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Abstract

Context Since 2005, unconventional gas develop-
ment has rapidly altered forests across the Marcellus-
Utica shale basin in the central Appalachian region of
the eastern United States, an area of high conservation
value for biodiversity. Much is still unknown about
ecological impacts of associated land cover change.
Objectives Our goal was to identify threshold
responses among bird species and habitat guilds to
(1) overall forest loss and fragmentation in affected
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landscapes, and (2) distance from anthropogenic
disturbance, both related and unrelated to shale gas.

Methods We conducted 2589 bird surveys at 190
sites across this region, and quantified community-
level and species-specific thresholds relating to forest
cover and distance to anthropogenic disturbance,
using Threshold Indicator Taxa Analysis (TITAN).

Results  Forest interior species decreased abruptly in
abundance and frequency of occurrence above a
threshold of 17.0% overall forest loss, while early
successional and synanthropic species increased
abruptly above 30.5-36.5% forest loss, respectively.
Broad quantile intervals around responses to distance
from anthropogenic disturbance suggest these were
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not sharp threshold responses, but more gradual or
linear responses. Among forest interior species eval-
uated, 48.1% increased in abundance farther from
shale gas development, while 55.6% of early succes-
sional and synanthropic species decreased.
Conclusions We found evidence of avian threshold
responses to overall forest loss and fragmentation in
affected landscapes across the Marcellus-Utica shale
region. Our results suggest that efforts to avoid shale
gas development in regional core forests—particularly
those still retaining > 83% forest cover—can reduce
negative effects on area-sensitive, forest interior
dependent species.

Keywords Avian guilds - Biodiversity -
Conservation - Energy development - Forest loss -
Hydraulic fracturing - Marcellus-utica - Threshold
indicator taxa analysis (TITAN)

Introduction

The extraction of natural gas from deep, low-perme-
ability shale formations has increased dramatically
since the early 2000s, when the combined use of
horizontal drilling and high-volume hydraulic fractur-
ing technologies (i.e., fracking) increased the eco-
nomic viability of previously untapped shale
resources. These advances in ‘unconventional’ dril-
ling practices opened new regions to shale gas
development, including the Marcellus-Utica shale
region in the eastern United States, which holds one
of the largest and most productive shale gas reserves in
North America (USEIA 2017, 2020). The Marcellus-
Utica region also encompasses large expanses of core
forest habitat of high conservation value (Pickering
et al. 2002; Anderson et al. 2012). Emerging patterns
of land use change due to shale gas development
suggest the industry is driving substantial forest
disturbance in the central Appalachian region, raising
concerns about potential ecological consequences for
biodiversity (Kiviat 2013; Souther et al. 2014; Brit-
tingham et al. 2014). The number of reported wells
drilled in the Marcellus-Utica region increased by two
orders of magnitude from 115 wells in 2005 to 17,888
by 2018 (MCOR 2019). Improving our understanding
of the impacts of this relatively recent form of energy
development on wildlife and species diversity is key to
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the development of effective and sustainable land
management and conservation strategies.

Energy sector development often occupies a rela-
tively small footprint on landscapes, but results in a
disproportionate amount of habitat fragmentation due
to the increase in associated linear infrastructure (i.e.,
roads, transmission lines and pipelines; Bayne and
Dale 2011). The resulting proliferation of edge
habitats reduces suitability of impacted landscapes
for area-sensitive species, as evidenced by declines in
edge-avoiding birds following development of seismic
lines in boreal forests (Bayne et al. 2005; Machtans
2006), and oil and gas well pads and roadways in
sagebrush steppe (Gilbert and Chalfoun 2011; Mutter
et al. 2015) and grasslands (Thompson et al. 2015;
Nenninger and Koper 2018). Unconventional shale
gas development is still relatively new to the eastern
USA, and much is still unknown about the biological
impacts on forest ecosystems. However, localized
studies from the region suggest that forest disturbance
associated with Marcellus-Utica shale gas develop-
ment is fragmenting forests (Langlois et al. 2017),
facilitating plant invasions (Barlow et al. 2017),
reducing forest canopy volume (Young et al. 2018),
and restructuring forest bird communities (Barton
et al. 2016; Farwell et al. 2016, 2019).

Theoretical models and a growing body of research
support the existence of ecological thresholds (i.e.,
tipping points or change points), beyond which
ecological processes show a rapid, non-linear response
to an incremental change in environmental pressures
(Lande 1987; Betts et al. 2007; Bestelmeyer et al.
2011; Gutzwiller et al. 2015). The ecological effects of
forest loss and fragmentation can lead to thresholds of
landscape change beyond which additional losses can
have disproportionate effects on biological communi-
ties (Fahrig 1999; Luck 2005). In fragmented land-
scapes, habitat generalists are likely to possess
sufficient behavioral plasticity to persist in highly
variable forest configurations (Leonard et al. 2008).
However, there is evidence that area-sensitive species
with narrow habitat requirements often exhibit non-
linear threshold responses to changes in forest cover
(Betts et al. 2007; Zuckerberg and Porter 2010; Rueda
et al. 2013). At the local or patch scale, we might see
species-specific thresholds in forest loss or fragmen-
tation beyond which individuals cannot persist (Han-
ski and Hammond 1995; Radford et al. 2005). At a
landscape or regional scale, there may be population
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thresholds in the proportion of forest habitat to the
surrounding matrix at which point recolonizations can
no longer compensate for emigrations and local
extinctions (Hanski and Hammond 1995; Andren
1996; Boulinier et al. 2001). Failing to detect non-
linear responses of species to habitat loss and
fragmentation complicates management efforts and
can lead to incorrect predictions of how species and
communities will respond to continued development
(Bestelmeyer 2006). Understanding and anticipating
nonlinear threshold responses to landscape change are
critical aspects of proactive, threshold-based adaptive
management and conservation (Foley et al. 2015; van
der Hoek et al. 2015).

