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INTRODUCTION

Christopher E. 
Moorman, Steven M. 

Grodsky, and  
Susan P. Rupp

Renewables as the Original Energy

Renewable energy is any theoretically inexhaustible 
source of energy (e.g., biomass, hydroelectric, solar, 
tidal, wind) not derived from fossil or nuclear fuels. 
Renewable sources of energy—often referred to syn-
onymously as alternative energy—are largely rooted 
in the sun (the notable exception being geothermal), 
either directly from solar energy or indirectly from 
a variety of other sources (Panwar et  al. 2011). 
Plants capture the sun’s energy, which, in turn, can 
be converted to bioenergy (i.e., heat, power, and 
fuel derived from plant biomass). The sun’s heat 
evaporates water, which then falls as precipitation 
and flows into streams and rivers that can be har-
nessed as hydropower. And, the differential heating 
caused by the sun creates circulation of air, which 
can be turned into wind power. These renewable 
sources of energy can be replenished naturally on 
short time scales and reduce greenhouse gas (GHG) 
emissions (carbon dioxide, CO2; methane, CH4; ni-
trous oxide, N2O; fluorinated gases) associated with 
fossil fuel consumption and other anthropogenic 
activities (e.g., agriculture, industry, waste).

Though interest in renewables has increased in 
recent years, these forms of energy have been around 

for generations. Humans have burned wood for heat 
for eons, and even now more than two billion people 
around the globe depend on wood energy for cook-
ing and heating, especially in nonindustrialized 
countries (Food and Agriculture Organization of the 
United Nations, http://www​.fao​.org​/forestry​/energy​
/en​/). Moreover, our human ancestors harnessed 
energy from yoked animals, sails, waterwheels, 
and windmills. In addition to the previously men-
tioned sources of energy (e.g., animals, water, and 
wind), humans also used camelina (Camelina sa-
tiva), an oilseed crop now used as a feedstock for 
jet fuel, to provide lamp oil in the Bronze Age. The 
first authentic internal combustion engine, which 
ran on a mixture of ethanol, turpentine, and camphor, 
was developed by Samuel Morey in 1826 to power a 
small boat up the Connecticut River (McGuire 
2012). Even the Model T introduced by Henry 
Ford in 1908 was a flexible-fuel vehicle that could 
run on ethanol (McGuire 2012). However, empha-
sis on renewables declined in Europe and the 
United States in the eighteenth and nineteenth 
centuries as the Industrial Revolution flourished. 
Coal, and later oil and gas, became the primary 
energy sources for the industrialized nations of the 
world.

Renewable Energy and Wildlife 
Conservation
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2  renewable energy and wildlife conservation

The Demand for Fossil Fuels and the 
Environmental Costs

Today, demand for energy is unprecedented. The 
global human population is projected to exceed nine 
billion by 2050 (Figure I.1), and demand for energy 
to produce food, generate electricity, fuel auto
mobiles, and support daily human activities is bur-
geoning. Furthermore, the globalizing economy has 
driven expansion in domestic and international 
transportation infrastructure and rapid advances in 
telecommunication technologies, all of which require 
substantial energy inputs. In fact, global energy 
consumption is expected to nearly double between 
2012 and 2040, as China, Indonesia, Brazil, and other 
less-developed countries grow economically (US 
Energy Information Administration 2017). Even in 
developed nations, where population growth is less 
rapid, energy demand per capita far outpaces that 
of developing nations. In these developed countries, 
the number of people per household is decreasing, 
the number of houses and the average size of homes 
is increasing, and the sprawling nature of develop-
ment requires more widespread land conversion to 
support automobile-centric infrastructure (Peterson 
et  al. 2013). With fewer residents per household, 

heating, cooling, lighting, and water consumption in 
the home in developed countries correlates with 
more energy usage per person.

Currently, more than 80% of the world’s energy 
demand is met with fossil fuels, which, when burned, 
emit GHGs that contribute to global warming (US 
Energy Information Administration 2017). Oil, coal, 
and natural gas are the leading sources of global en-
ergy, and natural gas is expected to surpass coal in the 
coming decades. Although the availability of fossil 
fuels is finite, current projections have them remain-
ing prominent energy sources for many decades 
into the future (US Energy Information Administra-
tion 2017). Hence, the GHG emissions associated 
with fossil fuel use are likely to remain high, even as 
alternative energy sources replace fossil fuels.

Fossil fuel consumption and associated GHG 
emissions are rapidly changing the Earth’s climate. 
The Intergovernmental Panel on Climate Change 
(IPCC 2014) stated that it is “extremely likely” that 
warming temperatures around the globe since the 
mid-twentieth century were caused by anthropo-
genic increases in GHGs. The planet’s surface has 
warmed an average of 0.12°C (0.22°F) per decade 
since 1950, with similar trends for the ocean surface 
(0.11°C warming per decade since 1970). Although 
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introduction  3

global temperatures include increases in ocean 
acidification, reductions in arctic sea ice, decreased 
area of permafrost, and rise in sea level at approxi-
mately 70% of the coastlines around the world 
(IPCC 2014).

Greenhouse gas emissions associated with fossil 
fuel use are greatest in areas with the greatest human 
population densities and where economic growth is 
most substantial (Figure I.2). China and the United 
States contribute approximately 26% and 14% of the 
global emission of GHGs, respectively (Boden et al. 
2017). Per capita GHG emissions in Canada, the 
United States, and Russia are more than double the 
global average per person, highlighting the connec-
tion between emissions and the industrialized econ-
omies of the world. However, the human popula-
tions at greatest risk from climate change are often 
those that contribute least to GHG emissions. Envi-
ronmental costs of climate change, including lower 
crop yields, declining stores of drinking water, reduc-
tions in fisheries productivity, rise in human health 
problems, and increased risk of natural disasters 
(e.g., drought, heat stress, hurricanes, wildfire) can 
have devastating effects on poorer, less industrialized 
nations of the world (Table I.1; Mirza 2003).

the planet has been warmer in the past, these mod-
ern increases in global temperature are unique in 
that they are driven by human activities. Simultane-
ous with global warming, glaciers are shrinking 
around the globe, and mean annual snow cover ex-
tent has decreased. Since 1900, mean sea level rose 
by nearly 0.2 m, with the rate of rise increasing over 
time. Concurrent with these climatic changes, atmo-
spheric concentrations of carbon dioxide, methane, 
and nitrous oxide increased, and current atmo-
spheric concentrations of these GHGs are greater 
than they have been in at least the last 800,000 years 
(IPCC 2014).

Global surface temperatures are projected to in-
crease between 0.3°C (0.54°F) and 0.7°C (1.26°F) 
by 2035, and temperatures are projected to increase 
between 0.3°C and 4.8°C (8.64°F) during the twenty-
first century, indicative of continuing influence of 
anthropogenic-driven climate change (IPCC 2014). 
The wide range of variability for twenty-first-century 
projections depends largely on whether GHG emis-
sions are lessened by changes in energy policy and 
efficiencies and whether fossil fuels are replaced 
with “cleaner” energy technologies. Additional en-
vironmental changes projected to occur with rising 

Figure I.2  ​Ranking of the 
leading countries by 2014 for 
total CO2 emissions from 
fossil fuel burning, cement 
production, and gas flaring. 
Emissions are expressed in 
thousand metric tons of 
carbon (not CO2  ). Source: T. A. 

Boden, G. Marland, and R. J. 

