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Abstract
Recent research assessed how hydrocarbon and wind energy expansion has altered the North American landscape. Less
understood, however, is how this energy development compares to other anthropogenic land use changes. Texas leads U.S.
hydrocarbon production and wind power generation and has a rapidly expanding population. Thus, for ~47% of Texas
(~324,000 km2), we mapped the 2014 footprint of energy activities (~665,000 oil and gas wells, ~5700 wind turbines,
~237,000 km oil and gas pipelines, and ~2000 km electrical transmission lines). We compared the footprint of energy
development to non-energy-related activities (agriculture, roads, urbanization) and found direct landscape alteration from all
factors affects ~23% of the study area (~76,000 km2), led by agriculture (~16%; ~52,882 km2). Oil and gas activities altered
<1% of the study area (2081 km2), with 838 km2 from pipelines and 1242 km2 from well pad construction—and that the
median Eagle Ford well pad is 7.7 times larger than that in the Permian Basin (16,200 vs. 2100 m2). Wind energy occupied
<0.01% (~24 km2), with ~14 km2 from turbine pads and ~10 km2 from power transmission lines. We found that edge effects
of widely-distributed energy infrastructure caused more indirect landscape alteration than larger, more concentrated
urbanization and agriculture. This study presents a novel technique to quantify and compare anthropogenic activities causing
both direct and indirect landscape alteration. We illustrate this landscape-mapping framework in Texas for the Spot-tailed
Earless Lizard (Holbrookia lacerata); however, the approach can be applied to a range of species in developing regions
globally.
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This study mapped direct anthropogenic landscape alteration in 47% of Texas (~324,000 km2; Fig. 1) and compared
alteration resulting from agriculture, urbanization, lowintensity development, and roads with alteration from oil
and gas well pads, hydrocarbon pipelines, wind generation
turbines, and high-voltage transmission lines. While oil and
gas infrastructure in North America was recently mapped
(Allred et al. 2015), the relative contribution of pads or
pipelines was not assessed. In addition, the National Land
Cover Database (NLCD; Homer et al. 2015) includes land
use classes for agriculture and urbanization; however, it is
difﬁcult to map alteration from roads and right-of-ways
without the corresponding roadway line maps (TXDOT
2016). Furthermore, it is impossible to assess the relative
extent of direct landscape alteration from energy development activities that may be mapped as “developed” and
“barren land” classes using NLCD. Thus, this study ﬁlls an
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Fig. 1 Study area, including ecoregions (Omernik and Grifﬁth 2014). The study area was selected to include the historic range of the Spot-tailed
Earless Lizard (Holbrookia lacerata) in Texas. AU Austin, MD Midland, SA San Antonio

important need by mapping and comparing how much each
non-energy and energy-related anthropogenic activity contributes to overall direct landscape alteration.
Understanding impacts from both direct and indirect
anthropogenic landscape alteration is important because
resulting changes in land cover threaten biodiversity globally (Fahrig 2003; McGarigal et al. 2005). Landscape
alteration has also been identiﬁed as a main cause of
wildlife extirpations and extinctions (Forman 2003; JuffeBignoli et al. 2014; Torres et al. 2016). Agriculture has been
linked to habitat degradation and mortality (Gibbon et al.
2000; Sparling et al. 2010). Urbanization reduces habitat
quantity and quality (Gibbon et al. 2000; McKinney 2008;
Wolf et al. 2013). Road construction transforms and fragments habitat while directly causing mortality (Forman
2003; Andrews et al. 2008; Christie et al. 2015). Lowintensity development (such as rural development) and

energy development has also been linked to habitat degradation (Finer et al. 2008; Brittingham et al. 2014; Christie
et al. 2015), hydrologic alteration (King and Tennyson
1984; Trombulak and Frissell 2000; Pierre et al. 2015),
habitat and vegetation fragmentation (Fahrig 2003; Hobbs
et al. 2008; Drohan et al. 2012), and the spread of exotic
species (Hansen and Clevenger 2005; Evangelista et al.
2011; Birdsall et al. 2012). In addition to effects to biodiversity, activities causing landscape alteration also may
affect communities and water resources, but assessing these
were outside of the scope of this study.
In North America, recent research has assessed anthropogenic landscape alteration from urbanization (Theobald
2003; Alig et al. 2004), road development (Pitman et al.
2005), and agricultural expansion (Huston 2005; Butsic and
Brenner 2016). Other researchers have separately mapped
landscape alteration resulting from energy development—
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such as wind power (Diffendorfer and Compton 2014;
Evans and Kiesecker 2014) and oil and gas extraction
(Drohan et al. 2012; Pierre et al. 2015; Slonecker and
Milheim 2015; Milt et al. 2016). Energy infrastructure
development for hydrocarbons and wind has recently
increased nationwide (Drohan and Brittingham 2012; Kiviat
2013; Diffendorfer and Compton 2014; Brand et al. 2014;
Shrimali et al. 2015; Abrahams et al. 2015; Pierre et al.
2015). The combination of horizontal drilling and hydraulic
fracturing revolutionized the oil and gas industry circa 2008
(Driskill et al. 2012; U.S. Government Accountability
Offﬁce 2012). Since then, the footprint of oil and gas in
North America has increased exponentially (Allred et al.
2015), causing estimated changes in land use as large as
approximately three Yellowstone National Parks to
accommodate this fossil fuel extraction infrastructure.
Concurrently, wind energy expansion also rapidly converted land to meet human consumptive needs (Kuvlesky
et al. 2007; McDonald et al. 2009; Diffendorfer and
Compton 2014).
The effects of direct and indirect (e.g., edge effects)
landscape alteration are species speciﬁc (Fischer and Lindenmayer 2007) and vary regionally (Jordaan et al. 2009).
Some species may beneﬁt from landscape modiﬁcation
while others may be adversely affected (Saunders et al.
1991). However, landscape alteration ultimately modiﬁes
the ecology of the surrounding landscape (Wilcove 1987;
Saunders et al. 1991). Some species, such as those requiring
interior habitat environments, lose habitats or their habitats
are degraded. When landscape alteration occurs, landscape
matrices change and may become more heterogeneous, food
webs change, landscape patterns and patch sizes change,
hydrology may change, and ultimately habitat impacts are
farther reaching than just the direct landscape alteration
(Fahrig 2002; Sawyer et al. 2006; Fischer and Lindenmayer
2007; Hebblewhite 2011; Pierre et al. 2015). Therefore,
understanding both direct and indirect alteration created
from each disturbance regime is essential to developing an
integrated approach to landscape conservation and management (Saunders et al. 1991; Ryberg et al. 2017). For
example, linear disturbances, such as access roads and
pipelines, bisect contiguous habitat, facilitate the spread of
invasive species (Barlow et al. 2017), and disrupt soil water
and nutrient ﬂow (Nasen et al. 2011).
Texas has been identiﬁed as a critical area in need of
continued research assessing how surface infrastructure
associated with urbanization, roads, agriculture, wind
power, and oil and gas development has altered the landscape (Drohan et al. 2012; Jones and Pejchar 2013; Moran
et al. 2015; Slonecker and Milheim 2015). Texas has ﬁve of
the eleven fastest-growing cities in the United States (U.S.
Census 2016). Forecasts of population growth from
2020–2070 estimate a 70% increase in future Texas
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residents. Texas also has several important oil and gas
producing regions, including the Permian Basin and Eagle
Ford Shale Play. In fact, Texas leads all U.S. states in
hydrocarbon (EIA 2017) and wind energy production
(Shrimali et al. 2015).
Less understood, however, is how recent individual
anthropogenic factors contribute to landscape alteration—
with associated edge effects—across the United States and
in Texas—the geographic focus of this study. These trends
suggest that expansion of the anthropogenic footprint due to
urbanization, road construction, wind power generation, oil
and gas extraction, and other resource development in
Texas will increase in the future. Also important is evaluating the extent to which different anthropogenic factors
increase landscape alteration through edge effects. For
example, some activities perforate landscapes (e.g., well or
turbine pads) while others (e.g., linear pipelines and roads)
effectively bisect the landscape (Fahrig et al. 2011; Battisti
et al. 2016; Pierre et al. 2017). Thus, a map of recent direct
landscape alteration is urgently needed from which to
compare future alteration. Therefore, this study created a
high-resolution map of land use in 47% of Texas—
including the footprint of energy infrastructure—which is
not readily available from datasets such as the National
Land Cover Dataset (Homer et al. 2015) or the Ecological
Mapping System of Texas (Elliot et al. 2009).
The objective of this study was to quantify and compare
direct landscape alteration and edge effects resulting from
oil and gas infrastructure and wind energy development to
other anthropogenic factors. Speciﬁcally, we:
(1) created a new dataset of the footprint of energy
infrastructure as of 2014,
(2) mapped the surface footprint of all oil and gas
occurring in our study area—which includes wells in
the Eagle Ford Shale Play (unconventional) and
Permian Basin (conventional and an increasing
number of unconventional), and
(3) compared the relative impact of energy and nonenergy-related development in the study area.
This study was motivated by conservation concerns
regarding the Spot-tailed Earless Lizard (Holbrookia
lacerata)—a lizard whose historic range included much of
central and south Texas and has been petitioned for protection under the Endangered Species Act (Wild Earth
Guardians 2010). Thus, the results of this study are being
used to inform the U.S. Fish and Wildlife Service federal
listing determination for the species—and can also be used
to assess other environmental questions in the study area.
We chose 2014 as the time period for our study due to
availability of high-resolution aerial photography, which
was the latest available to us at the start of this project. This
detailed knowledge of regional land use trends should be of
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great interest to stakeholders needing to plan and mitigate
future development, as well as establish a baseline for
monitoring future changes on the landscape.