Terrestrial birds are useful and effective indicators
of habitat change and complex community response to
human-modified landscapes (Canterbury et al. 2000;
O’Connell et al. 2007). They are relatively easy to
survey, and exhibit a wide range of space-use behav-
iors (Leonard et al. 2008) and habitat associations
across multiple spatial scales (Warren et al. 2005;
Mitchell et al. 2006). Many birds are also facing
regional and global declines (Gaston et al. 2003; IUCN
2019), including several species of conservation
concern whose core breeding ranges overlap the
Marcellus-Utica shale region. In localized studies
from this region, forest interior dependent birds
decreased in abundance and richness with increasing
proximity to shale gas infrastructure (Barton et al.
2016; Farwell et al. 2019) and increasing forest loss
and edge density driven by shale gas development
(Farwell et al. 2016). Conversely, some disturbance
dependent and synanthropic birds appear to benefit
from land cover change resulting from shale gas
development, although responses vary by species and
type of infrastructure (Barton et al. 2016; Farwell et al.
2016; Langlois 2017). However, these were all local-
scale studies, and no published study has evaluated
broad trends in avian response to shale gas develop-
ment across the Marcellus-Utica region. Additionally,
previous studies only tested for linear relationships
between birds and shale gas development, despite
growing interest in possible thresholds of forest
disturbance beyond which major changes in species
abundances and community assemblages may occur
(Gutzwiller et al. 2015). Evidence of such thresholds
among forest interior dependent species in the Mar-
cellus-Utica shale region could be used to identify
particularly vulnerable species and to inform

preventive targets for landscape-level management
and conservation (Huggett 2005).

Our objective was to assess whether birds exhibited
non-linear threshold responses to anthropogenic forest
disturbance across the Marcellus-Utica shale region.
First, we tested for threshold responses to overall
amount of forest loss and forest edge density in
landscapes containing unconventional shale gas devel-
opment. Second, we assessed potential threshold
responses to distance from forest edges created by
human development, and evaluated whether distance
thresholds differed between forest edges created by
shale gas infrastructure compared with other forms of
human development, unrelated to shale gas. We used
Threshold Indicator Taxa Analysis (TITAN; Baker
and King 2010, 2013) to identify change points in bird
abundances across gradients of forest cover within
1-km radius landscapes surrounding avian sampling
points, and at varying distances from anthropogenic
forest edges. We calculated threshold responses for the
overall avian community, within habitat guilds, and
for individual species within each guild.

Methods
Study area and site selection

The study encompassed the Marcellus-Utica region
(Fig. 1); sampling primarily occurred in areas expe-
riencing shale gas development (hereafter, ‘shale gas’)
in Pennsylvania, West Virginia, and eastern Ohio,
with limited sampling of adjacent control areas in
Maryland and New York. During 2014-2015, we
sampled 120 sites impacted by shale gas and other
types of human development (‘gas sites’) and 70 sites
impacted only by human development unrelated to
shale gas (‘non-gas sites’). Most gas sites were
centered on a focal gas well pad or cluster of gas well
pads; 10 of 120 gas sites did not contain well pads but
were centered on other types of related infrastructure
(e.g., pipelines, gas compressor stations). Non-gas
sites had no unconventional shale gas development
within a minimum 1-km radius of any point sampled,
90% had no shale gas within 2 km of any point
sampled, and 79% had no shale gas within 3 km. We
selected gas sites and non-gas sites from the same
Level IV ecoregions (USEPA 2013) and across similar
ranges of forest cover using a stratified, semi-random
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Fig.1 Map of study region. Sites (n = 190) were surveyed in 5
states: Pennsylvania (n = 108), West Virginia (n = 60), Ohio
(n =17), Maryland (n = 3), and New York (n = 2). Black

sampling approach (Brennan et al. 2002). Because our
aim was to identify threshold responses of birds to
development in predominantly forested landscapes
(Zuckerberg et al. 2012; van der Hoek et al. 2013),
most sites (167 of 190) fell at or above 60% forest
cover (X = 79%, range 25-99%).

Land cover and distance metrics
We manually delineated land cover within broad land

use categories based on temporally appropriate, 1-m
resolution aerial imagery from the National
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triangles represent shale gas sites (n = 120), white dots
represent non-gas sites (n = 70). Extent of Marcellus shale
formation shaded in gray

Agriculture Imagery Program (NAIP 2016). NAIP
digital orthoimagery is leaf-on and acquired at a 1-m
ground sample distance, with a horizontal accuracy
of = 6.0 m (NAIP 2016). Primary land cover classes
of interest included forest cover, human development
associated with shale gas, and human development
unrelated to shale gas. Non-gas development primarily
included areas with some built areas but mostly
vegetation, such as rural and exurban single-family
properties, public parks, and other resource industries
(e.g., surface mines, wind energy development).
Within both gas and non-gas classes of human