Andres. 2017. Global, Regional, 

and National Fossil-Fuel CO2 

Emissions. Oak Ridge, TN: 

Carbon Dioxide Information 

Analysis Center, Oak Ridge 

National Laboratory, US 

Department of Energy.
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4  renewable energy and wildlife conservation

the National Audubon Society (2015) predicted that 
climate change could affect the ranges of 588 species 
of birds in North America. Of those 588 species, 314 
were predicted to lose more than 50% of their current 
ranges by 2080. Earlier warming in the spring may 
lead to peak availability of caterpillars and other food 
sources before most migrant birds arrive and begin re-
production; this mismatch could lead to reproductive 
failure and long-term population declines for birds 
and for other insectivorous wildlife taxa (Visser and 

The environmental changes associated with rising 
global temperatures, including less snow cover, 
higher extreme temperatures, drought, and weather 
extremes, can have direct and indirect effects on wild-
life populations and their associated habitats (Mawds-
ley et al. 2009). These effects are projected to vary 
among wildlife taxa, and effects can be variable among 
species within taxonomic groups (i.e., winners and 
losers—some species will benefit, whereas others will 
be affected negatively). In a comprehensive report, 

Table I.1.  Selected impacts of climate-related extreme events in developing regions (Mirza 2003)

Region Expected regional impact of extreme events

Africa Increases in droughts, floods, and other extreme events will add to stress on water resources, food security, 
human health, and infrastructure, and would constrain development in Africa (high confidence)

Sea-level rise would affect coastal settlements, flooding, and coastal erosion, especially along the southeastern 
African coast (high confidence)

Desertification, exacerbated by reductions in average annual rainfall, runoff, and soil moisture (medium 
confidence)

Major rivers highly sensitive to climate variation: average runoff and water availability would decrease in 
Mediterranean and southern countries in Africa, affecting agriculture and hydropower systems (medium 
confidence)

Asia Extreme events increase in temperate Asia, including floods, droughts, forest fires, and tropical cyclones  
(high confidence)

Thermal and water stress, flood and drought, sea-level rise, and tropical cyclones would diminish food 
security in countries of arid, tropical, and temperate Asia; agriculture would expand and increase in 
productivity in northern areas (medium confidence)

Sea-level rise and increase in intensity of tropical cyclones would displace tens of millions of people in 
low-lying coastal areas of temperate and tropical Asia; increased intensity of rainfall would increase flood 
risks in temperate and tropical Asia (high confidence)

Climate change increases energy demand, decreases tourism, and influences transportation in some regions 
of Asia (medium confidence)

Latin America Loss and retreat of glaciers would adversely affect runoff and water supply in areas where glacier melt is an 
important water source (high confidence)

Floods and drought would increase in frequency, higher sediment loads would degrade water quality in some 
areas (high confidence)

Increases in the intensity of tropical cyclones would alter the risks to life, property, and ecosystems from 
heavy rain, flooding, storm surges, and wind damages (high confidence)

Coastal human settlements, productive activities, infrastructure, and mangrove ecosystems would be 
negatively affected by sea-level rise (medium confidence)

Small Island 
States

Projected sea-level rise of 5 mm per year for the next 100 years would cause enhanced coastal erosion, loss of 
land and property, dislocation of people, increased risk from storm surges, reduced resilience of coastal 
ecosystems, saltwater intrusion into freshwater resources, and high resource costs for adaptation  
(high confidence)

Islands are highly vulnerable to impacts of climate change on water supplies; agricultural productivity, 
including exports of cash crops; coastal ecosystems; and tourism as an important source of foreign 
exchange for many islands (high confidence)

Source: IPCC (2001).

Note: The IPCC uses the following words to indicate judgmental estimates of confidence: very high (95% or higher), high (67%–95%), medium (33%–67%), low 
(5%–33%), and very low (5% or less).
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change on wildlife (see Mawdsley et al. 2009). Ex-
amples of potential mitigation approaches include 
purchasing or protecting land, improving landscape 
permeability through targeted habitat management 
(e.g., corridors), captive breeding, and assisting mi-
grations or translocations. However, strategies to 
slow and reverse GHG concentrations in the atmo-
sphere may prove the most effective at slowing cli-
mate change and therefore reducing long-term im-
pacts on biodiversity.

The Return of Renewables

By 2040, fossil fuel contribution to energy consump-
tion is projected to decline by more than 10% as 
cleaner renewable energy replaces fossil fuels (Casler 
et al. 2009, US Energy Information Administration 
2017; Figure I.3). The demand for renewable energy 
in the United States has grown with efforts to reduce 
GHG emissions, expand domestic energy production 
with less dependence on foreign oil, and develop pol-
icy that requires a lower percentage of energy pro-
duction from fossil fuels (Allison et al. 2014, Ellab-
ban et al. 2014). In turn, production of biomass for 
biofuels that replace fossil fuels could pose lower 
risks to biodiversity because bioenergy resources are 
largely produced in areas already heavily affected by 

Both 2005). Amphibians and reptiles are ectother-
mic, making many species vulnerable to altered tem-
peratures (i.e., thermal stress) associated with climate 
change (Araujo et al. 2006). Additionally, many rep-
tiles and amphibians have reproductive strategies that 
are tied to narrow temperature and moisture condi-
tions (e.g., ephemeral pools that hold water in the late 
winter and spring and dry out during other portions 
of the year), so changes in average environmental 
conditions (i.e., average temperature extremes or hy-
droperiod) or more variable climatic conditions from 
one year to the next could lead to boom and bust peri-
ods of reproductive output in herpetofauna popula-
tions. Altered hydroperiods or more extended periods 
of drought could lead to phenological mismatches in 
reproductive timing and larval development of am-
phibians also (Blaustein et al. 2001). Mammals may 
be forced to shift ranges to maintain appropriate ther-
mal conditions, and declining snow cover could lead 
to coat-color mismatch and increased predation risk 
for species like snowshoe hare (Lepus americanus; 
Mills et al. 2013). Additionally, increases in drought 
severity and duration could lead to reductions in for-
age quality and quantity for herbivores (Lashley and 
Harper 2012).

A number of strategies have been proposed to 
minimize or mitigate the projected effects of climate 

Figure I.3  ​Trends in human use 
of traditional fuels, fossil fuels, 
and renewable fuels from 1800 
to present and predicted to the 
mid-twenty-second century. 
Modified from Casler et al. 2009.
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6  renewable energy and wildlife conservation

The relative contribution of renewable energy 
sectors to reduction in GHG emissions varies, and re-
lated calculations for each sector are exceptionally 
complex. Reports on the carbon neutrality of wood-
based bioenergy, for example, are mixed. McKechnie 
et al. (2011) conducted a life-cycle assessment and 
reported that tree harvest for wood pellets and etha-
nol production reduces forest carbon stores, and the 
GHG emissions associated with forest harvesting ini-
tially exceed fossil fuel–related emissions; but, elec-
tricity generation from wood would reduce overall 
emissions relative to coal over longer time periods. 
Conversely, Sedjo and Tian (2012) suggested that 
carbon emissions from wood bioenergy are offset by 
increased forest land cover connected to increased 
market values and by the carbon captured by re-
growth in these forests. The variable and often con-
tradictory results of these studies are based largely in 
the variable frameworks of the models. Factors that 
may influence model results include the time inter-
vals analyzed, the reference systems used, the infra-
structure required to capture and transport fuels, and 
the source of feedstocks (Schlamadinger et al. 1997). 
Similar to the bioenergy sector, wind and solar power 
require consideration for complexities of the produc-
tion process and the relative role of fossil fuels in 
their carbon footprint. In short, even renewable en-
ergy production is not free from environmental cost.

Fifty Shades of Green

Renewable energy is often termed “green energy,” 
but its production is not free from impacts on wild-
life and other forms of biodiversity (Fargione et al. 
2010, Northrup and Wittemeyer 2013). Effects of 
renewable energy production on wildlife vary among 
wildlife taxa and among energy sectors and can be 
positive or negative (Northrup and Wittemeyer 
2013). The expanding demand for renewable energy 
and the associated advances in technology generate 
environmental effects that often are novel and under
studied. At the same time, sociopolitical forces di-
rect rapid changes in energy policy that may call for 

human activities (Dale et al. 2015), and because bio-
energy production may help lessen conversion of 
agricultural lands to urban development (Graves 
et al. 2016). In 2010, renewables accounted for 14% 
of global energy production, but production from re-
newable sources is expected to increase ~270% be-
tween 2010 and 2035 (Panwar et al. 2011, Ellabban 
et al. 2014). Bioenergy is expected to account for 
~50% of renewable energy consumption by 2040, 
followed by large hydropower, geothermal, wind, so-
lar, and marine tidal energy (Panwar et  al. 2011). 
However, current trends indicate that solar energy 
and, to a lesser extent, wind energy, will be the prom-
inent renewable energy technologies by the end of 
the century. These diverse sectors are more or less 
available regionally, so renewable energy portfolios 
can vary locally. For example, solar and wind energy 
are less available in many forested regions, whereas 
the potential for wood-based bioenergy there may 
be greater.