datasets, while energy-related development was mapped by
creating derivative datasets—using the approaches described below. We assessed resulting alteration within Omernik
Level III ecoregions (Omernik and Grifﬁth 2014).

Materials and Methods

Mapping non-energy related development

Study Area

All non-energy related development was mapped by using
datasets directly, either by resampling raster datasets or by
rasterizing polygon datasets. We ﬁrst mapped urban areas
using a dataset of urbanized areas in Texas (Texas Natural
Resources Information System 2016). The polygon shapeﬁle was converted to a 10-m resolution raster. To map
roadway development, we followed the methods of Pierre
et al. (2017), whose methodology utilizes the 2014 TxDOT
roadway inventory (TXDOT Texas Department of Transportation 2015) buffered by the right-of-way (ROW) width
and the 2015 TxDOT roadway lines areas (Texas Natural
Resources Information System 2016). All buffered roadways and polyline roadways were converted to a 10-m
resolution raster. We identiﬁed agricultural development by
resampling the 30-m 2011 National Land Cover Dataset
(NLCD; Homer et al. 2015) to 10-m resolution. We combined NLCD values for cropland and pasture (Table S1).
Low-intensity development was mapped by combining the
developed classiﬁcations from the resampled 10-m NLCD
(Table S2).

We assessed direct landscape alteration for ~47% of Texas
(~324,000 km2) within the historic range of the Spot-tailed
Earless Lizard in Texas (Fig. 1). The study area includes the
metropolitan areas of Austin, San Antonio, and Midland
and widely distributed agricultural activity. Also found in
the study area are two major oil and gas regions—the
Permian Basin and the expanding Eagle Ford Shale play
(EIA 2017)—that recently experienced rapid growth as a
result of increased use of hydraulic fracturing combined
with directional drilling. Another expanding energy sector
in the study area is wind energy development associated
with the Competitive Renewable Energy Zone (Kuvlesky
et al. 2007; Woodﬁn 2008).

Landscape Alteration
Data used to assess landscape alteration
We mapped direct landscape alteration resulting from a
suite of anthropogenic factors using several datasets. The
National Landcover Dataset (NLCD; Homer et al. 2015)
was used to map alteration from agriculture and lowintensity development. The National Agricultural Imagery
Program (NAIP) 1-m aerial photography (2014) was used to
identify direct landscape alteration caused by oil and gas
and wind power generation infrastructure. We downloaded
all oil and gas wells (i.e., production, injection, horizontal,
vertical, abandoned, wildcat, etc.) permitted within the
study area as of October 24, 2014 from the IHS Enerdeq
Database (IHS 2016). This date corresponded with the latest
NAIP acquisition date in the study area. We acquired oil
and gas pipeline networks from the Railroad Commission of
Texas, the state oil and gas regulatory agency (RRC 2014).
The locations of wind turbines installed as of December 31,
2014 were downloaded from the Federal Aviation Administration (FAA 2016). High voltage electrical transmission
routes were plotted using approved 2011 Competitive
Renewable Energy Zone lines. Roads and right-of-ways
were assessed using the 2014 Texas Department of Transportation roadway inventory (TXDOT 2016) and 2015
TxDOT roadway lines (TXDOT 2016). Urban areas were
plotted using the urbanized areas of Texas dataset (Texas
Natural Resources Information System 2016). Non-energyrelated landscape alteration was mapped directly using

