect results 
from the distinct dissimilarity between the gas-well pad 
infrastructure and adjacent natural areas, and from the low 

probability that the disturbed land can revert to a natural state 
in the near future, meaning that it would have to possess high 
persistence (Marzluff and Ewing, 2001).

Interior Forest
Interior forest is a unique form of forest habitat preferred 

by many plant and animal species. Interior forest is defined 
as an area of forest at least 100 m from the forest’s edge 
(Harper and others, 2005). Interior forest is a vital landscape 
characteristic because the environmental conditions of light, 
wind, humidity, and exposure to predators are different within 
interior forest than for areas within forest edge. Interior forest 
habitat is related to the size and distribution of forest patches 
and tied to the concept of forest or habitat fragmentation: the 
alteration of habitat into smaller, less-functional areas. Interior 
forest area can be dramatically affected by linear land-use 
patterns, such as roads and pipelines, which create edges 
within the habitat and fragment larger habitat patches into 
smaller patches, thereby destroying habitat for certain species.

Forest Edge
Forest edge in a given location is a linear measure of 

the amount of edge between a forest area and other land-use 
areas. The edge between forests and human-dominated 
landscapes is of primary scientific interest. The influence 
that bordering landscapes have on each other is known as 
the edge effect and is observable for a distance from an 
edge (Skole and Tucker, 1993). The intensity of edge effects 
diminishes deeper inside the forest, but edge phenomena 
can vary between extremes for the same habitat fragment or 
landscape (Laurance and others, 2007). Factors that promote 
edge-effect variability include the edge age, the edge aspect, 
the proximity and number of nearby edges, fragment sizes, 
seasonality, and extreme weather events. Examples of these 
factors are (1) plots with two or more neighboring edges 
having higher tree mortality and biomass loss (Murcia, 
1995); (2) over time, forest edge can be partially sealed by 
proliferating vines and secondary underbrush growth, which 
influence the ability of smaller tree seedlings to survive in 
this environment (Murcia, 1995); (3) forest edges adjoined by 
young regrowth forest provide a physical buffer from wind 
and light (Matlack, 1994); (4) abrupt, artificial boundaries 
of forest fragments are vulnerable to windstorms, snow and 
ice, and convectional thunderstorms that can weaken and 
destroy exposed forest edges (Laurance and others, 2007); 
and (5) periodic droughts can have a pronounced effect on 
forest edges exposed to drier wind conditions and higher 
rates of evaporation (Laurance and others, 2007). Due to 
computational limitations, this study reports forest edge as a 
distance 70 m or less from the forest edge.
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Mapping and Measuring Disturbance 
Effects

High-resolution aerial imagery of New York and 
Pennsylvania, acquired from the U.S. Department of 
Agriculture’s National Agricultural Imagery Program for 
2004–2013, was imported into GIS software, along with 
additional geospatial data on oil- and gas-drilling permits and 
the locations of State and county boundaries. The imagery 
was examined for distinct signs of disturbance related to oil 
and gas drilling and development; permit data were used 
for guidance. Observable features were manually digitized 
as line and polygon features in a GIS format. The polygons 
and line features were processed and aggregated by type 
of infrastructure—all (ALL), shale gas (SG), non-shale 
gas (NSG), other (O), oil (OIL), and pipeline (PL)—into raster 
masks to update existing land-cover data and are available 
from Roig-Silva and others (2019). Summary disturbance 
and land-cover statistics coupled with detailed landscape 
metrics for each five-county region (New York counties and 
Pennsylvania counties) and for each county, were developed 
and reported. For a full description of the methodology, see 
Slonecker and others (2012).

Statistical Analysis

All counties’ changes in agricultural land and forest 
metrics, and percent oil and gas disturbance, expressed as 
a percentage of change at the county level, were evaluated 
using the Pearson correlation method. The Pearson correlation 
coefficient (r2) ranges between +1 and –1, where +1 indicates 
a perfect positive correlation between the variables and –1 
indicates a perfect negative correlation. A coefficient of zero 
indicates no correlation. The statistical significance of the 
correlation (p) is determined by the r2 value and the degrees of 
freedom (number of observations minus 2).

