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Abstract

Context Mountaintop removal/valley fill (MTR/VF)
mining in the central Appalachians is a major driver of
landscape change within terrestrial ecosystems.
Objective We quantified avian community and
individual taxa thresholds in response to changing
landscapes from MTR/VF using a Threshold Indicator
Taxa Analysis approach.

Methods We conducted 50-m fixed radius avian
surveys (n = 707) within forest adjacent to mine lands
in 2012-2013 and obtained data for additional surveys
(n = 905) sampled using comparable methods during
2008-2013. We quantified positive and negative
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community, habitat guild, and species thresholds in
abundance and occurrence for each of five landscape
metrics within a 1-km radius of each survey point.

Results Reclaimed mine-dominated landscapes (less
forest and more grassland/shrubland cover) elicited
more negative (57 %) than positive (39 %) species
responses. Negative thresholds for each landscape
metric generally occurred at lower values than positive
thresholds, thus negatively responding species were
detrimentally affected before positively responding
species benefitted. Forest interior birds generally
responded negatively to landscape metric thresholds,
interior edge species responses were mixed, and early
successional birds responded positively. The forest
interior guild declined most at 4 % forest loss, while
the shrubland guild increased greatest after 52 % loss.
Based on random forest importance ranks, total
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amount of landscape grassland/shrubland had the most
influence, although this varied by guild.

Conclusions Because of little overlap in habitat
requirements, managing landscapes simultaneously
to maximally benefit both guilds may not be possible.
Our avian thresholds identify single community
management targets accounting for scarce species.
Guild or individual species thresholds allow for
species-specific management.

Keywords Forest fragmentation and management -
TITAN - Avian landscape response - Surface mining -
Community thresholds - Species-specific change
points

Introduction

The Central Appalachian landscape is naturally dom-
inated by interior forest with nationally and globally
recognized regional biodiversity (Ricketts et al. 1999).
Since the 1990s, however, the expansion of moun-
taintop removal/valley fill (MTR/VF) mining in the
region has been a major driver of landscape change
(Townsend et al. 2009) converting over 1.1 million ha
of forests to surface mines and burying more than
2,000 km of stream channels beneath overburden
(Bernhardt and Palmer 2011). The conversion of this
intact, forested ecosystem to barren, grassland, or
other land-cover types may shift the native faunal
assemblage to that of an edge-dwelling and grassland
fauna (USEPA (Environmental Protection Agency)
2011).

Current assessments of mountaintop mining do not
account for potential long-term effects of landscape-
scale changes associated with MTR/VF mining
(USEPA (Environmental Protection Agency) 2011).
The effects of broad scale land-cover changes on
regional biodiversity can persist for decades despite
preservation of forested areas and reforestation of
riparian zones (USEPA (Environmental Protection
Agency) 2011). To date, environmental assessments
of mountaintop mining have not been comprehensive
because they have focused mainly on the Clean Water
Act regulatory endpoints of aquatic impacts (USEPA
(Environmental Protection Agency) 2011) and have
overlooked terrestrial impacts (Wickham et al. 2013).
Research has clearly documented that decreasing
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forest cover negatively impacts water quantity, water
quality, and other factors of aquatic habitat (Brabec
2002; Ernst et al. 2004; USEPA (Environmental
Protection Agency) 2011; Bernhardt and Palmer
2011).

MTR/VF mining can profoundly change terrestrial
ecosystems by altering soil, microclimate, and eleva-
tion; thereby reducing overall topological complexity.
This in turn disrupts the complex processes that
influence regional biodiversity (Maxwell and Strager
2013; Wickham et al. 2013). Fragmentation and loss
of interior forest is 1.5-5 times greater than actual
forest loss in mountaintop mining landscapes (Wick-
ham et al. 2007; Wickham et al. 2013) and introduces
edge effects (Harper et al. 2005) which have been little
studied with respect to mountaintop mining (Weak-
land and Wood 2005; Wood et al. 2006; Wood and
Williams 2013). Forests on reclaimed mines have
reduced carbon sequestration (Amichev et al. 2008;
Campbell et al. 2012) and productivity (Groninger
et al. 2006). Soil loss and compaction of reclaimed
mining sites limits successful forest reestablishment
and reduces the likelihood that succession will recre-
ate the original forest community (Acton et al. 2011;
Zipper et al. 2011). These changes between forest and
reclaimed habitats ultimately result in shifts in the
community composition of songbirds, raptors, and
herpetofauna (Wood et al. 2001; USEPA (Environ-
mental Protection Agency) 2003).

The biodiversity of breeding birds is an effective
indicator of biotic integrity (Glennon and Porter 2005;
O’Connell et al. 2007) and can be used to quantify the
impacts of mountaintop mining on terrestrial ecosys-
tems. Most avian research conducted in MTR/VF
mining areas has focused on characterizing bird
communities’ responses to creation of post-mining
early successional grasslands and scrub-shrub habi-
tats. These studies emphasize successful occupation
by grassland birds (Monroe and Ritchison 2005;
Stauffer et al. 2011), golden-winged warblers (Bulluck
and Buehler 2008), and upland game birds (Gregg
et al. 2001; Beckerle 2004). Studies of the effects of
MTR/VF land-cover conversion from forests to early
successional habitats on forest-dwelling songbirds,
other than cerulean warblers (Weakland and Wood
2005; Buehler et al. 2006; Wood et al. 2006), are
lacking, especially with respect to quality of remain-
ing forests near reclaimed mines. There is also a dearth
of research on landscape-level effects and cumulative
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impacts of multiple mining sites (Buehler and Percy
2012).

Our objective was to quantify avian community,
habitat guild, and individual taxa thresholds (or
change points) within remaining forests to evaluate
response to a changing landscape resulting from
mountaintop mining. We used Threshold Indicator
Taxa ANalysis (TITAN) (Baker and King 2010),
which identifies abrupt changes in occurrence and
relative abundance of taxa along an environmental
gradient, and has been rarely applied to bird commu-
nity analyses (Suarez-Rubio et al. 2013). Our goal was
to quantify landscape-level influences on bird com-
munity composition to inform management decisions
in regards to mountaintop mining and terrestrial
ecosystems.

Methods
Study area

The MTR/VF region (Fig. 1) primarily encompasses
southern West Virginia and eastern Kentucky with
smaller portions in Tennessee and western Virginia. It
lies within the broader mixed mesophytic forest
biogeographic region (Dyer 2006) with a mild climate
and precipitation throughout all seasons. The MTR/
VF region in West Virginia is characterized by
elevation ranges between 171 and 1,080 m with an
average elevation of 487 m. This area contains a high
degree of elevation complexity and ruggedness mea-
sured by a 3.57 roughness index (Blaszczynski 1997;
Riley et al. 1999) and a surface relief ratio (Pike and
Wilson 1971) of 0.492. Metrics were computed using
the Geomorphometry and Gradient Metrics Toolbox
(Evans et al. 2014).

Land-cover classes and extent of each within the
MTR/VF region of West Virginia and Kentucky
include approximately 85 % forest, 7 % grassland/
shrubland/pasture/hay, 2 % developed, and 5 % mine-
land. The mineland land-cover class includes
reclaimed grasslands/shrublands, mine barren, valley
fills, slurry impoundments, and mine facilities. Forest
communities include primarily mixed mesophytic
forests with some cove hardwoods, Appalachian oaks,
northern hardwoods, and minimal amounts of flood-
plain forests, oak-pine forests, and pine forests
(USEPA (Environmental Protection Agency) 2003).

