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Abstract: The environmental impact of shale energy development is a growing concern in the US
and worldwide. Although the topic is well-studied in general, shale development’s impact on
drylands has received much less attention in the literature. This study focuses on the effect of
shale development on land cover in the Permian Basin region—a unique arid/semi-arid landscape
experiencing an unprecedented intensity of drilling and production activities. By taking advantage
of the high-resolution remote sensing land cover data, we develop a fixed-effects panel (longitudinal)
data regression model to control unobserved spatial heterogeneities and regionwide trends. The
model allows us to understand the land cover’s dynamics over the past decade of shale development.
The results show that shale development had moderate negative but statistically significant impacts
on shrubland and grassland/pasture. The effect is more strongly associated with the hydrocarbon
production volume and less with the number of oil and gas wells drilled. Between shrubland and
grassland/pasture, the impact on shrubland is more pronounced in terms of magnitude. The domi-
nance of shrubland in the region likely explains the result.

Keywords: shale energy; oil and natural gas; land cover; ecological footprint; remote sensing data;
climate change; drylands; spatial-temporal dynamics

1. Introduction

The impact of human activities on land cover has been a growing environmental con-
cern in the US and worldwide (e.g., [1–3]). Such impacts become critical considerations in
policymaking when opportunities for economic development conflict with environmental
stewardship [4]. In recent decades, shale oil and natural gas development emerged as a
new economic opportunity due to innovation in drilling and fracking technologies. While
the shale boom brings significant economic benefits in many parts of the US, and also
worldwide, the associated environmental consequences have been a subject of debate and
research (e.g., [5,6]). It is widely feared that shale energy development could seriously
reduce ecosystem services provided to society and threaten long-term sustainability [7,8].

Across regions of the US, water quality is the typical environmental issue associated
with shale energy development [9–12]. When it comes to the Southwest, however, there is
another concern. It is the degradation of vegetation cover caused by drilling and transport-
related activities. The land cover in the Southwest is featured mainly with a fragile
arid/semiarid ecosystem [13]. Recent studies show that the climatic conditions in the
Southwest tend to change towards scenarios unfavorable to vegetation growth (e.g., [14]).
The Permian Basin, located in the heartland of the Southwest, has experienced rapid energy
development in the last decade [15,16]. It is one of the most prolific oil and gas basins in
the country. While generating substantial economic benefits to the local communities, this
unprecedented opportunity also brings significant environmental and social impacts to the
region (e.g., [17,18]). Figure 1 illustrates a comparison between land cover change and shale
energy production in two of the most intensively producing counties in the Permian Basin.
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The comparison suggests a correlation between vegetation cover change (e.g., increase
in shrubland and decline in grassland/pasture) and soaring hydrocarbon production.
Other parts of the world have rarely seen such intensive exploitation of resources as in
the Permian Basin. A policy-relevant question is to what extent the shale development
has affected the rangelands in the region. Recent studies have shown that factors such as
climate change and land development in the broader area are also at play (e.g., [3,19,20]).
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Figure 1. Land cover change (a) and energy production (b) in Lea and Eddy Counties, New Mexico.
Data sources: (a) computed from the 30 m Crop Data Layer (CDL) by the National Agricultural
Statistics Service (NASS); (b) computed from well-level data provided by the Petroleum Recovery
Research Center at New Mexico Tech. Note: (1) one MCF = one thousand cubic feet; (2) The sudden
decline in developed land and the corresponding jump in cropland in 2010 is likely caused by the
classification algorithm that processed the CDL [21].

