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ABSTRACT

Unconventional shale gas development is a rapidly expanding driver of forest loss and fragmentation in the cen-
tral Appalachian region. We evaluated the relationship between breeding passerine abundances and distance from
shale gas development at a long-term (2008-2017) study site in northern West Virginia, USA. We examined responses
of 27 species within 3 habitat guilds: forest interior, early successional, and synanthropic. More than half of the
species evaluated showed sensitivity to distance from unconventional shale gas infrastructure (e.g., well pads, ac-
cess roads, pipelines). Five forest interior species occurred in greater abundances farther from shale gas develop-
ment, whereas 3 forest interior gap specialists increased in abundance closer to shale gas. Early successional and
synanthropic species, including the nest-parasitic Brown-headed Cowbird (Molothrus ater), generally occurred in
greater abundances closer to shale gas infrastructure. We used interpolated distributions of 4 focal species to assess
their spatial response to unconventional shale gas development over time. Our results indicate that breeding pas-
serine distributions and community composition are changing with forest disturbance driven by unconventional
shale gas energy development.

Keywords: Appalachians, avian guilds, energy development, forest songbirds, hydraulic fracturing, land-use change,
Marcellus-Utica, unconventional shale gas

La proximidad a infraestructura de gas de esquisto no convencional altera la abundancia y distribucion de
las aves reproductivas

RESUMEN

El desarrollo de gas de esquisto es un impulsor en rapida expansién de la pérdida y fragmentacion del bosque en la
region de los Apalaches centrales. Evaluamos la relacion entre la abundancia de paserinos reproductivos y la distancia
al desarrollo de gas de esquisto en un sitio de estudio de largo plazo (2008-2017) en el norte de West Virginia, EEUU.
Examinamos las respuestas de 27 especies dentro de tres gremios de habitat: interior de bosque, sucesion temprana y
sinantropico. Mas de la mitad de las especies evaluadas mostraron sensibilidad a la distancia desde la infraestructura
de gas de esquisto no convencional (e.g., plataformas de pozos, caminos de acceso, gasoductos). Cinco especies de
interior de bosque estuvieron presentes en mayores abundancias a mas distancia del desarrollo del gas de esquisto,
mientras que tres especialistas de claros de interior de bosque aumentaron su abundancia mas cerca del gas de
esquisto. Las especies de la sucesiéon temprana y las sinantrdpicas, incluyendo la especie parasitaria de nido Molothrus
ater, generalmente se presentaron a mayores abundancias mas cerca de la infraestructura de gas de esquisto. Usamos
distribuciones interpoladas de cuatro especies focales para evaluar su respuesta espacial al desarrollo de gas de esquisto
no convencional a lo largo del tiempo. Nuestros resultados indican que las distribuciones y la composicién de la
comunidad de los paserinos reproductivos estan cambiando con el disturbio del bosque generado por el desarrollo del
gas de esquisto no convencional.

Palabas clave: Apalaches, aves canoras del bosque, cambio de uso del suelo, desarrollo de energia, fractura
hidraulica, gas de esquisto no convencional, gremios de aves, Marcellus-Utica
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INTRODUCTION

Human conversion of land cover and resulting loss and
fragmentation of habitat are major drivers of global de-
clines in bird populations (Gaston et al. 2003, Jetz et al.
2007). Increasing global energy demands and techno-
logical advances in fossil fuel extraction have resulted in a
rapid expansion of energy development in North America
in recent decades (USEIA 2015, 2018). Energy sector dis-
turbance often occupies a relatively small proportion of
land cover, but creates a disproportionate amount of edge
habitat from a proliferation of linear infrastructure (Bayne
and Dale 2011). Increased edge creation from energy de-
velopment degrades habitat suitability for some edge-
avoiding species, as evidenced by declines in area-sensitive
birds in response to seismic lines in boreal forests (Bayne
et al. 2005, Machtans 2006), and oil and gas development in
sagebrush steppe (Gilbert and Chalfoun 2011, Mutter et al.
2015) and grasslands (Thompson et al. 2015, Nenninger
and Koper 2018).

The central Appalachian region in the eastern United
States has seen a boom in drilling for shale gas since the
mid-2000s, owing in part to advances in horizontal drilling
and high-volume hydraulic fracturing technologies (i.e.
fracking; USEIA 2018). This method of extracting natural gas
from deep shale formations is relatively new to the eastern
United States, but there is growing evidence that forest loss
and fragmentation associated with unconventional shale
gas development is negatively affecting interior forests in
the region (Drohan et al. 2012, Langlois et al. 2017) and re-
structuring avian communities (Barton et al. 2016, Farwell
et al. 2016, Langlois 2017). Understanding how birds react
spatially to unconventional shale gas infrastructure within
forested environments is a key step in predicting how avian
populations will respond to large-scale land use change
driven by this emerging form of energy development.

Much of the unconventional shale gas development
(hereafter, “shale gas”) in the central Appalachian region
is occurring in interior forests where pipelines and access
roads result in extensive forest fragmentation (Drohan
et al. 2012, Farwell et al. 2016, Langlois et al. 2017). Shale
gas is negatively affecting abundance and diversity of area-
sensitive forest interior birds (Barton et al. 2016, Farwell
et al. 2016, Langlois 2017), as well as the reproductive suc-
cess of a forest interior, riparian obligate species (Frantz
et al. 2018b). At the same time, some early successional
and synanthropic species appear to benefit from forest
disturbance by shale gas (Barton et al. 2016, Farwell et al.
2016, Langlois 2017). Further complicating the issue, edge-
associated species and forest gap specialists are naturally
drawn to canopy openings, and small-scale anthropogenic
disturbances can mimic natural canopy openings that then
function as ecological traps (Weldon and Haddad 2005,
Boves et al. 2013b).
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We assessed the relationship between passerine abun-
dances and distance from shale gas at a long-term study
site in northern West Virginia. We also created annual in-
terpolated distribution maps for 4 species to estimate the
spatial relationship between bird abundances and locations
of shale gas infrastructure. Our objective was to determine
if proximity to shale gas influenced patterns in bird abun-
dance and local distribution. Our results will help quantify
the spatial effects of shale gas on birds and inform spatially
explicit management objectives for species in landscapes
undergoing shale gas development.

