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Energy is an integral part of society. The major US energy sources of fossil fuels (coal, oil, natural gas);
biofuels (ethanol); and wind are concentrated in grassland ecosystems of the Great Plains. As energy de-
mand continues to increase, mounting pressures will be placed on North American grassland systems. In
this review, we present the ecological effects of energy development and production on grassland sys-
tems. We then identify opportunities to mitigate these effects during the planning, construction, and pro-
duction phases by using informed methodology and improved technology. Primary effects during energy
development include small- and large-scale soil disturbance and vegetation removal as small patches
of grasslands are used to host oil or gas wells, wind turbine pads, associated roadways, and pipelines
or through the conversion of large grassland areas to biofuel croplands. Direct habitat loss or habitat
fragmentation can affect wildlife directly through increased mortality or indirectly through reduction in
habitat quantity and quality. During energy production, air and water quality can be affected through
regular emissions or unplanned spills. Energy development can also affect the economy and health of
local communities. During planning, energy development and production effects can be reduced by care-
fully considering effects on grasslands during siting and even by selecting different energy source types.
During construction, effects on soil and plant systems can be minimized by eliminating weed populations
before disturbance, salvaging and stockpiling topsoil for future revegetation, and harvesting native local
seed for postsite restoration. During energy production operations, noise and road traffic reduction plans
and atmospheric monitoring will enable more informed mitigation measures. Continued research on en-
ergy development effects and mitigation measures is necessary to establish best management practices
beneficial to grassland health while providing needed energy for the United States.
Published by Elsevier Inc. on behalf of The Society for Range Management.
This is an open access article under the CC BY license. (http://creativecommons.org/licenses/by/4.0/)

Introduction

on roadways, railways, and pipelines. For example, nearly 28% of
the 1.8 million miles of oil and gas pipelines in the United States

Multiple sources of energy including coal, oil, natural gas, and
wind energy are concentrated in the grassland states of the United
States. In 2015, only 12 of the 50 states produced more energy than
they consumed. Seven of these states were located in the grassland
region of the central United States (Table 1). Grassland states that
are not net exporters of energy often have energy resources from
the grassland region being transported through their boundaries
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are located in the grassland region (see Table 1).

The tradeoff between energy production and conservation of
lands within the grassland region leads to some difficult man-
agement choices. Identifying the ecological costs of energy pro-
duction can help avoid and minimize environmental problems, as
well as lead to the development of new technologies and ap-
proaches to aid in conservation. The potential effects of energy de-
velopment on terrestrial and aquatic ecosystems and species have
been reviewed by others (Erickson et al. 2005; Bayne et al. 2011;
Northrup and Wittemeyer 2012; Brittingham et al. 2014; Souther
et al. 2014; Shuster et al. 2015; Post van der Burg et al. 2017). We
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Fig. 1. Energy development and production can influence the environment in multiple ways. During development, land can be converted, fragmented, or disturbed. During
production, the atmosphere, aquatic and terrestrial resources, and local communities can be affected.

set out to synthesize available information about how energy de-
velopment and production affect grassland habitat (e.g., soil, wa-
ter, air, vegetation, wildlife; Fig. 1) throughout the Great Plains.
Through this synthesis we hope to identify opportunities to main-
tain grassland resiliency and restore grasslands following energy
development.

Development of all energy sources is on the rise in the Great
Plains. Some of the largest increases of oil and gas extraction
in the past 10 yr have occurred in the Williston Basin in North
Dakota and Montana and the Permian Basin in Texas and New
Mexico (Fig. 2). Every yr since 2000, 50,000 new wells on average
have been added throughout central North America with the
majority being drilled on private land (Allred et al. 2015). In states
like North Dakota, there were ~3 000 active wells in the yr 2000,
which has increased to > 14 000 active wells at the beginning of
2018 (ND Oil and Gas Commission 2018).

As coal consumption has declined, development of natural gas
and renewable energy sources has increased (Fig. 3). As of 2018,
renewables in the United States make up 11% of total energy con-
sumption with hydroelectric and wind energy each providing a
quarter of the renewable supply (EIA 2018). Of the renewable en-
ergy technologies being deployed in the Great Plains, wind en-
ergy has seen the fastest growth over the past 2 decades (US DOE
2017; EIA 2018). The 15 Great Plains states with grasslands have >
42300 wind turbines with a combined 74221 MW of wind energy
capacity, representing 76% of total US wind capacity, which could

Table 1

power ~7 million households (see Fig. 2, Hoen et al. 2018; AWEA
2019). Solar represented only 2% of total electricity generation in
the United States in 2017, and Texas, which provides ~3% of the
US solar capacity, is the only notable solar-producing state in the
Great Plains (US DOE 2019). From 2006 to 2016, ethanol production
in the United States increased from 4.9 billion gallons to 15.3 bil-
lion gallons with many biofuel crops being produced on converted
grasslands (USDA-Economics Research Service, 2017).

Energy demand will place increasing pressure on the grass-
lands of the United States in future years. Because of the patch-
work of land ownership that occurs throughout the Great Plains,
energy extraction, production, transportation, and demand for wa-
ter will affect lands of not only the property owner harvest-
ing the energy but also those owned by surrounding neighbors
who might have pipelines, electricity transmission and distribu-
tion lines, or truck traffic traversing their property. Additionally,
energy processing power plants are located throughout the Great
Plains, especially near large energy sources or near population
centers (EIA 2018). Power plants, processing plants, and refiner-
ies can disrupt the landscape as energy is transported to and
from their location and via emissions during on-site energy pro-
cessing. Harvesting and processing energy can provide landown-
ers with economic compensation for increased risk of oil or pro-
duced water spills and reduction of land in agricultural production
and can enable landowners to subsidize their livestock or other
operations.

Energy production-to-consumption ratios and pipeline mileage for 10 grassland states. Production: Consumption ratios were calculated from 2015 data available from the
Energy Information Administration of the United States. Pipeline mileage is presented as the % of total US oil and gas pipeline in the United States (data source: Pipeline

Safety Trust 2013).

co KS MT NM ND OK SD X WY
Production-to- consumption ratio 2.2 0.8 2.8 4.0 3.0 24 0.6 14 173
% Total pipeline mileage 2.8 2.7 0.8 1.5 1.6 3.0 0.4 12.8 1.0
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Fig. 2. Active oil and gas wells (shown in red) and wind turbines (shown in blue) in the Great Plains of the United States. Oil and gas development and production occurs
throughout the Great Plains. The outline of the Great Plains region follows Lauenroth et al 1999. Data for all active oil and gas wells come from Enverus.com (downloaded
January 10, 2020) for all states except Illinois. Illinois wells completed after January 1, 2000 were obtained from Illinois Clearinghouse (downloaded January 9, 2020). Wind
turbine locations were obtained from the United States Wind Turbine database hosted by the USGS (downloaded January 7, 2020).
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Fig. 3. Historical and projected energy consumption for the United States accord-
ing to energy source (adapted from EIA 2018). The United States consumed 97
quadrillion British thermal units (~28 427 TWh) in 2017 (EIA 2018). Energy con-
sumption encompasses industrial, commercial, transportation, and residential en-
ergy use.