Mapping energy related development
We created an entirely new land use/land change dataset,
which mapped direct landscape alteration resulting from
energy-related infrastructure development. The workﬂow
we utilized to locate and map oil and gas drilling pad
infrastructure is described in detail in Pierre et al. (2017);
however, we provide a detailed summary of the approach
here. We mapped direct landscape alteration using 1-m
resolution National Agriculture Imagery Program (NAIP/
USDA-NAIP 2014) aerial images acquired in 2014, which
was the most recent available at start of the study. Iso
cluster unsupervised image classiﬁcation was executed in
ArcGIS (version 10.2) to create 100 landscape classes
(following the methods of Pierre et al. 2015 and Pierre et al.
2017), which were resampled to 10-m resolution and converted to polygons. Overlaps with roadways and urban
areas were removed to create “bare-earth” polygons.
We mapped oil and gas drilling pad infrastructure by
downloading all oil and gas wells permitted in the study
area as of December 1, 2014 (i.e., production, injection,
horizontal, vertical, abandoned, wildcat, etc.; IHS 2016).
Wells permitted after October 24, 2014 were eliminated to
correspond with the latest NAIP acquisition date in the
study area. We did not consider wells coded as recompleted,
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re-drilled, or deepened, which we assumed to be a reworked
existing well. Bare-earth polygons within 90 m of one or
more wells were converted to a 10-m landscape-alteration
raster. Wells without mapped alteration representing a well
pad were either moved to an altered-landscape cluster or
removed from the dataset. When wells occurred in alteration
clusters larger than 4.5 ha (likely fallow agricultural ﬁelds
or other bare ground not associated with a well pad), we
assumed that alteration from pad development was immediately adjacent to the well and not throughout the whole
cluster. Therefore, we only classiﬁed cells in these large
alteration clusters within a 30-m radius of a well as caused
by oil and gas operations. When two or more wells were
located within 100 m of each other, we classiﬁed them as
multiple wells on a single pad.
We mapped direct landscape alteration from oil and gas
pipelines following the methods of Pierre et al. (2017) and
applying a 30-m buffer to mapped pipelines. To map wind
energy turbine pads, we selected turbines built as of
December 31, 2014 and followed the methods of Pierre
et al. (2017), which was similar to the approach to map oil
and gas alteration, except wind turbine locations permitted
by the FAA were used in lieu of permitted well locations.
We mapped high voltage electricity transmission lines by
manually editing 2011 approved routes based on visual
inspection of NAIP imagery because as-built locations are
not publicly available for security reasons. We applied a 30m buffer to the edited high voltage transmission routes and
followed the methods of Pierre et al. (2017) to extract
alteration from the construction of this infrastructure.
We did not map access roads to either oil and gas (O&G)
or wind pads as private access roads do not fall under the
purview of TxDOT and these spatial data are not available.
We recognize this as a limitation in our methodology and
refer the reader to the “assumptions and limitations of
landscape alteration assessment” section.
Hierarchical reclassiﬁcation and summation of landscape
alteration mapping
We used a hierarchical classiﬁcation system to assign only
one alteration type to pixels where several alteration factors
overlapped following the schema in Table S2. We also
classiﬁed any developed areas from the NLCD not overlapping with the urbanized layer as low-intensity development. We created maps of the individual anthropogenic
factors and of the cumulative direct landscape alteration of
all past and present human actions since a baseline, preColumbian landscape by summing landscape alteration
from each individual factor. We summarized these results at
1-km2 resolution and mapped them as percent alteration of a
1-km2 cell to facilitate display. We also present direct
landscape alteration results for each ecoregion.
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Landscape alteration metrics
We evaluated the extent to which edge effects may increase
the overall landscape footprint alteration for each anthropogenic activity. Consistent with landscape ecology practices, we mapped edge areas by applying a 100-m buffer to
each alteration cluster (Howell et al. 2006; Jordaan et al.
2009; Johnson 2010; Svobodová et al. 2011; Drohan et al.
2012). We calculated the ratio of the area of edge to the area
of the alteration cluster surrounded by the 100-m buffer.
Thus, we used the edge–to–alteration ratio as an informative
metric to inform how the shape of a landscape alteration
cluster may increase the overall alteration area. For example, many small landscape alteration clusters, such as well
pads, would have a higher edge–to–alteration ration than
one, large altered area, such as an urban area.

Results
Cumulative Alteration
We found that 23.4% (75,786 km2) of the landscape in the
study area has been altered (Figs. 2, 3; Tables 1, 2). Much
of this direct landscape alteration occurs to the east and
south of a line between Austin and San Antonio. Additional
areas of focused direct landscape alteration occur within a
~300 km radius north of Midland. When we examined
direct landscape alteration by ecoregions (Table 2), we
found that the Western Gulf Coastal Plain had the highest
cumulative direct landscape alteration area (22,061 km2),
followed by the East Central Texas Plains (10,533 km2).
However, by percentage, the Texas Blackland Prairies had
the largest percentage of alteration (9153 km2, 63%). In
contrast, the Chihuahuan Deserts had the lowest total
alteration (1089 km2, 3%).

Non-Energy-Related Development
We found that agriculture dominated non-energy-related
anthropogenic direct landscape alteration that occurred
since a pre-Columbian baseline (Figs. 3, 4a; Tables 1, 2).
Conversion of pre-existing vegetation to agriculture altered
16.4% of the study area (52,882 km2 and accounted for 70%
of total alteration (Fig. 3). Agricultural alteration dominates
in the southeastern and northern portions of the study area
(Fig. 4a). We assessed two types of development. First, we
found that low-intensity development altered 3.2% of the
study area (13.6% of total direct landscape alteration;
10,304 km2; Figs. 3, 4b) and was distributed throughout the
entire study area. The most affected ecoregion from lowintensity development is the Texas Blackland Prairies and
the least are the Edwards Plateau and the Chihuahuan
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Fig. 2 Cumulative landscape alteration, showing the sum of energy and non-energy factors, expressed as percent alteration of a 1-km2 cell. AU
Austin, MD Midland, SA San Antonio

64% of the cell and low-intensity development altered 5%.
Roads altered 2686 km2 of the landscape (0.8% of the study
area; 4% of total alteration; Figs. 3, 4d; Tables 1, 2).

Energy-Related Development

Fig. 3 Landscape alteration resulting from each anthropogenic factor.
Landscape alteration values on ﬁgures are reported in square kilometers and, in parentheses, percentage of total landscape alteration
resulting from each anthropogenic factor (due to rounding percentages
do not add up to 100%)

Deserts (Tables 1, 2). Second, urbanization caused 10.3% of
total direct landscape alteration (7817 km2, 2.4% of study
area; Figs. 3, 4c; Tables 1, 2) and—apart from Austin and
San Antonio—is dispersed in towns throughout the study
area. A comparison of 1-km2 cells with at least one alteration pixel indicated that on average urbanization altered

Our mapped energy-related direct landscape alteration
found that oil and gas extraction altered 2081 km2 (0.6% of
study area; 2.7% of the total alteration; Figs. 3, 4e). Of this,
direct landscape alteration from well pads was 1243 km2
and hydrocarbon pipelines was 839 km2. All the ecoregions
in the study area had oil and gas development, however,
≤1% of any given ecoregion was altered (Tables 1, 2). Other
researchers have assessed the effects of oil and gas development to air, water quality, water demand, health, and
social aspects (e.g., Nicot and Scanlon 2012; Vengosh et al.
2014); however, such assessments were outside the scope of
this study. We also evaluated oil and gas pads in the study
area (n = 354,615) and calculated pad sizes and numbers of
wells per pad (Table 3) for the Eagle Ford Shale Play, which
is dominated by unconventional wells (i.e., horizontal,

UA unaltered area, A agriculture, LD low-intensity development, U urbanized areas, RD roads, OG pads oil and gas drilling pads, OG pipelines oil and gas pipelines, Wind pads wind turbine pads,
Wind transmission high voltage wind energy transmission lines

–
–
–
–
0.5
1.9
4.1
2.4
0.7
0.7
10.4
29.6
2.3
0.0
0.6
–
0.9
0.8
6.0
0.5
2.2
0.4
13.5
25.0
18,484.2
13,425.4
43,359.5
5471.1
17,589.9
16,292.4
70,936.4
18,399.6
8895.4
34,478.6
247,332.4
–
Western Gulf Coastal Plain
East Central Texas Plains
Southern Texas Plains
Texas Blackland Prairies
High Plains
Central Great Plains
Edwards Plateau
Cross Timbers
Southwestern Tablelands
Chihuahuan Deserts
Total
Edge–to–alteration ratio (km2/km2)

18,142.6
8711.3
6723.1
5902.8
6010.5
3909.8
424.1
1588.1
1222.9
243.5
52,878.6
0.6

1584.9
1048.8
2048.8
826.4
674.3
1069.0
1599.3
899.5
309.4
241.9
10,302.4
5.4

1725.4
284.7
527.9
2092.6
646.3
568.9
1250.2
513.1
84.5
121.0
7814.6
0.1

400.2
312.7
297.5
278.0
207.7
236.0
451.1
235.8
86.6
180.2
2685.9
13.0

99.1
100.1
226.8
34.5
341.2
46.2
165.9
33.6
31.3
164.0
1242.7
13.7

106.4
75.1
201.2
18.2
112.9
21.0
126.8
26.7
13.0
137.1
838.4
25.1

Wind transmission
UA

A

LD

U

RD

OG pads

OG pipelines

Wind pads

22,060.8
10,532.6
10,025.8
9152.5
7994.3
5853.7
4027.4
3299.7
1750.7
1088.9
75,786.4
–

–
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Ecoregion

Non-energy
Alteration by factor (km²)