Landscape Ecol (2020) 35:1353-1370

1357

development, linear infrastructure (e.g., roads, rail-
roads, powerlines and pipelines) is pervasive and can
have a number of distinct negative effects on wildlife
(van der Ree et al. 2015; Richardson et al. 2017).
Because access roads and pipeline corridors are
primary drivers of forest loss and fragmentation
associated with shale gas in the Marcellus-Utica
region (Farwell et al. 2016; Langlois et al. 2017), we
were particularly interested in assessing whether
breeding birds exhibit unique responses to linear
forms of shale gas infrastructure as opposed to non-
linear forms of shale gas development (i.e., drilling
sites or ‘well pads’). We were also broadly interested
in comparing bird responses to shale gas infrastructure
(both linear and non-linear) with similar forms of
human development unrelated to shale gas (both linear
and non-linear). Thus, we classified human distur-
bance into four separate classes of development for
analysis: areas developed for shale gas drilling sites
(‘well pads’), developed areas unrelated to shale gas
(‘non-gas development’), linear shale gas infrastruc-
ture (‘linear gas’), and linear infrastructure unrelated
to shale gas (‘linear non-gas’).

We calculated distances from avian sampling
points within forested areas to nearest anthropogenic
disturbance, using the ‘near’ function in ArcGIS 10.4
(ESRI 2016). We separated points into those closest to
well pads, non-gas development, linear gas, and linear
non-gas. We ensured each class of development was
the closest anthropogenic edge to points placed in each
group. Thus, a linear gas point located 70 m from a
pipeline had no other human development within a
70-m radius. For distance threshold analyses, we
excluded points for which the closest edge was related
to silviculture, since the impacts of forest disturbance
due to regenerating timber harvests are expected to
differ from the more permanent, maintained types of
development that were the focus of this study (Sch-
miegelow et al. 1997; Marzluff and Ewing 2001;
Lichstein et al. 2002).

We converted the vector land cover maps to raster
grids, and calculated proportion of forest loss and
forest edge density within 1-km radius buffers of each
avian sampling point using Fragstats 4.2 (McGarigal
et al. 2012). We selected a 1-km radius (314 ha)
because this is an area large enough to capture
multiple development features on the landscape, while
also representing multiple ‘neighborhoods’ of breed-
ing songbird territories (Desrochers et al. 2010) and an

area feasibly visited during daily movements by
songbirds (Krementz and Powell 2000; Lang et al.
2002). Although there is overlap among 1-km radius
buffers, the avian survey data are independent and
landscape metrics relate to avian data at each individ-
ual point (Zuckerberg et al. 2012; Becker et al. 2015).
We did not focus exclusively on forest loss and edge
density driven by shale gas but rather on total forest
loss and edge density, because our goal was to test for
potential thresholds, or ‘tipping points’, of overall
forest disturbance within landscapes experiencing
shale gas development. Thus, we restricted our forest
cover threshold analyses to sampled landscapes con-
taining shale gas (n = 1512).

Avian surveys and detection probability

We conducted avian surveys at 2589 sampling points,
distributed among 190 sites across the study region
(x = 13.6 points; range = 8-20 points per site). At gas
sites, we placed at least 2 sampling points adjacent to
forest edges in areas directly disturbed by shale gas,
and by other types of human development at non-gas
sites. Remaining points were randomly distributed
within surrounding forests > 250 m apart to maintain
statistical independence (Wood et al. 2006). Forest
points were located at varying distances from edges of
human development, and > 50 m from natural
canopy gaps to help minimize multiple edge effects
(Paton 1994). Additionally, natural canopy gaps in our
study sites were primarily tree-fall gaps or streams,
which generally have fewer negative edge effects on
forest birds than anthropogenic disturbances (Forsman
et al. 2010).

We counted birds using standard 10-min avian
point count surveys (Bibby et al. 1992; Ralph et al.
1995) during 12 May-3 July in 2014 and 15 May-6
July in 2015. Each sample point was surveyed once in
either 2014 or 2015 by one of 13 observers experi-
enced in regional bird identification and distance
estimation. We conducted surveys between sunrise
and 4 h after sunrise, when weather conditions did not
interfere with audibility or visibility of birds. We
recorded first detections of birds within 5 time
intervals  (0-2, > 2-4, > 4-6, > 6-8, > 8§-10 min)
and 4 distance bands
(0-25, > 25-50, > 50-75, > 75-100 m), to allow
for estimation of detection probability using a com-
bined time removal and distance sampling approach
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(S6lymos et al. 2013). This approach provides condi-
tional maximum likelihood estimates for the two
components of detectability: availability (the proba-
bility that a bird will sing) and perceptibility (the
probability that a bird will be detected). We included
Julian date, time-since-sunrise, and quadratic terms of
each as visit-level covariates potentially affecting
singing rates (availability) and observer and forest
cover as visit-level covariates potentially affecting
perceptibility. We included forest cover within 100 m
of sampled points as a detection covariate because
foliage affects amplitude reduction, with sounds
attenuating at shorter distances in forested settings
(Huisman and Attenborough 1991; Yip et al. 2017).
To calculate forest cover within 100 m of each survey
point, we used the same raster land cover data
described above. We only analyzed data for species
with sufficient observations to run detection probabil-
ity models; we found detection models converged for
species with at least 50 detections. For species
with > 50 detections, we fitted 9 removal models
and 4 distance sampling models, including intercept-
only models (Online Appendix A), using the package
‘detect’ (S6lymos et al. 2016) in program R version
3.4.1 (R Core Team 2017). Using fitted models with
lowest Akaike’s information criterion (AIC) values,
we calculated custom offsets to account for detection
probability and used adjusted abundances in subse-
quent analyses (Solymos et al. 2013).