There always exists some trade-off between economic development and environmen-
tal quality. Understanding the impact of an economic development opportunity on the
local environment is critical to the policymaking process. Policymakers need to balance
economic benefits and potential environmental costs. This principle applies to natural
vegetation cover in the Permian Basin region. Before the shale boom in the mid-2000s, the re-
gion’s economy featured agriculture, ranching, and tourism. As shale energy development
quickly expanded, industries that were not (directly or indirectly) related to the oil and
gas industry tended to decline. This reflected a substitution effect in resources (e.g., skilled
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labor) allocation [22]. Another related policy question is the long-term economic prosperity
in the region. In other words, will another industry fill in the gap and sustain the economic
growth once the fossil energy resources start depleting? The answer to this question is not
clear as there is uncertainty in technology development. However, one necessary condition
for long-run sustainable development is the conservation of the environment and natural
resources. The contribution of this study is to provide quantitative impact assessments that
can help answer questions like this.

The vegetation cover in the US Southwest has been changing for the past over a
century attributed mainly to human activities and climate change [19,23]. Shale energy
development activities affect vegetation cover in two ways: direct land-use change by
clearing vegetation and spatial spillover impacts on nearby vegetation. Vegetation removal
is usually a result of drilling pads and road/pipeline construction. It is relatively easy
to measure (e.g., [24]). The spillover impacts can take time to assess as they often get
revealed after some time (e.g., surface salt formation from produced water [25]). The causes
of the change may not be straightforward to determine. Besides, climate change in the
background makes it challenging to distinguish nonanthropogenic drivers and anthro-
pogenic drivers of the change. Vegetation cover change is gradual and occurs with a lot
of spatial heterogeneity [3,26]. This study aims to estimate the impact of shale energy
development on rangelands. We take advantage of the high-resolution remote sensing
data while controlling for climatic factors and other unobservable drivers of vegetation
cover change.

The literature estimates that oil and gas development is a significant cause of ecosys-
tem services lost in North America [4]. Most of the existing studies looked at forest land
as the Appalachian region has been a popular study area (e.g., [27–30]). Other studies
focus on Canada and other parts of the US East/North (e.g., [24,31,32]). The US Southwest
features a very different landscape, predominantly with shrubland and grassland/pasture.
Overall, the literature lacks attention to shale energy development in arid/semi-arid areas.
Among a few existing studies, McBroom et al. examined the effect of spilled producer
water (of high salinity) on the vegetation buffers [9]. Jones et al. studied the arid Ustyurt
Plateau in Uzbekistan [33]. The study suggests that behavioral response can amplify the gas
extraction impact on vegetation cover and lead to habitat degradation. For instance, a small-
to-medium vegetation cover impact could lead to a much larger impact on wildlife. Kreuter
et al. focused on the rangelands in the whole of North America [7]. Their study suggests
that the environmental assessment of shale development should integrate both biophysical
factors and socioeconomic factors. The methodological recommendation applies well to
studying the vegetation cover in the US Southwest. In the region, socioeconomic factors
like animal production, energy development, and even illegal crossings have significant
impacts on the vegetation cover (e.g., [3,19]).

This study taps into the spatial-temporal dynamics of natural vegetation cover to
identify the impact of oil and gas production. It showcases a comprehensive framework
of using remote sensing data to analyze the ecological footprint of shale development.
The empirical analysis focuses on the spatial spillover impacts on local vegetation cover.
The activities that drive the impacts include accidental chemicals or wastewater spills,
temporary storage of hazardous materials, underground leak and contamination, seismic
lines, unauthorized trails, salt formation, etc. Overall, we show that shale development had
moderate negative but statistically significant impacts on shrubland and grassland/pasture.
The effect is more strongly associated with the hydrocarbon production volume, less with
the number of oil and gas wells drilled. Between shrubland and grassland/pasture,
the impact on shrubland is more pronounced in terms of magnitude. The dominance
of shrubland in the region likely explains the result. We also explore the policy and
management implications of the findings.
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2. Materials and Methods
2.1. Study Area

