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ABSTRACT. When natural resources are exploited, environmental costs and economic benefits are often asymmetric. An
exampleis apparent in the environmental impacts from fossil fuel extraction by hydraulic fracturing. So far, most scrutiny has
been focused on water quality in affected aquifers, with less attention paid to broader ecological impacts beyond individual
drilling operations. Marcellus Shale methane exploitation in New Y ork State, USA, has been delayed because of aregulatory
moratorium, pending evaluation that has been directed primarily at localized impacts. We devel oped a Gl S-based model, built
on a hexagonal grid underlay nested within the U.S. Environmental Protection Agency’s EMAP system, to examine potential
cumulative ecological impacts. In a two-step process, we characterized > 19,000 hexagons, each sized to approximate the
footprint of onedrilling site (2.57 km?), using ecol ogical attributes; wethen devel oped amethod for apporti oning resource access
that includes assessments of cumulative ecological costs. Over one-quarter of the hexagons were excluded as off-limits on the
basis of six criteria: slope suitability, regulated wetland cover, protected-land cover, length of high-quality streams, mapped
road density, and open water cover. Three additional criteriawere applied to assess the estimated conservation vulnerability of
the remaining sites: density of grassland birds (North American Breeding Bird Survey), percent core forest (Coastal Change
Analysis Program), and total density of all state-mapped streams; these were determined and used in combination to rank the
14,000 potentially accessible sites. In a second step, an iterative process was used to distribute potential site access among all
towns (sub-county governments) within the Marcellus Shale Formation. At each iteration, one site was selected per town, either
randomly or in rank order of increasing vulnerability. Results were computed as percent cumulative impact versus the number
of sites committed and compared to a most-conservative selection process (ranked by statewide conservation vulnerability).
Random selection with proportional distribution by town resulted in larger cumulative ecological impacts, but rank-ordered
selection by town wasin many ways comparable to selection by statewide conservation vulnerability ranking. These outcomes
allow for a political solution for managing resource access fairly, based on a balanced geographic distribution of economic
benefits, coupled with an underlying scientific basis for assessing the ecological costs that are publicly shared.

Key Words: Core forest, hexagon land-cover grid, hydraulic fracturing, Marcellus Shale formation, natural resource sharing,
New York Sate, sensitive species and ecosystems

INTRODUCTION

Land-use change often outpaces the capacity to track effects
on land cover and subsequent ecological impacts. Ecologists
arethen left with thetask of damage assessment while making
little or no contribution to land-use planning. As a result,
opportunitiesto protect and preserve vital ecosystem services
and biodiversity are missed (e.g., Miller et al. 2009, Nelson et
al. 2009). In paralel, socio-political systems have their own
inadequacies when addressing rapid land-use changes, as is
evident in a common environmental dilemma: the lack of
balance in regulatory costs and benefits (Kraft 2004). In the
latter case, early entrants into an exploitation phase reap
immediate benefits, whereas later entrants suffer the bulk of
regulatory burdens. Politiciansand policy makersaresensitive
to this imbalance and are reluctant to limit opportunities for
later entrants (Olson 1996), especialy at local government
levels, where many private land-use decisions are made
(Briffault 1990). Ecosystem degradation accumulates in part
because there are no pre-set limits, which would require
ecologically based advanced planning in addition to policies
that can be perceived asfair (Ludwig et al. 1993).
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A new round of abrupt, widespread change in the North
American landscape accompanies the proliferation of
petroleum and gas wells that use hydraulic fracturing
technologies, which alow the extraction of previousy
inaccessible fossil fuels. In the United States, many states are
in various stages of exploitation, with their rural landscapes
perforated by industria activity, generaly without
comprehensive planning. Much of this activity has been
exempted from federal oversight by targeted legidation
(USEPA 2011); therefore, policies to plan and regulate the
facilities are left to state and local governments. A gap is
growing betweentheeconomicimpetusto exploit theseenergy
sources and the capacity to evaluate environmental impacts
(Considine et al. 2009, Entrekin et al. 2011). Socio-cultural
impacts, including legal disputes, will also require assessment
(Jacquet and Stedman 2009); from press accounts, it appears
that many loca governments are unprepared and
overwhelmed (e.g., Tavernise 2011, Urbina 2011a,b,c).