Threshold analysis

We used TITAN (Baker and King 2010, 2013) to
analyze adjusted avian abundances, using the
‘TITAN2’ package (Baker et al. 2015) in R version
3.4.1 (R Core Team 2017). TITAN uses a combination
of change-point analysis (King and Richardson 2003;
Qian et al. 2003) and indicator species analysis
(Dufrene and Legendre 1997) to identify abrupt
changes in relative abundance and frequency of
occurrence of species across an environmental gradi-
ent. Indicator species are organisms associated with a
specific environmental condition, where a change in
the occurrence or abundance of the species signals a
change in that condition, and thus may be used as an
indicator of the shifting health or integrity of an
ecosystem (Carignan and Villard 2002). TITAN
evaluates mid-points between values along a contin-
uous environmental gradient as potential thresholds,
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iteratively partitioning observations into two groups
and using change-point analysis to maximize a
deviance reduction statistic that compares within-
group and between-group dissimilarity. However, in
place of the aggregate community dissimilarity
response used in change-point analysis, TITAN uses
taxon-specific indicator value scores to assess the
strength of association between each taxon and the
environmental gradient. Indicator value scores are the
product of cross-group relative abundance and within-
group frequency of occurrence; occurrence frequency
within each group is used to weight the relative
abundance of each taxon such that a large abundance
within a sample group only results in a higher score if
the taxon also frequently occurs within that group.
Indicator value scores are normalized on a scale from 0
to 100%, allowing for cross-taxa comparisons. The
relative strength of indicator value scores on either
side of candidate change points indicates whether each
taxon shows a negative response (Z-) or positive
response (Z+) to the environmental gradient.

TITAN calculates the probability (p) of randomly
obtaining indicator value scores equal to or larger than
observed values, using 500 random permutations. To
assess uncertainty around change-points, the original
data is then bootstrapped (500 replicates) and change-
points are recalculated with each permutation; uncer-
tainty is expressed as quantiles of change-point
distribution. Narrow intervals between upper and
lower change-point quantiles (i.e., 5-95%) reflect
sharp, nonlinear responses in taxon abundance,
whereas broad quantile intervals indicate linear or
more gradual responses. Two diagnostic indices of
indicator response quality are obtained from bootstrap
resampling: indicator purity and reliability. Purity is
the percent of bootstrap replicates with the same
change-point response directions (positive or nega-
tive) as the observed response. Reliability is the
percent of bootstrapped change-point indicator value
scores that consistently have p-values below defined
probability levels (i.e., p < 0.05). We considered taxa
as indicators if their purity and reliability indices
were > 95%, and only included responses of indicator
species in our analyses (Baker and King 2010). We
calculated threshold responses for the overall avian
community, within 3 habitat guilds likely to be
affected by anthropogenic forest disturbance: forest
interior, early successional, and synanthropic (or
human-adapted), and for indicator species within each
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of these guilds (Barton et al. 2016; Farwell et al. 2016;
Langlois 2017).

Results
Land cover and distance metrics

Within 1-km radius landscapes surrounding the 1512
avian sampling points that contained shale gas, there
was a mean 24.3 4+ 0.4% (4 SE) of total forest loss
(range 0.5-83.3%), with a mean forest edge density of
104.3 + 1.1 m/ha (range 4.2-237.8 m/ha). In general,
the footprint of shale gas infrastructure within these
landscapes was relatively small, occupying a mean
35+ 0.1% of land cover (range 0.001-26.0%).
Among landscapes evaluated, 97% contained < 10%
shale gas cover, and 75% contained < 5% shale gas
cover.

Of all 2589 points sampled, 2483 fell closest to
anthropogenic forest edges related either to shale gas
infrastructure or non-gas development (timber har-
vests excluded). Of these, 216 points were closest to a
well pad (x = 85 m, range 0-414 m), 1008 points
were closest to non-gas development (¥ = 160 m,
range 0—1273 m), 288 points were closest to linear gas
infrastructure (¥ = 95 m, range 0-750 m), and 971
points were closest to linear non-gas infrastructure
(x = 145 m, range 0-823 m).

Avian surveys

We detected 122 species within 100 m of our
sampling points, but excluded species detected only
once, non-breeding migrants, and species not reliably
sampled using point counts (e.g., gamebirds and other
non-passerines, predominantly aerial species, and far-
ranging species such as raptors). Of the 91 remaining
species of passerines and near-passerines observed
during surveys, 60 had sufficient detections (n > 50)
for estimation of detection probability (29,426 total
detections, range 56-3,469 per species). Based on
natural histories of each species (Rodewald 2015) and
previous regional studies of avian habitat guilds
(Thomas et al. 2014; Barton et al. 2016; Farwell
et al. 2016), we placed 27 species in the forest interior
habitat guild, 8 in the early successional guild, and 10
in the synanthropic (or human-adapted) guild
(Table 1). We included the remaining 15 species with

no clear habitat guild in threshold analyses of the
overall avian community, but excluded these from
guild-specific analyses (“no-assigned guild” in
Table 1).

Forest cover thresholds

Within landscapes containing shale gas development,
indicator species within the overall avian community
decreased in abundance and frequency of occurrence
beyond a threshold of 17.0% total forest loss, with a
relatively narrow quantile interval that indicates an
abrupt change point (CP) between 11.2-21.2% forest
cover (Table 2). The overall avian community also
decreased in abundance above a threshold of 95.9 m/
ha forest edge density, with a quantile interval ranging
from 87.7 to 103.5 m/ha. Within the overall avian
community and forest interior guild, negative
responses to both percent forest loss and forest edge
density had relatively narrow 5-95% quantile inter-
vals, which indicates confidence in the existence of
threshold responses among birds to forest loss. These
abrupt, non-linear declines at relatively low levels of
overall forest loss and fragmentation were driven by
forest interior dependent species, in addition to
chestnut-sided warblers, a young forest specialist
included in our early successional guild (Rodewald
2015; Fig. 2).