Land-cover data and deriving landscape metrics

We used land-cover data for West Virginia and
Kentucky developed using the methods of Maxwell
et al. (2014a, b). Aerial photographs were classified
into nine groups (forest, mining barren, mining grass/
shrub, mining facilities, other barren, other grass/
shrub, valley fill, slurry pond, and open water) a priori.
The classification approach focused on producing
specific classes using high resolution, temporally
appropriate imagery with object-based image analysis
and GIS overlay. Integral to the classification
approach was the creation of training data sites that
represented the cover classes of interest and their
variability. Due to access constraints at the permitted
mine sites it was not possible to collect training data on
the ground. Instead, a manual aerial photograph
interpretation process was performed with the ortho-
photography as reference. Within the study area a total
of 752 examples of forest, 408 examples of grass, and
309 examples of barren were collected for the final
classification. Land cover data were extracted from the
true and color infrared National Agriculture Imagery
Program imagery as forested, grasslands, or barren
using the manually interpreted training data and the
object-based image analysis program of Feature
Analyst 5 by Overwatch (VLS, 2004). Feature Analyst
uses machine-learning algorithms and techniques as
object recognition to automate feature-recognition
from imagery (VLS, 2004). Two iterations between
training data and classification were performed in
order to examine the results of the first attempt and to
identify troublesome areas and enhance the results.
The overall accuracy of the land-cover map was 92 %.

We calculated metrics within a 1 km radius plot
around each count location using FRAGSTATS
(McGarigal et al. 2002) including the percent cover
by land-cover class, the percent core forest (>100 m
from a non-forest edge; the 1-km radius boundary
edge is treated as background, not edge, and should
minimally bias this metric as the boundary is primarily
forest), and the edge density between forest and non-
forest habitat. A 1 km radius (314.2 ha) was chosen as
it surpasses the average mine permit size in both West
Virginia (66 ha) and Kentucky (147.6 ha) and
approaches the size of some watersheds. Although
the 1-km radius plots overlap for some points, the
avian survey data are independent and the landscape
metrics relate to avian data at each point. We derived a
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Fig. 1 Geographic
distribution of all 1,612 bird
survey sampling locations
within MTR/VF region
sampled 2008-2013
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subset of five non-mutually exclusive metrics
(Table 2) that we thought might be important to avian
species. In our heterogeneous landscape, an increase
in percent cover of one land-cover type potentially
means a decrease in one or more other land-cover
types, creating some dependence in the relationship
between land-cover types. We subtracted percent
forest and percent core forest from 100 % to determine
forest and core forest loss, so that an increase in values
for all five metrics corresponded to a shift away from a
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forest-dominated landscape to a more mine-domi-
nated one.

Avian surveys

We used four sets of survey data for our analysis
(Table 1). In 2012-2013, we conducted avian surveys
(n = 707) adjacent to minelands across a representa-
tive portion of the MTR/VF region in southern West
Virginia (353 sampling points in 2012) and eastern
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Table 1 Summary of point count sources included in analyses

Dataset name Source # Points Years Land-cover layer
WVDNR West Virginia Division of Natural Resources 436 2008-10* 2010
WVDNR West Virginia University: Mizel 75 2010 2010
WVDNR West Virginia University: Cerulean Project 83 2010 2010
WV Atlas West Virginia Breeding Bird Atlas 139 2012 2012
WVuU West Virginia University: Becker, WV 353 2012 2012
WvVU West Virginia University: Becker, KY 354 2013 2013
KY USEFS Daniel Boone National Forest 90 2013 2013
KY Grayson Cerulean Project 2 2013 2013
KY Kentucky Department of Fish and Wildlife 80 2012-13* 2013

 For points sampled in multiple years, only the count closest in time to the available land-cover layer was used in analyses

Kentucky (354 points in 2013), referred to hereafter as
WVU data. Surveying locations were selected to
encompass the broadest geographic coverage of the
MTR/VF region given limitations in access and to
ensure the overall forest type remained largely hard-
wood, the predominant forest type, to minimize bias in
bird community composition due to changing forest
type. Site selection (Fig. S1 in electronic supplemen-
tary material) within minelands prioritized sites with
interior patches of forest followed by sites with
peninsulas of forest extending within the minelands
and then forest patches adjacent to minelands along
ridges, slopes, and valleys (Fig. S2) to ensure sampling
of bird response to habitats surrounded by the greatest
percentage of mineland cover. Sample points were
placed in forest at least 50 m from the forest edge and
were at least 250 m apart to ensure statistical
independence (Ralph et al. 1993).

We obtained data for additional survey points
(n = 905) that were sampled during 2008-2013 in the
same geographic region. We aggregated points into
three additional datasets: WVDNR data, WV Atlas
data, and KY data. We reviewed all points using GIS
and aerial photographs to ensure that they were located
in forest, and where multiple years of data were
available, used only the count closest in time to the
land-cover layer (Table 1). Points again were >250 m
apart to ensure independence of sampling points.

Point count survey methods
For the WVU data, we counted breeding birds using

50-m fixed-radius plots (Ralph et al. 1993; Bibby et al.
2000) during 16 May-28 June 2012 in WV and during

21 May-30 June 2013 in KY. Each sample point was
surveyed once in either 2012 or 2013 by one of two
observers proficient in bird identification and distance
estimation. Counts began at 0600 h (EST) and ended
no later than 1000 h (EST) on mornings with suitable
weather conditions (i.e., no rain, little wind). We
recorded by species all individuals heard or observed
within a 10-minute time span, the type of detection
(song, call, visual, or fly-over), and sex if possible.
Each individual was also categorized by the time of
first detection (0-2, >2-3, >3-4, >4-5, >5-6, >6-7,
>7-10 min) and distance from observer (0-25,
>25-50, >50-100, and >100 m). Recently fledged
young and flyovers were noted but excluded from
analyses as were species not well detected by point
counts. If a bird could not be identified to species, the
observer attempted to locate and identify the individ-
ual after completing the count.

All additionally obtained survey data (WVDNR,
WV Atlas, KY data) followed a similar protocol as the
WVU surveys and used multiple observers who were
experienced in conducting point count surveys. Dis-
tance classes within these datasets were variable but
all had the 0-50 m class in common, so analyses were
completed on data only from this class. Time intervals
were not available for all of the WVDNR data surveys
while WV Atlas and KY data were collapsed into the
three time intervals consistent across all data sets (0-3,
>3-5, and >5-10 min).

Assessing detection probability

We performed three removal model analyses (Farns-
worth et al. 2002) as a diagnostic tool to examine
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differences in detectability among observers and to
ensure consistency of the data from different sources.
We evaluated differences between 1) the two WVU
observers, 2) the WVU most experienced observer
(EO) and WV Atlas data combined observers, and 3)
WVU EO and Kentucky data combined observers.
Because time intervals were not available for the
WVDNR data, we could not complete removal models
for this dataset.

We used birds detected aurally within the 50-m
radius using seven time intervals (0-2, >2-3, >3-4,
>4-5, >5-6, >6-7, and >7-10 min) for the first
analysis and three time intervals (0-3, >3-5, and
>5-10 min) for the second and third. For each of the
three analyses, we tested two different models, each
with and without observer differences, for each
species that had at least 10 detections. Based on past
experience, 10 detections is the minimum number
required to attempt removal models. The basic model
assumed an equal detectability for all individual birds
throughout the count, while the heterogeneity model
assumed that certain subsets of individuals were
always detected during the first time interval. We
selected the best model based on the lowest AIC value
and Chi square likelihood ratio tests using program
SURVIV (White 1992).

Analyzing thresholds

We analyzed avian count data with TITAN (Baker and
King 2010) in R (R Development Core Team 2013)
using the TITAN package. TITAN combines change
point (King and Richardson 2003; Qian et al. 2003)
and indicator species analyses (Dufrene and Legendre
1997) to calculate community thresholds based on
relative abundance and frequency of occurrence, with
the advantage that it incorporates taxa detected at low
frequencies (n > 5 detections). TITAN identifies
midpoints between unique values of environmental
metrics as candidate change points and tests them
using change-point analysis to maximize a deviance
reduction statistic comparing with-in and between
group dissimilarity based on a user defined ecological
distance metric. TITAN replaces the aggregate, com-
munity dissimilarity response, typical of change-point
analysis, with a taxon-specific indicator value based
on indicator species analysis. Indicator values measure
strength of association between a taxon and an
environmental gradient measured as the product of
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cross-group relative abundance (proportion of abun-
dance among all sample units belonging to a group)
and within-group occurrence frequency (proportion of
sample units in that group with a positive abundance
value). Frequency of occurrence within each group is
used to weight a taxon’s relative abundance by how
consistently it is observed in each group such that a
large abundance within one sample group results in a
greater score only if the taxon also occurs with great
regularity in that same group. Indicator value scores
are calculated for each taxon above and below each
candidate change point such that the relative magni-
tude between each group defines classification as a
positive or negative response and the greater the
difference in association created by a split, the greater
the individual value score. TITAN uses 250 random
permutations to calculate p (frequency of obtaining
random indicator value > than observe indicator
values) and the mean and standard deviation of
random indicator scores. Indicator score by taxon are
then standardized into Z scores using the permutated
mean and standard deviations and then summed by
response-group for each candidate change point such
that the maxima for each response-group is the
community level change point. Finally, bootstraps
with replacement estimate change point uncertainty.