Table 1 Landscape alteration within each ecoregion resulting from each anthropogenic factor

Energy

Total alteration in ecoregion

40,545.0
23,958.1
53,385.3
14,623.5
25,584.2
22,146.1
74,963.8
21,699.3
10,646.1
35,567.5

Total ecoregion area
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hydraulically fractured) and the Permian Basin, which is a
mix of conventional wells (i.e., vertical), in addition to
hydraulically fractured vertical wells and an increasing
number of hydraulically-fractured horizontal wells.
Infrastructure development for wind power generation
altered 24 km2 (0.007%) of the study area and accounts for
0.03% of total alteration (Figs. 3, 4f). Of this, 14 km2 was
turbine pads (median pad side = 500 m2) and 10 km2 was
from high voltage power transmission line infrastructure.
The highest concentrations of alteration from wind were in
the High Plains, Southwestern Tablelands, and the northern
portion of the Edwards Plateau (Tables 1, 2). High concentrations of wind alteration also exist in the Western Gulf
Plain region along the coast.
We also provide alteration data summarized at the county
level in the Supplemental Results section to provide insight
for practitioners involved with regional-scale planning and
conservation efforts for the Spot-tailed Earless Lizard and
other species of conservation concern. All data are available
online for download at: https://doi.org/10.18738/T8/
UDDPTE.

Landscape Alteration Metrics
We found that the edge–to–alteration ratio of non-energy
factors (i.e., agriculture and urban areas) was lower than
energy-related activities (i.e., wind power and oil and gas
infrastructure; Table 1). For example, urbanization and
agricultural development result in large, contiguous blocks
of alteration with the lowest edge–to–alteration ratios,
resulting in 0.1–0.6 km2 of edge effect for every 1-km2 of
alteration (Table 1). Low-intensity development, which
perforates landscapes, had a higher edge–to–alteration ratio
(5.4). Roadway development, which bisects landscapes with
relatively narrow corridors, had the highest non-energy
edge–to–alteration ratio (13.0). We found alteration from
energy-related activities generally affected smaller areas
than non-energy factors; however, energy development had
a consistently higher potential for creating edge effects.
Linear alteration caused by construction of wind power
transmission lines and oil and gas pipelines had the highest
edge–to–alteration ratios (29.6 and 25.1, respectively). Pads
for wind turbines had a higher edge–to–alteration ratio
(25.0) than pads for oil and gas wells (13.7).

Discussion
Comparison of Landscape Alteration from NonEnergy and Energy-Related Development
We created novel direct landscape alteration datasets for
energy-related infrastructure development—not speciﬁcally
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Table 2 Percent of ecoregion altered by each anthropogenic factor
Percent of ecoregion altered by each factor
Non-energy

Energy

Total ecoregion alteration

Ecoregion

A

MD

U

TD

OG pads

OG pipelines

Wind pads

Wind transmission

Texas Blackland Prairies

40.4

5.7

14.3

1.9

0.2

0.1

–

–

62.6

Western Gulf Coastal Plain

44.7

3.9

4.3

1.0

0.2

0.3

–

–

54.4

East Central Texas Plains

36.4

4.4

1.2

1.3

0.4

0.3

–

–

44.0

High Plains

23.5

2.6

2.5

0.8

1.3

0.4

–

–

31.1

Central Great Plains

17.7

4.8

2.6

1.1

0.2

0.1

–

–

26.5

Southern Texas Plains

12.6

3.8

1.0

0.6

0.4

0.4

–

–

18.8

Southwestern Tablelands

11.5

2.9

0.8

0.8

0.3

0.1

–

–

16.4

Cross Timbers

7.3

4.1

2.4

1.1

0.2

0.1

–

–

15.2

Edwards Plateau

0.6

2.1

1.7

0.6

0.2

0.2

–

–

5.4

Chihuahuan Deserts

0.7

0.7

0.3

0.5

0.5

0.4

–

–

3.1

UA unaltered area, A agriculture, LD low-intensity development, U urbanized areas, RD Roads, OG pads oil and gas drilling pads, OG pipelines oil
and gas pipelines, Wind pads wind turbine pads, Wind transmission high voltage wind energy transmission lines

included in publicly available land cover datasets—and
found that agriculture, including crops and pasture, was the
most important direct landscape alteration factor in our
~324,000 km2 study area (70% of total alteration; Figs. 3,
4). This was followed, in descending order, by low-intensity
development (14% of total alteration), urbanization (10%),
and roads (4%). We found that less than 4% of total direct
landscape alteration was attributed to energy infrastructure,
with 3% caused by oil and gas operations and less than 1%
from wind power generation. An interesting ﬁnding of this
work is how anthropogenic alteration plays out in the
landscape. For instance, low-intensity development and
roads are widely dispersed across the study area and alter a
relatively low percent of any 1-km2 cell we assessed (Figs.
4b, 4d). Agriculture, on the other hand, spans much of the
Gulf Coast plains and High Plains and intensely alters the
landscape where it occurs (Fig. 4a). Not surprisingly,
urbanization from major cities (i.e., Austin and San Antonio) is focused along transportation corridors and alters a
high percent of the landscape where it occurs (Fig. 4c).
Conversely, we found that oil and gas development is
widely dispersed across large areas of the state—particularly in the Permian Basin and Eagle Ford Shale Play—and
that this development, where it occurs, alters a relatively
low percent of the landscape (Fig. 4e). The pattern of direct
landscape alteration caused by wind power generation is
similar to that of oil and gas in that wind turbines—like
wells—are constructed on rectilinear pads. Furthermore, the
installation of power transmission lines—like pipelines—
result in long, narrow swaths of direct landscape alteration.
We also found that wind turbines and associated power
transmission lines affected a much smaller area than oil and
gas infrastructure.

Our analysis of edge–to–alteration ratios for each
anthropogenic factor elucidated important overall effects
that simply evaluating direct landscape alteration area did
not reveal. For example, we found that alteration from
energy-related activities had a higher edge–to–alteration
ratio than non-energy activities. Our assessment also
revealed that linear infrastructure installed for energy conveyance—whether electricity or hydrocarbons—had the
highest potential for edge creation. Finally, while wind
turbine pads had higher edge–to–alteration ratios than well
pads, the greater number of oil and gas wells (~665,000)
compared to wind turbines (~5700) highlights the overall
importance of edge effects that resulted from drilling
thousands of wells in the study area. One approach to
mitigate the edge effects of well pad construction for oil and
gas operators is to drill more multi-well pads.

Energy Sprawl: Growth of Oil and Gas Development
and Wind Power Generation
This study mapped anthropogenic activities and their impact
on the landscape as of 2014. However, this footprint is not
static and we expect the relative contribution of each
alteration factor to change in the future. This trend is of
particular interest for the energy sector, and has been
labeled “energy sprawl” (Trainor et al. 2016). For example,
oil and gas energy resource development in Texas—such as
the Eagle Ford, where the number of permitted wells has
dropped from 5613 in 2014 to 1119 in 2016 (RRC 2017)—
will continue expanding when oil prices rebound (West
Texas Intermediate Crude was ~$53/barrel in March 2017,
falling from > $100/barrel 2 years before; EIA 2017). For
example, development in the Eagle Ford is expected to
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Fig. 4 Landscape alteration, expressed as percent alteration of a 1-km2 cell, resulting from (a) agriculture, (b) low–intensity development, and (c)
urbanized areas, (d) TxDOT roads, (e) oil and gas, and (f) wind energy

continue, with only 10% of wells drilled to date (Gong et al.
2013; Scanlon et al. 2014a, 2014b). In addition, wind power
generation has also expanded recently, and Texas now

produces more wind energy than any other state in the U.S.
(Shrimali et al. 2015). We found that the overall physical
footprint of energy development on the landscape in Texas
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Table 3 Well pad size and number of wells per pad in Permian Basin
and Eagle Ford Shale Play
Region

Number of Well pads Well pad size (m2) Wells per pad

Study area
354,615
Permian Basin 195,713
Eagle Ford
7076
Shale Play

Mean

Median

Mean

Median

3619
3760
16,970

1500
2100
16,200

1.21
1.15
2.02

1
1
2

is relatively small; however, we did not assess how this
development may affect broader biophysical processes or
ecological/biological systems.