Generally, positive threshold responses to forest
loss and forest edge density occurred at higher
thresholds than negative responses (Table 2). The
overall avian community increased in abundance and
frequency of occurrence above thresholds of 34.1%
forest loss and 122.0 m/ha forest edge density. These
community-level positive responses to forest loss were
primarily driven by species within the early succes-
sional and synanthropic guilds, although a few forest
interior species also showed positive threshold
responses to either percent forest loss or forest edge
density, or both (Fig. 2).

Both the early successional and synanthropic guilds
showed similar positive threshold responses to percent
forest loss at 30.5% and 36.5%, and to forest edge
density at 116.5 and 123.8 m/ha, respectively
(Table 2). Aside from the negative response to forest
loss and forest edge density within the early succes-
sional guild (driven by chestnut-sided warblers), no
other indicator species from the early successional or
synanathropic guilds showed positive threshold
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Table 1 Species included in threshold analyses, grouped into three guilds potentially impacted by human development: forest

interior (n = 27), early successional (n = 8), and synanthropic (n = 10) species

Guild/species Code Guild/species Code Guild/species Code
Forest interior guild Early successional guild No assigned guild

Acadian flycatcher® ACFL Blue-winged warbler®® BWWA Black-capped chickadee BCCH
Empidonax virescens Vermivora cyanoptera Poecile atricapillus

American redstart AMRE Chestnut-sided warbler CSWA Blue-gray gnatcatcher BGGN
Setophaga ruticilla Setophaga pensylvanica Polioptila caerulea
Black-and-white warbler® BAWW Common yellowthroat COYE Carolina chickadee CACH
Mniotilta varia Geothlypis trichas Poecile carolinensis

Blackburnian warbler® BLBW Eastern towhee® EATO Cedar waxwing CEDW
Setophaga fusca Pipilo erythrophthalmus Bombycilla cedrorum

Black-throated blue warbler BTBW Field sparrow® FISP Dark-eyed junco DEJU
Setophaga caerulescens Spizella pusilla Junco hyemalis

Black-throated green warbler BTNW Gray catbird GRCA Downy woodpecker DOWO
Setophaga virens Dumetella carolinensis Picoides pubescens

Blue-headed vireo BHVI Indigo bunting® INBU Great-crested flycatcher GCFL
Vireo solitarius Passerina cyanea Mpyiarchus crinitus

Brown creeper BRCR White-eyed vireo WEVI Northern flicker" NOFL
Certhia americana Vireo griseus Colaptes auratus

Canada warbler™’ CAWA Northern parula® NOPA
Cardellina canadensis Setophaga americana

Cerulean warbler™"* CERW Synanthropic guild Red-bellied woodpecker RBWO
Setophaga cerulea Melanerpes carolinus

Eastern wood peewee’ EAWP American robin AMRO Tufted titmouse TUTI
Contopus virens Turdus migratorius Baeolophus bicolor

Hairy woodpecker HAWO Baltimore oriole BAOR White-breasted nuthatch WBNU
Picoides villosus Icterus galbula Sitta carolinensis

Hermit thrush HETH Blue jay BLJA Yellow warbler YEWA
Catharus guttatus Cyanocitta cristata Setophaga petechia

Hooded warbler® HOWA Brown-headed cowbird BHCO Yellow-billed cuckoo” YBCU
Setophaga citrina Molothrus ater Coccyzus americanus

Kentucky warbler™® KEWA Carolina wren CARW Yellow-throated vireo® YTVI
Geothlypis formosa Thryothorus ludovicianus Vireo flavifrons

Least flycatcher LEFL Chipping sparrow CHSP

Empidonax minimus Spizella passerina

Magnolia Warbler MAWA Eastern phoebe EAPH

Setophaga magnolia Sayornis phoebe

Ovenbird OVEN Mourning dove MODO

Seiurus aurocapilla Zenaida macroura

Pileated woodpecker PIWO Northern cardinal NOCA

Dryocopus pileatus Cardinalis cardinalis

Red-eyed vireo REVI Song sparrow SOSP

Vireo olivaceus Melospiza melodia

Rose-breasted grosbeak RBGR

Pheucticus ludovicianus

Scarlet tanager® SCTA
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Table 1 continued
Guild/species Code Guild/species Code Guild/species Code

Piranga olivacea
Veery VEER

Catharus fuscescens

Wood thrush™"* WOTH
Hylocichla mustelina
Worm-eating warbler™® WEWA

Helmitheros vermivorum

Yellow-bellied sapsucker® YBSA
Sphyrapicus varius
Yellow-throated warbler® YTWA

Setophaga dominica

Birds with no clear habitat guild were excluded from guild-specific analyses (n = 15). Habitat guilds are underlined. Species codes
are shown to the right of species names; species of conservation concern shown in bold

“AMJV Conservation Priority Species (Moderate to Highest; AMJV 2015)
PUSFWS Birds of Conservation Concern, National List (USFWS 2008)
‘TUCN Red List Species (Vulnerable or Near-threatened; TUCN 2019)

Table 2 Forest cover thresholds: negative (z —) and positive
(z +) threshold responses (CP change point) and 5-95% CP
quantiles, to forest loss and forest edge density within 1-km
radius landscapes altered by shale gas development