In Pennsylvania, the number of Marcellus Shale gas drilling
permitsnearly doubled from 768in 2009 to 1366 in 2010, with


http://dx.doi.org/10.5751/ES-04822-170225
mailto:davisj5@sage.edu
mailto:grobins@albany.edu

2011 permits on pace for a further doubling (Pennsylvania
Department of Environmental Protection, Marcellus Shale,
http://www.portal .state.pa.us/portal/server.pt/community/
marcellus shale/20296). It isestimated that acumul ativetotal
of 60,000 new wells will be in place by 2030, and
environmental scientists have been working to gain an
overview and entry into statewide planning, with the goal of
limiting future degradation to Pennsylvania's significant
natural habitats (Johnson 2010). Toitsnorth, New Y ork State
contains asubstantial areaof largely unexploited gasreserves
initsshareof theMarcellus Shal eformation, which spansover
half its counties (Coleman 2011). A moratorium on new
drilling has been in place for 2 yr, pending full review by the
New York Department of Environmental Conservation
(NYSDEC 2011).

So far, most political attention to environmental effects of
shale exploitation has been directed at protecting aquifers,
driven by the obviousneed to regulateindustriesin the surface
watersheds that supply New York City’s drinking water
(NYSDEC 2011) and by deep uncertainties over potential
effects of hydraulic fracturing on groundwater supplies
throughout the Marcellus formation (Soeder and Kappel
2009). New reports indicate direct contamination of
groundwater aquifers via leakage from drilling operationsin
New Y ork and Pennsylvania(Osbornet al. 2011), and drinking
water quality seems likely to remain the focus of future
research. However, broader environmental consequencesmay
need to be addressed aswell, such as other forms of pollution
(e.g., Cole 2010, Entrekin et a. 2011) and geological
instability (Fountain 2012).

Deep shale gas extraction operates at relatively local scales,
somewhat comparable to the many small, low-production
petroleumwellsscattered acrossthe continental United States.
Drilling sites and their underground reaches occupy areas in
the range of hectares and square-kilometers, respectively
(USEPA 2011; Pennsylvania Department of Environmental
Protection, Marcellus Shale, http://www.portal .state.pa.us/portal/
server.pt/community/marcellus shale/20296), and so generaly
fit into single rura properties with individual ownership.
Exploitation access agreements are often made with single
families, whereas the resource itself is broadly distributed.
Borrowing from the natural resource sharing framework of
Leach et d. (1999), abroadly distributed endowment (natural
gas) becomesan entitlement for thosewith direct access, made
possible by the capability introduced by capitalized
contractors. In contrast, degradation of broadly distributed
ecological resources, the endowments and entitlements of all
citizens, is shared equally but with limited shared capability
to prevent or repair degradation. Within local communities,
some ecological impacts of gas exploitation may seem minor,
but the cumul ative burden needsto be assessed out of fairness
to the full public.
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Jurisdiction over individual well siting is a somewhat gray
area. New York State Environmental Conservation Law
Section 23-0303, Article 2, states that the Department of
Environmental Conservation “shall supersede al local laws
and ordinances relating to the regulation of the ail, gas and
solution mining industries; but shall not supersede loca
government jurisdiction over local roads or the rights of local
governments under the real property tax law.” In its
Declaration of Policy (23-2703), Article 23 Qil, Gas, and
Solution Mining Law, Title 27, Section 1, states that local
governmentsare entitled to enact and enforce pertinent zoning
ordinances, but that state government is charged with
“protection and enhancement of wildlife and aquatic
resources.” Uncertainty over the powers of local government
and the rights of land owners has spurred the formation of
land-owner coalitions (Jacquet and Stedman 2009). However,
environmental impacts will be shared across the state, and a
transparent and fair approach to Marcellus Shale access can
help balance cumul ative costs against individual benefits.

Our goal was to produce a statewide model to assess
cumulativeecological impactsof Marcellus Shaleexpl oitation
across New Y ork and to display the results as policy options
within aframework of fairly shared costs and benefits. Here,
we describe a method for assessing cumulative ecological
degradation and test whether arational, ordered site selection
system can reduce ecological impacts within a framework of
fair and balanced distribution of resources access. We relied
onpublicly availableinformation, but our study may beunique
in its proactive perspective and approach.

METHODS

Gl S model

The core element of our approach isageographic information
system (GIS) model incorporating both ecological and
political features. The study areais defined by the boundaries
of the Marcellus Shale formation within New York State,
obtained from the U.S. Geological Survey (Coleman 2011),
which includes 33 of 62 New Y ork counties and 478 of 932
towns (sub-county governments). Natural features and
political boundaries are both distributed unevenly and are not
closely correlated, so fitting a model to estimate respective
gas well footprints requires a grid system that can
accommodate both.