To provide an overarching perspective on the effects of en-
ergy development and generation on grasslands and associated
mitigation opportunities, we first provide overviews of four main
ecological effects of energy development and production on natu-

ral resources. This overview is followed by mitigation opportunities
that arise as one proceeds through the energy extraction cycle of
energy planning, development and construction, and production.
We identify knowledge gaps in ecological effects and mitigation
opportunities and look forward to future research that can further
assist with minimizing the effects of energy development. Our fo-
cus is on local and regional effects on grasslands as other literature
covers the global effects of energy usage (e.g., climate change).
We also focus on grassland habitat and only briefly mention the
effects of energy development on rural communities.

Ecological effects
Land Conversion and Fragmentation

The first, and most observable, effect of energy development
in grasslands is direct habitat loss. Every energy source requires
some amount of land to be temporarily or permanently converted
to accommodate energy infrastructure pads, power stations, trans-
mission lines, biofuel crops, or new service roads. A modern wind
turbine requires ~1.2 ha of land, including the turbine pad and ac-
cess roads (Arnett et al. 2007; Diffendorfer et al. 2019). During oil
and gas extraction, initial well sites require several hectares to ac-
commodate drilling and hydraulic fracturing equipment and sup-
plies and settling and mud pits (Kroepsch 2018). After drilling, oil
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Table 2
Land affected during energy harvest, economic costs of power plants, and power plant water use according to various energy sources. The United States consumes ~28 427
TWh annually.
Energy source Land used (km?/TWh)! Life cycle costs of a power plant ($/MWh)? Power plant water consumption (L/MWh)?
Nuclear 0.1 92.6 1700
Oil & natural gas 3-8 49.0-74.9 (natural gas) 520-850 (natural gas)
Coal 8 119.1-130.1 1 400-1 900
Solar 15-19 63.2-165.1 10
Wind 127 85.1-98.7 4
Biofuels 236-565 for liquid fuel, 810 for electricity 95.3 2 100

1 Indicates land use data including both the production of electricity and liquid fuel from the energy sources, whereas power plant values are focused only on electricity
generation. Land use values are from Trainor et al. 2016. The land use includes the direct footprint of energy harvesting infrastructure, as well as spacing requirements of
infrastructure (such as wind turbines needing to be spaced a certain distance from one another). The land use value does not account for multiple-yr harvest from the same
piece of land. Most energy sources can be continually harvested from the same piece of land for multiple years, but the length of each source differs (e.g., biofuels can be

harvested from the same piece of land longer (~100 yr) than oil and gas (~40 yr).

2 Life cycle costs of power plants are derived from simple averages for total system levelized costs (EIA 2018). Ranges of life cycle costs occur depending on the technology

used (e.g., carbon capture and sequestration processes).

3 Power plant water consumption per electricity-generated values are from Jackson et al. (2014). Inclusion of irrigation in the power plant water use values of biofuels

would raise the water needed to 16000 L/MWh.

and gas well pad sizes can be greatly reduced during production,
enabling site restoration to begin. Oil and gas well pad sizes can
range from 1.6 ha to 2.8 ha depending on how many wells are
colocated on one pad (END 2020). Pipelines and electrical trans-
mission lines can require more land than the well pad or produc-
tion facility (Slonecker et al. 2012). Great Plains surface coal mines,
which primarily occur in Wyoming (15 mines) and North Dakota (5
mines), can create large areas of soil disturbance up to several hun-
dred hectares per mine during coal extraction (EIA 2019). However,
the most recent dramatic land use conversion is the conversion
of grasslands to croplands in support of biofuel production, which
was encouraged via federal subsidies. From 2006 to 2011, 526000
ha of land were converted from grasslands in North Dakota, South
Dakota, Nebraska, Minnesota, and lowa into cropland for corn and
soybean production (Wright and Wimberly 2013; Morefield et al.
2016; Wimberly et al. 2017).

When considering the amount of land needed to produce one
TerraWatt-hour (TWh) of electricity (i.e., land use), nuclear power
is the most land efficient energy producer (Table 2). Nonrenew-
able energy sources such as oil, gas, and coal require less land per
unit energy than renewable energy sources (see Table 2). In or-
der to produce comparable energy as fossil fuels, wind power en-
compasses 15—40 times more land, and biofuels and biomass use
25-267 times more land. However, renewable energy production,
by definition, can continue on the same land base once developed,
whereas fossil fuel extraction energy must shift to sustain pro-
duction. Taking into account the ability for renewable energy to
“reuse” land, it would take wind power decades and biofuels cen-
turies to reach land use equivalency with fossil fuels (Trainor et al.
2016).

Land-use change directly reduces habitat for native plant and
animal species (e.g., biofuel crop production reduces nesting habi-
tat for grassland bird species and managed honeybee colonies in
the Northern Great Plains; Otto et al. 2016; Otto et al. 2018). Small
amounts of land conversion throughout a region can add up to
large regional effects. For example, oil and gas development during
2000 to 2012 used 3 million ha and reduced forage production, as
measured by dry biomass, by 10 Tg across central North America,
which is ~5 million animal unit months, greater than half of the
annual grazing on Bureau of Land Management lands (Allred et al.
2015).

In addition to losing native or naturalized habitat to energy use,
the distribution of energy pads and associated infrastructure can
lead to habitat fragmentation as land not used for energy devel-
opment is divided into smaller, more isolated patches. Energy pro-
duction often results in “energy sprawl,” or large extents of crop
fields, roads, power lines, pipelines, substations, and pads for oil

and gas wells, wind turbines, and solar panels (Trainor et al. 2016).
Land fragmentation can affect plant seed dispersal and animal
movements, making it difficult for individual survival and mainte-
nance of population viability and genetic diversity. Fragmentation
can also introduce edge effects that can influence large portions of
the landscape, often leading to increased spread of invasive species
and alterations of predator communities (Evangelista et al. 2011;
Preston 2015; Preston and Kim 2016). Changes in the presence
and structure of grassland vegetation will undoubtedly have pos-
itive and negative effects on multiple wildlife species. Non-native
species can alter habitat quality and, combined with direct habi-
tat removal, be especially disruptive for edge and area sensitive
species such as terrestrial invertebrates (i.e., butterflies; Skorka et
al. 2015) or cause birds (e.g., Carpenter et al. 2010; Gilbert and
Chalfoun 2011; Hamilton et al. 2011; Ludlow et al. 2015; Thompson
et al. 2015), mammals (Sawyer et al. 2006; Kolowski and Alonso
2010; Rabanal et al. 2010) and herpetofauna (Moseley et al. 2009)
to avoid areas near developments. Many of these studies have fo-
cused on observed changes in densities or abundances near de-
velopments, but there is some evidence that disturbances from
energy extraction may alter reproduction and recruitment (Van
Wilgenburg et al. 2013; Hethcoat and Chalfoun 2015) or animal
distributions (Sawyer et al. 2006).