Comparison of Well Pads in the Eagle Ford Shale
Play and the Permian Basin
Our analysis of direct landscape alteration resulting from oil
and gas infrastructure revealed that pads for wells in the
Eagle Ford Shale Play were more than four times the size of
pads in the Permian Basin. This result is consistent with the
ﬁndings of other researchers who assessed oil and gas
infrastructure and found pads for unconventional wells to be
larger than their conventional counterpart (Johnson 2010).
We also found that drilling pads across the study area have
on average of 1.2 wells per pad. Thus, future drilling
operations could mitigate their impact by increasing the
number of wells per pad and by sharing existing oilﬁeld
roads and pipelines (Drohan et al. 2012). To this end, our
research group is currently generating 50-year forecasts of
possible future well pad locations and resulting landscape
alteration for the Eagle Ford Shale Play and Permian Basin
in Texas. These forthcoming results could be used by
operators to optimize placement of oil and gas infrastructure
that minimizes landscape alteration, and resulting potential
impacts to species’ habitat, erosion of soil, and degradation
of watershed quality.

Implications for Conservation of Spot-tailed Earless
Lizard and other Species with State and Federal
Conservation Interests
Anthropogenic activities cause land use changes, which
threaten biodiversity globally (Fahrig 2003); however,
responses to landscape alteration are species-speciﬁc and
span a broad range. This study is a ﬁrst step in understanding what landscape alteration is occurring within
habitats of species in our study area. Essential to biodiversity conservation—for the Spot-tailed Earless Lizard and
other species—is identifying potential threats and developing mitigation strategies. The Texas Conservation Action
Plan (TCAP; TPWD 2012) identiﬁes species of conservation interest, threats to habitats, and proposes conservation

strategies for dozens of terrestrial and aquatic species of
state and federal interest. The TCAP speciﬁcally calls out
population growth (i.e., urbanization), agricultural land
management, and energy production and transmission (oil,
gas, and wind) as priority issues potentially affecting species conservation at a state and ecoregion level. Thus, the
landscape alteration analysis we completed for this study
can be applied by other researchers working on conservation of dozens of species listed in the TCAP and found
within our study area. One such species—which is the
motivation for this study—is the Spot-tailed Earless Lizard.
We suspect the Spot-tailed Earless Lizard to be an early
successional species that may favor certain types of landscape alteration. However, invasive vegetation and fauna
following changes in land-use may also adversely affect the
species (Axtell 1998). As part of a larger research program
for the Spot-tailed Earless Lizard, ongoing studies, including the use of radio telemetry, seek to improve our understanding of how the species responds to landscape alteration
(Wolaver et al. 2018). Once these data become available,
our mapping of landscape alteration could be used to inform
conservation strategies. Additionally, the landscape alteration mapping of this study will be used directly by the U.S.
Fish and Wildlife Service to help determine whether protection for the Spot-tailed Earless Lizard under the Endangered Species Act is warranted. Should pre-listing
conservation efforts such as a Candidate Conservation
Agreement with Assurances (CCAA) be implemented, the
results of this study will also inform these management
actions. Thus, while we focused on the historical range of
the Spot-tailed earless lizard, our results can be used to
improve conservation outcomes for other species of state
and federal interest within this study area.
The goal of this study was to map and compare direct
alteration from different landscape conversion regimes.
However, it is important that land managers and planners
also consider indirect impacts to the landscape as well. For
instance, we have shown that patterns of direct landscape
alteration from energy development results in a diffuse
alteration of the landscape, whereas direct alteration from
urban and agricultural expansion is larger and aggregated.
We show these alteration types have different indirect edge
impacts. In addition, the Texas Conservation Action Plans
(Texas Parks and Wildlife Department 2012) highlight the
potential threats of different alteration regimes within each
ecoregion on habitats of species of interest and call for
different mitigation strategies. For example, the widelydistributed linear features associated with access roads and
transmission lines for wind and O&G development may
create edge effects through interior habitats opening up
predator corridors and pathways for invasive species.
Additionally, Texas does not require operators to reclaim
these areas with native seeds. In contrast, conversion to
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agricultural production not only creates habitat loss but also
creates additional concerns with pesticide and fertilizer use,
which may impact native fauna or adjacent water sources.
Therefore, different mitigation strategies are suggested for
each type of alteration. Examples may include incentivizing
private landowners to reclaim lands altered by energy
development with native plants and working with the
energy industry to ﬁnd creative ways to avoid, minimize,
and mitigate impacts to listed and candidate species (Texas
Parks and Wildlife Department 2012). These types of
mitigation measures can be achieved by avoiding intact
landscapes, minimizing the creation of new access roads,
the use of multi-well pads, controlled site access, and
reclamation with native plant species. Similarly, agricultural
and urban expansion can be limited by the creation of
conservation easements or creating incentives when possible to prevent further conversion of the landscape.

Future Research Directions
This study assessed the cumulative impact of all past and
present anthropogenic landscape conversions and mapped
how they altered the landscape in our study area. As part of
a larger research program investigating the Spot-tailed
Earless Lizard (Wolaver et al. 2018), the results of this
study will feed into ongoing studies that seek to (1) improve
our understanding of how landscape alteration affects the
species and (2) understand potential future threats to the
species. First, to understand the species’ response to its
environment, we are currently conducting radio telemetry
studies at several sites within the historic range of the Spottailed Earless Lizard. The results of the telemetry studies
will be used to test potential hypotheses of how land
development, invasive species, ﬁre suppression, and other
factors may potentially affect the species throughout its
potential modern range. Second, while we now understand
present direct landscape alteration and will soon understand
how this information can be used to develop on-the-ground
conservation strategies, successful conservation of the species depends upon understanding its potential future threats.
To this end, as part of the larger research program, we are
currently forecasting the footprint of agriculture, urbanization, wind power development, oil and gas infrastructure,
and other anthropogenic factors (Wolaver et al. 2018).