Emerging domestic and international policies re-
quire renewable power generation or provide incen-
tives for renewable transportation fuels. Examples 
of adopted legislative policy in the United States in-
clude state renewable portfolio standards (RPSs) and 
the national Renewable Fuel Standard included in 
the Energy Independence and Security Act of 2007 
passed by Congress. State-level RPS policies set tar-
get amounts of energy production that must be 
met by renewables by a target date, with obliga-
tions often increasing over time. The RPS lan-
guage varies greatly among states, but overall the 
policies promote renewable energy development 
(Yin and Powers 2010). At the international level, 
signatories of the Kyoto Protocol (of which the 
United States is not one) agreed to reduce global 
GHG emissions, in part, by increasing the contri-
bution of renewable energy. Reviews of the policy’s 
effectiveness have been mixed, but researchers 
largely agree that the Kyoto Protocol has not met 
target reductions in global GHG emissions (Aichele 
and Felbermayr 2012, Grunewald and Martinez-
Zarzoso 2016).
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ized by less-diverse plant communities than natu-
rally occurring vegetation. Additionally, the structure 
of bioenergy crops may be lower quality for some 
wildlife species than the structure of naturally occur-
ring vegetation communities. For example, switch-
grass (Panicum virgatum) fields grown for bioenergy 
often grow dense and tall, with a lower forb compo-
nent than native prairie. Yet, forbs constitute an 
important component of the plant community, pro-
viding food and cover for wildlife. Increasingly, non-
native plant species are introduced as bioenergy 
crops, and these species may escape cultivation, 
cross-pollinate with closely related native species, in-
vade nearby natural areas, and degrade habitat for 
native wildlife. Other indirect effects of growing bio-
energy crops may include high water use and exten-
sive use of fertilizers and pesticides. Finally, dams 
erected to generate hydropower flood surrounding 
upland areas and alter the hydrology of the water-
shed dramatically. The resulting reservoirs elimi-
nate habitat for terrestrial species, serve as barriers 
for migrating fish, and isolate individuals from criti-
cal spawning grounds; but the same reservoirs cre-
ate new habitat for many aquatic species, including 
waterfowl and lacustrine fish.

Renewable energy production also can lead to a 
variety of other impacts on wildlife, including behav-
ioral changes and direct mortality. Wildlife colli-
sions with energy infrastructure are widely docu-
mented, especially bird and bat collisions with wind 
turbines (Grodsky et al. 2011, 2012, 2013; Figure I.4). 
Birds, especially raptors and other large-bodied birds, 
often collide with or are electrocuted by the power-
lines that transport energy throughout the grid (Har-
ness and Wilson 2001). Effects of solar energy facili-
ties on wildlife are relatively understudied, but bird 
mortality at solar facilities also has been documented 
(McCrary et al. 1986, Walston et al. 2016). Wildlife 
may exhibit avoidance behaviors around wind and 
solar energy facilities, especially in areas with the 
greatest human traffic and associated impacts (e.g., 
noise and light pollution). Additionally, road net-
works required to support these energy facilities 

sustainability measures, which may or may not in-
clude wildlife conservation. Some sustainability 
standards discuss general impacts to biodiversity 
(i.e., a measure of species richness and evenness 
across the landscape) without recognizing specific 
species or taxa that contribute to biodiversity, 
whether species are native or not, or species’ poten-
tial for invasiveness. Further, public discourse about 
the pros and cons of various renewable energy tech-
nologies often hinges on debates about effects on 
wildlife. It is critical that these conversations be di-
rected by current and science-based information re-
lated to the ecological effects of renewable energy 
production. Additionally, mitigation measures to pre-
vent or minimize negative effects on wildlife behav
ior, demographics (i.e., reproduction and survival), 
and high-quality habitat are critically important to 
conservation efforts (Northrup and Wittemeyer 
2013).

Renewables have low energy density relative to 
fossil fuels and therefore often require more infra-
structure; in other words, the diffuseness of renew-
ables means that more land area must be allocated 
to energy production than with fossil fuels. Hence, 
the conversion of wildlife habitat to presumably 
lower-quality habitat, or non-habitat, in the form of 
energy facilities and infrastructure generally is the 
most substantial impact on wildlife (Fargione et al. 
2010). In fact, over 200,000 km2 of new land are pro-
jected to be developed for energy production in the 
United States by 2035, and the majority of the im-
pact would come from biofuels production (McDon-
ald et al. 2009). These landscape-level changes can 
fragment or even eliminate habitat, but the relative 
magnitude of effects on wildlife depends on the con-
text of the surrounding landscape, the extent of 
land conversion, and the condition of the land before 
conversion. For example, conversion of cropland to 
short-rotation woody crops could improve condi-
tions for woodland birds, whereas conversion of 
mature forest to short-rotation woody crops could 
degrade habitat value for the same group of animals. 
Moreover, bioenergy crops are typically character-

introduction  7
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scribe the processes used to generate energy, review 
the documented effects on wildlife, provide poten-
tial mitigation strategies to lessen effects on wildlife, 
and identify research needs related to wildlife con-
servation. Individual chapters within Part I (bioen-
ergy) focus on the types of feedstocks and their ef-
fects on wildlife, whereas chapters within Part II 
(wind energy) focus on the taxa potentially influ-
enced by wind energy development. Extensive re-
search has been conducted on the effects of wind en-
ergy on bats and birds aloft, so we dedicate a chapter 
to each. We include a third chapter in Part II that 
deals with terrestrial wildlife, including prairie 
grouse, ungulates, and invertebrates. In Part III, so-
lar energy and waterpower are covered with a single 
chapter each. Each chapter in Parts I through III in-
cludes a Deep Dive section that highlights in detail 
potential wildlife impacts, research efforts, or miti-
gation strategies that can be employed to help con-
serve wildlife. The book concludes with Part IV, on 
the future of renewable energy and wildlife conser-
vation. Chapter 10 focuses on policy directives now 
and into the future, as these actions could result in 
dramatic direct or indirect effects on wildlife con-
servation. Chapter  11 ties together the consistent 
themes of the book and describes emerging oppor-
tunities related to renewable energy and wildlife con-
servation with recommendations for future re-
search. We thank the chapter authors, each of whom 
is nationally or internationally recognized as an ex-
pert in their respective renewable energy sector and 
area of policy focus.
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Introduction

Increasing energy demand alongside concerns about 
energy security and climate change have generated 
interest and funding for renewable energy develop-
ment in many developed countries and emerging 
economies. In the United States, the largest single 
source of renewable energy is biomass, accounting 
for 3.7 quadrillion of 9.2 quadrillion British thermal 
units (Btu) in 2016 (US Energy Information Admin-
istration 2017). Biomass includes agricultural and 
forest resources grown explicitly for energy produc-
tion (e.g., herbaceous and woody energy crops, for-
est thinning for pellet production), residues and 
wastes from agriculture and forestry (e.g., grain hulls, 
logging slash, and mill waste), municipal solid waste, 
and algae. Residues and wastes from agriculture, for-
estry, and municipalities currently are available and 
may represent a large percentage of biomass-based 
energy in the near future. The US Department of En-
ergy (US DOE) concluded that at least 1 billion dry 
tons of biomass resources could be produced annu-
ally without negatively affecting food production or 
environmental resources (US DOE 2016). The 1 bil-
lion dry ton benchmark is equivalent to approxi-
mately 30% of US petroleum consumption in 2005, 
prior to the economic recession of the late 2000s (US 

DOE 2016). Woody biomass is a promising energy 
feedstock (i.e., raw material) that can simultaneously 
control soil erosion, recycle nutrients, and sequester 
carbon. The volume of woody crops planted solely for 
energy, although limited at present, could expand 
rapidly with market development because of their 
short crop rotations and play a vital role in the long-
term production of biomass-based energy (US DOE 
2016). Here, we discuss the cultivation and poten-
tial impacts to wildlife of these short-rotation woody 
crops (SRWCs) (forest-based biomass, annual energy 
crops, and second-generation feedstocks from energy 
crops are treated in Chapter 2, Homyack and Ver-
schuyl; Chapter 3, Otto; and Chapter 4, Rupp and 
Ribic, respectively).