A positive response threshold (Z+) occurs for
change-points after which the community or species
abundance/occurrence increases as the environmental
gradient increases. A negative response threshold (Z—)
occurs when the community or species abundance/
occurrence declines after the change point. We
calculated thresholds separately for each of our
individual landscape metrics for the overall avian
community, for the three habitat guilds (FI = forest
interior, IE = interior edge, and ES = early succes-
sional based on Whitcomb et al. (1981), Ehrlich et al.
(1988), and observations from previous research), and
for individual species. Because we purposely placed
sample points within forest habitats, the early succes-
sional guild is represented primarily by shrubland
rather than grassland species.

We excluded birds detected outside of the 50-m
radius to minimize variation in detectability among
observers, data sources, and site differences in topog-
raphy and habitat. This distance also ensured that birds
included in the analysis were associated with forest at
the sampling points. Species were excluded from the
threshold analysis if they did not have a minimum of
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five detections (Baker and King 2010). We used 250
bootstraps, sampling with replacement, to estimate
empirical quantiles of the change point distribution
derived from the bootstraps for community and taxon-
specific change points. These quantiles should not be
strictly interpreted as confidence limits due to the
inclusion of taxa with low frequencies (Manly 1997).
Narrow intervals between upper and lower change-
point quantiles represent sharp, nonlinear responses in
taxon abundances, while broad quantile intervals
represent linear or more gradual responses (Baker
and King 2010).

We then identified which species had significant
responses and the direction of the response (positive or
negative). Similar to Baker and King (2010), we
considered individual species responses to be signif-
icant if visual inspection of presence/absence spatial
locations were not highly aggregated and the following
three criteria were met: 1) the p value was <0.05 based
on its Z score derived from its standardized indicator
value scores, 2) the purity (percent of bootstraps with
the same positive or negative response classification)
was greater than 95 %, and 3) 95 % of the bootstraps
had a p value <0.05. We calculated overall community
and guild thresholds using all species with >5 detec-
tions, while we calculated individual species’ thresh-
olds using only significant species.

Ranking metric importance

We used a random forest modeling technique (Brei-
man 2001) to test the relative importance of each
landscape metric in the avian community relative
abundance responses. Random forests are a learning
ensemble consisting of multiple un-pruned decision
(classification and regression) trees with a randomized
selection of features at each split. The error is
calculated before and after the permutation of all trees
with variables producing larger differences being
ranked as more important. We created random forests
using 5,000 decision trees generated with the five
landscape metrics for each avian species that was
determined to be significant in TITAN analyses. The
importance of each metric was then ranked (five being
the most important and one being the least important)
for each species based on mean squared error (MSE).
We then determined the average importance of each
landscape metric by species, for all species combined,
by habitat guild, and by positive or negative response.

Results
Landscape metrics

The landscape metric distributions (Fig. 2) indicate
that we were able to sample a large range of conditions
within our study region. The range of values for each
landscape metric was: forest (0-99 %), core forest
(9.7-100 %), total mineland (0-83.2 %), total grass-
land/shrubland (0-62.9 %), and contrast-weighted
edge density (0—444.9 m/ha). In general, the MTR/
VF landscape includes high amounts of forest cover
with lesser amounts of mineland and shrubland. The
more extreme values (high mineland and grassland/
shrubland and low amounts of forest) are driven by
mountaintop mining activities. These distributions are
important in interpreting the avian thresholds as the
threshold value is constrained within the maximum
and minimum values available on the landscape for
any given metric.

Removal models

We detected observer differences within the WVU data
for only two of 20 species that could be tested (10 %),
however, the difference in detectability was negligible
for scarlet tanager (SCTA, Table 3) with AAIC <2 and
a non-significant Chi square likelihood ratio test. The
three species with detection probability differences
between the WV U data and the WV Atlas data (17.6 %
of species, 3 of 17) had similar final detection
probabilities, AAIC values <2 and non-significant
Chi square likelihood ratio tests. The largest differ-
ences occurred between the WVU and KY datasets
(31.8 %, 7 of 22) with detectability typically being
lower for the KY data but differences again were
minimal based on AAIC for 3 of 7 species. In general,
removal models identified some differences among
observers and datasets but differences were neither
systematic nor large for most species (Table 3). Thus,
we retained all bird species and combined all datasets
for the TITAN threshold analyses.

Threshold analysis
We detected 79 species (8,057 detections) within 50 m
of our 1,612 sample points (Table S1). These species

were reliably sampled with point counts and met our
criteria for inclusion in threshold analyses.
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Fig. 2 Boxplots of landscape metrics within a 1 km radius of
the survey centers based on the combined data sets (n = 1,612
points) from 2008 to 2013. Mineland and total grassland/
shrubland cover both include cover categorized as mine
grassland/shrublands so should not be added together as an
estimate of early successional habitats. The boxes for forest and

The overall avian community (all species com-
bined) had a negative response at a very low threshold
for mineland and total grassland/shrubland land-cover
classes (<2 %; Table 4). The negative response
threshold to forest loss occurred at 11 % and to core
forest loss at 35 %. The magnitude of decline in
relative abundance after surpassing thresholds was
>42 9% for all metrics except total grassland/shrub-
land (14 %; Table 5). In contrast, thresholds for
positive responses were reached after greater amounts
of landscape change had occurred (Table 4). For
example, the positive response threshold for forest loss
was 51 % and for grassland/shrubland was 48 %.
Percent increase in relative abundance after surpassing
thresholds was >65 % (maximum 292 % for mine-
land; Table 5). Generally for each landscape metric,
the negative response occurred at much lower thresh-
old values than the positive response, thus negatively
responding species were detrimentally affected before
positively responding species benefitted.

The overall avian community thresholds incorpo-
rate varying responses of individual species with many
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core forest represent the distribution of forest present (not forest
loss) and are not subtracted from 100 %. The box represents the
Ist and 3rd quartiles, the bold line is the median, the tails
represent 1.5 times the interquartile range, and the circles
represent values greater than 1.5 times the interquartile range.
Metric abbreviations are defined in Table 2

different habitat requirements, thus the change point
quantile intervals are very broad (Table 4). For
example, negative responses to forest loss could occur
at 4-83 % of the landscape. After we partitioned the
avian community into habitat guilds, the change point
quantile intervals often became narrower, indicating
confidence in the existence of a threshold. For
example, we found much narrower Z- intervals for
response of interior edge species to forest loss and core
forest loss and for forest interior species response to
core forest loss and edge density. Many species that
had significant responses had even tighter intervals
(Fig. S3), suggesting that the broad community
intervals result from inclusion of the non-significant
species into the community threshold as well as
variability in the thresholds for significant individual
species.