The study area covers eight counties in southeastern New Mexico that overlap with
the most productive shale formation of the Permian Basin (i.e., the Delaware sub-basin
and part of the Central sub-basin). Figure 2 shows the extent of the study area. The
well locations suggest that the data sample mainly comes from four counties: Chaves,
Roosevelt, Eddy, and Lea. Based on some estimates (e.g., [16]), the area produces over 20%
of the total output in the entire Permian Basin (40–50 counties altogether). The exorbitant
intensity of production in the region leads to concerns on land cover health and other
environmental issues. Figure 2 also illustrates the major vegetation covers that this study
investigates. The main land cover in the active production area is shrubland surrounded
by grass/forest land in the east and the north. Patches of barren land exist. Agricultural
lands and developed areas (likely including drilling pads and main roads) are removed
from this study to focus only on the natural vegetation cover. Agricultural lands (mostly
irrigated cropland) can be found on the eastern edge of the study area. Chaves County
contains a large developed area (Roswell, NM, USA).
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CDL by the National Agricultural Statistics Service (NASS) and well location data from the Petroleum
Recovery Research Center at New Mexico Tech. Note: plain (white) CDL pixels represent other land
uses (mostly agriculture and developed land uses) being removed.
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2.2. Empirical Method

Change of land cover is a spatial-temporal process driven by multiple factors. Most
of the existing studies of Southwest land cover focus mainly on change monitoring and
climatic factors [34]. This study deploys a multivariate regression framework, specifically,
a two-way (spatial and temporal) fixed effects panel (longitudinal) data model, to assess
the impact of shale energy production on shrubland and grassland/pasture in the Permian
Basin region while controlling for climatic factors. The dependent variable (P) is the
percentage of the respective land cover. Independent variables include one-year lagged
annual energy production (Oil) as an indicator of the magnitude of disturbance, parcel-level
growing season average monthly precipitation (PPT) and temperature (Tmean). Because P
is between 0 and 100%, it cannot be the dependent variable in a linear regression model
directly. Instead, we apply a logistic transformation and estimate a proportional regression
model [35]. In the transformed model, the dependent variable becomes the logit (log-odds)
of P. Specifically, we estimate the following regression model (i and t are the indices for
land parcel and year, respectively):

log
[

Pit
100− Pit

]
= β1Oilit−1 +β2 f (PPTit, Tmeanit) + µi + ωt + εit (1)

where µi represents time-invariant fixed effects to implicitly control any spatial hetero-
geneities unique to each parcel, and ωt represents time-varying year fixed effects capturing
any region-wide trends affecting the vegetation cover. εit is the error term capturing any
random shocks to the vegetation cover. β1 is the parameter of interest. β2 is the vector
of parameters associated with the climatic variables. We can recover the marginal effects
of these factors on P by taking an exponential transformation on both sides of Equation
(1). The following analysis also explores different specifications of the energy production
variable (Oilit−1). The reason for using one-year lagged energy production is to capture
the delay in vegetation cover response associated with the spatial spillover impact from
energy production. Note that other control variables for the intensity of local economic
activities, such as employment density, are ignored. Existing studies have shown that en-
ergy production is strongly correlated with local employment in active shale development
regions (e.g., [15,22]). The following analysis adopts cross-validation to determine the best
specification of f (·) for the climatic variables. We estimate the regression model using the
ordinary least squares (OLS) method with fixed effects µi and ωt explicitly included.

2.3. Land Cover Data

This study derives the land cover data from the Crop Data Layer (CDL) developed
by the NASS, USDA. The data is available for New Mexico since 2008. In recent years, the
CDL has been produced using satellite imageries from the Landsat 8 OLI/TIRS sensor,
the Disaster Monitoring Constellation (DMC) DEIMOS-1 and UK2, the ISRO ResourceSat-
2 LISS-3, and the ESA SENTINEL-2 sensors. This study uses the CDL data for several
reasons: (1) The CDL data has a relatively high spatial resolution of 30 m; (2) The CDL
algorithm focuses on vegetation cover in the growing season; and (3) The fact that the CDL
data classifies agricultural land uses and developed area makes it easy to separate natural
vegetation cover from the rest. In this study, all agricultural land uses, water bodies, and
developed lands have been removed from the analysis based on the CDL classifications.
It ensures that the impact of shale energy production on shrubland and grassland/pasture
can be precisely estimated. One technical caveat is the possible change/update in the
classification algorithm from year to year [21], as noted in the footnote of Figure 1. However,
the year fixed effects ωt in the model can absorb any regionwide impacts like this. It does
not affect the parameter estimates.