METHODS

Study Area

Lewis Wetzel Wildlife Management Area (LWWMA)
in northern West Virginia overlies the Marcellus and
Utica shale gas basins (Figure 1). The site is located in
the Permian Hills subdivision of the Western Allegheny
Plateau ecoregion and is representative of the surrounding
region, characterized by steep, dendritic topography and
mature Appalachian oak and mixed mesophytic forests.
Approximately two-thirds of the LWWMA (4,326 ha) was
selected for study, with surveys located on most ridges
and 50.4 km of first- and second-order tributary streams
(Figure 1). Unconventional shale gas development began at
the site in 2007 and expanded steadily from 2008 to 2015
(Figure 2). Although activity slowed at the site with no new
wells drilled during 2014—2017, existing wells continue to
produce gas at the site, and a 25-ha permitted drilling area
and access road were cleared in 2015. As of 2017, the study
area remained predominantly (90.0%) forested, but it has
been heavily fragmented by the construction of gas well
pads and, to a greater extent, by the proliferation of new
road and pipeline corridors (Farwell et al. 2016).

Land Cover Mapping and Distance Metrics

We manually digitized and classified all land cover at the
site as vector polygons from 2008 to 2017, from a sequence
of leaf-off and leaf-on aerial and satellite imagery (ArcGIS
10.4; ESRI 2016; see Appendix Table 3 for list of image
sources). Land cover classes included forest, timber har-
vest, shale gas, and other forms of human development un-
related to shale gas. Preexisting impacts (i.e. roads, utility
corridors, and private inholdings) were delineated and
treated as baseline disturbance because they were present
on the landscape 20+ years prior to the start of the study
(Figure 1). Three partial timber harvests (24 ha total) that
occurred prior to the study (2006—-2007) were classified as
background forest since most canopy trees were retained,
and the harvests resulted in minimal impacts to the forest
bird community at this study site (Sheehan et al. 2013).
Changes in land cover were digitized annually and cat-
egorized by type of disturbance. For disturbances related

The Condor: Ornithological Applications 121:1-20, © 2019 American Ornithological Society



L.S. Farwell, et al.

Passerine response to distance from fracking infrastructure 3

FIGURE 1. Manually digitized vector polygons representing preexisting human impacts (20+ years old) and all shale gas development
at the study area as of 2017. Dots represent bird survey locations on ridges (black) and streams (blue). The black X at the south end of
the site represents the point we were unable to survey in 2014. (Inset map) White star represents the study site location; shaded red
area shows the extent of the Marcellus shale formation in the eastern United States.

to shale gas, we grouped impacts into those associated
with drilling sites or “well pads” (i.e. pads, buffers, fluid
impoundments, storage areas) vs. linear forms of infra-
structure (i.e. pipelines, access roads). We then calculated
distance (m) from each avian sampling point to nearest
shale gas polygon edge with the NEAR function (ArcGIS
10.4; ESRI 2016).

For our analyses, we focused on distance to shale gas be-
cause it was the dominant source of land cover change (175

ha total) at the site during the study period. A shelterwood
harvest (7 ha) and light selection harvest (59 ha) with most
canopy trees retained occurred prior to the 2011 breeding
season, and an even-aged harvest (17 ha) occurred prior
to the 2016 breeding season. However, there are several
indications that shale gas remained the primary driver of
changes we observed in avian abundance and distribution
from 2008 to 2017. First, 61 of 142 survey points were af-
fected by shale gas within 100 m, compared with only 7
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FIGURE 2. Site-wide increases in shale gas footprint over time,
for all shale gas combined and separately for linear infrastructure
(i.e. pipelines, access roads) vs. well pad areas (i.e. pads, buffers,
fluid impoundments, storage areas). Dotted line represents linear
trend obtained from ordinary least squares regression.

points affected by harvests within 100 m, and 5 of these
were closer to shale gas (i.e. nearest edge of human dis-
turbance was shale gas, not harvest). Second, forest in-
terior birds showed declines prior to 2011 when the first
harvests occurred and only showed significant declines at
points impacted by shale gas within 100 m (Farwell et al.
2016). Third, regenerating harvests form a dynamic mo-
saic with surrounding forests and generally have fewer
negative effects on forest interior species compared with
more permanent, constructed disturbances (Schmiegelow
et al. 1997, Hansen and Rotella 2000, Lichstein et al. 2002).
Harvests at our study site formed less abrupt land cover
transitions than shale gas, with retention and regeneration
of native vegetation and many residual trees, post-harvest.

Avian Surveys and Detection Probability

During 2008—-2017, we conducted standard, 10-min avian
point count surveys (Bibby et al. 1992) at 142 survey sta-
tions. We placed survey locations systematically in a GIS
at >250-m intervals to avoid counting individual birds at
more than 1 sampling point (Figure 1). We surveyed a fairly
balanced sample of points located on ridges (n = 87) and
along streams (n = 55) to control for variation in species
abundances driven by topographic position. Each point was
typically surveyed twice per breeding season. However, we
missed second within-season surveys at 4 points (each in
different years), and were unable to survey 1 point in 2014
owing to noise interference from shale gas activity. We
conducted a total of 2,834 surveys during 2008—2017 and
used maximum counts from within-year visits (n = 1,419)
to minimize observer effects and false zeros (Ralph et al.
1995). We also restricted our data to observations within
a 50-m radius (0.79 ha) of point count locations to fur-
ther reduce observer effects and potential inconsistencies
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in distance estimation (Alldredge et al. 2007). Over the
course of the study, 35 observers conducted surveys; 13
conducted surveys in multiple years and 5 observers com-
pleted 60% of all counts. All observers were proficient in
regional bird identification and distance estimation, and
were trained and field-tested prior to surveying.