Thresholds at which negative responses occurred
varied among habitat guilds in a consistent pattern. For
each landscape metric, the forest interior guild had the
lowest threshold (Table 4), suggesting that this guild
was most sensitive to small amounts of landscape
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Table 3 Detection probabilities (P-hat) based on time removal
models for species that had observer differences in the best
fitting of the four models tested. Species codes are defined in
Table S1

Comparison (# species tested) Species P-hat SE

WVU Observer 1 versus 2 DOWO 0.65 0.55

(N =20) 0.99 0.12
SCTA 0.98 0.01

1.00 0.00

WVU versus WV Atlas OVEN 0.99 0.10
(N=17) 1.00 0.04
REVI 0.98 0.10

1.00 0.04

SCTA 0.99 0.11

1.00 0.04

WVU versus KY ACFL 0.99 0.08
(N =122 0.91 0.26
BAWW  0.96 0.15

0.75 0.35

BGGN 0.96 0.16

0.80 0.34

HOWA  0.90 0.10

0.79 0.14

INBU 1.00 0.05

0.91 0.22

REVI 0.32 1.33

0.68 0.26

SCTA 0.98 0.11

0.86 0.27

change. The interior edge guild had intermediate
threshold values, while the early successional guild
had highest thresholds. Forest interior birds did have
greater threshold uncertainty in response to forest loss
(Table 4) and broader bootstrap quantiles for signif-
icant individual species (Fig. S3) indicating a weaker
non-linear response than interior edge birds. Forest
interior birds declined in abundance by between 46
and 57 % after surpassing thresholds depending on the
metric, while the interior edge guild declined more
moderately (36-46 %; Table 5). In comparing bird
response to changes in forest structure relative to
avoidance of mining habitats, forest interior and
interior edge birds declined in equal or greater
percentages for forest loss relative to mineland and
grassland/shrubland, indicating that response to forest
change is at least equivalent to the avoidance of the

early successional habitats created by mining
(Table 5).

For thresholds with positive responses from habitat
guilds, there was no consistent pattern across all
landscape metrics and the change point quantile
distributions were generally broad (Table 4), suggest-
ing that positive responses were more gradual. For
forest loss and core forest loss, the negative threshold
occurred for smaller amounts of landscape change
than positive thresholds for each guild. Percent
increase in relative abundance relative to thresholds
varied greatly in the interior edge guild, from 13 % for
forest loss to 344 % for total grassland/shrubland, but
generally was greater for the early successional guild
(>129 % up to 614%; Table 5).

Of all individual species that had significant
responses, more responded negatively (28 species,
57 %) to landscape change than positively (19 species,
39 %; Table 6). The forest interior guild had almost
exclusively negative threshold responses (Negative:
12 species; Positive: 1 species) with only the Kentucky
warbler (KEWA) responding positively to two metrics
(Table 6, Fig. S3). The interior edge guild had varied
responses, although more species had negative
responses (Negative: 11 species; Positive: 8 species).
The early successional guild had primarily positive
responses (Negative: 5 species; Positive: 10 species;
Table 6) particularly to increased edge density and
forest or core forest loss. The negative thresholds of
the early successional guild are primarily driven by
four species [eastern towhee (EATO), indigo bunting
(INBU), mourning dove (MODO), and prairie warbler
(PRAW)], providing support that some forest habitat
could be beneficial for at least certain members of this
guild.

Random forest

Based on the MSE ranked importance values, total
grassland/shrubland ranked highest for the overall bird
community and interior edge guild, core forest loss
ranked highest for the forest interior guild, and non-
forest mineland ranked highest for the early succes-
sional guild (Fig. 3). Total grassland/shrubland ranked
a close second in importance when not ranked most
important. Non-forest mineland was ranked lowest
except for the early successional guild. Core forest was
typically ranked slightly higher than forest. The
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Table 4 Negative response (Z—) and positive response (Z+) TITAN thresholds (CP = change point) and 5-95 % change point
quantiles based on the bootstrap change point distribution for all species combined and by habitat guild

Metric Combined Forest interior Interior edge Early succession
CP 5-95 % Quantiles CP 5-95 % Quantiles CP 5-95 % Quantiles CP 5-95 % Quantiles
For VA 109  4.1-83.3 44  2.0-76.8 11.1 4.4-12.0 184 11.0-79.6
Z+ 513  0.0-833 499  0.1-79.6 16.1 7.7-83.3 520  0.0-79.6
CorFor Z- 351 23.2-979 23.0 19.1-36.1 433 32.4-449 54.0 40.0-98.6
Z+ 876 9.7-979 93.6 10.7-97.3 89.7  51.7-98.6 88.1 9.7-97.5
CWED Z-  50.8 24.8-369.2 229 21.2-54.1 509  29.1-86.7 367.9 68.2-369.2
Z+ 2805  0.0-310.2 37 29-369.2 139.5 115.8-304.1 279.8  0.0-333.2
Mine Z— 1.6  05-77.0 00 0044 6.6 0.3-7.9 6.7 1.7-77.0
Z+ 770  0.0-77.0 49.7  0.0-58.7 2.6 1.5-77.0 770  0.0-77.0
Grass Z— 02  0.1-54.8 02  0.0-0.7 9.1 0.3-9.6 140 10.6-54.8
Z+ 479 0.0-51.6 0.0 0.0-45.6 0.3 0.1-49.4 469  0.0-51.6

The change point indicates the threshold value of the metric for which the maximum combined indicator value score was determined
based on all species detected including both significant and non-significant species responses. Narrow intervals between upper and
lower change-point quantiles represent sharp, nonlinear responses in taxon abundances, while broad quantile intervals represent linear

or more gradual responses (Baker and King 2010)

Table 5 Average mean, standard deviation, and percent change of bird relative abundance before and after surpassing metric

thresholds of all species combined and by habitat guild

Metric Combined Forest interior Interior edge Early successional
Before After Before After Before After Before After
X SD X SD % X SD X SD % X SD X SD % X SD X SD %
For Z— 47 37 23 18 -51 26 21 12 13 —-54 19 20 10 1.0 —-45 05 1.1 02 06 -6l
Z+ 16 19 34 44 112 01 03 01 03 50 09 12 10 1.1 14 06 14 20 35 215
CorFor Z— 46 3.6 27 24 —-42 26 21 12 14 =55 20 20 12 12 =37 39 34 22 17 —45
Z+ 17 21 41 50 143 02 06 04 06 50 08 1.1 15 1.7 104 1.7 21 44 5.1 165
CWED Z- 37 31 19 20 —-47 26 22 11 14 -57 12 16 08 10 -36 02 06 00 00 -100
Z+ 26 25 44 50 65 00 00 04 07 na 14 15 16 14 18 0.8 1.6 21 42 152
Mine Z— 52 39 27 21 —-49 20 19 09 11 —-54 23 23 15 12 =36 10 19 03 07 =72
Z+ 10 13 40 37 292 03 05 03 05 12 03 07 04 07 45 04 08 3.0 29 614
Grass Z— 36 19 31 28 —-15 26 14 14 16 —-46 15 15 09 1.0 -39 05 1.0 02 05 —63
Z+ 18 22 31 29 70 00 00 01 03 na 03 07 1.1 13 344 07 16 16 23 129

highest ranked metric by guild was the same whether
considering the average rank (Fig. 3) or the percent of
species within the guild for which the metric was
ranked highest (Table 7) except for forest interior
species. For this guild, average rank identified core
forest loss as highest rank whereas percent of species
ranked grassland/shrubland as highest. However,
some metrics of secondary overall importance for
guilds were the top metric for individual species (e.g.

@ Springer

non-forest mineland for all birds combined and edge
density for interior edge), suggesting the metrics are of
high importance to specific species but less so for the
entire guild.