Short-Rotation Woody Crop Production 
and Management

Short-rotation woody crops are produced through a 
silvicultural system based on short cutting cycles 
(e.g., 1–15 years). Genetically improved stock and in-
tensive agricultural techniques, such as fertilization 
and weed control, are often used in conjunction with 
coppice regeneration (i.e., new shoots of vegetation 
from stumps or roots following cutting; Drew et al. 
1987, Dickmann 2006, Rupp et  al. 2012). Many 

Short-Rotation Woody Crops 
and Wildlife Conservation
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have negative effects on plant and wildlife commu-
nities, groundwater recharge, and ecosystem services, 
especially if best management practices (BMPs) are 
not implemented. All US states and Canadian prov-
inces with commercial forests have forestry BMPs 
to protect the environment from sedimentation, 
nutrient deposition, and pesticide use, typically via 
riparian buffers or streamside management zones. 
In the United States, forestry BMPs are imple-
mented at a high national rate (>90%) and a large 
body of research confirms that BMPs, when prop-
erly implemented, protect water quality, retain ri-
parian forest structure, and should benefit aquatic 
and riparian species (e.g., crayfish, mussels) sensitive 
to changes in water quality and forest structure 
(Broadmeadow and Nisbet 2004, Cristan et al. 2016, 
2018, Warrington et al. 2017).

Woody Crop Silviculture

Woody crop silviculture includes consideration for 
planting density, rotation length, and inputs during 
and after the establishment phase, such as fertiliza-
tion, herbicide, and pest control. Planting density is 
influenced by designated use of harvested raw ma-
terial, species and clone, and site quality, among 
other factors. In the 1960s, trees used for SRWCs 
were planted at high densities (5,000 to 20,000 
stems/ha) with tight inter- and intra-row spacing to 
produce high yields on short rotations (1 to 5 years; 
Dickmann 2006). Mean annual increment (i.e., 

hardwood tree species and a few conifers have been 
evaluated for use as SRWCs, including clones of pop-
lars and aspens (Populus spp.) and willows (Salix 
spp.) in temperate zones of North America and Eu
rope; sweetgum (Liquidambar styraciflua) and lob-
lolly pine (Pinus taeda) in the southeastern United 
States; and Eucalyptus species in subtropical and 
tropical climates (Figure 1.1). Poplars and willows 
have generated special interest because of their rapid 
growth rates in northern temperate climates, easy 
propagation, and wealth of genetic diversity that 
lends itself to various stock improvement methodol-
ogies (Dickmann 2006, Zalesny et al. 2011).

Site Selection

Site quality is an important determinant of SRWC 
productivity that is influenced by soil properties, 
climate, and topography. In general, high-quality 
agriculture sites are the ideal setting for SRWC 
plantations. Sites with poorly or excessively drained 
soil, highly acidic or alkaline pH, steep slopes, or 
degradation caused by erosion or compaction should 
be avoided for SRWC production (Dickmann 2006). 
Transportation costs associated with SRWC produc-
tion should be considered, because hauling distances 
(i.e., proximity to a processing facility) dictate SRWC 
economic feasibility. High-quality forested sites may 
be suitable for SRWCs if the current forest is har-
vested and stump sprouts are suppressed. However, 
conversion of forestland to SRWC plantations may 

Figure 1.1  ​Example of short-rotation loblolly pine (Pinus taeda) stand (left) and Eucalyptus stand (right) in Georgia, US. 
Photos courtesy of Kevin Fouts.
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(Janowiak and Webster 2010) and, because of high 
pesticide costs, SRWC plantations have a high eco-
nomic threshold to pest damage (Sage 1998). Poly-
clonal cultures and checkerboarding (i.e., establish-
ing small, 10 to 20 ha islands of SRWC in a matrix of 
other land uses) can be employed as a means of min-
imizing the spread and impact of pests and disease 
(Dickmann 2006).

Short-Rotation Coppice Plantations

Short-rotation coppice plantations often are hailed 
as a promising bioenergy option because of their net 
energy efficiency and ability to mitigate greenhouse 
gas emissions (Volk et  al. 2004, Styles and Jones 
2007, Lasch et  al. 2010, Berhongaray et  al. 2015, 
Pereira and Costa 2017). In the United States, short-
rotation coppice crops are dominated by willow and 
poplar hybrids planted at high densities on former ar-
able land. In short-rotation coppice plantations, 
aboveground biomass is harvested during winter on 
a cutting cycle of 3 or more years (3 years for willow, 
3 to 7 years for poplar; Karp and Shield 2008). Rather 
than removing woody crops during harvest and re-
planting with genetically improved seedlings or 
clones, coppicing allows the belowground rootstock 
(“stool”) to produce new shoots each following 
spring (Weih 2009) until productivity declines or 
rootstocks no longer are viable (~15 to 30  years; 
Aylott et al. 2008). Thus, several cutting cycles can 
be derived from a single rootstock establishment, and 
aboveground shoot age may differ substantially from 
rootstock and plantation age.

Harvesting

Harvesting is the single largest cost in the production 
of SRWCs, sometimes equaling about 45% of total 
production costs, and it requires the second largest 
input of fossil fuel energy in coppicing systems after 
fertilization (El Kasmioui and Ceulemans 2013, 
Eisenbies et al. 2014). Short-rotation coppice crops 
have been harvested using conventional forestry 

measure of annual growth) peaked early, especially 
in coppice rotations, and weed suppression efforts 
were usually limited to the first and second year be-
fore the overstory canopy closed. However, this pro-
duction strategy incurs high establishment costs 
due to the large number of hardwood cuttings or 
seedlings planted, and the harvested raw material 
has limited uses because of its small diameter and 
low wood-to-bark ratio (Dickmann 2006). Har-
vested material from these high-density plantations 
is acceptable for bioenergy feedstock production, 
where the maximum conversion of solar energy is 
the primary objective and flexibility of raw material 
is unimportant. When high wood-to-bark ratio or 
product flexibility is essential, lower densities 
(1,000 to 2,500 stems/ha) and longer rotations (8 to 
12 years) are used (Dickmann 2006).

Because of the enormous number of species and 
clones used for SRWC production, variability in site 
quality, and the continuing development of a bioen-
ergy market, industry standard spacing and planting 
densities have not been established. Results from re-
search plantings suggest that spacing and planting 
density decisions should be specific to management 
objectives, site, tree species, and clone (DeBell et al. 
1996, Eufrade et al. 2016, Paris et al. 2011). Like 
planting density, potential benefits and rates of fer-
tilization differ by species, clone, and site quality. Al-
though fertilization may not be necessary for every 
rotation, it may be required after successive SRWC 
harvests, but rates and blend of nutrients will differ 
among SRWC systems (Dickmann 2006). Irrigation 
is not vital to sustain biomass yields or coppicing ca-
pacity (e.g., Dillen et al. 2013), but may be benefi-
cial during drought years, on degraded land, and for 
particularly “thirsty” species (Coleman et al. 2004). 
Competing vegetation can be managed through cul-
tivation, herbicide, or a combination thereof, but in-
tensity and type of vegetation management will vary 
with site, species, and establishment method.

Pests and diseases can affect some SRWC species. 
Perennial biomass crops generally need fewer pesti-
cide applications than annual agricultural crops 
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strongly influenced by previous land use, and yields 
of all potential woody crops are sensitive to site his-
tory and soil category (Downing and Graham 1996). 
However, genetic modifications continue to facilitate 
yield improvements, and harvesting efficiency could 
reduce price differentials between biomass and its 
energy competitors (Volk et al. 2006). Policy changes 
also influence feasibility; federal and state programs 
(e.g., renewable portfolio standards) have attempted 
to foster biomass markets in the United States (Volk 
et al. 2006).