We conducted surveys between May 18 and July 5, from
sunrise until 4 hr after sunrise on mornings with suitable
weather and environmental conditions. First detections of
birds were recorded within 7 time intervals (0-2, >2-3,
>3-4, >4-5, >5—-6, >6—7, >7—10 min) and 2 distance bands
(0-25, >25-50 m) for estimation of detection probability
with a combined removal and distance sampling method
(Sélymos et al. 2013). This method provides conditional
likelihood estimates for availability and perceptibility, the
2 components of detectability (S6lymos et al. 2013). We in-
cluded serial date, time since sunrise, and quadratic terms
of each as survey-level covariates potentially influencing
availability (probability that a bird will sing). We included
observer experience level (a ranking of 1-5, based on rela-
tive number of years of experience conducting avian point
count surveys) and tree cover surrounding each point as
survey-level covariates potentially influencing percepti-
bility (probability that a bird will be detected if it sings).
Tree cover was estimated as percent forest cover within a
100-m radius of each survey point. We converted annual
vector land cover maps (described above) to 1-m reso-
lution raster grids and used Fragstats 4 (McGarigal et al.
2012) to calculate percent forest cover within 100-m buf-
fers of survey locations.

We grouped detected species into 3 avian habitat
guilds likely to be affected by human development in the
Appalachian region (Thomas et al. 2014, Farwell et al.
2016). Forest interior birds are associated with large
areas of mature forest; early successional birds prefer re-
cently disturbed, shrubby habitat; synanthropic birds are
habitat generalists known to thrive in human-modified
environments.

Data Analysis and Interpolation

We fitted 9 removal models and 4 distance sampling
models for each species, including intercept-only models
(Appendix Table 4) with the package DETECT (Sélymos
et al. 2016) in program R 3.4.1 (R Core Team 2017). Fitted
models with smallest AIC values were selected and used
to calculate species-specific correction factors to account
for detection probability, and applied as custom offsets in
the R program package lme4 (Sélymos et al. 2013, Bates
et al. 2015). We related species abundances within 50-m
radius buffers (0.79 ha) of survey points to distance from
shale gas development with generalized linear mixed
models (GLMM) in Ime4, with a Poisson distribution and
log link (Bates et al. 2015). We standardized predictor

The Condor: Ornithological Applications 121:1-20, © 2019 American Ornithological Society



L.S. Farwell, et al.

variables prior to modeling, as suggested by Bates et al.
(2015), to improve model convergence. During explora-
tory data analysis, we checked for overdispersion and
zero-inflation of abundance data (Zuur et al. 2010). Blue
Jay (see Table 1 for scientific names) was the only species
with slight zero-inflation; a comparison of log-likelihood
ratios revealed negative binomial models were a better fit
than Poisson models, so for Blue Jay we applied a nega-
tive binomial distribution in Ime4 (Bates et al. 2015). For
all species, we originally modeled both linear and quad-
ratic terms of distance from shale gas to assess potential
nonlinear responses. However, we found little evidence of
quadratic responses among species evaluated, and found
stronger support for linear responses in the few species
that also showed a quadratic response. Thus, we only in-
cluded linear terms in final models.

First, we modeled bird abundances at all points relative
to nearest distance from any shale gas (n = 1,419), then
separately for only those points nearest to pads (n = 634)
vs. those nearest to linear infrastructure (# = 785). We in-
cluded point and year as random effects in all GLMMs;
models contained random intercepts but not random
slopes because we were most interested in controlling for
variation associated with repeated measures over space
and time, not in variation in bird response among points
and years (Zuur et al. 2009). To evaluate GLMM goodness
of fit, we calculated conditional R? values, which measure
the proportion of variance explained by both fixed and
random effects (Nakagawa et al. 2017), in the R package
SJSTATS (Liidecke 2019).

We considered using a before—after control-impact
(BACI) design with this dataset. However, there was a prob-
lematic lack of clear distinction between “before” and “after”
due to many points being impacted multiple times over the
long-term study period (Smith et al. 1993). Designating in-
dividual points as “control” vs. “impact” was not straightfor-
ward given the unknown spatial extent of shale gas impacts
on birds. Since this was a central question of the current
study, we chose instead to focus on a point-level assessment
of effects of distance from gas on avian abundance.

To evaluate differing responses among species to dis-
tance from shale gas, we plotted predicted abundances for
4 species based on deterministic models (population-level,
fixed effects only) using the PREDICT function (R Core
Team 2017). We plotted predicted responses for 2 species
that decreased in abundance (Ovenbird, Wood Thrush)
and 2 species that increased in abundance (Brown-headed
Cowbird, Indigo Bunting) closer to shale gas. We then
computed 95% confidence intervals for predictive models
using 1,000 bootstrap replications.

Last, we compared distributions of 4 focal species across
the study area to locations of shale gas with spatially con-
tinuous distribution probability maps, interpolated with
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kriging (ArcGIS 10.4; ESRI 2016). We selected 4 species
representing a range of habitat preferences and resource
needs (Ehrlich et al. 1988, Rodewald 2015). The Ovenbird
is an area-sensitive species that breeds in extensive, closed-
canopy forests with open understory and deep leaf litter.
The Cerulean Warbler is also associated with large areas
of mature forest but prefers small canopy gaps and open-
ings within extensive forests (Wood et al. 2006, Boves et al.
2013b). The Indigo Bunting is an early successional spe-
cies typically found in shrubby, weedy habitats between
forests and open areas. The Brown-headed Cowbird is a
synanthropic, nest-parasitic species that is particularly at-
tracted to human disturbance and linear corridors (Gates
and Evans 1998, Howell et al. 2007) and has been impli-
cated in declines of multiple species of conservation con-
cern (Eckrich et al. 1999, Kus 1999, DeCapita 2000).