Many of these studies focused on wildlife avoidance of focal
sites where extraction is taking place (i.e., well pads). However,
in order to access these sites, developers must construct miles of
roads. Vehicular traffic has the potential to harm or kill terres-
trial and aquatic species, modify animal behavior, alter habitats,
contaminate water, and spread exotic species (Sutter et al. 2000;
Trombulak and Frissell 2000; Evangalista et al. 2011; Hamilton et
al. 2011). Landscape patterns of remaining habitat could modify the
effects of roads. For species that can move from patch to patch,
the relative amount and quality of habitat near a road may in-
crease or decrease species movement, which increases mortality
near roads, especially for invertebrates (Skorka et al. 2013; Skorka
et al. 2015) and amphibians (Carr et al. 2001; Hels and Buchwald
2001; Cosentino et al. 2014). Much of the work with birds and
mammals focuses on patterns of road avoidance, as opposed to
more direct effects such as mortality (Benitez-Lopez et al. 2010;
Garrah et al. 2015; Ludlow et al. 2015; D’Amico et al. 2016). Re-
sults vary by species with some showing negative, neutral, or pos-
itive effects near roads (Zelenak and Rotella 1997; Ludlow et al.
2015; Wallace et al. 2016). For other species, the effects of roads
appear to vary by time of day (Dzialak et al. 2011; Northrup et al.
2015). Roads may also provide opportunities for illegal hunting or
increased harvest efficiency of big game species (e.g., Thibault and
Blaney 2003; Dorning et al. 2017).
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Fragmentation effects can occur in both renewable and nonre-
newable energy developments. Wind energy facilities placed in na-
tive grasslands and grass pastures contribute to land fragmentation
and habitat loss, leading to avoidance, displacement, and altered
reproductive success of grassland birds (Leddy et al. 1999; Loesch
et al. 2013; McNew et al. 2014; Shaffer and Buhl 2016; Harrison et
al. 2017). Certain bird species, including the lesser prairie chicken
(Tympanuchus pallidicinctus) and the greater prairie chicken (T. cu-
pido pinnatus) avoided utility poles or power lines by at least 100
m at two study sites in Oklahoma (Pruett et al. 2009). Lesser
prairie chickens are also sensitive to disturbance from roads and
other infrastructure (Pruett et al. 2009; Plumb et al. 2019). A series
of studies focused on the greater prairie chicken in Kansas sug-
gest that both male and female greater prairie chickens alter their
behavior when turbines are located within 8 km of leks (Winder
et al. 2014a, 2014b, 2015). Ducks, greater sage-grouse, and sandhill
cranes have experienced declines in breeding or altered distribu-
tions due to wind development (Loesch et al. 2013; Le Beau et al.
2014; Pearse et al. 2016).

Soil Disturbance and vegetation removal

All physical disturbances of soil and vegetation increase the risk
of soil erosion depending on precipitation, vegetative cover, slope,
and soil texture (Renard et al. 1997). Intact grassland vegetation
tends to lower the erosion rate while areas devoid of vegetation
can experience rapid soil loss and gullying (Smith et al. 1984).
Management efforts that reduce the area of bare, exposed soils
and soil disturbances reduce soil erosion loss (Smith et al. 1984).
When soils are exposed or disturbed, rapid site treatment can fur-
ther minimize soil loss.

During construction of energy projects, unpaved roads are of-
ten the greatest source of soil erosion in areas of energy develop-
ment (Stednick et al. 2010). Erosion rates can decline on unpaved
roads as surfaces harden and vegetation develops along roadsides
or with the use of gravel. However, erosion rates from unpaved
roads can increase with increasing traffic and road maintenance ac-
tivities (Rehder and Stednick 2006). Because soil erosion can lead
to water quality degradation, which is regulated by the Clean Wa-
ter Act, best management practices (BMPs) have been developed to
avoid and/or manage erosion. These BMPs are beyond the scope of
this review, but see Tyner et al. (2011).

Soil disturbance can alter soil nutrient cycling. Plants continu-
ously remove available nutrient elements from soil solutions, and
nutrients, such as mineralized forms of nitrogen, can build up in
the soil when plants are removed. Nutrient levels can be further
elevated by increased microbial decomposition of organic matter
due to greater moisture availability and higher soil temperatures
where plant canopies are lacking. Such conditions are prime niches
for early successional plant species that are adapted to such condi-
tions and readily colonize disturbed soils (Perry et al. 2010). How-
ever, many early successional plant species that dominate Great
Plains ecosystems are non-native species. A common mistake of
managing disturbed soils is to exacerbate the problem by applying
fertilizers, which leads to further dominance and spread of weedy
exotic species (Paschke et al. 2000).

The loss of a diverse native plant community can have cas-
cading effects on wildlife, insects, and belowground soil biological
communities. Several studies have found that recovery of vegeta-
tion after oil and gas development in the Great Plains can require
many decades (Nasen et al. 2011) and recovery may (Baer et al.
2002) or may not (Rottler et al. 2018) be aided by restoration treat-
ments. Vegetation in areas surrounding directly affected sites can
also be affected by fugitive dust, altered site hydrology, and altered
behaviors of wildlife (Nasen et al. 2011).

Infrastructure presence

Ecosystems are inherently interconnected. Therefore, effects at
one trophic level or in one part of the community network can
affect other trophic levels or influence other parts of the com-
munity via existing network connections. New roads and infras-
tructure associated with energy facilities can create changes to
predator activity, further contributing to effects on resident wildlife
(Hethcoat and Chalfoun 2015). Increased infrastructure is thought
to offer increased perches for avian predators, which could lead
to declines of small mammals or other birds. However, the ex-
pected negative response is not always observed. For example, Burr
et al. (2017) examined the nest predation of sharptail grouse (T.
phasianellus) at two locations in Mountrail County near the Bakken
oil field of North Dakota. Nest predation was lower at the site with
greater oil and gas development likely due to predators avoiding
the site. Although the effects of infrastructure are primarily related
to wildlife, the plant community can experience secondary effects
such as reduced seed dispersal, increased pollination, or increased
spread of invasive or non-native grasses (Francis et al. 2012).

Sound and light pollution during energy production may also
exacerbate the negative effects of habitat fragmentation (Gaston
et al. 2014). Disruptions from industrial noise can affect the abil-
ity of various species to locate prey, find mates, and avoid preda-
tors (Francis and Barber 2013). Noise has been shown to lower
bird abundance and breeding activity (Habib et al. 2007; Francis
and Barber 2013; Kociolek et al. 2011; Blickley et al. 2012), lower
arthropod abundance (Bunkley et al., 2017), disrupt reproductive
behavior in amphibians (Sun and Narins 2005; Bee and Swanson
2007), and perhaps even result in hearing loss or mortality of
aquatic species like fish (Popper et al. 2005). Such effects may be
more pronounced in grasslands because sound can travel further
when unobstructed (Forman et al. 2002; Bayne and Dale 2011).
Lighting associated with extraction sites can also affect bird behav-
ior and survival (De Molenaar et al. 2006; Gauthreaux and Belser
2006; Kociolek et al. 2011). Gas flares at oil and gas developments
can attract birds or other species, resulting in increased mortality
from direct contact with flames (Wiese et al. 2001).

Direct effects of wind energy development include bird and
bat mortality from collisions with operating wind turbine blades
(Arnett et al. 2007; Loss et al. 2013; Zimmerling et al. 2013;
Smith and Dwyer 2016). In the Great Plains states, many species of
birds (songbirds, grassland birds, upland gamebirds, birds of prey,
waterfowl, wading birds, shorebirds) and bats have been found
dead underneath wind turbines (Arnett et al. 2008; Fargione et al.
2012; Gaff et al. 2016). Bird and bat mortalities are highest during
fall migration, with a second, lower peak during spring migration
(Thompson Beston et al. 2017). This is especially a concern for pro-
tected migratory birds (US Department of Justice 2013).

Release of byproducts and use of local water

Terrestrial/aquatic systems

Waste products from energy development and production,
which are stored on-site or transported via roads, have the po-
tential to negatively affect water resources and soils across the
Great Plains. Of particular concern are the numerous toxic chem-
icals used in hydraulic fracturing (also known as unconventional
drilling) for oil and gas development (Boehm et al. 2013; Gordalla
et al. 2013; Auers et al. 2014). Additionally, water needs for oil and
gas development could contribute to competition for scarce water
resources (Vengosh et al. 2014).