Spence and White (1992) produced a hexagonal tessellation
of the landscape of the conterminous United States for the
Environmental Protection Agency’s Environmental Monitoring
and A ssessment Program (EPA-EMAP). Anarray of hexagons
isisotropic, provides even spatial coverage, and islesslikely
to be coincident with anthropogenic features such as
jurisdictional boundaries or roads. Nested hexagon grids of
larger and smaller scales can be generated relatively easily.
The size of each hexagon in the original base grid was


http://www.ecologyandsociety.org/vol17/iss2/art25/
http://www.portal.state.pa.us/portal/server.pt/community/marcellus_shale/20296
http://www.portal.state.pa.us/portal/server.pt/community/marcellus_shale/20296
http://www.portal.state.pa.us/portal/server.pt/community/marcellus_shale/20296
http://www.portal.state.pa.us/portal/server.pt/community/marcellus_shale/20296

approximately 635 km?. Other authorshave subsequently used
nested hexagons of varying sizes (e.g., Schindler et al. 2008,
Gould and Solérzano 2009, Nelson et al. 2009). We began
with an overlay grid of 2.57-kn? hexagons, nested within the
EMAP system, as the units of analysis, for reasons described
next.

Thestatutory requirement for density of well sitesand spacing
of wells is set forth in New York State Environmental
Conservation Law, Article 23, Title 5, as amended in 2008.
The minimum allowed spacing for vertical wellsisone per 40
acres (17 ha). However, spacing units for horizontal drilling,
with multiple wells set on a common drilling pad, require up
to 640 acres (259 ha) to avoid overlap with adjoining
operations (New York State Department of Environmental
Conservation downloadable well data, http://www.dec.ny.gov/
energy/1603.html). Additional infill wells may be drilled
withinthespacing unit, butitisanticipated that thewell density
will be less than 16 wells. This is consistent with findingsin
Pennsylvania (Pennsylvania Department of Environmental
Protection, Marcellus Shale, http://www.portal .state.pa.us/portal/
server.pt/community/marcellus shale/20296), where spacing
units range from 105-251 ha. We began with the largest
estimated drilling area (2.59 km?) and used the EMAP
algorithmto build agrid. To keep hexagons nested within the
EMAP base grid, the closest feasible size was 2.57 km2.

A total of 19,318 hexagons covered the study area, which was
evaluated in two stages. First, hexagons containing natural
features judged to be particularly vulnerable to the effects of
natural gas development, or those hexagons located in areas
wheredrillingisunlikely for practical reasons, were excluded
from further analysis. Second, the remaining hexagons were
evaluated for shared attributes that indicate a potential for
ecological degradation from gasresource development. Three
suitable parameters were identified that are covered by
comprehensive, publicly available, statewide data sets. Using
these data sets, we modeled loss and fragmentation of forest
cover, contamination of streams, and disturbance to wildlife
of conservation significance.

Exclusion procedure

Hexagons with any one of the following characteristics were
excluded from further analysis as being too sensitive for
energy development: > 50% cover of mapped freshwater
wetlands, > 50% cover of lakesand major rivers, > 50% cover
of protected lands, > 50% of topography in slopes> 15%, = 1
km cover of high-quality stream, or 0% cover of mapped roads.
We used open-access spatial data sets and included datafrom
the Commonwealth of Pennsylvania to apply consistent
evaluation of hexagons spanning the two-state border.
Explanations for the six exclusion criteriafollow.

Freshwater wetlands
Vector features were derived from the New York State
Freshwater Wetlands M aps as described in Article 24-0301 of
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the Environmental Conservation Law (New York State
Department of Environmental Conservation maps located in
the Cornell University Geospatial Information Repository,
http://cugir.mannlib.cornell.edu/datatheme.jsp?id=111) or fr-
om the National Wetlands Inventory (NWI) in Pennsylvania
(USFWS 2009). NWI coverage is incomplete for the full
Marcellus Shale area of New Y ork, so could not be used for
that state. In New Y ork, wetlands = 5 haareregulated, and we
used this as a general inclusion rule for al wetland features,
including those that overlap with Pennsylvania. Within the
study area, there are approximately 1525 km?2 of wetlands
fitting these conditions. Natural wetlands are one of the most
diminishedland formsinthenortheastern United States(Gibbs
2000) and are also potentially very sensitive to the physical
disturbance and chemical contamination associated with gas
extraction.

Area hydrography

A vector file was assembled for hydrographic features such
aslakes, ponds, reservoirs, and major rivers (PSIE 2008, New
York State GIS Clearinghouse inventory data sets, http://gis.n
y.gov/gisdata/inventories/details.cfm?dsid=49& nysgis=). A
50% cover threshold was set because at that level, most pixels
arein or adjacent to surface water bodies.

Protected areas

The Protected Areas Database of the United States (USGS
2009) includes geographic boundaries of public land
ownership and voluntarily provided boundaries of private
conservation lands. We used this data set to identify areas
where drilling for shale gas would present conflicts with
typical resource management goas for protection of
biological, geological, cultura, scenic, and recreational
resources. We cannot rule out the possibility that some
management entities, public or private, may choose to allow
shale exploitation. However, our objective was to explore
scenarios at the town government level, so we felt further
justified in this exclusion rule in that oversight of protected
areasisgenerally beyond the purview of towns. Furthermore,
potential economic benefits to local governments from
exploitation on unprotected lands (e.g., fees and royalties)
would probably not accruefrom exploitationin most protected
aress.