Potential Impacts to Plant and Wildlife 
Communities

As a foundation for wildlife foraging, roosting, and 
nesting sites, plant communities are central to wild-
life habitat management. There is apparent consen-
sus among plant and wildlife studies in SRWC 
plantations that woody crops resemble shrubland 
structural conditions rather than those of grasslands 
or forests (Christian 1997, Christian et al. 1998, Sage 
1998, Riffell et al. 2011). Light availability, plantation 
age, tree canopy coverage, and crop species planted 
are the major factors influencing habitat quality in 
SRWC plantations and are closely related to one an-
other. Tree species and plantation age will strongly 
affect the amount of tree canopy and subsequently 
the amount of light reaching the forest floor. Forest 
canopy coverage often is negatively associated with 
disturbance-adapted species throughout much of the 
southeastern United States. For example, in loblolly 
pine (Pinus taeda) plantations, wildlife community 
measures such as the number of species, number of 
individuals, and average conservation priority of 
the community are generally greater in stands with 
more open canopies, especially early in a rotation 
(Greene et al. 2016). However, wildlife species that 
require mature trees (e.g., cavity-nesting birds) are 
negatively associated with younger forest stands 
(Gottlieb et al. 2017), although these features typically 
are retained in unharvested buffers along streams 
and in other portions of the landscape.

machinery, given its proven performance, availability, 
and reliability. Harvester prototypes dedicated to 
SRWC cultivation have been field-tested to improve 
efficiency, although few prototypes have advanced 
toward commercial use (Stuart et al. 1983, Ulich 
1983, Ehlert and Pecenka 2013). SRWCs may be har-
vested by several methods, including the most com-
mon cut-and-store and cut-and-chip systems (Van-
beveren et al. 2015). The cut-and-store system is a 
2-step process in which the entire shoot is harvested, 
and chipping typically occurs near the stand edge. In 
contrast, the cut-and-chip system is a 1-step opera-
tion that converts standing biomass to woody chips 
in the stand. Field sites with poor ground conditions 
(e.g., steep slopes, poorly drained) and lower field 
stocking have reduced harvest efficiencies (Eisenbies 
et al. 2014, Vanbeveren et al. 2017). Inter-row spac-
ings, also known as headland widths, need to provide 
sufficient room for harvester and collection vehicles 
to turn around at the ends of crop rows. When ap-
propriate headland widths are not used, residual 
woody biomass can accumulate at the edges of fields 
and ends of rows, reducing efficiency and profitabil-
ity (Eisenbies et al. 2014).

Economic Feasibility

The most significant impediment to implementation 
of SRWCs for bioenergy is economic viability. Cur-
rent returns on investment are poor in the United 
States because of high establishment and mainte-
nance costs, low productivity on marginal land, low 
stumpage values, competition with other fuel 
sources, and an uncertain energy policy environment 
(Ghezehei et al. 2015). Although SRWC production 
is expected to become more lucrative as global mar-
kets for bioenergy develop, other concerns may dis-
courage widespread use of SRWC plantations. For 
example, bioenergy can compete with traditional for-
estry and food production systems on a shrinking 
land base (Tyndall et al. 2011), leading some SRWC 
investors to turn to marginal lands with lower pro-
ductivity (Ghezehei et al. 2015). Production costs are 
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determining occupancy for highly mobile species 
(e.g., birds), whereas within-plantation structure and 
composition is more critical for less mobile species, 
indicating that SRWC forest managers may need to 
purposefully integrate more plant species and struc-
tural heterogeneity across the landscape (i.e., a shift-
ing mosaic) to retain diverse and abundant wildlife 
communities (Rupp et al. 2012, Root and Betts 2016).

Woody crop cultivation for biomass could contrib-
ute to overall wildlife diversity in forest-dominated 
landscapes and provide habitat for shrubland bird 
species (Christian et al. 1998, Riffell et al. 2011, Tarr 
et al. 2017). In a meta-analysis, Riffell et al. (2011) 
indicated that an abundance of shrub-associated 
birds are likely to be present on SRWC plantations, 
but mature forest-associated and cavity-nesting birds 
tend to be less abundant. Although abundance of in-
dividual bird species is expected to vary, diversity 
and abundance of avian guilds is predicted to be 
lower on SRWC plantations compared with sur-
rounding woodlands (Riffell et  al. 2011). Midsize 
mammals (e.g., squirrels, rabbits, hares) have shown 
limited use of SRWC patches, and white-tailed deer 
(Odocoileus virginianus) use of SRWC areas has been 
documented (Christian 1997). In additional, the 
headlands, glades, and woodland edges commonly 
associated with SRWC plantations may provide hab-
itat for butterflies (Sage 1998) because of the abun-
dant forbs and grasses prevalent following frequent 
disturbances.

Woody crop cultivation performs well on high-
quality agricultural sites. Food production and eco-
nomic concerns, however, may facilitate conversion 
of forested systems, rather than traditional agricul-
tural land, to energy crop production. Because 
SRWCs are typically even-aged stands dominated by 
a single tree species, there is concern about poten-
tial impacts when replacing multispecies, structur-
ally diversified forests with non-native energy crops 
(Rupp et al. 2012). Extensive conversion of mature 
forest of high conservation value to SRWC production 
would likely decrease wildlife diversity and nega-
tively impact populations of rare forest-dwelling 

Other determinants of habitat quality include the 
surrounding landscape, seed bank, site history, and 
soil condition. Plant communities in SRWC systems 
generally consist of commonly occurring species, 
with a shift in species composition from annual and 
perennial pioneer and ruderal species to perennial 
woodland species as woody crops age (Baum et al. 
2012). Ground cover is generally low during the 
plantation establishment phase because of intensive 
vegetation management. Vegetation understory cov-
erage increases, however, during the subsequent 
4 or more years, followed by a decline associated with 
canopy closure from longer rotations in traditional 
plantations (Lane et al. 2011). Understory cover and 
plant diversity typically increase again post-thinning 
in traditional plantations; however, SRWC stands are 
unlikely to be thinned. Thus, planting conditions 
and, thereby, habitat modifications are repeated fol-
lowing each harvest. Also, conditions at planting dic-
tate the structure and composition of plant com-
munities later in the rotation. In loblolly pine 
plantations, the intensity of site preparation changes 
the plant communities in early rotation, especially 
with use of chemicals. For example, Lane et al. (2011) 
showed that chemical site preparation had effects on 
the herbaceous plant community up to 4 years post-
planting, and effects persisted even longer for woody 
cover. However, Jones et  al. (2012) reported that 
plant communities in stands established with prac-
tices that varied in intensity converged as crown clo-
sure approached, and structural differences were 
largely insignificant by year 5.

Knowledge about wildlife responses to SRWCs is 
incomplete and biased toward avian research (Rupp 
et al. 2012). Short-rotation woody crop plantations 
provide habitat conditions more favorable for shru-
bland- or forest-associated birds and mammals than 
do agricultural croplands but are of poorer quality for 
some species groups (e.g., cavity-nesting birds) than 
is more mature forest. Bird and small mammal spe-
cies composition on SRWC plantations is a unique 
blend of grassland and forest species (Christian et al. 
1998). Landscape composition plays a central role in 
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suited to supporting growth of SRWCs, high agricul-
tural crop prices, agricultural site availability, and 
policies aimed at alleviating food production con-
cerns could prevent SRWC plantations from being 
established on agriculture land. Instead, SRWC plan-
tations may be established on currently forested 
land, with possible negative impacts to wildlife asso-
ciated with mature forest (e.g., cavity-nesting birds). 
Although SRWC plantations may augment diversity 
and wildlife abundance in forested landscapes on a 
small scale, replacing forests of high conservation 
value and large-scale conversion of mature forests to 
SRWCs likely would decrease overall wildlife diver-
sity. Although the concept of SRWC plantations has 
roots in the 1960s and 1970s, the environmental im-
plications of different options for energy crop cul-
ture (e.g., planting density, rotation length, and crop 
species) are still not fully understood. Landscape-
scale experiments that investigate the environmen-
tal and economic trade-offs among varying amounts 
of SRWC plantations and other land-use types would 
be particularly helpful (see Deep Dive). Integration 
of precision agricultural production technologies to 
improve productivity of SRWC plantations that also 
include environmental considerations, such as pro-
tection of sensitive plant communities, could also ad-
vance wildlife conservation.

species (Riffell et al. 2011, Tarr et al. 2017). Addi-
tional effects of SRWC production could include 
degradation of downstream water quality, with im-
pacts to aquatic and riparian species sensitive to 
water quality. Longer SRWC rotations can, however, 
facilitate shifts in plant and wildlife species compo-
sition from ruderal to shrubland communities 
(Baum et al. 2012) and potentially increase vertical 
structure and heterogeneity, thereby increasing the 
number of nesting and foraging substrates (Rupp 
et al. 2012).