Kriging is a family of regionalized variable interpolation
techniques based on regression against observed values
of surrounding data points, weighted according to spatial
covariance values (Li and Heap 2008). Indicator kriging
(IK) is a nonparametric approach that transforms con-
tinuous data to binary values that indicate membership to
classes, based on observed values within a defined neigh-
borhood (Li and Heap 2008). Although IK often is used
in ecological studies because it does not require normally
distributed data, a disadvantage of IK is that it cannot be
used to generate predictive maps of species abundance
(Walker et al. 2008). Rather, IK maps species distributions
based on probability of a species’ occurrence. Probability
of occurrence maps are not suitable for accurate estima-
tion of animal densities, but can be used as indices of rela-
tive abundance to evaluate patterns of species distributions
(Walker et al. 2008, Melles et al. 2011, Polakowska et al.
2012). During exploratory analysis of abundance data from
2008 to 2017, we compared performance of IK with 2 other
interpolation methods: ordinary kriging and inverse dis-
tance weighting (Li and Heap 2008, Abdi and Nandipati
2009). We found that IK consistently outperformed the
other 2 interpolation methods evaluated, and thus used IK
to interpolate distribution probability maps for focal spe-
cies (see Appendix Table 5 for cross-validation results from
the 3 interpolation methods). We used root mean square of
standardized error (RMSSE) to evaluate the performance
of IK interpolations for the 4 focal species (Polakowska
et al. 2012). This measure of interpolation performance in-
dicates how well estimated and measured variances match,
and optimally should be 1 (Johnston et al. 2003).

RESULTS

Avian Response to Distance from Gas Development
Over the 10-yr study period, shale gas steadily expanded
in the study area and encroached on interior forest
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TABLE 1. Continued

Linear gas infrastructure

Gas well pads

All shale gas combined

SE

-0.54 0.12

RZ
0.36

SE
0.16

Est.
-0.49

RZ

0.003 0.27

SE
0.24

Est.
-0.71

RZ

Species Est.

Guild

0.002

-3.05

-2.98

0.40

-4.45 <0.001

Common Yellowthroat

Geothlypis trichas

0.10 -2.48 0.01 0.59

-0.25

0.14 -1.1 0.27

-0.16

0.57

-2.52 0.01

-0.19 0.08

Indigo Bunting®

Passerina cyanea

Blue Jay

0.06 2.16 0.03 0.29

0.14

2,51 0.01 0.21 0.17 0.06 2.60 0.01 0.30

0.18 0.07

SYN

Cyanocitta cristata

0.10 -2.22 0.03 0.15

-0.21

-2.03 0.04 0.21

0.13

0.16 -0.26

-3.25 0.001

-0.26 0.08

American Robin

Turdus migratorius

-0.89 0.33 -2.67 0.01 0.58 -0.70 0.17 -4.09 <0.001 0.20

0.48

-5.53 <0.001

-0.92 0.17

Chipping Sparrow
Spizella passerina

<0.001 0.44

-4.79

-0.94 0.20

-7.16 <0.001 0.51

0.16

0.50 -1.12

-4.94 <0.001

-0.85 0.17

Brown-headed Cowbird

Molothrus ater

0.10 -1.03 0.31

-0.11

0.29 0.77

0.11

0.03

0.87

0.08 -0.17

-0.01

Northern Cardinal

Cardinalis cardinalis

@ Appalachian Mountains Joint Venture Conservation Priority Species (AMJV 2015).

b USFWS Birds of Conservation Concern, National List (USFWS 2008).

¢IUCN Red List Species (IUCN 2015).
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habitat (Figure 2). The total footprint of shale gas in-
creased tenfold, from 17 ha in 2008 to 175 ha in 2017,
with the larger proportion of this change driven by linear
infrastructure (105 ha) compared with well pads (70 ha).
In 2008, the mean distance from avian sampling points to
the closest shale gas was 901.8 m (range: 0-2,645.5 m),
and only 12% of points fell within 100 m of shale gas. Ten
years later, in 2017, the mean distance to closest shale
gas dropped to 333.7 m (range: 0-2,026.6 m) and 43%
of points fell within 100 m of shale gas. Well pad areas
averaged 1.2 ha (+0.3 SE), but some were considerably
larger and ranged up to 14 ha in total area. Shale gas
pipelines within the study area were generally 15-35 m
in width, whereas access road corridors varied from 10
to 150 m in width, owing to complex terrain and highly
variable roadside buffer widths. Thus, the distances we
measured to nearest shale gas edge represented impacts
of variable sizes.

We detected a total of 79 species of passerines and near-
passerines within 50 m of our sampling points, excluding
nonbreeding migrants and species only observed once
during the 10-yr study. Based on model convergence, and
as demonstrated in Soélymos et al. (2013), we found that
~75 detections were required to successfully run detection
probability models (Supplemental Material Table S1) and
subsequent mixed effects models. Of 36 species with >75
detections, 27 were passerines that fell within our 3 avian
guilds of interest: forest interior (1 = 16), early successional
(n = 6), and synanthropic (n = 5). In our analyses we fo-
cused on these 27 species, many of which are species of
conservation concern (Table 1).