Assumptions and Limitations of Landscape
Alteration Assessment
Our analysis used the best available data to map landscape
alteration resulting from a suite of anthropogenic factors in
47% of Texas as of 2014. Despite several limitations in the
approach we used, the results provide a useful tool to
identify and compare the relative importance of contributors
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to landscape alteration at a regional scale. One potential
limitation is a result of the large size of our study area.
Other researchers conducting studies in smaller areas have
manually digitized the footprint of oil and gas (Drohan et al.
2012). The geographic scope of our study necessitated
using a semi-automated landscape classiﬁcation approach
following the methods of Pierre et al. (2017), which may
not be as accurate as manually digitizing well pads and
pipeline routes. Nevertheless, it was not practical for us to
digitize the 354,615 oil and gas pads in the study area. Also,
locations of wells drilled before the advent of surveys using
GPS in the 1990s (IHS 2016) occasionally did not plot on a
well pad apparent from visual inspection of aerial imagery.
However, the approach of Pierre et al. (2017) corrected for
these inaccuracies and associated each well with its correct
well pad. In addition, we manually corrected the location of
proposed high voltage electrical transmission routes so that
our ﬁnal routes matched aerial photo interpretation. We
used a hierarchical approach in classifying direct landscape
alteration that ﬁrst assigned alteration to previously mapped
urban and road areas when these alterations were co-located
with newly mapped energy development, potentially
underestimating some of the mapped energy infrastructure.
Because spatial databases of private access roads in oilﬁelds and wind farms do not exist for private lands in
Texas, we did not map these important causes of landscape
alteration. While other studies that were constrained to a
smaller study area have mapped (Johnson 2010) or estimated access roads (Jordaan et al. 2017), we chose to accept
the limitation of not mapping access roads for multiple
reasons. First, semi-automated-mapping approaches (e.g.,
Allred et al. 2015; Jordaan et al 2017; Pierre et al. 2017) do
not effectively distinguish energy infrastructure access
roads from contiguous mapped landscape alteration. Second, the manual digitization of landscape alteration from
aerial imagery by a GIS analyst (e.g., Johnson 2010; Drohan et al. 2012; Pierre et al. 2015) is not a tractable
approach to be used for studies such as this with a large
regional spatial extent (~324,300 km2). Thus, this study
does not present landscape alteration caused by access roads
to well pads or wind turbines. However, a study done in the
Marcellus Shale (Drohan and Brittingham 2012) found the
median of total disturbed area (pads, roads, compressor
stations, etc,) to be 2.2 times larger than the median pad
size. This suggests, at least for the Marcellus, the inclusion
of roads (and other infrastructure) would double the direct
landscape alteration caused by oil and gas well pad construction. Additionally, we would expect that indirect edge
effects from oil and gas access roads to be similar to oil and
gas pipelines and electrical transmission lines because they
are also linear in nature. Thus, mapping privatelyconstructed access roads remains an important topic for
future research. However, despite these limitations, our
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results provide an important, previously unavailable
regional-scale mapping and comparison of energy infrastructure and non-energy related anthropogenic activities
for almost half of Texas, which can be used as a foundational dataset to understand potential effects on species’
habitats.
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(1) Agricultural is the most important direct landscape
alteration factor (70% of total alteration) and is spread
throughout the study area, with the exception of the
Edwards Plateau and Chihuahuan Desert ecoregions.
(2) Construction of energy infrastructure for oil and gas
development (not including access roads) altered 1%
of the study area and caused less than 4% of total
alteration; however, forecasting future energy sprawl
from potential infrastructure construction in the Eagle
Ford Shale Play and Permian Basin is an important
topic of ongoing research. We also found that well
pads associated with drilling of unconventional wells
(horizontal drilling using hydraulic fracturing) altered
approximately four times the land area compared to
drilling of conventional wells.
(3) Construction of wind turbines and power transmission
lines contributed to less than 1% of total alteration;
thus, despite recent wind generation expansion, the
wind power footprint remains a minor, but growing
landscape alteration factor.
(4) Energy development has a higher potential for edge
effects than non-energy activities because pads for
wells and turbines perforate and energy conveyance
infrastructure bisects the landscape, compared to
urbanization and agriculture, which have large,
contiguous areas of alteration with relatively smaller
edge areas.

References

This study presents a new approach to map and compare
landscape alteration caused by energy- and non-energy
related anthropogenic activities. We illustrate this
landscape-assessment technique in Texas for the Spot-tailed
Earless Lizard (H. lacerata). However, the approach should
be of great interest to land planners, energy operators,
wildlife biologists, and others evaluating and mitigating the
relative impacts of a suite of anthropogenic factors for a
range of species in developing regions globally.
Acknowledgements This work was supported by the Texas Comptroller of Public Accounts Endangered Species Research Funding
(Subaward UTA15-000609 to LaDuc and Wolaver). The work was
also partially funded by the Jackson School of Geosciences, the College of Natural Sciences at The University of Texas at Austin. Thanks
to the Texas Comptroller of Public Accounts Interagency Task Force

Abrahams LS, Grifﬁn WM, Matthews HS (2015) Assessment of
policies to reduce core forest fragmentation from Marcellus shale
development in Pennsylvania. Ecol Indic 52:153–160. https://doi.
org/10.1016/j.ecolind.2014.11.031
Alig RJ, Kline JD, Lichtenstein M (2004) Urbanization on the US
landscape: looking ahead in the 21st century. Landsc Urban Plan
69:219–234. https://doi.org/10.1016/j.landurbplan.2003.07.004
Allred BW, Smith WK, Twidwell D et al. (2015) Ecosystem services
lost to oil and gas in North America. Science 348:401–402.
https://doi.org/10.1126/science.aaa4785
Andrews KM, Gibbons JW, Jochimsen DM, Mitchell J (2008) Ecological effects of roads on amphibians and reptiles: a literature
review. Herpetol Conserv 3:121–143
Axtell RW (1998) Interpretive Atlas of Texas Lizards. No. 20. Holbrookia lacerata, Self-published, p 11
Barlow KM, Mortensen DA, Drohan PJ, Averill KM (2017) Unconventional gas development facilitates plant invasions. J Environ
Manag 202:208–216. https://doi.org/10.1016/j.jenvman.2017.07.
005
Battisti C, Fortunati L, Ferri V et al. (2016) Lack of evidence for shortterm structural changes in bird assemblages breeding in Mediterranean mosaics moderately perforated by a wind farm. Glob
Ecol Conserv 6:299–307. https://doi.org/10.1016/j.gecco.2016.
03.012
Birdsall JL, McCaughey W, Runyon JB (2012) Roads Impact the
Distribution of Noxious Weeds More Than Restoration Treatments in a Lodgepole Pine Forest in Montana, U.S.A. Restor Ecol
20:517–523. https://doi.org/10.1111/j.1526-100X.2011.00781.x
Brand AB, Wiewel ANM, Grant EHC (2014) Potential reduction in
terrestrial salamander ranges associated with Marcellus shale
development. Biol Conserv 180:233–240. https://doi.org/10.
1016/j.biocon.2014.10.008
Brittingham MC, Maloney KO, Farag AM et al. (2014) Ecological
Risks of Shale Oil and Gas Development to Wildlife, Aquatic
Resources and their Habitats. Environ Sci Technol
48:11034–11047. https://doi.org/10.1021/es5020482
Butsic V, Brenner JC (2016) Cannabis (Cannabis sativa or C. indica)
agriculture and the environment: a systematic, spatially-explicit
survey and potential impacts. Environ Res Lett 11:044023.
https://doi.org/10.1088/1748-9326/11/4/044023
Christie KS, Jensen WF, Schmidt JH, Boyce MS (2015) Long-term
changes in pronghorn abundance index linked to climate and oil
development in North Dakota. Biol Conserv 192:445–453.
https://doi.org/10.1016/j.biocon.2015.11.007
Diffendorfer JE, Compton RW (2014) Land Cover and Topography
Affect the Land Transformation Caused by Wind Facilities. PLoS
ONE 9:e88914. https://doi.org/10.1371/journal.pone.0088914
Driskill B, Suurmeyer N, Rilling-Hall S et al. (2012) Reservoir
description of the subsurface Eagle Ford Formation, Maverick
Basin Area, South Texas, USA. Soc Pet Eng SPE 154528:23