Conclusion

Short-rotation woody crops are projected to play a vi-
tal role in the US biomass energy portfolio. Produc-
tion costs, stumpage values, competition with other 
fuels, and an uncertain political environment put the 
current financial viability of SRWC at risk until de-
velopment of biomass markets are realized. Short-
rotation woody crop plantations provide composi-
tional and structural conditions that are a hybrid of 
grasslands and woodlands that could benefit a myr-
iad of shrubland species, particularly birds. Longer 
rotation lengths and fewer disturbances may further 
facilitate transition from ruderal to shrub communi-
ties. Although high-quality agricultural land is well 

Deep Dive: Thinning Is for the Birds, Short-
Rotation Woody Crops Outperform Corn

Researchers with the University of Florida and 
the Joseph W. Jones Ecological Research 
Center worked across an array of bioenergy 
feedstocks from 2013 to 2015 as part of a 
study funded by the United States Depart-
ment of Agriculture National Institute of Food 
and Agriculture (Gottlieb 2017). The study’s 
aim was to understand plant and bird commu-
nity response to 8 land-use types: cornfields, 

clearcut pine forests with harvest residues 
removed, clearcut pine forests with harvest 
residues not removed, young pine plantations 
(8 to 10 years old), unthinned pine plantations 
and thinned pine plantations (12 to 16 years 
old), mature pine plantations (20–32 years old), 
and reference longleaf pine (Pinus palustris) 
forest (>40 years old). The young plantations, 
unthinned plantations, and the 2 types of 
clearcuts mimicked a few key phases of 
short-rotation pine stands in the region. The 
authors used statistical contrasts to tease 
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Excluding manufacturing by-products, forest-
based biomass is used primarily for wood pellet pro-
duction, in cogeneration power plants, and, to a 
lesser extent, to produce liquid transportation biofu-
els. Expanding markets to meet renewable energy 
mandates of the European Union have led to an in-
crease in wood pellet production in the southeastern 
United States, growing from negligible amounts in 
the early 2000s to 5.4 million green metric tons in 
2015 (Dale et al. 2017). The southeastern United 
States wood basket provides the greatest export of 
wood pellets globally and transported 98% of pellets 
produced in the region to Europe in 2015 (Dale et al. 
2017). Further, cogeneration plants where forest-
based feedstocks are burned in the same facilities as 
coal or other fuels to generate electricity and heat 
(i.e., co-firing) are becoming more common as mu-
nicipalities and businesses strive to decrease their 
carbon footprint and source local materials. From 
2010 to 2015, the amount of biomass-based electric-
ity produced in the United States grew from 56 to 
64 terawatt hours, taking advantage of abundant for-
est resources in regions where other sources of re-
newable energy (e.g., wind, solar) were less favorable 
(US Energy Information Administration 2016). 
The increase in biomass-based electricity occurred 
in large part from new facilities that source biomass 

Introduction

In North America, wood product manufacturing fa-
cilities have converted residual materials produced 
at lumber and pulp mills (e.g., black liquor, sawdust, 
chips) to electricity for decades. However, scaling up 
woody biomass (i.e., slash, tops, limbs, and small-
diameter trees unmarketable as higher-value timber 
products) production to supply feedstocks (i.e., raw 
materials) for conversion to municipal electricity or 
liquid transportation biofuels has a shorter and rap-
idly evolving narrative. Modern advances in technol-
ogies have greatly improved our ability to quickly 
regenerate forests, efficiently harvest and transport 
wood commodities, and convert forest biomass to 
power (Talbert and Marshall 2005, Fox et al. 2007, 
Demarias et al. 2016). Forest-based biomass feed-
stocks have a low economic return for large vol-
umes of materials, which has limited their viability 
in renewable energy markets until recent changes in 
social and political climates increased interest in di-
minishing fossil fuel usage. Both United States and 
European Union policies and regulations have man-
dated increases in the proportion of energy from re-
newable sources, and forests are poised to be signifi-
cant contributors to meeting these demands (Rupp 
et al. 2012, Donner et al. 2017).

Effects of Harvesting 
Forest-Based Biomass on 
Terrestrial Wildlife
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by-products of either planted softwood or naturally 
regenerated softwood stands (Donner et al. 2017). 
Whole-tree biomass harvests, which are the most 
common source of harvest in the Interior West, in-
clude operations in which merchantable or unmer-
chantable smaller-diameter trees are harvested. 
These biomass harvests often source woody material 
from thinning operations during the middle of a 
forest-stand rotation that reduce stand density to im-
prove growth and vigor of remaining crop trees 
(deStefano et al. 2016). Thus, forest-based biomass 
typically is produced as a secondary product on man-
aged forests, thereby avoiding competition with 
lands used for food production. Although geographic 
regions differ in sources and abundance of forest bio-
mass, many of the environmental concerns associ-
ated with harvesting forest-based biomass are simi-
lar across regions.

Environmental Effects of Forest  
Biomass Production

Sustainability concerns for forest-based biomass har-
vests have focused on potential loss of soil produc-
tivity and degradation of wildlife habitat at multiple 
spatiotemporal scales (Van Hook et al. 1982, Riffell 
et al. 2011). By removing downed wood or trees that 
may eventually contribute coarse and fine woody de-
bris, forest-based biomass harvests could reduce 
or remove structures that wildlife use for foraging, 
nesting, estivating, and escape cover. For example, 
lower-quality trees (i.e., hardwood species in a pine 
plantation; trees with a broken top or other defect) 
that are harvested as renewable energy feedstock 
could otherwise provide structures to the 85 species 
of North American birds that use snags for foraging, 
nesting, roosting, and communicating (Scott et al. 
1977, Loman et al. 2013, Grodsky et al. 2016a). Sim-
ilarly, limbs, stumps, and other wood gleaned (i.e., 
collected by equipment during harvests) for biomass 
could provide rest sites for small mammals and fur-
bearers or sites for egg deposition for amphibians and 
reptiles, if downed woody material remained in for-

feedstocks in the southeastern United States and 
California and from conversion of energy facilities 
from coal to biomass in Virginia. Although many 
challenges exist for scaling up the supply chain and 
for technologies converting forest feedstocks to 
liquid transportation fuels, one of the US Depart-
ment of Agriculture’s Regional Bioenergy System 
Coordinated Agricultural Projects, the Northwest 
Advanced Renewables Alliance (NARA), made in-
ternational headlines in November  2016: amid 
great fanfare, the first commercial airline flight 
powered by alternative jet fuel produced from forest 
residuals made a cross-country journey from Seat-
tle to Washington, DC (NARA 2017). Currently, 
corn provides the majority of plant-based biofuel 
feedstocks in the United States (see Chapter  3, 
Otto); however, advancing technologies and soci-
etal pressures to minimize land-use change from 
food to biofuels feedstock production may shift the 
feedstock portfolio toward forest-based biomass 
(Phalan et al. 2011). Thus, projected increases and 
continued use of forest-based biomass for these en-
ergy pathways depend on the economic viability of 
feedstock production in forests, efficient transpor-
tation to processing facilities, and conversion and 
connection to the grid or pipeline systems for liquid 
fuels.

Unsurprisingly, the major geographic sources of 
forest-based biomass occur in US regions with the 
greatest available wood volume, but regional differ-
ences in sources and predicted future forest biomass 
harvest potentials differ geographically (Donner 
et al. 2017). In the United States, the Southeast has 
the greatest forest biomass potential, primarily from 
pine plantations on private land, followed by the 
North Central region, New England, Pacific North-
west, and Interior West. Based on economic model-
ing, logging residuals, which include tops, limbs, 
stumps, and other woody materials not merchan-
dized as intact logs during commercial harvesting 
operations, offer the greatest biomass potential. Re-
gionally, logging residuals are predominant in the Pa-
cific Northwest and southeastern United States as 
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gle entry, or over a longer time period, when thin-
ning and abbreviated stand rotations reduce 
recruitment of deadwood into managed forests 
(Spies et al. 1988, Homyack et al. 2004, 2011b). In 
these scenarios, biomass harvesting can represent an 
“intensification” of traditional forest management 
when activities such as harvest of forest residues in-
clude additional equipment passes to collect and 
transport woody materials. Many studies have iden-
tified strong relationships between vegetation struc-
ture and diversity and abundance of terrestrial wild-
life. Therefore, changes to habitat complexity from 
biomass harvesting are predicted to translate into 
changes in abundance and diversity of terrestrial 
wildlife.