Sopeangle

Weusedal0 x 10 mcompositedigital elevationmodel (DEM)
toidentify areas of steep slopeswhereit would beimpractical
to site gas wells. Individual 7.5-minute DEM tiles (USGS
2000; New York State Department of Environmental
Conservation digital elevation models, available from the
Cornell University Geospatial Information Repository, http://
cugir.mannlib.cornell.edu/datatheme.jsp?d=23) were conve-
rted to raster format and merged. The resulting mosaic was
processed using ArcGI S Spatial Analyst toolsto calculate the
percent slope. Slopeswere classified by comparing thedigital
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elevation model with existing gas wells drilled since 2000
(New Y ork State Department of Environmental Conservation
downloadable well data, http://www.dec.ny.gov/energy/1603.
html). More than 95% of New Y ork’s existing gas wells are
located on sites with slope < 15%. We judged that hexagons
with > 50% surface cover in slopes= 15% would be generally
unsuitable locations for drilling operations.

Water quality classifications

All surface waters in New York State are assigned a water
quality classification that denotes their best uses. Classes A,
AA, A-S, and AA-S are considered suitable sources for
drinking water if properly treated and are the highest
classification of surface freshwater (New York State GIS
Clearinghouse inventory data sets, http://gis.ny.gov/gisdatalin
ventories/details.cfm?dsid=49& nysgis=). In Pennsylvania,
the corresponding data set is referred to as Designated Uses
(PSIE 2008); the highest quality streams are designated
Exceptional Value (EV) or High Quality—Cold Water Fishes
(HQ-CWF). TheNew Y ork and Pennsylvaniadata setswithin
the study areawere merged. The highest quality streamswere
selected and intersected with the hexagons, and their total
length was tabulated within each hexagon. Hexagons with =
1 km total length of high-quality streams were excluded. At
this density, most paths into and through a hexagon would
haveahigh probability of encountering ahigh-quality stream;
thus, measurable degradation could occur regardless of well
siting.

Road density

In both New York and Pennsylvania, a digital vector file of
public and private roads and streetsis maintained by the state
Department of Transportation (York State Office of Cyber
Security, NY S Streets, http://gis.ny.gov/gisdata/inventories/details.
cfm?dsid=932& nysgis=, PADOT 2011a,b). We selected all
roads from these data sets within the study area, merged the
features, and intersected them with the hexagons. The total
length of &l roads within each hexagon was tabulated.
Hexagons containing no digitally mapped roads were
considered roadless, our threshold for exclusion.

Selection criteria for conservation vulnerability models
The remaining hexagons were evaluated according to three
ecological parameters directly or indirectly related to
biological conservation: core forest area, stream density, and
grassland bird abundance, calculated for al nonexcluded
hexagons.

Core forest cover

Coreforest wasestimated by tallying thetotal number of pixels
in each hexagon belonging to the core forest category in the
forest fragmentation layer of the Coastal Change Anaysis
Program 2006-eraland cover data set (available from http://w
ww.csc.noaa.gov/digital coast/data/forestfrag/index.html). T-
he forest fragmentation layer is a raster data set (30 x 30 m
pixels), derived from a reclassification performed by the
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Coastal Services Center on the land-cover data set. The
deciduous forest, mixed forest, evergreen forest, and
paustrine forest classes were recoded to forest, with all
remaining classes recoded to nonforest. The reclassified data
set was then processed using the Landscape Fragmentation
Tool Version 2.0 from the University of Connecticut
(available from http://clear.uconn.edu/tool §/Ift/Ift2/index.htm
). The final result of the analysis is a five-class layer:
background, patch forest, perforated forest, edge forest, and
core forest. An edge width of 30 m was used in the
fragmentation tool analysis. Hence, coreforest includesforest
pixelsthat are > 30 m from the nearest nonforest pixel.

Sream density

Stream density was calculated using the same merged stream
data set analyzed above to determine the lengths of the highest
quality streams, in this case, without restrictions on quality.
Thetotal length of streams of al classes wastallied for each
hexagon and normalized to the area of the hexagon (km/km?).
Streamorderisnot directly availableinthedatasetsemployed,
so we made no distinctions on this basis.