% Forest loss Edge density (m/ha)

CP (5-95%) CP (5-95%)

All species combined

7= 17.0 (11.2-21.2) 95.9 (87.7-103.5)

4+ 34.1 (34.1-40.0) 122.0 (105.5-125.1)
Forest interior guild

- 17.2 (15.4-24.8) 96.0 (86.6-104.3)

Z+ 55.0 (17.7-55.7) 107.2 (107.2-123.9)
Early successional guild

b 11.5 (7.9-34.6) 109.6 (63.9-106.2)

z+ 30.5 (28.641.5) 116.5 (115.6-135.7)

Synanthropic guild
= - - — _
z+ 36.5 (22.3-45.3) 123.8 (105.1-125.1)

Responses are filtered using only indicator taxa (purity and
reliability > 95%). Results are listed for all species combined
and by habitat guild. Individual species results are shown in
Fig. 2

responses to either percent forest loss or forest edge
density (Fig. 2).

Distance thresholds

Negative threshold responses to distance from all
anthropogenic forest edges generally occurred closer
to human development and had narrower quantile
intervals than positive thresholds (Table 3). In other
words, species that increased farther from human
development showed threshold responses at greater
distances than species that decreased farther from
human development. However, many quantile inter-
vals for distance thresholds were quite broad, indicat-
ing more gradual or linear responses, particularly
among positive indicator species that increased in
abundance farther from human development.

The forest interior guild showed positive threshold
responses closer to well pads (63.7 m) and linear shale
gas infrastructure (59.9 m) than non-gas development
(116.4 m) and non-gas linear infrastructure (264.6 m).
Thus, among forest interior birds, edge effects of non-
gas development generally extended farther into
adjacent forests than edge effects associated with
shale gas. However, quantile intervals extended up to
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Fig. 2 Plots showing species-specific threshold responses of
indicator species within each habitat guild to a percent forest
loss and b forest edge density (m/ha). Solid circles represent
negative responses (z —) with corresponding species on the left
axis, and open circles represent positive responses (z +) with

94.0 m from well pads and 356.7 m from linear shale
gas infrastructure for the forest interior guild, and
much further for individual species (up to 319.0 m
from well pads and 546.1 m from linear gas; Fig. 3a—
d), revealing substantial variability in species-specific
responses to distance from human development
among forest interior birds. We also observed a
negative threshold response within the forest interior
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100

Forest edge density (m/ha)

150 200 50 100 150 200
Forest edge density (m/ha)

corresponding species on the right axis. Circles are sized based
on z scores with larger circles indicating greater significance,
and lines represent 5-95% bootstrap quantiles. See Table 1 for
species codes

guild to distance from non-gas development (37.5 m)
and non-gas linear infrastructure (63.8 m; Table 3)
that was driven by yellow-throated warblers, the only
forest interior bird to increase in abundance closer to
human-created forest edges (Fig. 3a, c). There were no
negative indicator species for distance from either well
pads or linear shale gas, within the forest interior guild.
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Fig. 3 Plots showing species-specific threshold responses of all
indicator species to distance from four categories of human
development: a non-gas, non-linear development, b gas well
pad development, ¢ non-gas linear infrastructure, and d linear
gas infrastructure. Thresholds are shown for all indicator

In contrast, there were no positive indicator species
for distance from any category of human development
within the early successional guild, reflecting a general
lack of species that increased farther from human
development, within this guild. Blue jays were the
only synanthropic species that was a positive indicator
for distance from well pads (Table 3; Fig. 3), which

b
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species, including both positive (z +) and negative (z —)
threshold responses. Circles are sized based on z scores with
larger circles indicating greater significance, and lines represent
5-95% bootstrap quantiles. See Table 1 for species codes

indicates there was some quality of well pad devel-
opment that caused blue jays to occur in higher
abundances at greater distance from well pads. While
both the early successional and synanthropic guilds
showed negative distance thresholds to all four
categories of human development, thresholds within
the synanthropic guild occurred much closer to linear
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Table 3 Distance thresholds: negative (z—) and positive (z+)
threshold responses (CP change point) and 5-95% change
point quantiles, to distance (m) from closest edge of human

disturbance within four development categories (see “Land
cover and distance metrics” section for descriptions)

Non-gas development Gas well pad Linear non-gas Linear gas
CP (5-95%) CP (5-95%) CpP (5-95%) CP (5-95%)
All species combined
- 57.1 (37.0-78.1) 36.4 (87.7-103.5) 61.8 (50.3-74.9) 323 (0.0-37.9)
7+ 2242 (126.9-251.8) 65.0 (53.4-99.5) 274.4 (123.3-348.8) 61.9 (39.2-312.8)
Forest interior guild
z- 37.5 (0.0-247.2) - - 63.8 (37.7-106.1) - -
z+ 116.4 (106.2-262.8) 63.7 (36.2-94.0) 264.6 (113.7-366.7) 59.9 (38.7-356.7)
Early successional guild
= 352 (31.5-58.7) 90.0 (7.1-93.3) 60.6 (4.1-62.5) 30.9 (0.0-68.6)
z+ - - - - - - - -
Synanthropic guild
- 73.3 (33.0-84.8) 70.8 (0.0-75.8) 55.5 (34.4-84.0) 6.2 (0.0-35.6)
z+ - - 719 (15.6-171.0) - - - -

Responses are filtered using only indicator taxa (purity and reliability > 95%). Results are listed for all species combined and by

habitat guild. Individual species results are shown in Fig. 3

shale gas infrastructure, in particular, compared with
the other categories of human development.