Ranked importance varied when the avian commu-
nity was grouped based on the direction of the species
threshold response, positive or negative. Total grass-
land/shrubland followed by core forest loss and edge
density were the top three ranked metrics for
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Table 6 TITAN thresholds Response Species For CorFor CWED Mine Grass
for individual species with
significant responses by Forest interior
;ﬁfj‘ﬁ; ;;‘:gfe;‘:r;zf; Negative BHVI -3.1 -336 —486 -0.0 -25
BLBW —-2.6 —28.5 —30.8 -2.5 -0.0
BTBW -9.5 -21.2 -229 22 -0.3
BTNW —4.6 —233 —44.6 -0.0 -0.2
CERW —11.6 - - - -
EAWP -3.0 -30.9 -50.3 -0.0 -
LOWA —16.5 —-52.1 - -0.0 —4.2
OVEN —10.8 -329 —-56.9 —-3.4 -3.4
SCTA —11.1 —33.8 —51.0 —-1.6 -5.5
SWTH —0.6 —10.7 —5.1 - -0.2
WBNU -27.0 —63.0 - -0.3 —19.9
WEWA —4.5 —43.9 —51.0 -1.0 —-3.8
Positive KEWA - - 60.4 - 49.2
Interior edge
Negative AMRE - - - - —94
AMRO - - - —-53 -0.0
GCFL - - - -0.0 -2.3
NOPA -9.1 —42.4 - -0.0 —-7.8
RBGR —4.3 —30.8 —55.8 -0.0 23
RBWO —8.9 -35.1 —71.8 -0.8 -3.7
REVI - - - —6.0 -
VEER - —13.8 - -0.0 -
YBCU -5.1 —36.6 —86.5 -0.2 —6.7
YTWA —12.8 - —87.4 - -5.6
Positive BGGN - - - - 7.2
BHCO 64.8 96.2 141.5 66.8 2.1
CACH - - 122.2 - 0.3
CEDW 78.8 82.8 - - 51.4
DOWO - - 191.7 - -
SUTA 239 53.7 - - 6.1
TUTI - - - - 0.4
YTVI 10.5 59.2 283.2 2.6 9.6
Mixed HOWA —-10.4 - - - 0.1
Early succession
Negative EATO —11.2 —54.3 - —-3.8 —12.2
FISP - - - -99 -
INBU —18.5 - - -85 -
MODO - - - -0.0 -
PRAW -71 —41.0 —71.8 -0.0 -71
Positive AMGO - - 229.2 - -
BRTH 27.3 52.6 - - 50.4
CARW 38.4 69.7 15.6 24.0 13.6
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Table 6 continued

Response Species For CorFor CWED Mine Grass
COGR - 84.3 256.9 - -

Lo COYE - 97.8 - - -
Thresholds indicate the
biggest before/after change CSWA i ” 155.6 - B
in relative abundance. Plus NOCA 2.0 97.3 43.1 - 0.9
sign indicates a positive RWBL - 81.6 284.6 - -
response, minus sign a SOSP 516 821 248.6 . _
negative response. For ’ ’ ’
graphical representation, YWAR 78.8 88.9 280.5 - 46.8
see TITAN graphs in Fig. Mixed EABL - - 102.5 —0.0 -
S3. Species codes are in GRCA _ _ 129.1 32 _

Table S1

for MSE

Average Ranked Importance

Combined ES

W MatFor E CorMatFor

Fig. 3 Average random forest (n = 5,000) mean squared error
(MSE) ranked importance values by landscape metric for all
significant TITAN avian species for all species combined, by
habitat guild (FI = forest interior, IE = interior edge, and

[ CWED

[ Mine Grass

ES = early successional), and by positive or negative response.
Metrics were ranked from 5 (most important) to 1 (least
important) for each species and then averaged

Table 7 Number of species (% of total) for which each landscape metric was identified as being the most important based on
random forest (n = 5,000) MSE importance values for all species combined, by guild, and direction of response

Combined Early succession Forest interior Interior edge Negative Positive

# % # % # % # % # % # %
For 6 12.5 1 6 2 15 3 16 2 8 4 21
CorFor 6 12.5 - - 4 31 2 10.5 5 19 1 5
CWED 8 17 1 6 1 8 6 315 6 23 2 11
Mine 12 25 10 59 1 8 1 5 2 8 7 37
Grass 16 33 5 29 5 38 7 37 11 42 5 26

negatively responding species (Fig. 3), while forest
loss followed closely by a tie between total mineland
and grassland/shrubland were the top three for posi-
tively responding species. Grassland/shrubland was
the only metric consistently ranked among the top

@ Springer

three ranked metrics. Only considering the top metric
by species, total mineland was most important for
species responding positively while total grassland/
shrub was most important for species responding
negatively (Table 7).
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Discussion
Avian response

Our results identified nonlinear avian responses to
habitat loss and fragmentation and variation in sensi-
tivity among guilds and species to alteration of
landscape structure from MTR/VF. In general, the
transition away from forest land-cover in our 1-km
radius landscapes elicited more negative responses in
relative abundance than positive ones within the avian
community thresholds. This suggests that even when
forest habitat remains post-mining, it becomes degra-
ded and supports fewer forest interior birds. The
introduction of mineland and grassland/shrubland
land-cover types to a landscape produced immediate
negative responses at thresholds of 1-2 % for the
overall avian community and <10 % for most species.
Negative responses of species to core forest loss, forest
loss, and increased edge density, however, were more
delayed occurring at 10 % loss of forest cover and
25 % loss of core forest, indicating some resilience to
forest loss and introduced edges within the forest
songbird community but within limits.

Landscape conversion to MTR/VF mining was not
detrimental to all species. We identified a positive
response to thresholds across all metrics for 19 species
(39 %). However, a majority of these positive relative
abundance responses by individual species occurred at
greater amounts of land-cover change than the nega-
tive responses, meaning that negative responses occur
before any beneficial responses and the gap between
negative and positive responses was often large. All
overall community thresholds had large gaps between
the negative and positive thresholds, up to 75 % for
total mineland.

The broad range in the TITAN bootstrap quantiles
for the overall community thresholds indicate a more
gradual response within the bird community (Baker
and King 2010) most likely driven by the diversity of
responses by individual species that have quite
different habitat requirements ranging from early
successional shrublands to core forest. Partitioning
the overall community into habitat guilds identified
narrower thresholds, more useful for management
decisions directed at forest interior, interior edge, and
early successional habitat guilds. Thresholds for
individual species allow for evaluation of landscape
change on a species by species basis and may be

particularly useful for species of conservation
concern.

Forest interior birds prefer interior forest habitats
with minimal edge (Whitcomb et al. 1981) and our
study supports that landscape change away from a
forest-dominated landscape was detrimental to rela-
tive abundance of these species. This guild also was
the most sensitive to landscape change though the
greater uncertainty in forest loss thresholds as com-
pared to interior edge species could suggest the need to
reconsider the classification of some species between
these two guilds in relation to forest change. It had the
lowest thresholds for negative responses of the three
guilds and all but one species KEW A within the guild
had negative responses to all thresholds. Although
Kentucky warblers are considered to be forest interior
species, they also use shrubby woodland borders
(DeGraaf and Rappole 1995) and were observed in
forest with thick understory growth at our sample
points, which explains their positive response to
increased edge density and grassland/shrubland. The
worm-eating warbler (WEWA) is an area sensitive
(Robbins et al. 1989) forest interior species of
conservation concern that prefers steep wooded hill-
sides with dense patches of shrub cover in deciduous
and mixed deciduous-coniferous forests (Hanners and
Patton 1998). Our thresholds suggest declines would
occur in this species after 5 % forest loss (i.e. at
<95 % forest within 1 km), 44 % core forest loss, and
almost any amount of increase in mineland or
grassland/shrubland. The cerulean warbler (CERW),
another forest interior species of conservation concern
that requires large blocks of forest (Hamel et al. 2004;
Wood et al. 2006), had a negative response threshold
of 11.6 % forest loss (Fig. 4a). Previous research
suggests some tolerance to forest edges (Weakland
and Wood 2005; Wood et al. 2006), which is
supported by the absence of thresholds for mineland
and core forest. Detrimental edge effects on forest
interior species are more limited in heavily forested
landscapes (Rudnicky and Hunter 1993) supported by
the forest interior guild thresholds that indicated
benefits from small increases in edge density
(3.7-22.9 m/ha) after which the negative threshold
was surpassed.