Grassland bird abundance

To map grassland bird abundance, we used the North
American Breeding Bird Survey (BBS), Route Level Data
Summaries 1966-2003, version 2004.1 (Patuxent Wildlife
Research Center 2004). The BBS is the only wildlife survey
for New York that is consistently applied over its full
geographic range. The surveys are conducted during the peak
of the nesting season, primarily in June. Each route is 45 km
long, with atotal of 50 stopslocated at 0.9-km intervalsalong
theroute. A 3-min point countisconducted at each stop, during
which the observer records all birds heard or seen within 0.45
km of the stop. Dataare recorded at each stop and then totaled
over the entire 50-stop route. The survey produces an index
of relative abundance of nesting pairs, rather than afull census.
Mean abundance within each hexagon was calculated for
grassland species of conservation concernin New Y ork State
(Table 1) for al species pooled. Abundance of each species
was estimated as an inverse distance-weighted average of
counts from nearby survey routes over a 100 x 100 m grid of
points within the study area. The abundance grids were
summed, and a mean was cal culated for each hexagon.

Overall conservation vulnerability ranking

We used distributions of tabulated values of coreforest cover,
stream density, and grassland bird abundance to rank
nonexcluded hexagons in order of vulnerability. The three
parameters use different metrics and follow different
distribution patterns (Fig. 1) and so cannot be treated
additively. Therefore, ranks were determined for each
parameter independently using percentiles. Thethree separate
ranks were then summed to determine a unique overall rank
for each nonexcluded hexagon, which wetreated asapotential
well site in the sel ection methods described next.
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Table 1. List of New Y ork State grassland birds (Morgan and
Berger 2008) represented in our vulnerability ranking
procedure. (See Methods: Selection criteria for ecological
degradation models; Grassland bird abundance).

Scientific name Common name

Asio flammeus Short-eared Owl
Circus cyaneus Northern Harrier
Bartramia longicauda Upland Sandpiper
Cistothorus platensis Sedge Wren
Dolichonyx oryzivorus Bobolink

Lanius ludovicianus Loggerhead Shrike
Eremophila alpestris Horned Lark

Surnella magna Eastern Meadowlark

Ammodramus henslowii Henslow’s Sparrow
Ammodramus savannarum Grasshopper Sparrow
Passerculus sandwichensis Savannah Sparrow
Pooecetes gramineus \/esper Sparrow

Selection criteriafor policy options

Inthe politics of resource sharing, perceptionsof fairness may
be strengthened by using methods of distribution that are
transparent, unbiased, and based on measurable criteria. Our
vulnerability rankings address publicly shared resources, but
permission to access targeted natural gas resources depends
on political decisions. Using the vulnerability-ranked
hexagons, wetested whether an organized, rule-based method
would be an improvement over the relatively haphazard
methodsof granting accessthat arecurrently usedinMarcellus
Shaleexploitation. Available siteswere selected in asequence
that permits one sel ection per town at each iteration, with and
without ranking the hexagons on their vulnerability to loss of
core forest, stream length, and grassland bird breeding pairs.
For this procedure, nonexcluded hexagons were ordered in
two ways: ranked per town in order of vulnerability, and
randomly ordered per town; the latter was meant to mimic the
relatively haphazard siting decision process that seems to be
the current norm. Results of these two selection methodswere
compared with sites drawn simply in order of statewide
vulnerability, without regard to location, which served as the
most conservative approach modeled.

Town-level selections

Tothe extent that economic benefitsfrom shale gas extraction
are publicly shared, the beneficiaries are likely to be at the
town or equivalent government level in New York State.
Under this assumption, our first distribution rule was that all
towns within the Marcellus Shale zone should have equal
probability of benefiting from gas extraction in proportion to
their potential access, defined simply as the number of
nonexcluded hexagons per town. Frequency distributions
were somewhat skewed, with afew towns accounting for a

Fig. 1. Frequency distributions of nonexcluded sites
evaluated for three attributes. (A) Percent of core forest
cover, (B) total stream length, (C) abundance of grassland
birds of conservation concern (see Methods: Selection
criteria for ecological vulnerability models).
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larger fraction of available hexagons (Fig. 2). Eleven of the
478 local government jurisdictions are classified as cities
(New York State Office of Cyber Security, NYS Civil
Boundaries, http://gis.ny.gov/gisdata/inventories/details.cfm?
dsid=927& nysgis=). These had the lowest countsand, in sum,
contained asmall fraction of availablesites(Fig. 2). Therefore,
wedid not make further distinctionsand instead grouped them
with towns (hereafter, town refers to local government units
smaller thanthecounty level, including both citiesand towns).