Discussion
Land cover thresholds

Our land cover analyses identified threshold responses
to total amounts of forest loss and edge density in
landscapes experiencing unconventional shale gas
development (Table 2). Some threshold responses
were quite abrupt with narrow quantile intervals,
including negative responses to forest loss within the
overall avian community at 17.0% and within the
forest interior guild at 17.2%. These threshold values
suggest that area-sensitive, forest interior dependent
birds decreased abruptly at relatively low levels of
overall forest loss, within the landscapes we evaluated.
Our findings are consistent with other studies from the
central Appalachian region, which documented decli-
nes in abundance and richness of forest interior birds
in response to anthropogenic forest disturbance at
relatively low levels of forest loss (Suarez-Rubio et al.
2013; Becker et al. 2015; Farwell et al. 2016; Langlois
2017). In landscapes altered by mountaintop removal
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coal mining, forest interior birds declined at even
lower thresholds of forest disturbance, showing a
negative threshold response at 4.4% forest loss
(Becker et al. 2015). However, the broad quantile
interval (2.0-76.8% forest loss) around this threshold
suggests this was a more gradual or linear response
than the abrupt threshold we observed among forest
interior birds at ~ 15.4-24.8% forest loss, in land-
scapes experiencing shale gas development.

We also observed negative threshold responses to
increasing forest edge density within the overall avian
community at 95.9 m/ha, and within the forest interior
guild at 96.0 m/ha (Table 2). However, 3 of 27
(11.1%) forest interior species showed positive
threshold responses to forest loss, and 6 of 27
(22.2%) showed positive threshold responses to forest
edge density (Fig. 2). This suggests some forest
interior birds can tolerate a degree of habitat frag-
mentation within predominantly forested landscapes
(Fahrig 2003), and may partly reflect the attraction of
some forest interior species to canopy openings within
large areas of mature forest (Buchanan and Hart 2012;
Perkins and Wood 2014; Farwell et al. 2019). How-
ever, a predominance of unfragmented forest habitat
was still important for 17 of 27 (63.0%) forest interior,
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area-sensitive species (Banks-Leite et al. 2010;
Fig. 2).

In contrast, in central Appalachian forests impacted
by mountaintop removal mining, birds showed nega-
tive threshold responses at comparatively low levels of
forest edge density at 50.8 m/ha for the overall avian
community and 22.9 m/ha for forest interior birds
(Becker et al. 2015). The observed differences in bird
tolerance of forest edge density in landscapes altered
by shale gas compared with mountaintop removal coal
mining may largely reflect differences in the footprint
and configuration of these two types of energy
development. Surface coal mines tend to occupy
large, sprawling areas on mountain ridgetops, whereas
shale gas typically creates a network of relatively
small forest perforations connected by narrow linear
infrastructure (Farwell et al. 2016; Langlois et al.
2017). Thus, increasing forest edge density in mining
regions may be driven by larger disturbances with
greater potential impacts to overall avian abundance,
while the creation of new forest edges associated with
shale gas is largely driven by smaller-scale distur-
bances and linear corridors.

Conversely, positive responses to forest loss can be
interpreted as positive responses to increasing anthro-
pogenic disturbance and availability of non-forest
habitat. Positive responses to forest loss and forest
edge density consistently occurred at higher thresholds
than negative responses (Table 2, Fig. 2). This indi-
cates that forest birds were negatively impacted by
forest loss before early successional and synanthropic
species benefitted. Again, this mirrors avian threshold
responses reported in landscapes altered by mountain-
top removal coal mining (Becker et al. 2015).

Distance thresholds

Our results support the occurrence of some nonlinear
avian responses to distance from anthropogenic edges
among indicator species, although quantile intervals
for distance thresholds were generally quite broad for
the overall avian community, within habitat guilds,
and among indicator species. This suggests that
distance threshold responses were typically gradual
rather than sharply nonlinear. This may be a reflection
of the wide range of sizes, shapes, and configurations
of human development we evaluated, as well as
varying species responses to anthropogenic distur-
bance. Previous studies of energy sector development

have found similar variability in tolerance of energy-
related infrastructure among birds, with some species
appearing to be largely unaffected by energy devel-
opment while other species avoid infrastructure (Gil-
bert and Chalfoun 2011; Kalyn Bogard and Davis
2014; Farwell et al. 2019).

In general, we found that species that increased
farther from human development showed threshold
responses at greater distances than species that
decreased farther from human development. This
indicates that benefits of anthropogenic disturbance
for edge-associated species do not extend as far into
disturbed forests as negative edge effects extend for
forest interior species. For certain area-sensitive,
forest interior dependent species (e.g., blue-headed
vireo, Canada warbler, least flycatcher, veery), nega-
tive effects of anthropogenic edges extended much
farther into affected forests (> 600 m for non-gas
development and > 500 m for linear gas infrastruc-
ture; Fig. 3). These findings exceed the 50-200 m
depth of edge effects generally reported for birds (Ries
et al. 2004), and in other studies of shale energy
development impacts on birds. Forest interior birds in
northcentral Pennsylvania decreased in abundance up
to 150 m from shale gas pipelines (Langlois 2017) and
up to 250 m from shale gas well pads (Barton et al.
2016); however, these were the farthest extents of
fixed-distance surveys conducted in each study,
respectively. Our results were more consistent with a
study of mixed-grass prairies affected by shale oil
development in North Dakota, where grassland birds
generally increased in abundance > 214 m from road
edges and > 378 m from well pads, while individual
species increased up to > 469 m from road edges
and > 485 m from well pads (Thompson et al. 2015).