Shrubland is the major land cover in the study area (Figure 2). It makes up more
than 70% of the land cover with a significant increase during the study period (2008–2017).
Forest land and grassland/pasture only make up a little over 20% of the land cover.
As Figure 1a shows, there is a significant decrease in grassland/pasture accompanied
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by a slight decline in wetlands (less than 0.1%) and forest land. Meanwhile, there is a
noticeable increase in developed land, which likely reflects the increase in direct land use
associated with shale energy development activities (e.g., drilling pads, storage facilities,
access roads, and pipelines). An alternative argument is that population growth may have
been driving the increase in developed areas. However, the region’s population has been
stagnating in the last decade. For instance, Chaves County’s population has been around
65,000 since 2010 according to the US Census. It has even started showing a tendency of
decline. Figure S1 in the Supplementary Materials shows the proportions of land cover
for the entire eight-county region. The trends of vegetation cover change are very similar.
Note that the statistics in Figure S1 do not necessarily represent the land cover distribution
and dynamics of the core study area. There are only a handful of wells located in counties
outside the core study area (Otero, Lincoln, De Baca, and Curry; Figure 2).

To focus on shrubland and grassland/pasture in the region, we first remove all
farmlands, developed areas, water bodies, and other land covers. We then aggregate the
remaining pixels to the 4× 4 km PRISM climate data grid by computing the respective land
cover percentages. Figure 3 illustrates one 4× 4 km PRISM cell centered around coordinates
[32◦52′30”N, 104◦5′2.4”W]. The aggregation of the land cover data has several benefits for
empirical analysis. First, the well locations are not random across space. Due to constraints
from land ownership, oil and gas wells tend to cluster spatially. Aggregating data at the
PRISM grid level can smooth out sparse observations and outliers. Besides, all climatic
variables are measured at the PRISM resolution. It reveals little further information by
estimating a model at the CDL resolution [3]. The regression analysis excludes all PRISM
cells with no oil or gas well.

2.4. Oil and Natural Gas Production Data

The well-level annual oil and natural gas production data (including coordinates for
each well) used in this study have been collected by the Petroleum Recovery Research
Center at New Mexico Tech. Like other variables, we aggregate the oil and gas production
data to the 4× 4 km PRISM cell. The data reporting system records oil production (crude oil
and condensate) and natural gas production (natural gas and casinghead gas). Considering
the potential interaction between oil and natural gas in the production processes, we
have two alternative specifications for shale energy production volume: (1) the total oil
production only, given that oil production dominates shale energy production in the
Permian Basin; (2) oil + gas (converted to oil-equivalent), so that it counts all energy
outputs. This study uses the standard energy unit conversion factor recommended by the
Society of Petroleum Engineers (SPE) and the US Energy Information Administration (EIA):
one MCF natural gas ≈ 0.18 BBL (barrel of oil) oil. All of the necessary GIS shapefiles come
from the US Census.

2.5. Climatic Data

The climatic variables (average monthly precipitation and temperature) used in the em-
pirical model come from the PRISM data developed by Oregon State University. The data
is commonly used for agricultural and environmental studies across the US. As part of the
desert Southwest, the Permian Basin region has a relatively long growing season. Therefore,
this study chooses a 10-month growing season from February to November. We compute
the average monthly precipitation (PPT) and the average monthly temperature (Tmean) as
the average of the monthly means reported by PRISM within the growing season. Table S1
presents summary statistics for all variables.
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represent other land uses (mostly agriculture and developed land uses) being removed. The CDL raster layer is from 2010.
The PRISM pixel centers around coordinates [32◦52′30”N, 104◦5′2.4”W] using the WGS 1984 Datum (used in Google Maps
as well).