Permits

Data pertaining to the location of the developed 
and undeveloped permits obtained and compiled from 
each State’s database for this study are shown in figure 4. 
Permits lacking locational information were removed, and 
this process revealed that many permits are undeveloped. 
Figure 5 lists State totals for all permits and sites, and it also 
indicates the type of permit (such as shale gas or non-shale 
gas). The “other” category includes permits for wells other 
than the types mentioned above, such as injection-well 
permits. The “other” category also includes sites that were 
identified but lacked a permit within a 250-m buffer radius. 
The 250-m buffer radius was the distance selected based on 
the observations found in Pennsylvania permits (Slonecker 
and others, 2012). Although the New York Department of 
Environmental Conservation’s data show that the permits are 

not field verified and are expected to be within a 91-m buffer 
(New York State Department of Environmental Conservation, 
2015c), the 250-m buffer distance was kept maintaining 
consistency with previously published work.

The use of a 250-m buffer to identify permits associated 
with a site caused multiple permits to be assigned to some 
sites but reduced the number of sites identified as “other” 
due to the lack of a permit. Most disturbance types have less 
than half the number of sites as permits with two exceptions: 
non-shale gas in New York and “other” in Pennsylvania 
(fig. 5). Developed non-shale gas sites in New York have 
almost four times the number of permits, indicating that other 
sites, presumably oil sites, were also identified as non-shale 
gas due to the concentrated permit placement for such sites 
(fig. 5). Pennsylvania has more than 10,000 more drilling 
permits than drilling sites, with the majority consisting of oil 
and non-shale gas permits.

Results

Disturbance

The disturbance area in the Pennsylvania region was 
over three times that of the New York region and was 
distributed over almost three times as many sites (table 1). 
The major difference between the areas stems from the greater 
development of shale gas sites in the Pennsylvania region, 
which has almost 60 times as many shale gas sites as the New 
York region and averages 3.4 ha of total disturbance per site, 
whereas the New York sites average 1.7 ha of total disturbance 
per site. This difference is then indicated by the comparison of 
approximately 4,910 ha of total shale-gas disturbance in the 
Pennsylvania region to approximately 43 ha of total shale-gas 
disturbance in the New York region.

As noted previously, disturbance from Pennsylvania 
shale-gas sites is, on average, greater than disturbance from 
New York shale-gas sites (fig. 6). Mean disturbance per site 
area for the remaining types of infrastructure is more similar. 
The values of mean disturbance per site area in New York 
counties are highly variable, whereas the values of mean 
disturbance per site in Pennsylvania counties are similar, 
except for those in McKean County, which contains mostly 
small oil and non-shale gas sites. Several counties have high 
values of disturbance per site under all infrastructure because 
pipeline disturbance is included.
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Figure 5. A bar graph comparing oil- and gas-drilling permits to developed sites for the hydrocarbon 
types discussed in this study—shale gas, non-shale gas, oil, and other—for the New York and 
Pennsylvania five-county regions. 

Table 1. Disturbance summary statistics for New York and Pennsylvania counties. “Hectares per site” is the mean area for sites only, 
whereas “Disturbed hectares per site” accounts for the area used for roads and pipelines in the mean. Because of multiple permits per 
site, columns and rows do not sum as expected.

[ha, hectares; –, not applicable.]

Updated 
land-cover map

Site 
count

Sites only 
hectares

Footprint Disturbed 
disturbed 
hectares

Road 
kilometers

Pipeline 
kilometers

Hectares 
per site

hectares per 
site

Road 
kilometers 

per site

New York (1,063,914 ha)

All disturbance 3,127 1,105.0 3,840.5 872.8 599.1 0.4 1.2 0.3
Shale disturbance 25 35.2 43.1 6.5 – 1.4 1.7 0.3
Non-shale distur-

bance
423 319.9 531.3 156.0 – 0.8 1.3 0.4

Other disturbance 2,403 958.2 2,053.7 787.2 – 0.4 0.9 0.3
Oil disturbance 2,444 368.9 1,362.2 706.8 – 0.2 0.6 0.3
Pipelines – – 1,556.7 87.3 599.1 – – –
Impoundments 

(> 0.4 ha)
12 14.6 – – – – – –

Impoundments 
(≤ 0.4 ha)

99 8.5 – – – – – –

Pennsylvania (1,346,586 ha)