Highly saline coproduced water has been highlighted as a po-
tentially toxic and large-volume byproduct of unconventional oil
and gas extraction (Sirivedhin and Dallbauman 2004; Fakhru’l-Razi
et al. 2009). Coproduced waters, or “brines,” contain a wide variety
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of compounds including oils, formation minerals, chemical com-
pounds, production solids, and dissolved gases (see Fakhru'l-Razi
et al. 2009 and references therein for more description of com-
pounds) and are suggested to be one of the leading causes of con-
tamination associated with tight shale plays (Kharaka and Otton
2003; Gleason and Tangen 2014). Often, the concentration of an
indicator in soil or water is used to identify contamination; how-
ever, as pointed out by Post van der Burg and Tangen (2015), many
natural systems, like wetlands, have a wide range of natural vari-
ability in chloride, which may make those indicators difficult to
use (but see Cozzarelli et al. 2017). In the Williston Basin, subsur-
face migration of brines from disposal pits have been implicated
in wetland and shallow groundwater contamination (Thamke and
Craigg 1997; Preston et al. 2014). Storage of drilling and pump-
ing wastes in pits and other facilities also poses risks to wildlife,
which could become trapped or submerged in toxic water (Trail
2006; Ramirez 2010). In many states disposal pits are no longer
legal (e.g., North Dakota Administrative Code 43-02-03-19.3; Ad-
ministrative Rules of Montana 36.22.1207; Administrative Rules of
South Dakota 74:12:04:09), but legacy pits may continue to pose a
problem unless properly remediated. Surface discharges from acci-
dents or leakage account for ~5% of the produced water volume
associated with hydraulic fracturing (Sirivedhin and Dallbauman
2004) and are likely the largest source of produced water contam-
ination (Thamke and Craigg 1997). While toxic spills are a major
focus, dust suppressants, soil stabilizers, and ice melters applied to
roads can also end up in aquatic ecosystems. Soil disturbances and
vegetation are also likely to increase sediment deposition or pol-
lution in wetlands and streams (McBroom et al. 2012; Brittingham
et al. 2014; Entrekin et al. 2015).

Alterations of hydrology could also affect wetland water quan-
tity. For example, hydraulic fracturing requires large amounts of
water (e.g., between 28 and 50 million gallons per well; Scanlon
et al. 2014; Shonkoff et al. 2014) and developers may draw that
water from nearby aquatic systems. Withdrawals have the poten-
tial to lower water levels in wetlands, which could impact ranch-
ing and wildlife (e.g., Mushet 2010). Conflicts over water, among
users including agriculture, urban centers, and the energy sector,
may affect water rights and interstate water compacts. Wind and
solar power plants use less water than power plants for all other
energy types (Table 2). Freshwater withdrawals for thermoelectric
power and irrigation remained the two largest users of freshwater
during 2010, at about 38% each (Maupin et al. 2014).

Manufacture and disposal of solar and wind energy infrastruc-
ture may yield potential environmental and human health issues
in grassland states. Both solar panels and wind turbines use mined
rare earth elements. For example, sludge from manufacture and
used solar panels contain cadmium and lead (Xu et al. 2018). Man-
ufacture and waste disposal also use fossil fuels, and combus-
tion produces carbon dioxide, methane, nitrous oxides, air parti-
cles, and sulfur dioxide (50—105 gCO,eq/kWh; Nugent and Sova-
cool 2014). Complete decommissioning and recycling of renewable
energy waste, including solar panels and mixed material electron-
ics, may not occur due to its high cost (Davidsson et al. 2012) and
lead to negative effects, where these materials are placed at the
end of their life cycle.

Atmosphere

In the Great Plains, oil and gas development releases several
regulated air pollutants (Allen et al. 2013; Field et al. 2014; Peischl
et al. 2016). Air pollutants that can harm sensitive resources in-
clude ground-level ozone, fine particles, sulfate, nitrate, ammonia,
and airborne toxics. Emissions come from a large number of small
sources, typically with a small number of wells being responsi-
ble for a large percentage of emissions (Rella et al. 2015; Lyon et
al. 2016). Many studies have focused on methane (Howarth et al.

2011; Allen et al. 2013; Brandt et al. 2014) because it is a power-
ful greenhouse gas and atmospheric methane concentrations have
increased globally in the past decade (Nisbet et al. 2014). Although
the causes for this increase are not completely understood, there
have been increases in US methane emissions, particularly in the
central United States (Turner et al. 2016), and emissions related to
fossil fuel extraction are thought to play a role in global methane
trends (Bader et al. 2017). Along with methane, other pollutants
such as volatile organic compounds (VOCs), including air toxics,
can be released (Petron et al. 2012; Halliday et al. 2016). VOCs
are gas-phase organic compounds that can have natural or an-
thropogenic sources, some of which can negatively impact human
health and serve as precursors for ground-level ozone and sec-
ondary organic aerosol formation. These emissions result from a
variety of processes and include venting, flaring, equipment leaks,
liquids unloading, and pneumatic devices, which use gas pres-
sure to control the operation of mechanical devices such as valves
(Allen 2016). Coal produces more pollutants than natural gas, such
as about 820 gCO,eq/kWh (grams of carbon dioxide equivalent
per kilowatt-hour of electricity) compared with 490 gCO,eq/kWh
(Nugent and Sovacool 2014; Schlémer et al. 2014). However, in-
corporation of the extent of fugitive emissions plays a critical role
in determining whether natural gas provides less greenhouse gas
emissions when compared with coal (Howarth et al. 2011). These
issues are particularly significant in the Northern Great Plains,
where it is estimated that methane emissions from the Bakken cor-
respond to leakages of nearly a tenth of energy content (Schneising
et al. 2014). There are also emissions from the equipment and
trucking events needed for oil and gas development (Bar-Ilan et
al. 2011), including VOCs, NOy, black carbon (BC or soot), particu-
late matter, and SO,. In the Northern Great Plains, flaring is also a
major pollutant source, releasing carbon monoxide (CO), NOx, and
BC (Schwarz et al. 2015; Weyant et al. 2016). Flaring often occurs
to convert dangerous gases into more stable byproducts or to re-
move excess natural gas due to the inability to get the product to
market (e.g., not enough pipeline capacity).

Crop biofuels (e.g., corn-based ethanol) have great land, water,
fertilizer, and soil costs and result in a chain of fossil fuel use and
emissions (Hill et al. 2009), leading to the conclusion that crop
biofuels have limited potential to reduce emissions compared with
oil. Wind turbine construction produces emissions and is the main
(80%) phase of emissions during the life cycle of wind energy de-
velopment and harvest (Lago et al. 2009). Although wind turbines
do not emit greenhouse gases, they may cause local heating and
affect wind patterns (Vautard et al. 2014). In the west central Texas
region, daytime temperatures increased by 0.724°C over a decade
and evening temperatures increased by a greater amount due to
a farm with 2358 wind turbines (Zhou et al. 2012). Similar re-
sults at a southern California windfarm corroborated this finding
(Tabassum-Abbasi et al. 2014).