3. Results and Discussion

This study aims at assessing the impact of shale energy development on local shrub-
land and grassland/pasture. We rely on the panel (longitudinal) nature of the remote
sensing data—almost 1300 cross-sectional parcels of land (PRISM cells, Table S1) being
observed annually for ten years. More importantly, the panel data allows us to control
for unobservable spatial heterogeneities through parcel fixed effects. Shale energy devel-
opment usually goes through several stages. We can divide it into three: establishing,
established, and depleting stage. Previous studies suggest that most of the disturbances
on land cover happen in the early stage of shale development (e.g., [36]). It is intuitive as
a lot of drilling and construction activities take place in the establishing stage. The shale
energy development in the Permian Basin has experienced rapid growth in the past decade.
Our 10-year study period (2008–2017) can be considered the early stage. Before 2008,
the (conventional) oil and gas production in the Permian Basin was flat, as documented in
other studies (e.g., [16]).
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Tables 1 and 2 report the estimated impacts of shale energy development on shrubland
and grassland/pasture, respectively. It is worth noting three things. First, we consider
three specifications of shale production for each vegetative cover. Specifications (1), (2),
and (3) correspond to oil production only, oil and gas production, and the number of
oil/gas wells, respectively. Second, all coefficient estimates are in the unit of the original
dependent variable (%). Lastly, the year and parcel fixed effects are suppressed to conserve
space. We explore their policy and management implications in the next section.

Table 1. The estimated impacts of shale energy development on shrubland (%).

Regression Variables
Model Specifications (Different Shale Production Variable)

(1) (2) (3)

Oil only (million BBLs) −2.69 (0.0000)
Oil + gas (million BBLs) −1.89 (0.0000)
Number of oil/gas wells −0.05 (0.0000)

PPT (cm) 1.46 (0.0000) 1.43 (0.0000) 1.47 (0.0000)
PPTˆ2 −0.21 (0.0000) −0.20 (0.0000) −0.21 (0.0000)

Tmean (◦C) 2.93 (0.0639) 2.86 (0.0725) 3.02 (0.0538)
Tmeanˆ2 0.09 (0.0739) 0.09 (0.0657) 0.09 (0.0827)

R2 0.9487 0.9488 0.9489
Study period 2008–2017

Note: (1) All estimated impacts are converted back to the unit of the dependent variable—percentage. (2) p-values
are reported in the parentheses.

Table 2. The estimated impacts of shale energy development on grassland/pasture (%).

Regression Variables
Model Specifications (Different Shale Production Variable)

(1) (2) (3)

Oil only (Million BBLs) −0.15 (0.0009)
Oil + gas (Million BBLs) −0.07 (0.0383)
Number of oil/gas wells −0.00 (0.2892)

PPT (cm) −0.17 (0.0000) −0.17 (0.0000) −0.17 (0.0000)
PPTˆ2 0.04 (0.0000) 0.04 (0.0000) 0.04 (0.0000)

Tmean (◦C) −0.07 (0.7222) −0.06 (0.7571) −0.04 (0.8554)
Tmeanˆ2 −0.01 (0.0106) −0.01 (0.0086) −0.02 (0.0051)

R2 0.8787 0.8786 0.8786
Study period 2008–2017

Note: (1) All estimated impacts are converted back to the unit of the dependent variable—percentage. (2) p-values
are reported in the parentheses.

Overall, we can draw three key observations across the results. First, shale oil and gas
production has statistically significant impacts on both shrubland and grassland/pasture.
The effects are moderate in terms of their magnitudes. Second, the impact on the vegetation
cover is more strongly associated with the hydrocarbon production volume, less with the
number of oil/gas wells. It is reasonable as the impacts of drilling and completing a well
last only for a short period (e.g., 1–2 years). It also suggests that hydrocarbon transportation
(e.g., pipeline transport and trucking) affects the vegetation covers more. Third, between
shrubland and grassland/pasture, the impact on shrubland is more pronounced in terms of
its magnitude. The dominance of shrubland to other vegetation covers likely explains the
result. It is also worth noting that, on average, oil production has more impact than natural
gas production, as suggested by the difference between specifications (1) and (2). However,
the production of oil and gas are not always separate. The same well can produce both oil
and natural gas.