The majority of responses for the interior edge guild
were negative but as expected, the guild seems
resilient to some forest loss. This guild had higher
negative response thresholds to forest loss (11 %) than
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the forest interior guild (4 %; Table 4), but individual
species had thresholds of 4-13 % (Table 6) suggest-
ing that 89 % forest in the 1-km landscape is a useful
target for forest interior as well as interior edge
species. A subset of species within this guild (e.g.
brown-headed cowbird [BHCO], cedar waxwing
[CEDW], summer tanager [SUTA], and yellow-
throated vireo [YTVI]) responded positively to forest
and core forest loss, which resulted in increased
amounts of edge. However, only small amounts of
mineland (7 %) and grassland/shrubland (9 %) within
our 1-km landscapes were beneficial for this guild as
these values are the threshold at which negative
responses occurred. The magnitude of change in
relative abundance was also reduced after surpassing
thresholds relative to the other guilds (Table 5),
indicating more gradual shifts in abundance.

The early successional guild, mostly shrubland
species due to our sampling scheme, was the primary
beneficiary of the observed landscape change; 10
species had significant positive responses to thresholds
while only five had negative ones. Previous research
has found successful occupation of reclaimed mines
by grassland (Monroe and Ritchison 2005; Stauffer
etal. 2011) and shrubland (Bulluck and Buehler 2008)
birds. Although we sampled only within forest habitat,
it would be expected that more grassland and

Fig. 4 Relative abundance

Cerulean Warbler

shrubland habitats nearby would also increase detec-
tions of shrubland species within adjacent forest
habitats; shrubland species often use forest edges.
The positive response of species within the guild was
due more to the presence of total grassland/shrubland
rather than strictly mineland, which was the combi-
nation of reclaimed grassland and barren. Barren
habitats seemed to have lesser utility for birds than
grassland/shrubland as only Carolina wren [CARW]
had a positive response to mineland, while four species
responded positively to total grassland/shrubland
(Table 6). However, negative response to forest
thresholds (7-18.5 % forest loss) for EATO, INBU,
and PRAW, Fig. 4c) indicates a benefit to maintaining
forest within a landscape. These species may be using
smaller patches from canopy gaps within the forested
landscape, the transitional forest edge as habitat, or
benefiting from the presence of tall trees as song
perches. Overall, the guild benefitted from edge
densities between 280-368 m/ha.

Management implications
To facilitate management decisions, we evaluated the
diversity of community thresholds across different

metrics with random forest importance ranks to
identify key metrics. The identification of key metrics
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Table 2 Landscape metrics used for threshold analyses and
calculated within 1 km radius around each sample point

Abbreviation Description

For 100 minus percent of cover within a 1 km
radius classified as forest

CorFor 100 minus percent of cover within a 1 km
radius classified as forest and greater than

100 m from a non-forest edge

Grass Percent of cover within a 1 km radius classified
as mine grassland/shrubland or other
grassland/shrubland. The majority is from
mining when mining activity is present

Mine Sum of % mine barren, % mine shrub or grass,
% valley fill, % mining facilities, and %
slurry impoundment within a 1 km radius

CWED Meters/hectare for all edges occurring between
forest and any other non-forest land-cover
class. Edges between non-forest classes were

given a weight of 0

is also important to facilitate interpretation among
metrics thresholds, as each threshold analysis was
completed individually. For example the percent
mineland thresholds seem very important for forest
interior species based on Table 4 but not important
based on Fig. 3. This apparent contradiction exists
because percent mineland, by itself, does identify
specific thresholds; however, in the presence of other
variables as part of the random forest analysis, the
explanatory power of this metric is superseded by
other metrics such as forest loss and grassland/
shrubland.

Grassland/shrubland land-cover had the highest
overall importance rank followed by the loss of both
core forest and forest. We hypothesize that grassland/
shrubland was important, even for negatively respond-
ing species because beyond estimating forest loss, it is
also important to determine the composition of the
habitat replacing the forest, with grassland/shrubland
being better than barren habitat. In this context
grassland/shrubland change can incorporate not only
an estimate of forest loss but the type of habitat
replacing forest possibly influencing its importance as
a metric. Forest loss and core forest loss ranked closely
among guilds with a slight edge to core forest,
suggesting the need to maintain some intact interior
forest.

We suggest management be focused on the amount
of land-cover that is in forest, core forest, and
grassland/shrubland as the management decision often

is whether to emphasize forest or early successional
habitat. Interior forest is important given the national
importance of biodiversity within the region (Ricketts
et al. 1999), the declines in many forest songbirds
(Peterjohn et al. 1995; Rittenhouse et al. 2010), and the
large extent of forest relative to other regions in the
eastern United States. At the same time, early
successional habitat is limited in the region (Trani
et al. 2001) and birds dependent on grasslands,
shrublands, and disturbed forest habitats have declined
steeply (Hunter et al. 2001; Dettmers 2003). In
choosing which goal to emphasize, little middle
ground exists because any landscape change to
promote benefits to early successional species will
surpass all negative thresholds for forest interior
species. Negative response thresholds to loss of forest
(forest interior neg. 4 %, interior edge neg. 11 %)
occur before reaching positive response thresholds
(interior edge pos. 16 %, early successional pos.
52 %). Negative thresholds also occur before positive
thresholds for forest interior and early successional
species for the grassland/shrubland land-cover,
although providing small amounts of grassland/shrub-
land could benefit interior edge species (<9 % total
grassland/shrubland).

Many methods have been proposed to detect
ecological thresholds (e.g. Brenden et al. 2008;
Sonderegger et al. 2009; Dodds et al. 2010) with the
goal to establish criteria for more informed manage-
ment decisions. However, these approaches are lim-
ited because they fail to use multivariate species
abundances (Brenden et al. 2008; Andersen et al.
2009). The advantage of our application of the TITAN
approach is the derivation of quantitative community
thresholds across multiple species as opposed to the
need to derive multiple single-species thresholds. Our
thresholds can simplify management decisions by
condensing the variability of managing for multiple
taxa into single quantified community management
targets that include rarely detected species, often the
focus of conservation concern, while maintaining the
ability to derive and use individual species’ thresholds
as needed for management.

However, the overall community thresholds are
harder to interpret given the different responses
combined within one value compared to the more
habitat specific avian guilds. The guild organization is
more feasible within a management framework as the
decision often is whether to manage for forest birds or
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to create habitat for early successional species. Thus,
specifically defining management units or targets is
important in maximizing the utility of the thresholds.

We caution against interpreting our results at
broader landscape scales than the 1 km radius in
which the analysis was conducted. Robbins et al.
(1989) found a non-linear relationship between forest
area and bird presence and Mitchell et al. (2001) found
no single scale appropriate for all species and guilds in
assessing landscape associations. Thompson et al.
(2012) did find that forest cover within a 10 km radius
was of the greatest importance for cerulean warbler
abundance, creating the possibly this could also be
true for our study. Overall, a need exists to expand this
research across multiple and larger landscape scales as
determined most vital for management. Additionally,
these thresholds are only in response to changes in
relative abundance and do not consider whether
increased abundance also leads to increased repro-
ductive success or survival.

Acknowledgments We thank the U.S. Environmental
Protection Agency for project funding. Jackie Strager and
Aaron Maxwell provided invaluable help in creating the land-
cover layers and deriving landscape metrics. Ryan King
provided assistance with use and interpretation of TITAN.
Ryan King, Ruthe Smith, and Jim Wickham provided comments
on earlier drafts of the manuscript. Finally, we thank all the
sources who provided additional data for use in our analyses
including the West Virginia Division of Natural Resources, the
USFS Daniel Boone National Forest, the Kentucky Department
of Fish and Wildlife, Jeremy Mizel, Molly McDermott, and
Matthew Shumar. Any use of trade, firm, or product names is for
descriptive purposes only and does not imply endorsement by
the U.S. Government.