Nitrogen and sulfur pollution can deposit directly onto soil and
plant surfaces (dry deposition) or can be deposited by rain, snow,
and fog (wet deposition) threatening sensitive aquatic and terres-
trial resources. As noted, energy development is a major source of
NOx, and modeling results suggest that oil and gas activities have
led to increases in nitrogen deposition throughout the Great Plains
(Thompson Shepherd et al. 2017). Potential effects of excess nitro-
gen inputs include impacts on water quality and nutrient cycling,
nitrogen enrichment in soils and plants, eutrophication of lakes, re-
duced diversity, altered plant community composition, increases in
invasive species, changes in fire frequency, and impacts on drought,
frost, and pest tolerance (Fenn et al. 2003; Pardo et al. 2011a).
Field studies investigating nitrogen deposition in the Great Plains
show that their characteristic grasslands are expected to be sen-
sitive to nitrogen inputs (Clark 2011; Simkin et al. 2016). Critical
loads are thresholds at which we expect to see an ecosystem re-
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sponse and are useful tools for translating ecosystem effects into
specific air quality targets. Critical loads have been estimated at
10—25 kg N ha~lyr-! for mixed and short-grass prairie, and 5—15
kg N ha~lyr-1 for tallgrass prairie (Clark 2011), although slightly
lower critical loads have been suggested for specific communi-
ties (Symstad et al. 2015). For comparison, wet nitrogen deposi-
tion ranges from 1 to 7 kg N ha—lyr~! in the Great Plains, increas-
ing from west to east; total N deposition is estimated to be twice
those values (Clark 2011). Critical load estimates are based on ob-
served shifts in key indicators due to the addition of nitrogen. For
example, Jorgensen et al. (2005) found that nitrogen addition to a
mixed-grass prairie in Oklahoma resulted in increased soil nitrate
and total plant biomass. Wedin and Tilman (1996) reported that
nitrogen addition on Minnesota grasslands increased soil nitrate,
decreased species richness, increased productivity, and increased
invasive species. Symstad et al. (2015) showed that the addition of
nitrogen impacted biomass production, grass tissue nitrogen con-
centration, and non-native species in the northern Great Plains.
Other studies have also explored the impacts of nitrogen addition
(see review in Clark et al. 2011), and Pardo et al. (2011b) have sug-
gested that the nitrogen critical load for herbaceous species may
be exceeded across much of the Great Plains.

Ground-level ozone forms when VOCs and NOy react in the
presence of sunlight affecting human and plant health. Plant re-
sponses to elevated ozone levels include reduced photosynthesis
and productivity (Bassin et al. 2007; Ainsworth et al. 2012), leading
to visible injury (stippling and necrosis), reduced growth rates, and
decreased survival (Lefohn et al. 1997). Ozone susceptibility varies
by species, climate, and soil moisture availability. While there are
few studies in the Great Plains, a number of plant species in the
northern Great Plains are known to be sensitive to ground-level
ozone (Sullivan 2016). However, in a study assessing the risk of
ozone injury in National Park units across the United States, Kohut
(2007) determined the risk to be low in parks in the Great Plains,
due in part to relatively dry soil conditions in summer. Ozone ef-
fects are often magnified from extended exposure during the grow-
ing season. The W126 metric calculates cumulative ozone exposure
between spring and fall, giving higher weighting to the more crit-
ical times of the season (Lefohn et al. 1988). Nationwide, W126
is largely influenced by anthropogenic NOx emissions (Lapina et al.
2014) creating atmospheric ozone, and significant increasing trends
of NO, have been observed in the Bakken region (McLinden et al.
2016) of the northern Great Plains. Oil and gas extraction activi-
ties in this region have also been shown to drive higher ambient
concentrations of VOCs and NOx (Prenni et al. 2016), and modeling
results suggest that these emissions can affect ozone formation in
regions downwind of the development (Kort et al. 2016; Thompson
et al. 2017). Similarly, emissions from shale gas regions are thought
to contribute to high ozone days in northern Texas (Ahmadi and
John 2015). Biofuels have similar, but reduced, emissions of ozone
and fine particulates relative to gasoline, both at ethanol refiner-
ies (Jones 2010) and during combustion in vehicles (Tessum et al.
2014).

Mercury and certain VOCs are the main toxic pollutants found
in the atmosphere that are associated with energy production and
use. A major source of mercury is coal-fired power plants emis-
sions. While large reductions in SO, and NOy emissions from coal-
fired power plants (Fig. 4) have occurred with associated decreases
in mercury emissions (Zhang 2016), significant increases in wet de-
posited mercury have been reported for the Great Plains from 2007
to 2013 (Weiss-Penzias et al. 2016). Once deposited, inorganic mer-
cury can be converted to methylmercury, which can bioaccumulate
in the food chain, causing behavioral, neurologic, and reproductive
effects in fish, birds, and wildlife. In a study of 21 national parks
across the western United States, mercury concentrations in 35% of
the fish sampled were above a benchmark for risk to highly sen-
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Fig. 4. SO, and NOy emissions from power plants in the Great Plains of the United
States. Large reductions in emissions occurred over the past 20 yr, all while increas-
ing energy output (not shown). These reductions are likely also tied to an increase
in renewable energy sources such as wind and solar (Millstein et al. 2017), as well
as an increase in the use of natural gas (Allen 2016). Data are from EPA Air Markets
Program, available at: https://ampd.epa.gov/ampd/ (Downloaded February 13, 2018).

sitive avian consumers (Eagles-Smith et al. 2014). In 2011, all 50
states had mercury advisories in effect, covering ~16.4 million lake
acres and 1.1 million river miles (EPA 2011).

Toxic organic compounds including benzene, toluene, ethylben-
zene, and xylene (BTEX) come from fuel evaporation and are emit-
ted during oil and gas extraction activities. Enhanced concentra-
tions of BTEX compounds have been observed in several oil and
gas basins throughout the Great Plains (Halliday et al. 2016; Koss
et al. 2017). Hydrogen sulfide (H,S) is another toxic air molecule
that can be emitted from oil and gas sources. H,S is corrosive to
equipment and harmful to human health, even causing death at
high exposures (Goodwin et al. 2015). Although hydrogen sulfide
is typically removed before commercial use, significant enhance-
ments of H,S have been observed in the Permian Basin in Texas
(Koss et al. 2017).

Fine particles in the air can cause lung irritation and contribute
to dry deposition of nitrogen and sulfur species. At high concen-
trations fine particles create a visible haze, limiting sightlines, col-
ors, forms, and textures of a scenic vista. These particles can result
from direct emissions or chemical reactions of precursor species
such as SO,, VOCs, and NOy. Energy development sources include
fugitive dust from mobile sources (Bar-Ilan et al. 2011), elemen-
tal carbon from flaring and diesel emissions (Schwarz et al. 2015;
Weyant et al. 2016), and soil and mineral dusts from surface coal
mining (Kurth et al. 2015). Visibility monitoring data from the
IMPROVE network (http://vista.cira.colostate.edu/improve/) suggest
that oil and gas development in the Bakken region has clearly af-
fected visibility. Hand et al. (2014) showed that haze levels are
not decreasing on the worst haze days and that nitrate and sul-
fate concentrations have increased in winter (Hand et al. 2012).
Haze episodes were shown to be dominated by ammonium nitrate
across the region (Evanoski-Cole et al. 2017). This is counter to na-
tional trends, where steady improvements in visibility have been
observed due to mitigation strategies aimed at achieving regula-
tory goals spelled out in the Environmental Protection Agency’s
(EPA’s) Regional Haze Rule (RHR). Specifically, the RHR calls for
reasonable progress toward natural visibility conditions for the 20%
haziest conditions in all Class I areas, including Theodore Roosevelt
National Park in the Bakken region.
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Mitigation opportunities
During the energy planning phase

Opportunity—Type of Energy Development

Each energy source has potential ecological effects and associ-
ated opportunities to reduce or mitigate their effect on the envi-
ronment. Fossil fuels and biofuels are a reliable and transportable
form of energy but have high greenhouse gas emissions. Nuclear
energy has low greenhouse gas emissions but requires greater eco-
nomic investment costs and can have siting (e.g., water availability
due to high demand of water for cooling) and waste disposal chal-
lenges. The intermittent nature of energy production from wind
and solar energy has been a challenge for balancing the power de-
mands on the power grid. Nonrenewable energy supplements are
often required to meet power demands. Because ecological impacts
and benefits differ by energy type, local, state, and national author-
ities and regulators can tailor their energy development policies,
particularly as energy demand is predicted to increase roughly 30%
by 2050 (EIA 2018).