Specifically, the estimate −2.69 in Table 1 implies that the share of shrubland de-
creases by 2.69% for every one million BBLs additional oil production. Each PRISM cell is
16 km2. On average, that is a 1% decline for every 23,234 BBLs additional oil production
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per km2 and year. Similarly, the estimate −1.89 implies a 1% decline in shrubland share
for every 33,069 BBLs additional hydrocarbon (oil + gas) production per km2 and year.
It is worth noting that natural gas production has a smaller ecological footprint because
natural gas production is mostly pipeline-transported. We can interpret the impacts on
grassland/pasture (Table 2) in the same way. The estimated effects on grassland/pasture
are much smaller compared to shrubland. The estimate −0.15 implies a 1% decline in
grassland/pasture share for every 416,667 BBLs additional oil production per km2 and year.
The estimate −0.07 implies a 1% decline in grassland/pasture share for every 892,857 BBLs
additional hydrocarbon production per km2 and year. The study region’s scarce grass-
land/pasture explains its relative unresponsiveness.

Although the climatic variables only serve as control variables, it is worth noting that
the estimated impacts of temperature and precipitation are consistent with the literature.
Overall, the average precipitation has positive but nonlinear effects on both shrubland
and grassland/pasture. The average temperature has a positive impact on shrubland
but a negative impact on grassland/pasture. The negative temperature effect on grass-
land/pasture is robust across model specifications. It is consistent with the literature on
climate-change-driven woody plant encroachment in the Southwest [19,37,38]. It is also
clear that the climate impact on shrubland is dominant to grassland/pasture.

A technical question left is the function form f (·) for climatic variables. We have
adopted the quadratic form for analyses presented in Tables 1 and 2. The quadratic form is
the best based on a cross-validation comparison of eight specifications. The literature also
commonly adopts the quadratic form. Table S2 documents all candidate specifications and
their mean square errors (MSEs) from 10-fold cross-validation. The best two specifications
are (1) linear PPT and quadratic Tmean and (2) quadratic PPT and quadratic Tmean. They
are consistent across different dependent variables and shale production variables. Tables
S3 and S4 report the regression results with the specification of linear PPT and quadratic
Tmean. The new estimated impacts of shale energy production on shrubland and grass-
land/pasture are qualitatively consistent with those in Tables 1 and 2. There is also little
quantitative change.

One caveat to note here is the potential measurement errors in the climatic data.
Observational weather data (i.e., weather stations) are spatially uneven throughout the
Southwest, especially in rural areas like the Permian Basin region. Model-generated climatic
data usually fill the gap. However, they may not capture intraseason fluctuations in weather
accurately. These potential measurement errors can affect the estimates of climatic variables.
Still, they only serve as control variables. Arguably, shale energy production is independent
of climatic variability and free of measurement errors. Therefore, the parameter estimates of
interest—the impacts of shale energy production on vegetation cover—should be reliable.

4. Policy and Management Implications

The environmental impact of shale energy development concerns vegetation cover,
(surface and ground) water quality, wildlife, etc. These issues often interconnect in the
given spatial-temporal context. The current study focuses on vegetation cover that plays an
essential role in the ecosystem. Besides, various environmental issues can appear or become
dominant at different stages of shale energy development. It suggests that environmental
policy/regulation should have adaptive and dynamic goals. For instance, produced water
has become another major environmental issue in the Permian Basin recently. One possible
reuse of treated produced water is to release it into the ecosystem. In that case, we need to
integratively assess the shale development impact on vegetation cover and the ecosystem
service value added from reusing produced water.