References

Acton PM, Fox JF, Campbell JE, Jones AL, Rowe H, Martin D,
Bryson S (2011) Role of soil health in maintaining envi-
ronmental sustainability of surface coal mining. Environ
Sci Technol 45:10265-10272

Amichev BY, Burger JA, Rodrigue JA (2008) Carbon seques-
tration by forests and soils on mined land in the Midwestern
and Appalachian coalfields of the U.S. For Ecol Manag
256:1949-1959

Andersen T, Carstensen J, Hernandez-Garcia E, Duarte CM
(2009) Ecological regime shifts: approaches to identifica-
tion. Trends Ecol Evol 24:49-57

Baker ME, King RS (2010) A new method for detecting and
interpreting biodiversity and ecological community
thresholds. Method Ecol and Evol 1:25-37

Beckerle LT (2004) Techniques for encouraging native plants
and creating bobwhite quail habitat on drastically disturbed
land. Proc Natl Am Soc Min Reclam 21:127

@ Springer

Bernhardt ES, Palmer MA (2011) The environmental costs of
mountaintop mining valley fill operations for aquatic
ecosystems of the Central Appalachians. Ann N Y Acad
Sci 1223:39-57

Bibby CJ, Burgess ND, Hill DA, Mustoe SH (2000) Bird census
techniques, 2nd edn. Academic Press, London

Blaszczynski JS (1997) Landform characterization with Geo-
graphic Information Systems. Photogram Eng Rem Sen
63:183-191

Brabec E (2002) Impervious surfaces and water quality: a
review of current literature and its implications for water-
shed planning. J Plan Lit 16(4):499-514

Breiman L (2001) Random forests. Mach Learn 45:5-32

Brenden TO, Wang L, Su Z (2008) Quantitative identification of
disturbance thresholds in support of aquatic resource
management. Environ Manag 42:821-832

Buehler DA, Percy K (2012) Coal mining and wildlife in the
eastern United States: a literature review. University of
Tennessee. Available from http://www.appalachianwild
life.com/Coal%20Mining%?20and%20Wildlife%20in%20
the%20Eastern%20United%20States-final %20draft.pdf.
Accessed Oct 2014

Buehler DA, Welton MJ, Beachy TA (2006) Predicting cerulean
warbler habitat use in the Cumberland Mountains of Ten-
nessee. J Wildl Manag 70:1763-1769

Bulluck LP, Buehler DA (2008) Factors influencing golden-
winged warbler (Vermivora chrysoptera) nest-site selec-
tion and nest survival in the Cumberland Mountains of
Tennessee. Auk 125:551-559

Campbell JE, Fox JF, Acton PM (2012) Terrestrial carbon losses
from mountaintop coal mining offset regional forest carbon
sequestration in the 21st century. Environ Res Lett. doi:10.
1088/1748-9326/7/4/048701

DeGraaf RM, Rappole JH (1995) Neotropical migratory birds:
natural history, distribution, and population change.
Comstock Publishing Associates, Ithaca

Dettmers R (2003) Status and conservation of shrubland birds in
the northeastern U.S. For Ecol and Manag 185:81-93

Dodds WK, Clements WH, Gido K, Hilderbrand RH, King S
(2010) Thresholds, breakpoints, and nonlinearity in aquatic
ecosystems as related to management. J North Am Benthol
Soc 29:988-997

Dufrene M, Legendre P (1997) Species assemblages and indi-
cator species: the need for a flexible asymmetrical
approach. Ecol Mono 67:345-366

Dyer JM (2006) Revisiting the deciduous forests of eastern
North America. Bioscience 56:341-352

Ehrlich PR, Dobkin DS, Wheye D (1988) The birder’s hand-
book. Simon and Schuster, New York

Ernst C, Gullick R, Nixon K (2004) Protecting the source:
conserving forests to protect water. Opflow 30(1):4-7

Evans JS, Oakleaf J, Cushman SA, Theobald D (2014) An ArcGIS
toolbox for surface gradient and geomorphometric modeling,
version 2.0-0. Jeffrey S. Evans spatial ecology website. http://
evansmurphy.wix.com/evansspatial. Accessed Dec 2014

Farnsworth GL, Pollock KH, Nichols JD, Simons TR, Hines JE,
Sauer JR (2002) A removal model for estimating detection
probabilities from point-count surveys. Auk 119:414-425

Glennon MJ, Porter WF (2005) Effects of land use management
on biotic integrity: an investigation of bird communities.
Biol Conserv 126:499-511


http://www.appalachianwildlife.com/Coal%20Mining%20and%20Wildlife%20in%20the%20Eastern%20United%20States-final%20draft.pdf
http://www.appalachianwildlife.com/Coal%20Mining%20and%20Wildlife%20in%20the%20Eastern%20United%20States-final%20draft.pdf
http://www.appalachianwildlife.com/Coal%20Mining%20and%20Wildlife%20in%20the%20Eastern%20United%20States-final%20draft.pdf
http://dx.doi.org/10.1088/1748-9326/7/4/048701
http://dx.doi.org/10.1088/1748-9326/7/4/048701
http://evansmurphy.wix.com/evansspatial
http://evansmurphy.wix.com/evansspatial

Landscape Ecol (2015) 30:339-356

355

Gregg ID, Wood PB, Steketee AK (2001) Comparison of
reclaimed and unmined woodcock summer diurnal habitat
in West Virginia. Proc Annu Conf Southeast Assoc Fish
Wild Agencies 55:488-497

Groninger JW, Fillmore SD, Rathfon VA (2006) Stand char-
acteristics and productivity potential of Indiana surface
mines reclaimed under SMCRA. North J Appl For
23:94-99

Hamel PB, Dawson DK, Keyser PD (2004) How we can learn
more about the cerulean warbler (Dendroica cerulea). Auk
121:7-14

Hanners LA, Patton SR (1998) Worm-eating warbler (Helm-
itheros vermivorus). Number 367. In: Poole A, Gill F (eds)
The birds of North America. The Academy of Natural
Sciences, Philadelphia, and The American Ornithologists’
Union, Washington, DC

Harper KA, MacDonald SE, Burton PJ, Chen J, Brosofske KD,
Saunders SC, Euskirchen ES, Roberts D, Jaiteh MS, Esseen
P-A (2005) Edge influence on forest structure and com-
position in fragmented landscapes. Conserv Biol
19:768-782

Hunter WC, Buehler DA, Canterbury RA, Confer JL, Hamel PB
(2001) Conservation of disturbance-dependent birds in
eastern North America. Wildl Soc Bull 29:440-455

King RS, Richardson CJ (2003) Integrating Bioassessment and
ecological risk assessment: an approach to developing
numerical water-quality criteria. Environ Manag 31:795-809

Manly BFL (1997) Randomization, bootstrap, and Monte Carlo
methods. In: Biology, 2nd edn. Chapman and Hall, London

Maxwell AE, Strager MR (2013) Assessing landform alterations
induced by mountaintop mining. Nat Sci 5:229-237

Maxwell AE, Strager MP, Warner TA, Zegre NP, Yuill CB
(2014a) Comparison of NAIP orthophotography and Rap-
idEye satellite imagery for mapping of mining and mine
reclamation. Gisci Remote Sen 51:301-320

Maxwell AE, Warner TA, Strager MP, Pal M (2014b) Com-
bining RapidEye Satellite Imagery and LiDAR for Map-
ping of Mining and Mine Reclamation. Photogram Eng
Rem Sen 80:179-189

McGarigal K, Cushman SA, Neel MC, Ene E (2002) FRAG-
STATS: spatial pattern analysis program for categorical
maps. Computer software program produced by the authors
at the University of Massachusetts, Amherst. http://www.
umass.edu/landeco/research/fragstats/fragstats.html.
Accessed July 2014

Mitchell MS, Lancia RA, Gerwin JA (2001) Using landscape-
level data to predict the distribution of birds on a managed
forest: effects on scale. Ecol Appl 11:1692-1708

Monroe MS, Ritchison G (2005) Breeding biology of Henslow’s
sparrows on reclaimed coal mine grasslands in Kentucky.
J Field Ornithol 76:143-149

O’Connell TJ, Bishop JA, Brooks RP (2007) Subsampling data
from the North American Breeding Bird Survey for
application to the Bird Community Index, an indicator of
ecological condition. Ecol Indic 7:679-691

Peterjohn B, Sauer JR, Robbing CS (1995) Population trends
from the North American Breeding Bird Survey. In: Martin
TE, Finch DM (eds) Ecology and management of neo-
tropical migratory birds. Oxford University Press, New
York