Energy development planning and authorization occur at differ-
ent levels of government depending on land ownership. Although
states have primary oversight and enforcement of relevant laws,
energy development authorization typically occurs at the state
level for private lands and federal level for public lands. The pub-
lic has the opportunity to provide comment on development pro-
posals, but local planners may have limited flexibility in shaping
oil and gas development at the regional level. Nonetheless, local
control of terms and conditions provides options to avoid, reduce,
and mitigate consequences of energy development. Not all costs
and benefits are summarized in standard energy costs (Epstein et
al. 2011; OMB 2017). Some loss of ecological services in range-
lands, such as forage for cattle, can be valued in currency, but other
ecosystem services are difficult to quantify, including protection of
wildlife, watersheds, ecological processes, recreation, scenery, po-
tential cultural resources, ties to the land, and quality of life.

Opportunity—siting of energy development

Energy development effects on soils, vegetation, and wildlife
can be minimized when conservation-planning and comprehensive
site assessments are incorporated as part of the energy develop-
ment planning process with the goal of locating development in
areas that are of relatively low biological value. Areas containing
sensitive plant species or communities, or plant species and com-
munities of concern, are usually avoided in the permitting process.
Minimizing effects on sensitive and endangered species can require
additional planning and mitigation (e.g., Khalil 2018). Risk assess-
ments can be developed for areas with oil and gas activity to focus
monitoring efforts to minimize effects on water resources (Preston
and Chesley-Preston 2015). Similarly, wildlife habitat modeling ef-
forts that identify suitable habitats for grassland birds and raptors
can help identify areas of high risk to wildlife susceptible to re-
newable energy development (Miller et al. 2014; Shaffer, Loesch
and Buhl 2019). Critical wildlife habitat and migration corridors
can be identified to inform site placement before development
with a focus on site-specific information. For example, the re-
sponse of mule deer to oil and gas development has been exam-
ined in the Bakken in North Dakota, Pinedale in Wyoming, and
Piceance Basin in northwestern Colorado. In all locations, active
drilling elicited the strongest avoidance response by mule deer.
Avoidance of producing wells was 2.7 km in Wyoming, 600 m
in Colorado, and little to none in North Dakota (Northrup et al.
2015; Kolar et al. 2017; Sawyer et al. 2017). These differences are
likely due to differences in topography. Mitigating potential effects
on migratory wildlife and their habitats include removing barriers
to movement, especially geographic bottlenecks caused by human

activities constraining movement in conjunction with existing to-
pography, improving habitat through invasive species removal, and
the Conservation Reserve Program (CRP), which restores cropland
back to grassland. Additional approaches include concentrating de-
velopment into smaller areas (Ludlow et al. 2015; Thompson et al.
2015, Preston and Kim 2016) and targeting development to already
disturbed sites (Moran et al. 2015).

Ecological effects of energy development can also be reduced
when projects are colocated with developed or working lands.
Well- or turbine-pad spacing can limit or concentrate the amount
of land-use conversion enabling some other land uses, such as crop
production or grazing, to continue. For example, grazing and crop
production can occur at oil and gas developments and wind tur-
bine facilities. However, energy operations could introduce hazards,
such as increased H,S (see earlier discussion) or ice chunks devel-
oped overnight flying off turbines in the daytime, or benefits, such
as increased shade. Drilling technology advances have increased
the horizontal reach of shale gas wells to 1.6—3.2 km? (Butler et
al. 2018) enabling one well-pad to host multiple wells, thereby re-
ducing the project’s footprint (Preston and Kim 2016). New wind
turbines are significantly larger than older ones and generate more
power per turbine, allowing facilities to install fewer turbines,
spaced farther apart. Wind and solar energy can be sited on areas
already disturbed by energy development or agriculture (Shaffer
and Buhl 2016; Thompson et al. 2017; Davis et al. 2018) or on con-
taminated lands, landfills, and mine sites (see EPA’s RE-Powering
America’s Land Initiative). Solar panels can be placed on existing
structures without creating an added footprint. While efforts to
plan development and mitigate ecological effects are possible and
can provide certain efficiencies, energy project sites primarily oc-
cur at locations where a willing landowner can provide access to
an available energy resource.

Years of wildlife fatality monitoring at wind facilities suggest
that the location of wind infrastructure can influence bird collision
mortality (Pagel et al. 2013). Advances in research on bird flight be-
havior, migration, and habitat use can provide resource managers
with more sophisticated risk models and maps showing areas that
may pose an elevated risk to bird species of conservation con-
cern (e.g., Craig et al. 2018; Shaffer, Roth and Mushet 2019). New
Global Positioning System—based telemetry that tracks bird flight
altitude and movement at frequent time intervals (minutes) can be
used to inform wind turbine siting decisions (Katzner et al. 2012;
Wulff et al. 2016). Bird flight behavior of golden eagles and other
raptors can be used to identify locations and turbine maximum
heights that minimize overlap with airspace used by protected or
listed species (Poessel et al. 2018; Duerr et al. 2019), although this
type of research in the Great Plains is still limited. In the individ-
ual project planning phase, authorities and resource managers can
evaluate bird collision risk at the proposed project site (New et al.
2015).

Looking forward—energy planning research needs

Most recommendations for mitigating wildlife and habitat ef-
fects in the Great Plains are currently directed at individual de-
velopments. Effects can accumulate across multiple energy devel-
opments and various land uses, such as agriculture and energy
development. Project siting of both nonrenewable and renewable
energy sources could be examined at larger scales to help plan
out development over larger areas in order to leave wildlife cor-
ridors intact and prevent haphazard developmental patterns. Ex-
amining the collective impact of all energy sources can assist
planners by providing a landscape perspective on energy foot-
prints and emissions (Davis et al. 2018; McClung et al. 2019). As
pointed out in Post van der Burg et al. (2017), decision analytic
tools may prove useful in managing trade-offs between energy de-
velopment, habitat preservation, and societal values under uncer-
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tainty about the future (e.g., Schneider et al. 2003; Smith et al.
2012). These tools can also aid in designing habitat reserves around
energy development regions on the landscape (Schneider et al.
2011).

Cost-benefit analyses of energy development as part of the
planning process can benefit rural communities during the plan-
ning stages. Energy development can bring local and regional so-
cietal benefits including local energy to drive down prices of elec-
tricity and transportation, job creation in rural localities, and new
sources of income for landowners. For example, the American
Wind Energy Association reported that in 2018, farmers and ranch-
ers earned more than $280 million in lease payments from wind
companies (American Wind Energy Association 2018). Potential so-
cial costs may include increased exposure to carcinogens, noise,
and altered societal structures. Rural rangeland communities can
become an industrial zone, including an influx of out-of-state
workers and increase in crime that alters the quality of living in
rangelands (CHPY and PSR 2016; Squillace 2016). Evaluating the
societal values, costs, and benefits in the context of environmental
effects before development can be used by state and regional plan-
ners to make effective decisions that allow a strategic approach to
development and reduce the number and types of unwanted con-
sequences.