Environmental Management (2018) 61:805–818
Drohan PJ, Brittingham M (2012) Topographic and Soil Constraints to
Shale-Gas Development in the Northcentral Appalachians. Soil
Sci Soc Am J 76:1696. https://doi.org/10.2136/sssaj2012.0087
Drohan PJ, Brittingham M, Bishop J, Yoder K (2012) Early Trends in
Landcover Change and Forest Fragmentation Due to Shale-Gas
Development in Pennsylvania: A Potential Outcome for the
Northcentral Appalachians. Environ Manag 49:1061–1075.
https://doi.org/10.1007/s00267-012-9841-6
EIA (U.S. Energy Information Administration) (2017) Lower 48 states
shale
plays.
https://www.eia.gov/oil_gas/rpd/shale_gas.pdf.
Accessed 22 Mar 2017
Elliot LF, Treuer-Kuehn A, Blodgett CF et al. (2009) Ecological
Systems of Texas: 391 Mapped Types. Phase 1 – 6, 10-meter
resolution Geodatabase, Interpretive Guides, and Technical Type
Descriptions. Texas Parks & Wildlife Department and Texas
Water Development Board, Austin, Texas, http://www.tpwd.
state.tx.us/gis/data/downloads#EMS-T
Evangelista PH, Crall AW, Bergquist E (2011) Invasive Plants and
Their Response to Energy Development. In: Naugle DE (ed)
Energy Development and Wildlife Conservation in Western
North America. Island Press/Center for Resource Economics,
Washington, D.C., pp 115–129
Evans JS, Kiesecker JM (2014) Shale Gas, Wind and Water: Assessing
the Potential Cumulative Impacts of Energy Development on
Ecosystem Services within the Marcellus Play. PLoS ONE 9:
e89210. https://doi.org/10.1371/journal.pone.0089210
Fahrig L (2002) Effect of habitat fragmentation on the extinction
threshold: a synthesis. Ecol Appl 12:346–353. 10.1890/10510761(2002)012[0346:EOHFOT]2.0.CO;2
Fahrig L (2003) Effects of habitat fragmentation on biodiversity. Annu
Rev Ecol Evol Syst 34:487–515. https://doi.org/10.2307/
30033784
Fahrig L, Baudry J, Brotons L et al. (2011) Functional landscape
heterogeneity and animal biodiversity in agricultural landscapes.
Ecol Lett 14:101–112. https://doi.org/10.1111/j.1461-0248.2010.
01559.x
Federal Aviation Administration (FAA), augmented by U.S. Fish &
Wildlife Service (FWS) (2016) Obstruction Evaluation/Airport
AirspaceAnalysis (OE/AAA)
Fischer J, Lindenmayer DB (2007) Landscape modiﬁcation and habitat
fragmentation: a synthesis. Glob Ecol Biogeogr 16:265–280
Finer M, Jenkins CN, Pimm SL et al. (2008) Oil and Gas Projects in
the Western Amazon: Threats to Wilderness, Biodiversity, and
Indigenous Peoples. PLoS ONE. https://doi.org/10.1371/journal.
pone.0002932
Forman RTT (ed) (2003) Road ecology: science and solutions. Island
Press, Washington, DC
Gibbon JW, Scott DE, Ryan TJ et al (2000) The Global Decline of
Reptiles, Déjà Vu Amphibians BioScience 50:653–666. 10.1641/
0006-3568(2000)050[0653:TGDORD]2.0.CO;2
Gong X, McVay DA, Ayers WB et al. (2013) Assessment of Eagle
Ford Shale Oil and Gas Resources. In: SPE Unconventional
Resources Conference Canada. Society of Petroleum Engineers
Hansen MJ, Clevenger AP (2005) The inﬂuence of disturbance and
habitat on the presence of non-native plant species along transport
corridors. Biol Conserv 125:249–259. https://doi.org/10.1016/j.
biocon.2005.03.024
Hebblewhite M (2011) Effects of Energy Development on Ungulates.
In: Naugle DE (ed) Energy Development and Wildlife Conservation in Western North America. Island Press/Center for
Resource Economics, Washington, DC, pp 71–94
Hobbs NT, Galvin KA, Stokes CJ et al. (2008) Fragmentation of
rangelands: Implications for humans, animals, and landscapes.
Glob Environ Change 18:776–785. https://doi.org/10.1016/j.
gloenvcha.2008.07.011

817
Homer CG, Dewitz JA, Yang L et al. (2015) Completion of the 2011
National Land Cover Database for the conterminous United
States-Representing a decade of land cover change information.
Photogramm Eng Remote Sens 81:345–354
Howell CA, Dijak WD, Thompson FR (2006) Landscape context and
selection for forest edge by breeding Brown-headed Cowbirds.
Landsc Ecol 22:273–284. https://doi.org/10.1007/s10980-0069022-1
Huston MA (2005) The three phases of land-use change: implications
for biodiversity. Ecol Appl 15:1864–1878. https://doi.org/10.
1890/03-5281
IHS, Information Handling Services (2016), Inc. https://www.ihs.com/
products/oil-gas-tools-enerdeq-browser.html. Accessed 1 Dec
2015
Johnson N (2010) Pennsylvania Energy Impacts Assessment. Report
1. The Nature Conservancy, Harrisburg, PA, http://www.nature.
org/media/pa/tnc_energy_analysis.pdf
Jones NF, Pejchar L (2013) Comparing the ecological impacts of wind
and oil & gas development: a landscape scale assessment. PLoS
ONE 8:e81391. https://doi.org/10.1371/journal.pone.0081391
Jordaan SM, Keith DW, Stelfox B (2009) Quantifying land use of oil
sands production: a life cycle perspective. Environ Res Lett
4:024004. https://doi.org/10.1088/1748-9326/4/2/024004
Jordaan SM, Heath GA, Macknick J et al. (2017) Understanding the
life cycle surface land requirements of natural gas-ﬁred electricity. Nat Energy. https://doi.org/10.1038/s41560-017-0004-0
Juffe-Bignoli D, Burgess ND, Bingham H et al. (2014) Protected
planet report 2014
King JG, Tennyson LC (1984) Alteration of streamﬂow characteristics
following road construction in North Central Idaho. Water Resour
Res 20:1159–1163. https://doi.org/10.1029/WR020i008p01159
Kiviat E (2013) Risks to biodiversity from hydraulic fracturing for
natural gas in the Marcellus and Utica shales. Ann N Y Acad Sci
1286:1–14. https://doi.org/10.1111/nyas.12146
Kuvlesky WP, Brennan LA, Morrison ML et al. (2007) Wind energy
development and wildlife conservation: challenges and opportunities. J Wildl Manag 71:2487–2498. https://doi.org/10.2193/
2007-248
McDonald RI, Fargione J, Kiesecker J et al. (2009) Energy Sprawl or
Energy Efﬁciency: Climate Policy Impacts on Natural Habitat for
the United States of America. PLoS ONE 4:e6802. https://doi.
org/10.1371/journal.pone.0006802
McGarigal K, Cushman S, Regan C (2005) Quantifying terrestrial
habitat loss and fragmentation: a protocol. US Serv Gen Tech
Repl RM-GTR-Xxx 115
McKinney ML (2008) Effects of urbanization on species richness: a
review of plants and animals. Urban Ecosyst 11:161–176. https://
doi.org/10.1007/s11252-007-0045-4
Milt AW, Gagnolet T, Armsworth PR (2016) Synergies and tradeoffs
among environmental impacts under conservation planning of
shale gas surface infrastructure. Environ Manag 57:21–30. https://
doi.org/10.1007/s00267-015-0592-z
Moran MD, Cox AB, Wells RL et al. (2015) Habitat loss and modiﬁcation due to gas development in the Fayetteville Shale.
Environ Manage 1–9. https://doi.org/10.1007/s00267-014-0440-6
NAIP/USDA-NAIP (2014) U.S. Department of Agriculture Aerial
Photography Field Ofﬁce. Accessed 20 Aug 2015
Nasen LC, Noble BF, Johnstone JF (2011) Environmental effects of
oil and gas lease sites in a grassland ecosystem. J Environ Manag
92:195–204. https://doi.org/10.1016/j.jenvman.2010.09.004
Nicot J-P, Scanlon BR (2012) Water use for shale-gas production in
Texas, U.S. Environ Sci & Technol 46:3580–3586. https://doi.
org/10.1021/es204602t
Omernik JM, Grifﬁth GE (2014) Ecoregions of the Conterminous
United States: Evolution of a Hierarchical Spatial Framework.