Ofthe 27 species evaluated, we identified 14 whose abun-
dances were significantly related to distance from shale
gas, with proportion of variance explained ranging from
0.10 to 0.59 (Table 1). Within the forest interior guild, 8 of
16 species evaluated showed a significant response. Black-
throated Green Warblers, Ovenbirds (Figure 3A), and Red-
eyed Vireos occurred in greater numbers with increasing
distance from all types of shale gas infrastructure, whereas
Hooded Warblers increased farther from well pads and
Wood Thrushes (Figure 3B) increased farther from linear
infrastructure. Conversely, 3 forest interior species showed
a negative response to distance from gas, indicating they
occurred in greater numbers closer to shale gas. Eastern
Wood-Pewees increased in abundance near all types of
shale gas, while American Redstarts were more abundant
near well pads and Cerulean Warblers were more abun-
dant near linear infrastructure.

Within the early successional guild, only 2 of 6 species
showed a significant response to distance from shale gas
(Table 1). Common Yellowthroats occurred in greater
abundance near all shale gas, and Indigo Buntings (Figure
3D) increased in abundance closer to linear shale gas infra-
structure, in particular.
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FIGURE 3. Examples of 2 species that increased in abundance with increasing distance (m) from unconventional shale gas devel-
opment (A, B), and 2 species that decreased in abundance with increasing distance from gas development (C, D). Ovenbirds and
Brown-headed Cowbirds showed significant responses to distance from all types of unconventional shale gas development (A, C),
while Wood Thrush and Indigo Buntings responded to distance from linear shale gas infrastructure, in particular (B, D). Plots show
model-predicted abundance, with 95% confidence intervals shaded gray; confidence intervals were computed using 1,000 bootstrap
replications. Predictions are based on deterministic models at the population level and do not account for random effect variances.
Predicted abundances represent abundances within a 50-m radius of sampling points (0.79 ha).

Within the synanthropic guild, 4 of 5 human-adapted
species we evaluated showed significant responses to dis-
tance from shale gas. Three species occurred in greater
abundances closer to all shale gas (Table 1), including
Brown-headed Cowbird (Figure 3C). Only Blue Jays in-
creased in abundance with increasing distance from all
shale gas.

Species Distribution Probability Maps

Throughout the study, Ovenbirds occurred in greatest
concentrations in the east-central region of the study area
(Figure 4), in the largest area of interior forest undisturbed
by any human development, including preexisting non-gas

development (Figure 1). However, Ovenbirds were still dis-
tributed across most of the site for the first several years
of the study. Beginning in 2011, we saw steadily increasing
portions of the study area with a 0-0.1 probability of
Ovenbird occurrence, which coincided with the largest in-
creases in shale gas development during the study period
(2011-2015; Figure 2). By 2014, there was a noticeable shift
in Ovenbirds away from the northern area most heavily
impacted by well pad development, and to a lesser extent,
away from linear infrastructure throughout the study area.
This spatial pattern of avoidance is supported by a 35% de-
cline in Ovenbird abundance at the study site (Figure 5A),
and by our distance-based models (Table 1), which showed
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Passerine response to distance from fracking infrastructure 9

Probability of occurrence
HElo-0.1
[ o1-02
I 02-03
03-04
04-05
0.5-06
. 06-07
[lo7-08
[ os-0.9
N 09-1

FIGURE 4. Annual interpolated distribution probability maps for Ovenbirds, based on indicator kriging. GLMMs showed Ovenbirds
occurred in greater abundance with increasing distance from both shale gas well pads and linear infrastructure (Table 1). In interpolated
maps, darker red areas represent locations with greater probability of occurrence, and all shale gas is shown in black, for reference.

greater numbers of Ovenbirds with increasing distance
from both shale gas well pads and linear infrastructure.

In contrast, Cerulean Warblers showed a less distinct
pattern of spatial response to shale gas locations over
time (Figure 6). Like Ovenbirds, Cerulean Warblers ini-
tially occurred in some areas of forest least disturbed by
any human development at the site. Unlike Ovenbirds,
Cerulean Warblers also appeared more likely to occur in
concentrated abundances near shale gas. Starting in 2009,
Cerulean Warblers began to occur in greater abundances
near pipelines and access roads, in particular. Again, this is

consistent with our distance-based models (Table 1), which
showed increasing abundances of Cerulean Warblers
closer to linear infrastructure, but not well pads. However,
long-term abundance trends indicate Cerulean Warblers
still declined across the site by 34% (Figure 5B).
Conversely, at the start of the study in 2008, Indigo
Buntings occurred in high concentrations in the northern
region of the study area (Figure 7), which contained the
most preexisting non-gas development (Figure 1). Starting
in 2009 Indigo Buntings expanded to the southern por-
tion of the study site, following new shale gas construction.
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FIGURE 5. Site-wide annual abundance trends (mean £SE) for 4 focal species: 2 forest interior-dependent species that declined across
the site over the study period (A, B); 1 human-adapted nest-parasitic species that increased over the same time period (C); and 1 early
successional species that showed a modestly increasing trend in site-wide abundance over time (D). Cerulean Warblers declined across
the site over time (B), despite exhibiting an attraction to linear shale gas infrastructure. Linear trend lines (ordinary least squares re-

gression) shown in blue.

Before much of the linear shale gas infrastructure was de-
veloped, Indigo Buntings were distributed across most of
the site. However, as linear infrastructure expanded across
the site, they gravitated toward it. Throughout the last half
of the study, Indigo Buntings clearly occurred in greatest
concentrations around pipelines and access roads. This

spatial pattern is supported by distance-based models
(Table 1), which showed greater abundances of Indigo
Buntings closer to linear shale gas infrastructure. However,
long-term annual abundance trends indicate only mod-
estly increasing overall numbers of Indigo Buntings across
the site (Figure 5D).
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Cerulean Warbler
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FIGURE 6. Annual interpolated distribution probability maps for Cerulean Warblers based on indicator kriging. GLMMs showed
Cerulean Warblers had greater abundances in proximity to linear shale gas infrastructure (Table 1). In interpolated maps, darker red
areas represent locations with greater probability of occurrence, and all shale gas is shown in black, for reference.