All disturbance 8,609 5,822.0 13,687.9 2,511.2 2,358.1 0.7 1.6 0.3
Shale disturbance 1,432 4,259.8 4,909.8 575.3 – 3.0 3.4 0.4
Non-shale distur-

bance
2,183 527.7 1,706.3 802.6 – 0.2 0.8 0.4

Other disturbance 1,119 941.0 1,556.7 435.6 – 0.8 1.4 0.4
Oil disturbance 5,839 843.1 2,386.2 507.8 – 0.1 0.4 0.1
Pipelines – – 5,990.1 369.4 2,358.1 – – –
Impoundments 

(> 0.4 ha)
124 163.8 – – – – – –

Impoundments 
(≤ 0.4 ha)

89 14.9 – – – – – –
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Figure 6.  Bar graphs showing mean oil- and gas-development disturbance, in hectares per site. Disturbance is shown by type 
of site—oil, other infrastructure, non-shale gas, shale gas, and all sites—for each of the counties in the five-county New York 
and Pennsylvania regions and each State’s five-county study region. Note that the disturbance per site for “all sites” includes 
pipelines, whereas the specific oil- and gas-development types do not, resulting in unexpected values. 
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Land-Use and Land-Cover Change

Forest and agricultural land are the two LULC classes 
most affected in both the New York and Pennsylvania 
five-county regions. A higher percentage of loss in land 
cover and total land area, for both classes, occurred in 
Pennsylvania than occurred in New York. For all 10 counties 
(individually) and each five-county region, almost twice the 
amount of forest was lost when compared to the amount of 
agricultural land lost as a result of total hydrocarbon devel-
opment (fig. 7; table 2). When LULC change is examined by 
hydrocarbon-development type (oil, shale gas, or non-shale 
gas), agricultural land loss only exceeds forest loss for 
shale gas in Pennsylvania (table 2), specifically in Bradford 
and Susquehanna Counties, which are areas of substantial 
shale-gas disturbance (fig. 8).

Bradford, McKean, and Susquehanna Counties in 
Pennsylvania have the highest percentage (1.4–1.5 percent) 
of oil and gas development (fig. 8). McKean County oil 
and gas development was primarily from oil and, to a lesser 
extent, non-shale gas; Bradford and Susquehanna Counties’ 
oil and gas disturbance was from shale gas and pipeline 
infrastructure. Allegany and Chemung Counties in New York 
have a moderate (0.6–0.7 percent) percentage of oil and 
gas disturbance. The remaining counties have less than 
0.4 percent oil and gas development.

McKean County, Pa., sustained the highest percentage 
of forest loss (–1.0 percent; fig. 8). Allegany County, N.Y., 
and Bradford and Susquehanna Counties, Pa., had about half 
of McKean County’s loss (–0.5 percent, –0.5 percent, and 
–0.6 percent, respectively), while the remaining counties had 
relatively small losses of forest (–0.3 percent or less; fig. 8).

Bradford and Susquehanna Counties, Pa., sustained the 
highest percentage of agricultural land lost to oil and gas 
disturbance (–0.8 percent and –0.6 percent, respectively; 
fig. 8), and Allegany County, N.Y., Chemung County, N.Y., 
and Tioga County, Pa., sustained a smaller percentage 
of agricultural land loss, about –0.2 percent each. The 
remaining counties lost less than 0.2 percent of agricultural 
land to oil and gas disturbance.

Forest Metrics

Results obtained by ATtILA suggest that disturbance from 
shale-gas sites affects forest land the least, while oil and pipe-
lines affect it the most (table 3; fig. 9). McKean County, Pa., 
underwent the most changes in all forest metrics (percent 
forest, percent forest edge, and percent interior forest; 
fig. 10); the percent forest presented in this section is an 
ATtILA calculation of forest type identified as interior, edge, 
patch, perforated, and transitional (Riitters and others, 2000; 
Ebert and Wade, 2004). Of the forest metrics measured, 
forest interior was the most affected in McKean County, 
Pennsylvania.

Relationship of Oil and Gas Development to 
Land-Use and Land-Cover Change

Pearson correlation coefficient results indicate that 
changes in the percentages of forest and agricultural land 
strongly correlate with disturbance from oil and gas develop-
ment across the study area and each State’s five-county 
region (table 4). Five of the six land use/land cover metrics 
analyzed for the New York counties, show statistical signifi-
cance. These include changes in percent forest (LULC); a 
combination of changes in both percent forest and agriculture; 
percent forest; percent forest edge; and percent interior 
forest. On the other hand, in Pennsylvania, only one of these 
metrics—combined change in percent forest and agricultural 
land—was statistically significant.