In addition to providing habitat structure, decay-
ing wood ameliorates thermal extremes, particularly 

est stands (Otto et al. 2013, Fritts et al. 2015a, 2015b). 
Finally, changes in abundance or structure of decay-
ing wood could affect numerous species of inverte-
brates through several pathways (Grodsky et  al. 
2018a, 2018b), including a reduction in food sources 
for saproxylic beetles that feed on decaying wood as 
larvae and a more complex reconfiguration of the in-
vertebrate food web (e.g., reduction in prey for in-
vertebrate predators; Work et al. 2014).

Thinning and harvesting woody residues can sim-
plify vertical and horizontal structure compared 
with managed stands without a biomass harvest by 
reducing crop tree mortality and removing mid- and 
understory vegetation (Homyack et al. 2004, 2011b; 
Figure 2.1). Structural simplification can occur when 
residues are harvested during a clearcut harvest, dur-
ing which all overstory trees are harvested in a sin-

Figure 2.1  ​Forest thinnings used for bioenergy production, such as those from this commercial thinning of ponderosa 
pine (Pinus ponderosa) forest in Oregon, are often a by-product of management prescriptions for other goals. Photo credit: 

Jordan Benner, Oregon Forest Resources Institute.
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ternate biomass sources as secondary products (Dale 
et al. 2017). Even in regions where forest-based bio-
mass production is substantial (e.g., southeastern 
United States), conversion of forestland to urban or 
suburban uses is a greater threat to maintaining for-
ested landscapes than is forest-based biomass produc-
tion (Wear and Greis 2013). Further, third-party for-
est sustainability certification programs, regulations, 
forestry best management practices, and conservation 
programs all contribute to promoting maintenance 
and enhancement of biodiversity and ecosystem ser
vices on both private and public forestlands.

Biomass Harvesting Guidelines (BHGs) have 
been developed in several states and by conservation 
organizations to provide additional protections to 
forest resources beyond existing best management 
practices or regulations (e.g., Forest Guild Southeast 
Working Group 2012). These voluntary guidelines 
typically assume a positive and linear response be-
tween wildlife population size or species diversity 
and amount of woody debris retained in a forest 
stand following a biomass harvest (Fritts et al. 2016). 
Most BHGs describe retention targets as either a 
specified volume of woody material or a percentage 
of preharvest woody material to be retained. Some 
BHGs also suggest placement of residual materials in 
piles versus dispersed across the harvest unit. How-
ever, there is limited understanding of effects of ma-
nipulating sources of downed woody debris on many 
taxa, particularly at operational spatial and tempo-
ral scales (Riffell et al. 2011, Otto et al. 2013). Riffell 
et al. (2011) reported that cavity-nesting birds were 
most likely to be negatively affected by removal of 
woody materials across forest-stand types and geo-
graphic regions, and Verschuyl et al. (2011) reported 
that intensity of forest thinning influenced whether 
observed effects on wildlife were neutral or positive. 
These two meta-analyses also highlighted a geo
graphical bias toward research of woody debris and 
wildlife populations in the southeastern United 
States and a lack of knowledge of interactive effects 
among species following woody debris manipula-
tions (Riffell et al. 2011, Verschuyl et al. 2011). Finally, 

the increased temperatures and lowered humidity 
that occur after forest harvests remove canopy trees 
(Chen et al. 1999, Brooks and Kyker-Snowman 2008, 
Kluber et al. 2009). Ground-dwelling animals, par-
ticularly amphibians, are sensitive to changes in mi-
croclimate caused by increased solar radiation on the 
forest floor. For ectotherms such as salamanders, 
metabolic energy use increases and digestive effi-
ciency can decrease when temperatures are above 
their optimal range, with potential negative effects 
on survival, growth, and reproduction (Rothermel 
and Luhring 2005, Homyack et al. 2011a). Woodland 
salamanders from the family Plethodontidae are 
lungless and require cool, moist conditions to respire 
cutaneously. Without large, well-decayed woody ma-
terial available in forest stands, ground-dwelling 
wildlife like woodland salamanders may lack refuges 
from extreme temperatures following biomass har-
vests. However, recruitment and decay dynamics of 
woody debris in managed forests, particularly after 
biomass harvests, are not well documented. Snag and 
woody debris availability and decay dynamics vary 
across geographic regions, climates, and tree species 
(Moorman et al. 1999, Fraver et al. 2002). Therefore, 
determination of thresholds of woody debris neces-
sary to support wildlife populations needs to account 
for exogenous factors and life-history characteristics 
of wildlife species of interest (Otto et al. 2013). In 
short, it’s complex.

Environmental concerns regarding extraction of 
forest-based biomass at larger spatial scales often fo-
cus on perceived targeting of old-growth forest stands 
or bottomland hardwood forest for woody biomass 
harvests. Some fear that increasing demand for bio-
mass will create incentives to clearcut and replant 
these lands into faster-growing, intensively managed 
stands, causing additional reduction in their pres-
ence on the landscape and consequential negative 
effects on wildlife diversity. However, economic 
analyses indicate that conversion of native forestland 
to short-rotation plantations solely to produce bio-
mass feedstocks is unlikely because of low revenues 
from bioenergy feedstocks and high availability of al-
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relationships of species or communities with similar 
habitat characteristics, these studies may miss oper-
ational realities of spatial scale, timing of harvests, 
and economics that limit their relevance to current 
discussions of bioenergy and sustainability.

most published research on the topic is not in the 
context of biomass harvests for bioenergy, but 
rather are comparative studies on thinning for other 
objectives or sites with varying amounts of downed 
wood (Table 2.1). Although useful for understanding 

Deep Dive: What’s in a Guideline? An 
Experimental Look at Biomass Harvesting 
Guidelines

A broad collaboration of universities, forest 
industry representatives, and other partners 
completed an experimental manipulation of 
retained harvest residues across eight clearcut 
harvest units in North Carolina (n = 4) and 
Georgia (n = 4), 2010 to 2015 (Figures 2.2 and 2.3). 
Each study site had 6 biomass retention prac-
tices applied, ranging from no retention (i.e., 
operators removed all merchantable biomass 
as operationally feasible) to no removal of 
biomass (i.e., no biomass harvest executed). 
The intent of the research was to inform 

Figure 2.2  ​Implementing successful land management 
experiments requires collaboration and communication 
across organizations. Shown here, partners from private 
industry, universities, and research organizations visit a 
biomass harvesting research site in Beaufort County, 
North Carolina. Photo credit: Darren Miller.

Table 2.1.  Summary of manipulative studies published from 2010 to 2017 included in meta-analyses of effects  
of forest-based biomass harvesting on biodiversity

Taxa
Total Effect 

Sizes
Number of 

Studies Study

Mammals 80 6 Bagne and Finch 2010a; Fritts et al. 2015b,g; Fritts et al. 2017b,g; 
Homyack et al. 2014b,g; Manning et al. 2012d; Sullivan and 
Sullivan 2012c

Birds 219 5 Cahall et al. 2013d; Gaines et al. 2010d; Grodsky et al. 2016ab,g; 
Grodsky et al. 2016bb,g; Kendrick et al. 2015d

Invertebrates 66 3 Castro and Wise 2010b; Parrish and Summerville 2015b,g; Work 
et al. 2014b,g

Amphibians 
and reptiles

99 4 Davis et al. 2010b,c,e,f; Fritts et al. 2016b,g; Hocking et al. 2013d; 
Homyack et al. 2013b,g

a Fuels treatment thinning where understory and non-merchantable timber are removed.
b Removal of downed woody material.
c Addition of downed woody material.
d Commercial thinning to extract merchantable timber.
e Snag removal.
f Snag addition.
g Treatment completed in the context of bioenergy production.
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agencies and nongovernmental organizations 
that have developed BHGs that aim to con-
serve biodiversity, soil productivity, or other 
aspects of sustainability following harvest of 
forest residuals. Previously, most BHGs were 
developed without empirical support from 
replicated experiments and relied on the 
assumption that wildlife responds positively 
and linearly to the amount of downed woody 
materials retained after clearcut harvesting. 
Further, whether retention targets could be 
met in operational settings had not been 
evaluated.