Brown-headed Cowbirds were detected at only 3 points
at the start of the study in 2008, but their abundance and
spatial distribution increased across the site with the ex-
pansion of shale gas (Figure 8). Low abundances of this
species at the start of the study period led to reduced per-
formance of interpolations, particularly in the early years
of the study (Table 2). Nevertheless, interpolations for this
species generally performed well, and indicate a clear pat-
tern of attraction to areas disturbed by shale gas (Figure
8). This pattern is also supported by our distance-based

models, with greater abundances of Brown-headed
Cowbirds near both well pads and linear infrastructure
(Table 1), and overall increasing abundances across the site
over time (Figure 5C).

DISCUSSION
More than half of the species we evaluated were sensi-

tive to proximity to shale gas, and among forest interior
birds we found more negative than positive effects. In
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FIGURE 7. Annual interpolated distribution probability maps for Indigo Buntings based on indicator kriging. GLMMs showed Indigo
Buntings occurred in greater abundances closer to shale gas linear infrastructure, in particular (Table 1). In interpolated maps, darker
red areas represent locations with greater probability of occurrence, and all shale gas is shown in black, for reference.

a previous study at this site, forest interior guild rich-
ness decreased with increasing shale gas area within
100 m, and most forest interior focal species decreased
in abundance with increasing shale gas area and forest
edge density within 100 m (Farwell et al. 2016). Here we
demonstrate that avoidance of shale gas exacerbated the
negative effects of direct habitat loss on forest interior—
dependent birds. Because avoidance extended well be-
yond the area immediately disturbed by infrastructure
(Figure 2A,2B), shale gas expansion dramatically reduced
the amount of suitable interior forest habitat, altered

species distributions, and contributed to site-wide de-
clines in forest interior birds.

Our finding that edge-avoiding, forest interior obli-
gates decline in proximity to shale gas is consistent with
other studies of energy development impacts on birds. In
other parts of the central Appalachian region, forest in-
terior birds decreased in abundance closer to unconven-
tional shale gas well pads (Barton et al. 2016) and pipelines
(Langlois 2017), and at sites containing conventional oil
and gas wells (Thomas et al. 2014). In the boreal forests of
western Canada, birds associated with older forests were
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FIGURE 8. Annualinterpolated distribution probability maps for Brown-headed Cowbirds based on indicator kriging. GLMMs showed
Brown-headed Cowbirds occurred in greater abundances with increasing proximity to both shale gas well pads and shale gas linear
infrastructure (Table 1). In interpolated maps, darker red areas represent locations with greater probability of occurrence, and all shale

gas is shown in black, for reference.

less abundant near one or more types of conventional oil
and gas infrastructure (Bayne et al. 2016). In particular,
Ovenbirds showed negative responses to seismic lines in
boreal forests (Bayne et al. 2005, Machtans 2006). In the
western United States, sagebrush obligate songbirds de-
clined with increasing densities of oil and gas well pads
(Gilbert and Chalfoun 2011) and roads associated with
natural gas development (Mutter et al. 2015). Similarly,
in North American prairies, grassland obligate songbirds
avoided unconventional shale oil well pads and roads

(Thompson et al. 2015), and declined with increasing nat-
ural gas well density (Hamilton et al. 2011) and at sites con-
taining oil infrastructure (Nenninger and Koper 2018).
We add to a growing body of research documenting
negative effects of energy sector development on in-
terior habitats and area-sensitive birds. However, it is
important to note we observed considerable variation in
species-specific responses, with some forest interior gap
specialists (i.e. American Redstart, Cerulean Warbler,
and Eastern Wood-Pewee) showing an attraction to shale
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TABLE 2. Root mean square of standardized error (RMSSE) values for maps interpolated with indicator kriging (Figures 4, 6, 7, 8).
This measure of interpolation performance represents the relationship between measured and estimated variances, and should op-
timally be 1 (Johnston et al. 2003). If the RMSSE value is >1, kriging variances are underestimated; if it is <1, they are overestimated.
Interpolations with RMSSE values close to 1 (i.e. £0.075; Polakowska et al. 2012) have valid prediction standard errors and can be con-

sidered reliable (Johnston et al. 2003).

Species 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
Ovenbird 1.000 0.981 0.982 1.001 0.960 0.986 0.987 1.007 0.996 1.018
Cerulean Warbler 0.999 0.992 0.993 0.980 1.009 1.002 1.028 1.006 1.024 1.013
Indigo Bunting 1.019 1.044 1.022 1.013 1.009 0.990 0.991 1.065 1.010 1.027
Brown-headed Cowbird 1.201 1.152 1.023 1.098 1.003 1.061 1.011 1.024 1.068 1.078

gas. Forest interior gap-associated birds also increased in
abundance with increasing forest edge density resulting
from linear infrastructure at this study site (Farwell et al.
2016). In other eastern U.S. forests, Eastern Wood-Pewees
were more abundant closer to shale gas well pads (Barton
et al. 2016), and American Redstarts were more abun-
dant within 50 m of shale gas pipelines than at reference
points (Langlois 2017). Similarly, 5 species associated with
older boreal forests were more abundant along pipelines
or seismic lines than in undisturbed forests (Bayne et al.
2016). Relatively small forest openings created by oil and
gas development may mimic natural canopy gaps and at-
tract these species (Zmihorski 2012, Perkins and Wood
2014). However, the ecological effects of forest gaps cre-
ated by anthropogenic vs. natural disturbances are likely to
differ (Hobson et al. 1999, Imbeau et al. 1999, Vepakomma
et al. 2018), depending on the extent to which anthropo-
genic disturbance resembles the structure of surrounding
habitat, and the size and severity of natural disturbances
(Marzluffand Ewing 2001). Comparisons of avian response
to anthropogenic vs. natural forest gaps have focused on
timber harvests (Forsman et al. 2010). However, harvests
begin to regenerate relatively quickly, and represent a form
of human disturbance less dramatically different from sur-
rounding forests than the hard edges, impervious surfaces,
and functionally permanent disturbances typical of roads
and energy development (Ortega and Capen 2002, Evans
and Kiesecker 2014).