Discussion
Forest and agricultural land are the major LULC classes 

in the region and experienced the most change from oil and 
gas development. Forest underwent about twice as much 
disturbance as agricultural land. LULC change from hydro-
carbon development in the New York-Pennsylvania study area 
strongly correlates with a decrease in the percentages of forest 
and agricultural land-cover classes. Most of the more than 
17,000 ha disturbed were forest (–0.2 percent or 2,127.8 ha in 
New York; –0.5 percent or 6,732.9 ha in Pennsylvania) and 
agricultural land (–0.1 percent or 1,063.9 ha in New York; 
–0.3 percent or 4,039.8 ha in Pennsylvania; table 2). At the 
five-county region level, the correlation breaks down. LULC 
change from hydrocarbon development in New York strongly 
correlates with forest and forest metrics, but in Pennsylvania, 
there is no correlation between hydrocarbon development and 
either forest or agricultural land. The difference in correlation 
measurements between the five-county regions could be 
attributed to the use of all hydrocarbon development types, 
although development types differ by region. New York’s 
hydrocarbon development consists primarily of non-shale 
sources developed in forests, while Pennsylvania’s hydro-
carbon development includes a large number of shale sites 
developed primarily on agricultural land. This interpretation 
is supported by observing that the most significant change in 
forest structure and area occurred in McKean County, Pa., a 
county with extensive oil and non-shale gas development.

In the New York-Pennsylvania 10-county region, oil and 
gas development disturbs mainly forest and agricultural land 
cover with measurable effects on interior forest and forest 
edge. The disturbance and its effects are also shown for the 
New York and Pennsylvania five-county regions, although the 
region in New York experienced about half the amount of oil 
and gas development as the Pennsylvania region.
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Compared with the Pennsylvania region, the New York 
region has a smaller percentage of land disturbed by oil and 
gas development. The New York moratorium on hydraulic 
fracturing for shale gas is likely to have played a part in the 
smaller disturbance level, although the shale-gas resource 
could be reduced in the New York portion of the Marcellus 
Shale Assessment Unit. On the other hand, Pennsylvania has 
no prohibition on hydraulic fracturing, which has allowed the 
extensive development of shale-gas resources, especially in 
Bradford and Susquehanna Counties: a so-called “sweet-spot” 
for shale gas development (Stevens and Kuuskraa, 2009).

Landscape disturbance results directly from oil and gas 
development, although the pattern of disturbance varies by 
location and the type of oil and (or) gas under development. 
An alternate pattern of disturbance can be seen in (1) McKean 
County, Pa., and Allegany County, N.Y., primarily from oil 
development, and (2) Bradford and Susquehanna Counties, Pa., 
from shale-gas development (fig. 11). Shale-gas sites usually 
have a substantial disturbance footprint and are more 
dispersed, while the smaller, non-shale gas and oil sites are 
seven times more numerous than shale-gas sites and frequently 
tend to occur in clusters.

Pennsylvania lost the most land cover (forest and agricul-
tural land), with four out of five counties ranking in the highest 
class of loss (more than 0.50 percent loss; fig. 12); New York 
lost the least, with three out of five counties in the lowest class 
of loss (less than 0.35 percent loss). Bradford, McKean, and 
Susquehanna Counties in Pennsylvania sustained the greatest 
loss of those land-cover classes, but when considering forest 
and agricultural land separately, McKean County sustained 
the greatest forest loss, and Bradford County sustained the 
greatest agricultural land loss. Bradford County is a center of 
shale-gas production while McKean County is a center of oil 
and non-shale gas production.

A closer examination of the bar charts for the counties 
(fig. 12) reveals that McKean County sustained the greatest 
change in forest metrics through a substantial increase in 
forest edge and an even greater decrease in interior forest from 
oil and non-shale gas development. These two forest-condition 
metrics indicate that changes in the forest structure could have 
implications for ecological processes and species habitat. 
Similar, although lesser, changes are observed in Allegany 
County, N.Y., and in Bradford and Susquehanna Counties, Pa., 
all of which have more agricultural land than McKean County.

Hydrocarbon development and disturbance in the 
New York-Pennsylvania 10-county border region affected 
less than 1 percent of the landscape, primarily among forest 
and agricultural land cover (table 5). While each type of 
hydrocarbon development (shale gas, non-shale gas, and 
oil) has a distinctive presence on the landscape and affects 
metrics in different ways, each development type produces 
landscape change.