Fig. 2. Frequency distribution of nonexcluded hexagons per
town in each of 478 New Y ork towns (subunits of counties).
Hexagons encompassing sites classified as urban (11 cases)

are shaded in blue.
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We designed a selection algorithm that chooses one site per
town at each step in a cumulative process, calculating the
estimated amount of lost coreforest, degraded stream density,
and grassand bird breeding pairs. At each iteration, one
hexagon was added for each of the 478 towns, drawn from the
remaining nonexcluded hexagons available per town. Under
the random assignment method, we used the means of 10
different trials. Under the ordered assignment method, we
began with the lowest impact site (hexagon with the lowest
vulnerability rank) and ended with the highest impact site per
town. For easeof display andinterpretation, wegraphed results
in deciles of sites selected, assessing cumulative impactswith
each addition of the next 10% of al potential well sites.

Comparisons among selection methods
The estimated outcomes at each of the 10 intervals were
defined as (1) percent total statewide area of core forest
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disturbed, (2) percent of total statewide stream length
disturbed, and (3) percent of grassland bird breeding pairslost
(interpreted as percent of total habitat disturbed, all species
pooled). The outcome values were tabulated for comparison
between thetwo town sel ection methodsand thefull statewide
(most conservative) method. In this way, ecological
cumulative costs were estimated under three resource
distribution models. In addition, results of ordered selection
at thetown level were mapped at the 50% threshol d (protecting
the most vulnerable half of nonexcluded hexagons) to view
geographic patterns that resulted.

Analytical tools

All map development and output was prepared using ArcGIS
v9.3.1 software (ESRI, Redlands, CA, USA). Vulnerability
rankings and algorithms were prepared using MS Access
Version 14 (Microsoft Corporation, Redmond, WA, USA).
Statistical graphs prepared using SYSTAT 12 (Systat
Software, Chicago, IL, USA).

RESULTS

Exclusion procedure

Inall, 5268 hexagonswereexcluded from consideration, based
on six attributes of sensitivity (Table 2), corresponding to
approximately 27% of the total study area. This left 14,050
hexagons for further analysis. Excluded hexagons are
distributed acrossthe study area, but two large concentrations
are located in the Catskill Mountains and surrounding
Allegheny State Park in the southwest (Fig. 3). An additional
set of 102 hexagons fell mostly in Pennsylvania, so were
dropped from consideration, leaving 13,948 hexagonsfor our
policy models.

Selection procedure

Using ordered selection by town, the mapped outcome at the
upper 50% conservation value (CV) threshold (protecting the
6972 more vulnerable hexagons) results in two genera
geographic patterns (Fig. 3). First, the 6976 hexagons deemed
less vulnerable (lower 50% CV) are well distributed across
the study area such that al counties contain nonexcluded
hexagons in the less vulnerable categories. Second, their
relative distributions among counties are uneven, in part
because some counties contain proportionally more excluded
hexagons and in part because the more vulnerable CV
hexagons are not evenly distributed.

For al three ecological criteria, selecting potential well sites
purely on the basis of statewide vulnerability rank leads to
lower levels of cumulative degradation compared to random
selection at thetown level. However, in each case, therelative
differencesvary. For example, if half of all potential well sites
are exploited using random selection, the models estimate an
extra 6% of core forest degradation, an extra 17% of stream
degradation, and an extra 7.5% of grassland bird habitat
degradation (Fig. 4). From a political perspective, it is more
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Fig. 3. Map of the study area, with underlying hexagonal grid, defined by the boundaries of the Marcellus Shale formation
within New Y ork State. N = 19,318 hexagons. Excluded hexagons (N = 5286, dark red) fall into one or more of six categories
of high sensitivity to energy development (see Table 2). Green hexagons fall into the upper 50% of conservation value
(higher vulnerability) rankings, ordered by town. Remaining hexagons (yellow) fall into the lower 50% of conservation value
(lower vulnerability) rankings (see Methods: Selection criteria for conservation vulnerability models). Source: New Y ork
State Department of Environmental Conservation, Marcellus Shale formation 2009 production, http://www.dec.ny.gov/

energy/46381.html.

Legend
[CINY Counties
Il Excluded Hexagons
I Upper 50% Conservation Value
Lower 50% Conservation Value

Kilometers
50

Pennsylvan|a

interesting that ordered selection at thetown level, whichaims
to distribute resource access in a fair and balanced process,
closely tracks the statewide ordered selection result for core
forest and streams (Fig. 4a,b). In the case of grassland birds,
however, results at the town level were similar, regardless of
whether site sel ection was random or ordered by vulnerability
(Fig. 4c).

DISCUSSION

With its moratorium on Marcellus Shale exploitation due to
conclude, the New York State government is faced with
several level sof policy decisionsonhow to addresscompeting
demands from different constituencies. Our study addresses
three of those levels: first, whether environmental costs of
exploitation are adequately addressed; second, whether
economic benefits are fairly shared; and third, whether those
benefits can be drawn on to reduce or mitigate the costs. Our
three categories of ecological cost are not intended to be fully
comprehensive or best choices; they are simply based on
availableinformation that matchesthe geographic scale of the
guestion.