Pike RJ, Wilson SE (1971) Elevation relief ratio, hypsometric
integral, and geomorphic area altitude analysis. Bull Geol
Soc Am 82:1079-1084

Qian SS, King RS, Richardson CJ (2003) Two methods for
detection of environmental thresholds. Ecol Model
166:87-97

R Development Core Team (2013) R: A language and envi-
ronment for statistical computing, reference index version
3.0.2. R Foundation for Statistical Computing, Vienna
ISBN 3-900051-07-0. http://www.R-project.org. Accessed
July 2014

Ralph CJ, Guepel GR, Pyle P, Martin TE, Desante DF (1993)
Handbook of field methods for monitoring landbirds. U S
For Serv Gen Tech Rep PSWGTR-144. http://www.fs.fed.
us/psw/publications/documents/psw_gtr144/psw_gtr144.
pdf. Accessed October 2014

Ricketts TH, Carney K, Abell RA, Walters S, Dinerstein E,
Olson DM, Loucks CJ, Eichbaum W, Dellasalla D, Kav-
anagh K, Hedao P, Hurley P (1999) Terrestrial ecoregions
of North America; a conservation assessment. Island Press,
Washington, DC

Riley SJ, DeGloria SD, Elliot R (1999) A terrain ruggedness
index that quantifies topographic heterogeneity. Intermt J
Sci 5:23-27

Rittenhouse CD, Pidgeon AM, Albright TP, Culbert PD, Clay-
ton MK, Flather CH, Huang C, Masek JG, Stewart SI,
Radeloff VC (2010) Conservation of forest birds: evidence
of a shifting baseline in community structure. PLoS ONE
5(8):¢11938. doi:10.1371/journal.pone.0011938

Robbins CS, Dawson DK, Dowell BA (1989) Habitat area
requirements of breeding forest birds of the Middle
Atlantic states. Wildl Mono 103:3-34

Rudnicky TC, Hunter ML (1993) Avian nest predation in
clearcuts, forests, and edges in a forest-dominated land-
scape. J Wildl Manag 57:358-364

Sonderegger DL, Wang H, Clements WH, Noon BR (2009)
Using SiZer to detect thresholds in ecological data. Front
Ecol Environ 7:190-195

Stauffer GE, Diefenbach DR, Marshall MR, Brauning DW
(2011) Nest success of grassland sparrows on reclaimed
surface mines. J] Wildl Manag 75:548-557

Suarez-Rubio M, Wilson S, Leimgruber P, Lookingbill T (2013)
Threshold response of forest birds to landscape changes
around exurban development. PLoS ONE. doi:10.1371/
journal.pone.0067593

Thompson FR III, Robbins MB, Fitzgerald JA (2012) Land-
scape-level forest cover is a predictor of cerulean warbler
abundance. Wilson J Ornithol 124:721-727

Townsend PA, Helmers DP, Kingdon CC (2009) Changes in the
extent of surface mining and reclamation in the Central
Appalachians detected using a 19762006 Landsat time
series. Rem Sens Environ 113:62-72

Trani MK, Brooks RT, Schmidt TL, Rudis VA, Gabbard CM
(2001) Patterns and trends of early successional forests in
the eastern United States. Wildl Soc Bull 29:413-424

USEPA (Environmental Protection Agency) (2003) Draft pro-
grammatic environmental impact statement on mountain-
top mining/valley fills in Appalachia—2003. USEPA,
Philadelphia,  Pennsylvania. =~ www.epa.gov/region03/
mtntop/eis2003.htm. Accessed July 2014

@ Springer


http://www.umass.edu/landeco/research/fragstats/fragstats.html
http://www.umass.edu/landeco/research/fragstats/fragstats.html
http://www.R-project.org
http://www.fs.fed.us/psw/publications/documents/psw_gtr144/psw_gtr144.pdf
http://www.fs.fed.us/psw/publications/documents/psw_gtr144/psw_gtr144.pdf
http://www.fs.fed.us/psw/publications/documents/psw_gtr144/psw_gtr144.pdf
http://dx.doi.org/10.1371/journal.pone.0011938
http://dx.doi.org/10.1371/journal.pone.0067593
http://dx.doi.org/10.1371/journal.pone.0067593
http://www.epa.gov/region03/mtntop/eis2003.htm
http://www.epa.gov/region03/mtntop/eis2003.htm

356

Landscape Ecol (2015) 30:339-356

USEPA (Environmental Protection Agency) (2011) The effects
of mountaintop mines and valley fills on aquatic ecosys-
tems of the central Appalachian coalfields. Office of
Research and Development, National Center for Environ-
mental Assessment, Washington, DC. EPA/600/R-09/
138F. http://cfpub.epa.gov/ncea/cfm/recordisplay.cfm?deid=
225743. Accessed Oct 2014

Weakland CA, Wood PB (2005) Cerulean warbler (Dendroica
cerulea) microhabitat and landscape-level habitat charac-
teristics in southern West Virginia. Auk 122:497-508

Whitcomb RF, Robbins CS, Lynch JF, Klimkiewicz BL, Byst-
rak D (1981) Effects of forest fragmentation on avifauna of
the eastern deciduous forest. In: Burgess RL, Sharpe DM
(eds) Forest island dynamics in man-dominated land-
scapes. Springer-Verlag, New York, pp 125-205

White GC (1992) PC SURVIV user’s manual. Department of
Fishery and Wildlife Biology, Colorado State University, Fort
Collins, Colorado. www.mbr-pwrc.usgs.gov/software/surviv.
shtml. Accessed July 2014

Wickham JD, Riitters KH, Wade TG, Coan M, Homer C (2007)
The effect of Appalachian mountaintop mining on interior
forest. Landsc Ecol 22:179-187

@ Springer

Wickham JD, Wood PB, Nicholson MC, Jenkins W, Druc-
kenbrod D, Suter GW, Strager MP, Mazzarella C, Gallo-
way W, Amos J (2013) The overlooked terrestrial impacts
of mountaintop mining. Bioscience 63:335-348

Wood PB, Williams JM (2013) Terrestrial salamander abun-
dance on reclaimed mountaintop removal mines. Wildl Soc
Bull 37:815-823

Wood PB, Edwards JW, Weakland CA, Balcerzak MI, Cham-
blin HD (2001) Terrestrial vertebrate (breeding songbird,
raptor, small mammal, herpetofaunal) populations of for-
ested and reclaimed sites. USEPA. http://nepis.epa.gov/
Exe/ZyPURL.cgi?Dockey=P100G25P.txt. Accessed Oct
2014

Wood PB, Bosworth SB, Dettmers R (2006) Cerulean warbler
abundance and occurrence relative to large-scale edge and
habitat characteristics. Condor 108:154-165

Zipper CE, Burger JA, Skousen IG, Angel PN, Barton CD,
Davis V, Franklin JA (2011) Restoring forests and asso-
ciated ecosystem services on Appalachian coal surface
mines. Environ Manag 47:751-765


http://cfpub.epa.gov/ncea/cfm/recordisplay.cfm?deid=225743
http://cfpub.epa.gov/ncea/cfm/recordisplay.cfm?deid=225743
http://www.mbr-pwrc.usgs.gov/software/surviv.shtml
http://www.mbr-pwrc.usgs.gov/software/surviv.shtml
http://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=P100G25P.txt
http://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=P100G25P.txt

	Impacts of mountaintop mining on terrestrial ecosystem integrity: identifying landscape thresholds for avian species in the central Appalachians, United States
	Abstract
	Context
	Objective
	Methods
	Results
	Conclusions

	Introduction
	Methods
	Study area
	Land-cover data and deriving landscape metrics
	Avian surveys
	Point count survey methods
	Assessing detection probability
	Analyzing thresholds
	Ranking metric importance

	Results
	Landscape metrics
	Removal models
	Threshold analysis
	Random forest

	Discussion
	Avian response
	Management implications

	Acknowledgments
	References