While sites were successfully identified as oil and gas 
development in Pennsylvania and New York by their physical 
characteristics, the identification of their development type 
(shale gas, non-shale gas, or oil) was problematic. Limitations 
on user-supplied information on oil- and gas-drilling permit 
locations, and therefore well type, impeded efforts to accu-
rately identify the development type for many site polygons. 
The technique used in the study resulted in some polygons 
having erroneous or multiple permit types but also limited the 
number of oil and gas sites identified as “other.” These errors 
are likely dependent on the dispersion of wells of the same 
type, the intermixing of wells of differing types, and permit-
database accuracy. The land-cover maps calculated for the 
well subtypes (shale gas, non-shale gas, and oil) and, hence, 
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Table 2. Complete land-use and land-cover change details from oil and gas development for the New York five-county region of the 
study and the Pennsylvania five-county region of the study. Area data are from the 2001 edition of the National Land Cover Database 
(NLCD 2001).

[ha, hectares]

Land-cover 
class

Original NLCD 2001 Percent 
change 
from all 

disturbance

Percent 
change from 

shale gas 
disturbance

Percent 
change from 

non-shale gas 
disturbance

Percent 
change 

from other 
disturbance

Percent 
change 
from oil 

disturbance

Percent 
change from 

pipeline 
disturbance

Area, ha
Area,  

percentage

New York (1,063,914 ha)

Forest 644,188.3 60.5 –0.2 0.0 0.0 –0.1 –0.1 –0.1
Agricultural 

land 296,403.4 27.9 –0.1 0.0 0.0 –0.1 0.0 0.0
Developed land 62,462.6 5.9 0.0 0.0 0.0 0.0 0.0 0.0
Grassland-

herbaceous 5,059.4 0.5 0.0 0.0 0.0 0.0 0.0 0.0
Water 9,288.6 0.9 0.0 0.0 0.0 0.0 0.0 0.0
Barren 1,301.3 0.1 0.0 0.0 0.0 0.0 0.0 0.0
Wetlands 18,888.2 1.8 0.0 0.0 0.0 0.0 0.0 0.0
Scrub-shrub 26,320.4 2.5 0.0 0.0 0.0 0.0 0.0 0.0
Gas extraction 

disturbance 0.0 0.0 0.4 0.0 0.1 0.2 0.1 0.1
Pennsylvania (1,346,586 ha)

Forest 911,159.3 67.7 –0.5 –0.1 –0.1 –0.1 –0.2 –0.2
Agricultural 

land 289,633.2 21.5 –0.3 –0.2 0.0 0.0 0.0 –0.2
Developed land 47,698.5 3.5 0.0 0.0 0.0 0.0 0.0 0.0
Grassland-

herbaceous 6,896.2 0.5 0.0 0.0 0.0 0.0 0.0 0.0
Water 7,676.0 0.6 0.0 0.0 0.0 0.0 0.0 0.0
Barren 3,317.8 0.2 0.0 0.0 0.0 0.0 0.0 0.0
Wetlands 30,687.9 2.3 0.0 0.0 0.0 0.0 0.0 0.0
Scrub-shrub 49,509.5 3.7 –0.1 0.0 0.0 0.0 0.0 0.0
Gas extraction 

disturbance 0.0 0.0 1.0 0.4 0.2 0.1 0.2 0.5
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Figure 8. Bar graph showing percentages of land-use and land-cover change, by county and five-county region, for 
agricultural land, forest, and oil and gas development in New York and Pennsylvania.

Table 3. Forest area metrics for the New York and Pennsylvania five-county regions.

[Because of multiple permits per site, columns and rows do not sum as expected.]