Our results also indicate that synanthropic species and
some early successional species showed a spatial pattern
of attraction to shale gas. However, we observed more
synanthropic than early successional species with clear
positive responses to well pads and linear infrastructure.
Similarly, synanthropic birds increased in abundance
with increasing shale gas area and forest edges at this site,
whereas early successional birds only showed a positive re-
sponse to forest edge density driven by expanding linear
infrastructure (Farwell et al. 2016). Additional studies have
documented a pattern of attraction among human-adapted
species, and to a lesser extent among early successional
species, to energy sector disturbances. In other central
Appalachian forests, synanthropic species increased in

abundance and early successional species showed mixed
responses near shale gas well pads (Barton et al. 2016) and
pipelines (Langlois 2017), whereas species richness among
both synanthropic and early successional guilds was higher
at sites with conventional oil and gas wells (Thomas et al.
2014). These responses suggest areas disturbed by energy
development represent habitat gains for human-adapted
species and habitat generalists, while suitability of these
areas for early successional species may depend on how
closely development resembles natural disturbance.

Similar findings of “winners and losers” in human-
modified landscapes (McKinney and Lockwood 1999) have
been well documented for comparable forms of develop-
ment, including roads (Fahrig and Rytwinski 2009, Benitez-
Lopez et al. 2010), utility rights-of-way (Yahner et al. 2003,
Richardson et al. 2017), urban and exurban encroachment
(Suarez-Rubio et al. 2013, Rayner et al. 2015), mountaintop
mining (Becker et al. 2015, Margenau et al. 2019), and re-
newable energy development (Shafer and Buhl 2016, Smith
and Dwyer 2016). Potential mechanisms driving these pat-
terns of response include habitat loss (Villard et al. 1999,
Mortelliti et al. 2010), decreased patch size (Boulinier et al.
2001, Davis 2004), increased edge creation (Banks-Leite
et al. 2010), and greater rates of predation (Marzluff et al.
2004, Hethcoat and Chalfoun 2015), interspecific compe-
tition (Nee and May 1992, Shochat et al. 2010), and nest
parasitism (Gates and Evans 1998, Howell et al. 2007) in
isolated patches and along edges. Brown-headed Cowbirds
consistently occurred in greater numbers near energy de-
velopment in studies we reviewed (Thomas et al. 2014,
Thompson et al. 2015, Barton et al. 2016, Bayne et al. 2016,
Farwell et al. 2016, Langlois 2017) and resulted in increased
rates of nest parasitism near oil and gas development in the
Northern Great Plains (Bernath-Plaisted et al. 2017) and
at our study site in the central Appalachians (Frantz et al.
2018b).

Expanding infrastructure also increases human access
and activity, including traffic (Ingelfinger and Anderson
2004), light (Kempenaers et al. 2010, de Jong et al. 2016),
and noise pollution (Halfwerk et al. 2011, Ware et al. 2015).
Human activities associated with oil and gas development
in western Canada destroyed an estimated 10,200-41,150

The Condor: Ornithological Applications 121:1-20, © 2019 American Ornithological Society



L.S. Farwell, et al.

avian nests annually (Van Wilgenburg et al. 2013), and
Killdeer (Charadrius vociferous) nests found on gravel oil
pads were more likely to be destroyed by machinery and
human activity than nests in grazed pastures (Atuo et al.
2018). Noise impacts associated with oil and gas devel-
opment may pose a particular problem for breeding birds
that rely on acoustic communication for mate attraction,
territory defense, and parent—offspring communication
(Rabin et al. 2003). During active phases of construction
and hydraulic fracturing, heavy machinery and high vol-
umes of truck traffic create acute noise impacts lasting
from months to years, depending on the number of wells
(Brittingham et al. 2014). Pipeline compressor stations also
operate constantly and are a source of long-term, chronic
noise that can extend up to 700 m into surrounding habitat
(Bayne et al. 2008, Francis et al. 2011). Although Bayne
et al. (2008) found overall passerine density was lower near
compressor stations, and Francis et al. (2009, 2011) found
some species had lower occupancy and avoided nesting
near compressor stations, these studies found highly vari-
able species-specific responses. Some birds avoided noisy
areas while others appeared to be more tolerant of noise;
however, there is evidence that noise still increases physio-
logical stress (Blickley et al. 2012) and reduces fitness
(Kleist et al. 2018) in birds that remain in noisy areas.

Lastly, there is growing evidence that surface water
contamination associated with hydraulic fracturing may
negatively impact stream-dependent species. Streams
impacted by shale gas development in the central
Appalachian region had higher methyl mercury con-
centrations, were more acidic, and had lower benthic
macroinvertebrate diversity compared with unimpacted
streams (Grant et al. 2016, Wood et al. 2016, Frantz
et al. 2018a). The Louisiana Waterthrush, a forest song-
bird that feeds primarily on benthic macroinvertebrates,
bioaccumulated heavy metals associated with hydraulic
fracturing in watersheds containing shale gas, but not
in reference watersheds (Latta et al. 2015). Louisiana
Waterthrushes also had lower rates of reproductive suc-
cess in territories disturbed by shale gas than undisturbed
territories at our long-term study site (Wood et al. 2016,
Frantz et al. 2018b).