During the energy development and construction phase

Opportunity—vegetation reclamation and restoration approaches

Measures can be taken to minimize damage to plant and soil
systems (Baynard et al. 2017). Elimination of unwanted native or
non-native weed species from a site before development can min-
imize the spread and dominance of such species in the distur-
bance area. Preliminary weed management of a site would ben-
efit from including surrounding areas from which weeds can move
into the disturbed site (Prach et al. 2015). If weeds do estab-
lish on an energy development site, they may stock the soil seed
bank with weed seeds that will pose management challenges for
years to come, so aggressive weed management is warranted up
front.

Two approaches can be used to collect, preserve, and reduce
the loss of a native plant community on an energy development
site: salvage and stockpile topsoil and/or collect seeds from the
plant community before disturbance or removal of that commu-
nity. Seeds of local native plant ecotypes will be adapted to site
conditions and represent an excellent, and perhaps superior, seed
source for postdisturbance restoration. In addition to serving as a
primary source of organic matter, nutrients, and soil biota, topsoil
is a genetic repository of seeds from the indigenous plant com-
munity. These native soil seedbanks often represent the ideal seed
mix for postdisturbance revegetation. Best management practices
for storing and handling stockpiled topsoil have been developed in
the coal mining industry and are summarized by Ferris et al. 2006.
These practices include minimizing storage time, minimizing stock-
pile depths, and aggressively managing unwanted weedy species
on the stockpile. However, long-term stock-piling (> 2—4 yr) of soil
may lead to permanent loss of native soil biota and seed banks.
If multiple sites are planned to be disturbed within a short dis-
tance of one another over a decade, transfer of soil between sites
may enable the native soil seed bank and potentially the native
bud bank to be used rather than degrade if kept in a stockpile for
multiple decades. Energy sites that will remain developed for mul-
tiple decades may never be able to be restored close to their for-
mer conditions. Mitigation might include directing funds to restore
nearby habitats to improve overall regional environmental quality
(Hull et al. 2016).

Restoration at coal mines has formed the historical basis of
restoration practices in the energy sector. Coal mine reclamation

was necessitated by an initial need to reduce erosion and sedimen-
tation in surface waters in coal mining regions. As a result, there
are numerous BMPs for erosion control available for the broader
energy industry. Early revegetation practices in coal mine recla-
mation included the use of non-native plant species that could
quickly provide high plant cover for minimizing erosion. In re-
cent years, greater emphasis has been placed on the use of na-
tive plant species across all reclamation sectors creating new chal-
lenges since growing conditions for exotic cover crops are very dif-
ferent from the conditions needed to grow native plants. The chal-
lenges of restoring native plant communities on disturbed energy
development sites has caused a shift in focus away from tradi-
tional approaches developed in coal mine reclamation toward more
restoration-based approaches.

Restoration approaches differ from traditional reclamation in
that there is greater emphasis on communities over species and on
ecological processes over site physical conditions. This shift has led
to wider recognition that increasing resource availability (fertilizer
and water) is often counterproductive for establishing native veg-
etation, as these practices tend to favor undesirable plant species
(Perry et al. 2010). In restoration, a greater emphasis is placed on
understanding and manipulating mechanisms that cause shifts in
plant communities during ecological succession (Call and Roundy
1991). This has led to the increased use of native early-successional
species that grow well in postdisturbance environments (Herron
et al. 2013; Uselman et al. 2015) and allow for the development
of soil biological communities that are necessary for the estab-
lishment of resilient, native, late-successional plant communities
(Busby et al. 2011).

Ecological restoration following energy development can be
tailored to maximize native species diversity. Ecologists have
long recognized that biodiversity imparts higher productivity and
greater resilience to ecosystems (Schultz and Mooney 1993). For
example, a recent analysis of 1126 grassland study plots across
5 continents revealed a strong and consistent link between pro-
ductivity and species richness (Grace et al. 2016). Numerous
studies have demonstrated that productivity of diverse grassland
plant communities is more resistant and resilient to drought than
species-poor communities (e.g., Tilman and Downing 1994; Wagg
et al. 2017). Recovery of plant community productivity after ex-
treme climate events is strongly dependent on initial diversity
(Isbell et al. 2015). A recent study in eastern Colorado found that
grassland restoration success was maximized when seed mixtures
contained 35 native plant species (Barr et al. 2017). Added bene-
fits of promoting native plant species diversity in restored energy
development areas include value to wildlife, insect pollinators, and
aesthetics.

Beyond using more diverse native seed mixtures for restoration,
restorations can benefit from increased site heterogeneity. For ex-
ample, many traditional reclamation approaches employ uniform
topsoil depth, seed distribution, irrigation, and fertilization across
a site resulting in uniform plant communities. Creating site het-
erogeneity by applying treatments in a nonuniform or haphazard
fashion will result in increased biodiversity (Lundholm and Larson
2003). Varying surface topography across the restoration site may
also result in greater plant diversity (Biederman and Whisenant
2011; Hough-Snee et al. 2011). Such practices are still uncommon
as many regulations are based on specifications that do not em-
brace heterogeneity.

Looking forward—vegetation research needs

Despite advances in restoration methods for energy develop-
ment in the Great Plains, many challenges remain. Although sig-
nificant progress in chemical and biological controls for weeds in
restoration settings has been made, managers are still faced with
the challenges of establishing native plant communities once the
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weeds are gone. These two battles of weed management and na-
tive plant establishment are often fought by managers at the same
time. Since most weedy species are broadleaved forbs, herbicides
meant for weed control may also take native forbs out of the sys-
tem, resulting in an overabundance of grasses in restored plant
communities. Grass overabundance is further boosted by restora-
tion seed mixes that tend to favor grasses over forbs and shrubs
due to the high price of native forb and shrub seed. Low forb abun-
dance is often accepted as grasslands are generally perceived as
grass-dominated systems and grasses are desired for livestock pro-
duction. However, recent evidence of global declines in grassland
bird species (Stanton et al. 2018), pollinators (Ollerton 2017), and
insect communities in general (Habel et al. 2016) has created a de-
sire to increase forb diversity in grassland ecosystems. Determining
how to increase forb diversity in grassland restorations is a cur-
rent research challenge. A related challenge is developing commer-
cial seed sources of forbs and shrubs for use in the Great Plains.
Other regions have successfully formed regional seed cooperatives
to support the use and production of native ecotype seed (Smith
2017).

Soil storage and vegetation restoration techniques can still be
improved. Additional research could shed better understanding on
the biological processes occurring in stockpiled and salvaged top-
soil (e.g., microbial response) that would improve methods for stor-
ing and moving topsoil. New restoration techniques could be de-
veloped and used for linear developments (e.g., pipelines) as these
linear projects will have short periods of disturbance enabling
restoration to take place immediately following disturbance. The
area disturbed by pipelines will far exceed the area disturbed by
energy pad installation. For example, active wells in North Dakota
occupy ~39 000 ha, whereas oil and gas pipelines occupy ~83 000
ha (assuming a 15-m wide linear disturbance; based on data from
Pipeline Safety Trust and ND Oil and Gas Commission 2018). Cur-
rent restoration methods for pipelines generally follow those for
other energy disturbances within the impacted habitat.