Specific to each of the impacts, for instance, we can observe the impact on vegetation
cover. However, the groundwater quality impact may not be easy to detect without profes-
sional knowledge and testing. Another factor that often affects policy efficacy is the cost of
monitoring. We can monitor vegetation cover with remote sensing data and aerial imagery,
which may not work for water quality. For water quality monitoring, frequent testing of
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water samples is much more expensive. In many situations, including the Permian Basin,
researchers and regulatory agencies often rely on voluntary data monitoring and reporting.
A similar cost constraint applies to assessing the impact on wildlife. Wildlife requires more
expensive field data recording due to their mobility. They are susceptible to both point
contamination (e.g., an open storage tank of produced water) and nonpoint contamination
(e.g., surface water pollution due to ground and surface water interactions) associated
with shale development. Despite the complexities in monitoring and assessing the environ-
mental impacts, understanding the temporal dynamics of their relative importance and
dominance can improve policy efficacy in managing the environmental impacts of shale
development.

Another implication to elaborate on is that natural gas production tends to have a
smaller environmental impact on vegetation cover. How generalizable is this result across
different contexts? The literature suggests that it is region-dependent. In the Marcellus
Shale region, for example, where natural gas dominates shale energy production, the
literature finds a significant impact on both interior and edge forests (e.g., [27]). A study
for the US Department of the Interior shows that each horizontal shale gas well occupies
on average 6.9 acres of land in the Fayetteville Shale of Arkansas [39]. That is a significant
impact on land cover. It is worth noting that most of these estimates do not necessarily
distinguish between land directly used by the operations (e.g., drilling pads and access
roads) and land affected through the spatial spillover effects (e.g., accidental spills and
temporary storage). In general, it seems that the severity of the environmental impact
depends less on the difference between oil and natural gas production. It is more a matter
of the magnitude of the hydrocarbon production activities. Accidental spills of produced
water can cause the death/decline of trees due to its high salinity [9]. It is irrelevant
whether the produced water comes from oil or gas fields.

This study can shed light on another policy-relevant question of why understanding
the spatial-temporal dynamics is important. Spatial-temporal dynamics are a common fea-
ture of the ecosystem and its components such as the woody plant encroachment process,
invasive species, interaction between ground and surface waters, etc. Oftentimes, solving
one environmental issue is not enough. It is particularly true with shale energy develop-
ment. To protect the environment, and minimize the impact on the ecosystem, integrated
system-wide assessment and management strategies are necessary [7,40,41]. Exploring the
spatial-temporal dynamics provides a basic framework to incorporate both biophysical
factors and socio-economic factors. It can also provide guidance for adaptive environ-
mental planning. The panel data regression framework that we adopted is commonly
used in social behavior studies and some fields of environmental studies (e.g., climate
change). With the increasing availability of remote sensing data and improving resolution,
the method can find great uses in analyzing the land-water-energy nexus as part of the
growing shale energy development in the coming decades.

A technical convenience in deriving policy implications from a panel data model
is the associated fixed effects. To explicitly identify other key policy parameters, the
model implicitly controls time-invariant heterogeneities (e.g., parcel-level fixed effects) and
regionwide trends (e.g., year fixed effects). However, these fixed effects are impossible
to decompose in the given model framework. It limits us from deriving specific policy
implications out of them. Still, it is worth noting that other factors, though not of interest
to this study, may impose a spatial spillover effect on vegetation cover as well. The impact
of urban development driven by new economic opportunities is a good example. It can be
captured as part of the regionwide trends because urban expansion means more than just
housing development. It also implies more roads and traffic, higher demand for outdoor
recreational activities, and so on. On top of climate change, several studies have confirmed
that urban development is another main change in the background that affects vegetation
cover and wildlife [36,42,43]. Those areas going through urban expansion sometimes are
the same areas of active shale energy development. It is particularly true when shale
energy development brings not only substantial short-term but also medium-to-long-term
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economic benefits (e.g., emerging new industries). One example is Midland, TX, a city in
the middle of the Permian Basin. According to the US Census, the population of Midland
grew by 30% between 2007 and 2016. The growth corresponded to the decade of rapid
shale production growth in the Basin. Compared to other small and medium cities in
western Texas and southeastern New Mexico, Midland’s urban expansion was significant.
Although the potential environmental impact of urban development is not necessarily
near oil and gas operations, they are usually within the same region (e.g., in the sense of a
commuting zone).