We focused on ecological criteria, but the underlying map
layers can be used with other spatially arrayed data sets such
as zones of potential soil and water contamination. They can
also be modified to incorporate new estimates of shale gas
production potential as a means of incorporating variation in
economic potential. However, specific local impacts cannot
be predicted using our approach, which is not designed as a
tool for individual site selection; however, it offers two
advantages over haphazard modes of planning. First, wewere
able to demonstrate potential cumulative impacts that vary
according to apportionment strategies; second, those impacts
or related parameters can be monitored to support adaptive
ecosystem management (Vogt et al. 1997). Another advantage
is that the hexagon grid at the scale employed obscures
potentially sensitivedetail ssuch asownership or jurisdictional
boundaries, which might raise political concerns beyond the
scope or intent of the model.
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Fig. 4. Plots of cumulative ecological impacts under three
site selection methods: statewide ranking by increasing
vulnerability, town-level ranking by increasing
vulnerability, and random town-level ranking. (See
Methods: Selection criteria for ecological vulnerability
models). (A—C) Percent disturbed values correspond to data
distributionsin Fig. 1A—C, respectively.
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In ruling out a subset of hexagons as unsuitable, we made
several assumptions that may need reconsideration. For
example, our category of protected lands includes public
propertiesand private preserveswheredrilling may eventually
take place, either by choice or by default, such as caseswhere
surface mineral rights are held separately. However, we did
not include privatelands protected by conservation easements
or similar instruments, so the protected category could have
appliedtoalarger set of hexagons. Our rulefor excluding only
100% roadless hexagons could be challenged as inadequate,
given that aless stringent rule would have excluded far more;
for example, relaxing thethreshold to 0.25 km/km?would have
nearly doubled the number of excluded hexagons from 619 to
1097. Inthiscase, however, the data set probably missessome
unpaved roadways, and relaxing any of our exclusion criteria
also would have led to increased redundancy (Table 2).

The criteria used to determine vulnerability rankings were
limited to threeindependent parametersavailableinrelatively
current and comprehensive formats. Core forest is a well-
developed concept based on decades of research into effects
of habitat fragmentation (reviewed in Harrison and Bruna
1999, Fischer and Lindenmayer 2007, Collinge 2009), and
retaining forest continuity is at the heart of many ecological
assessments of land-use change (e.g., Heillman et al. 2002,
Hawbaker et al. 2006, Jantz and Goetz 2008, Robles et a.
2008). One of the more striking results from a similar study
in Pennsylvania is the extensive loss of core forest projected
for the near future because of unregulated Marcellus Shale
exploitation (Johnson 2010). We did not differentiate among
forest cover types, but, aswith exclusion criteria, our goal was
to depict broad landscape patterns rather than detailed,
ecosystem-specific consequences.

The second parameter, stream density, reflects natura
landscape patterns and, in some cases, artificial processes. Of
the three parameters, it may be the least amenable to direct
ecologica interpretation, but we think it is a useful metric. In
the simplest sense, more mapped streams represent greater
landscape complexity, which is aproxy for habitat diversity.
Thus, more streams mean more aquatic and terrestrial species
that are likely to need protection. It is also the variable that
most closely tiesnatural systemsto human systems. Although
rural inhabitants are more likely to draw water supplies from
belowground sources, small fluvia systems make important
contributions to agriculture and support wildlife that are
exploited for food and recreation. Higher stream densitiesalso
afford greater opportunitiesfor industrial contamination to be
transported within and among watersheds.

Grassland hirds, the third parameter, are a magjor focus for
biological conservation in much of rural New York State
(Norment 2002, Morgan and Burger 2008), although they are
more often associated with central prairiestates(Herkert 1994,
Veech 2006). Most of their remaining New Y ork habitats are
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Table 2. Number of hexagons distributed among the six exclusion categories. Vaues are counts of map hexagons per category
(diagonal) and counts of hexagons with overlap between category pairs (off-diagonal). Of the 5268 excluded hexagons, 952 are
identified by two overlapping categories, 352 by three overlapping categories, and 18 by four overlapping categories. Categories:
water = > 50% surface water cover (lake or large river); slope = 50% of topography with slope > 15%; protected = contains >
50% cover by areas (private or public) managed for conservation or public use; wetland = contains = 50% cover by mapped
wetland (= 5 ha); roadless = 0 km of mapped roads; streams = contains = 1 km of streams designated high quality (New Y ork
ClassAA or A, PennsylvaniaClassEV or HQ-CWF). (For sources, see Methods: Selection criteriafor conservation vulnerability