During the energy production phase

Opportunity—wildlife considerations

Effects of extractive energy development on wildlife are largely
unknown (Post van der Burg et al. (2017). Other reviews (e.g.,
Hebblewhite 2011) suggest that most studies are not designed to
properly assess these effects. Infrastructure modifications can be
made in ways to limit the effects of lighting, roads, industrial
noise, and vegetation loss (Bayne et al. 2008; Kociolek et al. 2011;
Gaston et al. 2012). Renewable and nonrenewable energy develop-
ers are examining new best management practices and technol-
ogy for reducing noise, road traffic, fragmentation, vertical struc-
ture, displacement, and direct mortality. Timing restrictions can be
put in place to minimize disturbance during key life history pe-
riods for key species (e.g., suspension of oil and gas development
activities near leks in eastern Wyoming of the greater sage-grouse
in the spring). Companies are investigating consolidation of tech-
nician visits to energy development sites in an effort to minimize
traffic to and from the site. Renewable energy technologies con-
tinue to evolve as wind turbines increase in size, and solar energy
facilities deploy a variety of panels and configurations (Zayas et al.
2015; NREL 2016).

Looking forward—wildlife studies

Ongoing research on species interactions with and behavior
near energy facilities is providing new information that energy de-
velopers and resource managers can use when siting and permit-
ting new energy projects. Operational management strategies de-
signed and tested to reduce direct wildlife mortality while main-
taining energy project profitability are providing developers more

options to reduce wildlife effects. An increased focus on experi-
mental design quality can accelerate development of effective min-
imization strategies. Effective wildlife mitigation can be most read-
ily achieved using information that is species and site specific, ac-
counts for differences in scale among species (e.g., butterflies travel
100-250 m, whereas mule deer travel several to > 100 km; Butler
et al. 2018), includes trophic levels and community networks (e.g.,
how may the predator community affect its prey, which in turn
will impact the insect community), and is based on long-term
studies (e.g., changes in behavior may not be apparent from short-
term studies).

The effects of wind energy on collisions with birds and bats in
the Great Plains are relatively understudied compared with other
regions of the United States (Erickson et al. 2014). Of the 53 facili-
ties in the contiguous United States from which data were used by
Loss et al. (2013) to analyze bird and bat collision mortality, only
10 facilities were located in 10 Great Plains states. While some of
the first reports of collision mortality date back to 1976, mortality
data availability, quality, and lack of standardization remain a lim-
itation (Loss et al. 2013; Thompson Beston et al. 2017; Conkling et
al. 2020). In addition, few studies have employed a rigorous statis-
tical design, such as the “before and after control impact” (BACI)
study design, which requires multiyear preconstruction and post-
construction surveys and the use of reference sites (Strickland et
al. 2011). Using a BACI design, Shaffer and Buhl (2016) were able
to detect immediate versus delayed displacement of nine breeding
bird species, emphasizing the need and benefit of conducting more
BACI-designed studies. With wind energy expected to continue to
expand in the Great Plains because of the wind resource available
(NREL 2016), competitive costs, and interest from landowners who
can colocate wind facilities with cropland, pasture land, and even
oil and gas wells (Davis et al. 2018), more rigorous research will
be needed as these facilities evolve and become more numerous
in the Great Plains.

Opportunities—monitoring resource use, emissions, and byproduct
release

Emissions are produced while energy is being harvested, trans-
ported, or converted into more useable forms (e.g., power plants).
The Great Plains are home to some of the largest shale plays in the
United States, leading to increases in pollutant emissions. These
have been offset, to some extent, by decreases in emissions from
regional coal-fired power plants. Historically, legislation has been
aimed at curbing emissions from coal-fired power plants, such as
sulfur dioxide and nitrogen oxides. Regulations aimed at reducing
emissions of these have been very successful (see Fig. 4). The net
result of emission reductions from power plants has been a dra-
matic improvement in visibility (Hand et al. 2014), decreased oc-
currence of acidic precipitation (Lehmann and Gay 2011), and re-
ductions in sulfate and nitrate deposition (NADP; http://nadp.slh.
wisc.edu/data/) across the country.

Air quality can be monitored in the Great Plains. Critical loads
are a useful tool for assessing the effect of nitrogen deposition
on the condition of resources on federal lands (Pardo et al. 2015),
and tools are available to support land managers in understand-
ing whether their region is at risk (e.g., https://clmapper.epa.gov/).
For ozone damage, certain species of plants (e.g., milkweed), called
bioindicators, have distinct foliar injury symptoms and can be used
to monitor ozone stress to the ecosystem as demonstrated by
the ozone biomonitoring program in US forests (https://www.nrs.
fs.fed.us/fia/topics/ozone/ ; Smith et al. 2008; Smith et al. 2012).
Throughout the Great Plains, ecosystems are sensitive to air pol-
lutant effects, and these effects must be taken into account when
monitoring the state of local resources or when planning restora-
tion activities. Effective monitoring will enable more informed mit-
igation measures.
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Looking forward—atmospheric research

Although energy development occurs throughout the Great
Plains, little research on air quality effects and their ecological im-
plications have been conducted. Fundamental studies characteriz-
ing critical loads of key pollutants and ozone sensitivity of na-
tive species need to continue in the Great Plains. Additionally,
comprehensive studies following the life cycle of air pollutants
from energy-related emissions to measurable air quality impacts
to quantitative ecological effects are needed to focus mitigation ef-
forts. Studies that account for other regional disturbances can as-
sist with untangling the effects of energy development from other
non—energy-related disturbances (Brook et al. 2019).

Conclusions

Energy development can offer great economic opportunities in
rural communities and provides a valuable commodity for society.
However, energy development can stress grassland ecosystem ser-
vices by affecting vegetation, wildlife, and human well-being. All
large-scale renewable and nonrenewable energy types disturb or
fragment wildlife habitat and introduce infrastructure on the land-
scape but differ in their land use efficiency. Infrastructure associ-
ated with energy extraction and transport introduces soil distur-
bance that can disrupt plant communities and increase soil ero-
sion. Water resources and atmospheric conditions can deteriorate
due to chemical discharges or emissions at the site of energy har-
vest.

Grassland managers, community planners, and local, state, and
federal governments have and will continue to apply options to
avoid, reduce, and mitigate effects of energy development. Energy
development effects can be mitigated during the planning phase
by considering energy development alternatives and effects on the
environment, as well as societal values. Vegetation reclamation ef-
forts can reduce soil erosion and help reclaim disturbed land dur-
ing and following energy development. Monitoring of water and
atmospheric quality can keep managers aware of potential changes
occurring within grassland systems. Future research addressing the
effects of cumulative energy development in a region, developing
techniques and seed supplies for native plant establishment fol-
lowing ground disturbance, producing before-after-control-impact
studies for species and site-specific wildlife concerns, and identify-
ing critical loads of key pollutants will enable managers to better
respond to energy development concerns. As managers find them-
selves at different points in the energy development cycle or as
regional planners consider broad-scale energy development in the
Great Plains, this review can serve as a starting point to identify
potential environmental concerns and mitigation options available
to them at each point in the energy development cycle. Energy
development and production will continue throughout the Great
Plains. The diverse group of stakeholders involved in energy devel-
opment will need to continue to define priorities, incorporate re-
search findings, and find ways to work together to address energy
development’s effects in a way that enables energy to be produced
while conserving the integrity of the grassland ecosystem.
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