5. Concluding Remarks

This study contributes to the literature one of the first integrated spatial-temporal
analyses of shale energy development’s impacts on rangelands. We take advantage of the
remote sensing data’s panel (longitudinal) nature to control unobserved spatial hetero-
geneities and regionwide trends. We show that shale development had moderate negative
but statistically significant impacts on shrubland and grassland/pasture. The effect is
more strongly associated with the hydrocarbon production volume, less with the number
of oil and gas wells drilled. We also show that the impact of shale production on land
cover varies by vegetation cover type. Between shrubland and grassland/pasture, the
effect on shrubland is more pronounced in terms of magnitude. Specifically, the shrubland
share on average declines 1% for every 23,234 BBLs additional oil production per km2

and year. The grassland/pasture share on average declines 1% for every 416,667 BBLs
additional oil production per km2 and year. We obtain qualitatively consistent estimates
with alternative measures of shale production. To put the estimated effects in the regional
context, we calculate an aggregate impact of oil production during the ten-year study
period. The ten years produced roughly 1000 million BBLs of oil in the core area of the
study region (Chaves, Eddy, Lea, Roosevelt, ~44,000 km2, Figure 2). The estimates above
imply that the regional shrubland share was reduced by 0.98% (1000/44000/0.023234),
and the regional grassland/pasture share was reduced by 0.05% (1000/44000/0.41667),
over the period. In other words, if without oil and gas production, the shrubland share
could be 0.98% higher, and the grassland/pasture share could be 0.05% higher. It is worth
noting that our assessment captures only the first decade of shale development in the
Permian Basin. As the infrastructure and wells start aging, other environmental issues like
water contamination and human-induced disasters (e.g., land subsidence and airquakes)
may emerge. For instance, water issues associated with testing and inject wells impose an
increasing impact on the ecosystem [32].

Overall, shale development-induced environment issues on land use change, vege-
tation cover, and surface water quality have been relatively well-studied in the literature.
At the same time, at least two other environmental issues need more research effort. One is
the sequential impact on wildlife due to vegetation degradation and habitat loss. Several
studies have raised such a concern [5,29,44]. However, field-level data on wildlife demo-
graphics and movement are usually expensive to collect, which is the major constraint
for research in this direction. Low-altitude remote sensing is a potential solution to this
problem [45,46]. By combining low-altitude remote sensing data and integrated spatial-
temporal analysis, we should be able to provide a reliable assessment of the wildlife impact
and shed light on policymaking.

Another issue is groundwater contamination and human-induced earthquakes
(and airquakes). Most of these problems relate to disturbed underground geologic struc-
tures and geohydrology. In the Permian Basin, unconventional horizontal wells have a
typical PWOR (produced water to oil ratio) of 3 [18]. Most of the produced water ends
up being reinjected back into the ground, with only less than 5% of it reused in hydraulic
fracturing [47]. New regulatory and policy efforts in New Mexico have emerged recently to
address this environmental issue as an economic opportunity [48]. Rigorous research is still
necessary to establish the scientific foundation and engineering framework in dealing with
produced water as the long-term consequences of current practices (e.g., reinjecting) are
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unknown. Shale-development-induced earthquakes have been reported in several places
around the world (e.g., [49,50]. A few studies have already tapped into this issue [51,52].
Much more is needed, especially those from an interdisciplinary perspective.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-4
292/13/4/824/s1, Figure S1: Land cover change in the eight-counties area, Table S1: Summary
statistics of regression variables, Table S2: Cross-validation average Mean Square Error (MSE) for
each model specification, Table S3: The estimated impacts of shale energy development on shrubland
(linear PPT), Table S4: The estimated impacts of shale energy development on grassland/pasture
(linear PPT).
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