models).
Wetland Water Protected Slope Streams Roadless

Wetland 46

Water 7 411
Protected 6 31 1457

Slope 0 18 591 2882
Streams 2 278 85 255 1563
Roadless 7 69 308 361 98 619

tied to private agricultural lands (Morgan and Burger 2008),
which arealso among themorelikely candidatesfor new shale
gas operations (NYSDEC 2011). In this case, applying a
statewide inventory of species of concern offers new
information that can be applied on behaf of resource
stewardship, abeit for a small subset of wild species.
Comparable data are available for interior forest birds of
conservation concern, but their inclusion is not likely to add
substantial improvements to the model. First, much of the
information would have been redundant, given their strong
tiesto core forest habitats; second, most of the more sensitive
forest interior species are found at |atitudes beyond the study
area (Schlesinger et al. 2011) or at elevations well above the
shale formation.

Many potentially relevant measures of ecological impacts
were not included, primarily becausethey are not consistently
mapped as statewide data sets. However, additional
parameters can be introduced at local levels of the decision
process. For example, records of rare and endangered species
occurrences are maintained with geospatial coordinates (New
Y ork Natural Heritage Program, http://www.dec.ny.gov/anim
alg/65148.html), for use during individual environmental
permitting and zoning reviews. Also, athough we chose to
forgo habitat models in favor of ground-level records,
statewide habitat models are available for grassland birds or
other sensitive species of concern.

General properties of our approach

Marcellus Shale exploitation is one example of the rapid
spread of new formsof resource extractionin advance of close
scientific scrutiny (see Schindler 2010). Our applied focuswas
at the level of state government for two reasons. First, in the
context of shared resources, local governance has a mixed
record in supporting sustainable use, particularly when it
comesto addressing ecological degradation that accompanies

resource exploitation (Olson 1996, Leach et al. 1999, Brown
and Purcell 2005, Miller et al. 2009, Ostrom 2009). Second,
in the case of Marcellus Shale resources, lessons from
Pennsylvania indicate that town governments may have
limited regulatory authority. In addition, state government has
the better-established legal responsibility to protect publicly
shared resourcesunder the Public Trust Doctrine (Johnsonand
Galloway 1996, Bruskotter et al. 2011). However, there seems
to be no inherent reason why our approach cannot be used
outside of state-level governance.

Several general properties of our model may make it suitable
for evaluating other natural resource policieswith asymmetric
costs and benefits. First, all data used are publicly available
without costs or restrictions. Second, the underlying
hexagonal grid can be modified to operate at virtualy any
spatial scale. Third, the vulnerability rankings and selection
processes are transparent and can be reconfigured to meet the
needsof other environmental impact assessments. Inaddition,
cumulative results are summarized in a relatively simple,
straightforward graphical format that allowsmarginal coststo
be examined.

CONCLUSIONSAND POTENTIAL APPLICATIONS
Marcellus Shale gas extraction is a form of resource
exploitation in which economic benefits are narrowly shared
and cumulative ecological costs are broadly distributed; thus
far, those costs have not been fully addressed in planning or
policy. Wehave proposed a system for estimating some of the
more obvious ecological costs that will accumulate in New
York State, if and when exploitation proceeds, including a
framework for redistributing cost assessmentsin apolitically
fair and transparent manner. How and when costs should be
apportioned ispolitical decision, but our resultsopen up anew
path to a reasonabl e decision-making process.
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Permit systems that currently apply to Marcellus Shale
exploitation in New Y ork State are designed to address |ocal
impactsand rely on land-usezoning and environmental impact
assessment (NY SDEC 2011). They are not designed to assess
and capture many of the broader ecological costs borne by the
genera public, which currently has no claim to the economic
benefitsfrom the targeted gasreserves. However, by applying
an approach like ours, each potential drilling site can be
assessed according to its estimated contribution to cumul ative
ecological costs. With respect to the loss of ecological values
(estimated for core forests, natural streams, grassland birds,
or any other measurable parameter), dollar amounts could be
calculated on the basis of replacement values, ecosystem
service values (Farber et a. 2002), or some other means, and
assessed on a diding fee scale for permits according to
estimated ecological impacts. Using our selection methods
would ensure two levels of fair apportionment. First, site
permits would be assessed on the basis of unbiased estimates
of their relative contributions to statewide ecological
degradation. Second, economic benefits at the town level
could be shared proportionately across the state, in an open
manner supported by scientific evidence. Once assessed on
this basis, permits (or similar instruments) could be bought
and sold, with their valuesreflecting at |east some of thelarger
ecological coststhat would otherwisebedistributed lessfairly.

Responsesto this article can be read online at:
http: //www.ecologyandsoci ety.org/vol 17/iss2/art25/
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