These findings underscore the importance of further
research on avian demographic rates in areas affected
by shale gas. Our analyses were limited to species abun-
dance data, but species abundance is not always an ac-
curate measure of habitat quality (Van Horne 1983).
Forest interior gap specialists such as Cerulean Warblers
occurred in higher numbers near shale gas, but still de-
clined in overall abundance across our study area over
time (Figure 5B; Farwell et al. 2016), which suggests shale
gas infrastructure may be functioning as an ecological trap
(Weldon and Haddad 2005, Boves et al. 2013b, Atuo et al.
2018). Cerulean Warblers frequently locate nest sites near
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canopy gaps, which may increase their vulnerability to
nest predation and parasitism near human-caused forest
edges (Bakermans and Rodewald 2009, Boves et al. 2013a).
This hypothesis is supported by increased abundances of
Brown-headed Cowbirds near shale gas infrastructure and
increased rates of nest parasitism of another forest interior
species at this site (Frantz et al. 2018b). Finally, there is
some evidence that bioaccumulation of toxins associated
with hydraulic fracturing (Latta et al. 2015) and increased
physiological stress from exposure to chronic noise (Kleist
et al. 2018) and light pollution (Kempenaers et al. 2010, de
Jong et al. 2016) may lower the fitness of birds that remain
in areas impacted by shale gas infrastructure.

CONCLUSION

The unconventional shale gas industry represents a rela-
tively recent form of energy development undergoing
a rapid expansion, both regionally and globally (USEIA
2015, 2018). Here we add to a growing body of research
indicating shale gas development is negatively affecting
forest ecosystems and restructuring native biological
communities. This is not a trivial issue, considering the
Marcellus-Utica shale region holds one of the largest
volumes of recoverable natural gas in North America
and continues to drive U.S. shale gas production growth
(USEIA 2018). A number of interstate pipelines are cur-
rently under construction in the eastern United States
(FERC 2018), many of which will bisect remaining areas
of interior forest and spur additional development of new
well pads, gathering lines, and access roads. Our results
suggest efforts to avoid development of shale gas infra-
structure in core forest areas of high conservation value
will help mitigate negative impacts to native passerine
communities in a region with high value for global bio-
diversity (Gillen and Kiviat 2012, Kiviat 2013).
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APPENDIX TABLE 3. Sources of imagery for manual digitization of forest and non-forest cover.

Year Platform Season Resolution Source

2003 Aerial Leaf-off 0.61m West Virginia Statewide Addressing and Mapping Board project
2007 Aerial Leaf-on Tm USDA National Agricultural Imagery Project

2008 Satellite Leaf-on 30m Landsat 7

2009 Satellite Leaf-on 0.65m Quickbird

2010 Satellite Leaf-on 30m Landsat 7

2011 Aerial Leaf-on Tm USDA National Agricultural Imagery Project

2014 Aerial Leaf-on Tm USDA National Agricultural Imagery Project

2016 Aerial Leaf-on Tm USDA National Agricultural Imagery Project

APPENDIX TABLE 4. Model sets included in AIC analysis of factors influencing detection probabilities using (A) time removal and (B)
distance sampling. Models include intercept-only models as well as models incorporating survey-specific covariates. Observer experi-
ence level (ranking of 1-5) was based on relative number of years of experience conducting avian point count surveys. Tree cover is

percent forest cover within a 100-m radius of each survey point.

A.Time-removal models

Intercept-only

Time since sunrise

Time since sunrise + (Time since sunrise)?

Ordinal date

Ordinal date + (Ordinal date)?

Ordinal date + Time since sunrise

Ordinal date + (Ordinal date)? + Time since sunrise
Ordinal date + Time since sunrise + (Time since sunrise)?

Ordinal date + (Ordinal date)? + Time since sunrise + (Time since sunrise)?

B. Distance sampling models

Intercept-only

Tree cover (within 100 m)

Observer experience level

Observer experience level + Tree cover (within 100 m)
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APPENDIX TABLE 5. Cross validation of interpolated models (2008-2017) comparing performance of 3 interpolation methods: in-
verse distance weighting (IDW), ordinary kriging, and indicator kriging (Johnston et al. 2003). Comparison is based on root mean

square errors, with error values closer to zero indicating better fit between estimated and measured values.

Year IDW Ordinary Kriging Indicator Kriging
Ovenbird 2008 0.650 0.633 0.475
2009 0.622 0.609 0.468
2010 0.635 0.609 0.474
2011 0.564 0.558 0.449
2012 0.506 0.511 0.454
2013 0.586 0.575 0.456
2014 0.432 0.423 0.390
2015 0.540 0.551 0.423
2016 0.443 0.433 0.411
2017 0.509 0.498 0.402
Cerulean Warbler 2008 0.992 1.002 0.483
2009 1.063 1.054 0.479
2010 0.906 0.859 0.481
2011 0.785 0.753 0.447
2012 0.767 0.699 0.482
2013 0.857 0.745 0.494
2014 0.725 0.519 0.426
2015 0.979 0.689 0.470
2016 0.500 0.498 0.408
2017 0.862 0.825 0.432
Indigo Bunting 2008 0.979 0.986 0.438
2009 1.110 1.102 0.471
2010 0.982 0.996 0.469
2011 0.780 0.803 0.454
2012 0.590 0.774 0.476
2013 0.587 0.867 0.451
2014 0.511 0.753 0.417
2015 0.643 0.982 0.464
2016 0.882 0.841 0.427
2017 1.234 1.282 0.472
Brown-headed Cowbird 2008 0.263 0.254 0.151
2009 0.384 0.394 0.210
2010 0.468 0.446 0.231
2011 0.834 0.878 0.296
2012 0.845 0.880 0.287
2013 2.796 2.965 0.437
2014 1.051 1.054 0.365
2015 2.772 2.871 0.415
2016 1.530 1.581 0.368
2017 1.234 1.275 0.341
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