818
Environ Manag 54:1249–1266. https://doi.org/10.1007/s00267014-0364-1
Pierre JP, Abolt CJ, Young MH (2015) Impacts from Above-Ground
Activities in the Eagle Ford Shale Play on Landscapes and
Hydrologic Flows, La Salle County, Texas. Environ Manage
1–14. https://doi.org/10.1007/s00267-015-0492-2
Pierre JP, Young MH, Wolaver BD, Andrews JR, Breton, CL (2017)
Time series analysis of energy production and associated landscape fragmentation in the Eagle Ford Shale Play. Environ
Manage 27. https://doi.org/10.1007/s00267-017-0925-1
Pitman JC, Hagen CA, Robel RJ et al (2005) Location and success of
lesser prairie-chicken nests in relation to vegetation and human
disturbance J Wildl Manag 69:1259–1269. 10.2193/0022-541X
(2005)069[1259:LASOLP]2.0.CO;2
RRC (Railroad Commission of Texas) (2014) Pipelines (Shapeﬁle GIS
dataset derived from RRC T-4 Permit “Application for Permit to
Operate a Pipeline in Texas” applications to facilitate regulatory
functions of the Pipeline Safety Section of the RRC.)
RRC (Railroad Commission of Texas) (2017) Eagle Ford Shale
Information. http://www.rrc.texas.gov/oil-gas/major-oil-and-gasformations/eagle-ford-shale-information/. Accessed 6 Sept 2017
Ryberg WA, Wolaver BD, Prestridge HL, Labay BJ, Pierre JP,
Costley RA, Adams CS, Bowers BC, Hibbitts TJ (2017) Habitat
Modeling and Conservation of the Western Chicken Turtle
(Deirochelys reticularia miaria). Herpetol Conserv Biol
12:307–320
Saunders DA, Hobbs RJ, Margules CR (1991) Biological consequences of ecosystem fragmentation: a review. Soc Conserv
Biol 5:18–32
Sawyer H, Nielson RM, Lindzey F, McDonald LL (2006) Winter
habitat selection of mule deer before and during development of a
natural gas ﬁeld J Wildl Manag 70:396–403. 10.2193/0022-541X
(2006)70[396:WHSOMD]2.0.CO;2
Scanlon BR, Reedy RC, Philippe Nicot J (2014a) Will water scarcity
in semiarid regions limit hydraulic fracturing of shale plays?
Environ Res Lett 9:124011. https://doi.org/10.1088/1748-9326/9/
12/124011
Scanlon BR, Reedy RC, Nicot J-P (2014b) Comparison of water use
for hydraulic fracturing for unconventional oil and gas versus
conventional oil. Environ Sci & Technol 48:12386–12393.
https://doi.org/10.1021/es502506v
Shrimali G, Lynes M, Indvik J (2015) Wind energy deployment in the
U.S.: an empirical analysis of the role of federal and state policies. Renew Sustain Energy Rev 43:796–806. https://doi.org/10.
1016/j.rser.2014.11.080
Slonecker ET, Milheim LE (2015) Landscape disturbance from
unconventional and conventional oil and gas development in the
Marcellus Shale Region of Pennsylvania, USA. Environments
2:200–220. https://doi.org/10.3390/environments2020200
Sparling DW, Linder G, Bishop CA, Krest S (2010) Ecotoxicology of
amphibians and reptiles, 2nd edn. CRC Press, New York, NY
Svobodová J, Kreisinger J, Šálek M et al. (2011) Testing mechanistic
explanations for mammalian predator responses to habitat edges.
Eur J Wildl Res 57:467–474. https://doi.org/10.1007/s10344010-0455-0

Environmental Management (2018) 61:805–818
Texas Natural Resources Information System (2016) Urbanized areas
in Texas. https://tnris.org/data-catalog/entry/urban-areas/
Theobald DM (2003) Targeting conservation action through assessment of protection and exurban threats. Conserv Biol
17:1624–1637. https://doi.org/10.1111/j.1523-1739.2003.00250.x
Torres A, Jaeger JAG, Alonso JC (2016) Assessing large-scale wildlife
responses to human infrastructure development. Proc Natl Acad
Sci 113:8472–8477. https://doi.org/10.1073/pnas.1522488113
TPWD (2012). Texas Parks and Wildlife Department (TPWD) Texas
Conservation Action Plan: State/Multi-Region Handbook, September 2012. In: Wendy Connally (ed.), Texas Conservation
Action Plan Coordinator, Austin, Texas. http://tpwd.texas.gov/la
ndwater/land/tcap/handbooks.phtml. Accessed 27 April 2017
Trainor AM, McDonald RI, Fargione J (2016) Energy Sprawl Is the
Largest Driver of Land Use Change in United States. PLOS ONE
11:e0162269. https://doi.org/10.1371/journal.pone.0162269
Trombulak SC, Frissell CA (2000) Review of ecological effects of
roads on terrestrial and aquatic communities. Conserv Biol
14:18–30. https://doi.org/10.1046/j.1523-1739.2000.99084.x
TXDOT (Texas Department of Transportation) (2015) TXDOT
Roadways 2014. http://www.txdot.gov/inside-txdot/division/tra
nsportation-planning/roadway-inventory.html. Accessed 31 Mar
2016
TXDOT (Texas Department of Transportation) (2016) TXDOT
Roadways 2015. https://tnris.org/data-download/#!/statewide.
Accessed 31 Mar 2016
U.S. Census (2016) United States Census Bureau (U.S. Census).
QuickFacts, Texas, http://www.census.gov/quickfacts/chart/
PST045214/48 Accessed 4 Apr 2016
U.S. Government Accountability Offﬁce (2012) Oil and Gas Information on Shale Resources, Development, and Environmental
and Public Health Risks. GAO-12-732 70
Vengosh A, Jackson RB, Warner N, Darrah TH, Kondash A (2014) A
critical review of the risks to water resources from unconventional shale gas development and hydraulic fracturing in the
United States. Environ Sci & Technol 48:8334–8348. https://doi.
org/10.1021/es405118y
Wilcove DS (1987) From fragmentation to extinction. Nat Areas J
7:23–29
Wild Earth Guardians (2010) Petition to list the Spot-Tailed Earless
Lizard (Holbrookia lacerata) under the U.S. Endangered Species.
http://www.wildearthguardians.org/legal/listing_petition_lizard_
1.13.10.pdf. Accessed 21 Mar 2017
Wolf AJ, Hellgren EC, Bogosian V, Moody RW (2013) Effects of
Habitat Disturbance on Texas Horned Lizards: An Urban Case
Study. Herpetologica 69:265–281. https://doi.org/10.1655/
HERPETOLOGICA-D-12-00062.1
Woodﬁn D (2008) CREZ transmission optimization study summary
Wolaver, BD, Pierre, JP, Labay, BL, LaDuc, TJ, Duran, CM, Ryberg,
WA, Hibbitts, TJ (2018) An approach for evaluating changes in
land-use from energy sprawl and other anthropogenic activities
with implications for biotic resource management: Environmental
Earth Sciences, https://doi.org/10.1007/s12665-018-7323-8