We also saw differences in threshold responses
depending on type of human development, particu-
larly in response to forest edges created by shale gas
(linear and non-linear) compared with edges associ-
ated with non-gas development. Species within the
forest interior guild, in particular, increased in abun-
dance closer to forest edges associated with shale gas
relative to non-gas development. This may reflect the
smaller overall footprint of shale gas infrastructure
compared with the other categories of human devel-
opment we evaluated. However, it is worth noting that
the forest interior guild showed similar positive
threshold responses to distance from linear gas
infrastructure and from well pad development, even
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though linear shale gas impacts tend to be narrower
than land cover impacts associated with well pads.
This suggests that shale gas pipelines and access roads
have comparable negative edge effects on forest
interior species to well pads, which may be due in
part to the higher overall density of new forest edges
created by linear gas infrastructure compared with
well pad development (Farwell et al. 2016; Langlois
et al. 2017).

In contrast, the early successional guild decreased
in abundance farther from well pad development
compared with other types of human development.
This suggests there may be specific qualities of edge
effects associated with well pad development that
disturbance-dependent birds are exploiting. These
qualities are likely related to the size and recency of
canopy disturbance associated with well pad devel-
opment, and resulting changes in plant community
structure, composition, and associated availability of
food resources and nest sites (King and Schlossberg
2014). The synanthropic guild decreased in abundance
at comparable distances from well pads, non-gas
development and non-gas linear infrastructure, but
decreased abruptly very close to edges associated with
shale gas linear infrastructure, compared with other
types of development evaluated. This suggests that
synanthropic species did not penetrate as far into forest
edges adjacent to access roads and pipelines associ-
ated with shale gas, and that they remained close to
these disturbances.

Management implications, caveats
and conclusions

Ultimately, shale gas development is relatively recent
in this region (< 10 years old at the time of the study),
and it is reasonable to assume we have not yet
observed the full range of successional impacts to
affected forests, or the full response of species to
ongoing changes. Our results highlight the importance
of continued monitoring of biodiversity in the central
Appalachian region, as shale gas development con-
tinues to age and expand in regional forests. By
evaluating potential threshold responses in birds to
anthropogenic forest disturbance across the Marcel-
lus-Utica shale region, we addressed a knowledge gap
in a region experiencing a rapid expansion of uncon-
ventional shale gas infrastructure. We found thresh-
olds in bird abundance and frequency of occurrence as
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functions of the total amount of forest loss and
fragmentation within landscapes experiencing shale
gas development, and to a lesser extent as functions of
distance from forest edges associated with shale gas
and non-gas development. Such thresholds are pre-
dicted to occur in theoretical models (Lande 1987,
Fahrig 1998; With and King 1999) and have been
supported by regional studies of impacts of exurban
development (Suarez-Rubio et al. 2013) and moun-
taintop removal mining (Becker et al. 2015) on
forested landscapes, but before our study had not been
assessed in the context of unconventional shale gas.
These thresholds can be used by conservation
practitioners and resource managers to help identify
particularly sensitive or vulnerable species, and to help
predict the point at which landscapes may be on the
verge of rapid ecological change (van der Hoek et al.
2015). However, the wide range of threshold values
we observed among individual species underscores the
fallacy of searching for a single, ‘one-size-fits-all’
threshold value for land cover change and edge effects
(With and King 1999; Lindenmeyer and Luck 2005;
Zuckerberg and Porter 2010). Rather than managing
for minimum threshold values at which point large
numbers of sensitive species will be lost, preventive
management efforts could focus on managing land-
scapes above thresholds that will support the most
sensitive species and species of highest conservation
concern (Robbins et al. 1989; Betts et al. 2007; van der
Hoek et al. 2015). Landscapes maintained at these
target levels are also likely to benefit species less
sensitive to development. For example, we found that
forested landscapes with less than 17.2% overall forest
loss supported most forest interior species, although
some sensitive species decreased in abundance and
frequency of occurrence at lower thresholds ranging
from 8.7 to 15.9% forest loss. In contrast, species in
the early successional and synanthropic guilds did not
increase in abundance and frequency of occurrence in
landscapes with more than 30.5-36.5% forest loss,
suggesting these species are not likely to benefit
optimally from anthropogenic disturbance in heavily
forested landscapes below these thresholds of forest
loss. It is also important to note that not all species
evaluated showed threshold responses, including
habitat generalists such as chipping sparrows and
mourning doves, but also some forest associated
species such as brown creepers and Kentucky war-
blers. Our findings suggest that threshold responses to
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forest loss and fragmentation are common but not
ubiquitous (Zuckerberg and Porter 2010).

Lastly, our analyses were based on survey data
collected during a 2-year period, and were intended as
a preliminary assessment of potential nonlinear
responses in birds to relatively recent land cover
disturbance associated with shale gas. Our results
suggest multiple forest interior dependent species in
the Marcellus-Utica region of central Appalachia in
eastern USA are exhibiting threshold responses to
forest loss and fragmentation associated with shale
gas. These responses have important conservation
implications given that development is ongoing, and a
number of new pipelines that will pass through interior
forests in the central Appalachian region have been
approved or are currently under construction (FERC
2019). Our findings indicate that efforts to avoid shale
gas development in relatively undisturbed landscapes
with low proportions of forest loss (< 15.4-24.8%
forest loss) while concentrating new development in
areas already disturbed by humans can help mitigate
negative impacts to forest interior dependent species
while maximizing benefits for early successional
species.
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