Infrastructure

Original 
land 

cover, in 
percent

Change from 
all oil and gas 
disturbance, in 

percent

Change from 
shale gas 

disturbance, in 
percent

Change from 
non-shale gas 
disturbance, in 

percent

Change 
from other 

disturbance, in 
percent

Change from oil 
disturbance, in 

percent

Change from 
pipeline 

disturbance, in 
percent

New York regional disturbance

Forest   61.1   –0.2   0.0   0.0   –0.1   –0.1   –0.1
Interior forest   43.8   –0.7   0.0   –0.1   –0.4   –0.3   –0.3
Forest edge   13.1   0.4   0.0   0.0   0.2   0.1   0.2

Pennsylvania regional disturbance

Forest   68.0   –0.5   –0.1   –0.1   –0.1   –0.1   –0.2
Interior forest   51.4   –1.6   –0.2   –0.5   –0.2   –0.7   –0.7
Forest edge   12.7   0.9   0.1   0.3   0.1   0.4   0.4
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Table 4. Summary of the Pearson correlation coefficient for changes in metrics—for the entire 10-county region, the New York 
counties in the study, and the Pennsylvania counties in the study—shown as statistical significance levels.

[r2, Pearson correlation coefficient; p, statistical significance; ns, no significance]

Change in metric
10-county region New York Pennsylvania

r2 p r2 p r2 p

Percent agricultural land   0.521   ns   0.701   ns   0.362   ns
Percent forest (land use)1   0.738   0.05   0.886   0.05   0.617   ns
Percent forest and agricultural land   0.993   0.01   0.996   0.01   0.989   0.01
Percent forest   0.835   0.01   0.970   0.01   0.714   ns
Percent interior forest   0.475   ns   0.977   0.01   0.232   ns
Percent forest edge   0.368   ns   0.954   0.01   0.157   ns

1Percent forest is listed twice in table 3: the first occurrence is the percentage of land cover classified as forest, and the second is an Analytical Tools Inter-
face for Landscape Assessments (ATtILA) calculation of forest type identified as interior, edge, patch, perforated, and transitional (Riitters and others, 2000; 
Ebert and Wade, 2004).
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the metrics calculated from them, are subject to an unspecified 
amount of error. The “all” infrastructure category does not 
have this limitation.

Table 5.  Summary of regional land-use and land-cover change for each New York and Pennsylvania five-county region, and for the 
entire 10-county region, from oil and gas development.

Region
Area in 

hectares
Percent oil and 
gas disturbance

Change in 
percent 

agricultural land

Change in 
percent forest

Change in 
percent 

interior forest

Change in 
percent forest 

edge

New York-Pennsylvania 
10-county region   2,410,500   0.7   –0.2   –0.4   –1.2   0.7

New York five-county region   1,063,914   0.4   –0.1   –0.2   –0.7   0.4
Pennsylvania five-county 

region   1,346,586   1.0   –0.3   –0.5   –1.6   0.9

Conclusions
The goal of this study was to identify the level of 

hydrocarbon-development disturbance in a 10-county region 
along the New York-Pennsylvania border and articulate 
(1) how the landscape has changed from this development and 
(2) potential effects on forest structure. Overall, oil- and gas-
development disturbance is a small percentage (0.4 percent 
in New York; 1.0 percent in Pennsylvania), but it equates to 
a substantial amount of land area (4,255.7 ha in New York; 
13,465.9 ha in Pennsylvania). Two components compose 
the difference in disturbance: shale gas development and an 
extensive pipeline system in Pennsylvania. Across the region, 
almost half of the disturbance can be attributed to pipelines, 
many of which were constructed decades ago but are subject 
to maintenance and connection to newly developed oil and gas 
sites. The remaining disturbance differs by region. Disturbance 
in the Pennsylvania five-county region is primarily from oil 
and shale-gas development, whereas the New York five-county 
region is disturbed by oil and “other” development. The 
“other” category includes storage and injection wells, pipeline 
control structures, and erroneously classified sites.

Land-use and land-cover changes were mostly concen-
trated in forested areas in New York, while Pennsylvania 
experienced changes in both agricultural land and forested 
lands. This study found that forest loss was greater than 
agricultural land loss.

Forest loss was mostly affected by forest structure. Forest 
loss led to approximately three times the loss of interior forest 
and a doubling of forest edge area. Of the 10-conty region, 
McKean County in Pennsylvania suffered the greatest changes 
in interior forest and forest edge. Although beyond the scope 
of this report, changes in forest structure are associated with 
adverse effects in ecosystems and ecosystem services they 

provide. Further investigation in understanding these changes 
in land use and land cover and its effects are needed to better 
assess possible effects of oil and gas extraction in the area.

Limitations in the permit database and the lack of field 
validation for the identified sites, and the fact that the study 
area has been subject to hydrocarbon exploration for many 
years makes it difficult to separate the effects of oil and gas 
extraction individually.
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