Across a 5-year period, researchers exam-
ined responses of vegetation structure, 
amphibians, reptiles, shrews, rodents, breeding 
and wintering birds, and invertebrates 

(Figure 2.4). The research occurred on opera-
tionally sized clearcut harvest units on proper-
ties owned by multiple landowners across 
2 states and investigated whether residual 
downed woody material was reduced by 
biomass harvests. Forest stands with an 
operational biomass harvest had up to 80% 
less downed woody material than treatments 
without a biomass harvest, but biomass 
harvest treatments still maintained more 
downed woody material than what was 
typically recommended in BHGs (Fritts et al. 
2014). Abundance and diversity were similar 
across all levels of biomass retention for most 
vertebrate taxa. For these vertebrates, negative 
effects were minimal or short-term. Instead, 
clearcut harvesting and the subsequent rapid 

Figure 2.3  ​Downed woody material is sparse between windrows, as shown following clearcut and woody 
biomass harvest in southeastern Georgia, US. Photo credit: Steven M. Grodsky.
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Here, we incorporate contemporary literature into 
the prior meta-analyses of Riffell et al. (2011) and 
Verschuyl et  al. (2011) that examined effects of 
woody debris manipulation and thinning on abun-
dance and diversity of wildlife populations in North 
America. Our goal is to summarize current knowl-
edge to develop a more informed understanding 
of wildlife responses to woody biomass harvest, 
provide suggestions for mediating negative effects, 
and identify knowledge gaps to guide future re-
search efforts.

Synthesizing Our Knowledge with a 
Meta-analysis

In recent years, and coinciding with rapidly growing 
markets for woody biomass, the base of empirical re-
search documenting potential effects of biomass 
harvesting on wildlife populations and diversity has 
increased substantially. Further, harvest of low-value 
woody material during final harvests or forest thin-
ning operations continue to be viewed as primary 
sources for expanding renewable energy feedstock 
production in the United States (Donner et al. 2017). 

regrowth of vegetation that occurred in 
southeastern US forests had a greater influ-
ence on wildlife. Wildlife abundances and 
communities changed through time as the 
near-ground vegetation structure increased 
and vegetation characteristics shifted from 
being dominated by bare ground and herba-
ceous plants to woody vegetation and the 
rapid growth of planted crop trees by 4 years 
post-treatment. On the other hand, removal of 
harvest residues negatively affected key 
invertebrate taxa of early successional vegeta-

tion communities, including ground beetles, 
crickets, fungus gnats, and wood roaches, and 
facilitated colonization of the invasive red 
imported fire ant (Solenopsis invicta).

What do these results mean for implement-
ing BHGs? They suggest that current rates of 
biomass harvest, even without additional 
retention targets, are sufficient to support 
vertebrate wildlife communities in managed 
forests. However, these results are from the 
hot, humid climate of the southeastern United 
States, where woody material decays rapidly 
and where historically frequent, low-intensity 
fires may have limited the amount of woody 
debris present across the landscape. Communi-
ties were dominated by habitat generalist 
species, but several species of conservation 
concern, such as state-level priority species, 
were observed in treatments. Thus, many 
terrestrial wildlife species of the region may be 
less reliant on downed woody material than in 
other regions, such as the Pacific Northwest, 
where individual pieces of downed wood can 
persist on the landscape for decades to 
centuries. For invertebrates, additional research 
on the effects of woody biomass harvesting on 
individual species, species-process interactions, 
and biological invasions is warranted.

Figure 2.4  ​Habitat generalists, such as these southern 
toads (Anaxyrus terrestris), shown in amplexus, often 
have neutral responses to removal of woody material 
for bioenergy production. Photo credit: Christopher E.

Moorman.
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Deeper Dive: Into the Meta-analysis . . .

We supplemented the meta-analyses by Riffell 
et al. (2011) and Verschuyl et al. (2011) by 
including results from studies published from 
2010 to 2017 that reported effects on wildlife 
populations or diversity from snag or downed 
woody debris alteration or forest thinning. We 
included results from both manipulative 
experiments and observational studies that 
compared forest stands or plots with different 
management histories. We considered snags as 
standing dead trees ≥ 1.8 m in height and 
≥ 10.2 cm in diameter at breast height (dbh) 
and coarse woody debris (CWD) as logs, 
stumps, and piles of limbs and other woody 
material on the forest floor. Most studies 
considered CWD as > 10 cm in diameter and 
> 60 cm in length, but we use the term downed 
woody material (DWM) to refer broadly to 
large and small woody materials. We identified 
additional publications through web searches 
and references of other articles. To be suitable 
for use in the meta-analysis, publications 
needed to include sample sizes, mean responses, 
a measure of variability, and unmanipulated 
control units. We conducted 2 separate 
analyses that examined (1) experimental effects 
of DWM and snag removal or additions, and  
(2) effects of precommercial, commercial, and 
fuels treatment thinning on abundance and 
diversity of wildlife species. For multiyear 
studies that presented results annually, we 
calculated an overall mean effect and standard 
deviation from the pooled variance. For research 
that compared multiple treatments to the same 
control (e.g., multiple levels of DWM retention 
compared with 100% DWM retention or 
different thinning intensities compared to 
unthinned controls), we calculated separate 
effect sizes for each treatment.

We conducted meta-analyses using 
MetaWin software (Rosenberg et al. 2000) and 
calculated the response ratio as the ratio of 
the experimental manipulation to the control 
(Hedges et al. 1999). To maintain consistent 
interpretation of results, we coded the 
treatment with the least DWM removed as 
the “control” for meta-analysis when DWM 
was removed, and unthinned stands as the 
“control” for the thinning results. Thus, 
resulting response ratios < 1.00 indicate a 
negative response to removing woody debris 
material or thinning, and response ratios > 1.00 
indicate a positive response to the DWM 
removal or thinning treatment. We used 
bootstrap confidence intervals with 1,000 
iterations and considered combined effects as 
significant when confidence intervals did not 
overlap 1.00. We examined results separately by 
taxonomic group and across all taxa for both 
analyses. Diversity metrics included species 
richness, diversity measures, and evenness 
responses; abundance included abundance  
of taxa, species groups, and guilds; species 
included abundance of individual species; and 
invertebrate biomass included biomass of 
species or taxonomic groupings. Herpetofauna 
included measures of diversity or guild abun-
dance for amphibians and reptiles combined. 
For forest thinning, we also examined thinning 
intensity and type of thinning and described 
geographic biases in location of studies.

Manipulating Downed Woody Material:  
Effects on Terrestrial Wildlife

We analyzed 1,083 effect sizes from 33 
publications, including 353 additional effect 
sizes (hereafter, new effect sizes) from 12 articles 
published since 2010 on effects of woody 
debris additions or removals on wildlife 
(Table 2.1). Woody debris manipulation 
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included removals (n = 32 studies) or additions 
(n = 9 studies) of snags or DWM. Most (90%) 
new effect sizes were from studies in the 
southeastern United States, but they were 
comprehensive in taxa and included re-
sponses of birds (33%), mammals (21%), 
invertebrates (19%), reptiles (10%), amphib-
ians (10%), or combined herpetofauna (7%). 
For manipulations of DWM, cumulative 
effect size across all taxa and metrics was 
0.98, and the bootstrapped confidence 
interval did not include 1, indicating a 
negative effect from lowered amounts of 
woody material on forested sites.

For birds, we analyzed 384 effect sizes 
from 13 publications and, similar to the prior 
meta-analysis, determined that birds re-
sponded negatively to manipulating DWM 
with a cumulative response of 0.90 (confi-
dence interval: 0.75, 1.00). Bird diversity, taxa 
abundance, and abundance of specific species 
all had effect sizes < 1.00, indicating a nega-
tive effect of DWM removal on these metrics 
(Table 2.2, Figure 2.5). We examined effects 

of DWM manipulation on mammals from  
116 effect sizes derived from 7 publications. 
We did not detect a significant effect of 
DWM manipulation on mammal diversity, 
guild abundance, or abundance of individual 
species (Table 2.2). Our analyses of amphibian 
and reptile responses included 106 effect 
sizes. We did not detect an effect of DWM 
manipulation on any abundance, diversity,  
or cumulative metric for amphibians or 
reptiles (Table 2.2). Finally, we examined 
effects of DWM manipulation on inverte-
brates with 359 effect sizes from 8 publica-
tions, including diversity, abundance, guild 
abundance, and biomass. Although the overall 
effect size was not significant (1.00; Table 2.2), 
abundance of all invertebrates combined had 
a positive effect size (1.08), indicating a 
positive relationship with less DWM.

Forest Thinning: Effects on Terrestrial Wildlife

Twenty-three of the studies included in our 
meta-analysis related to thinning effects were 
manipulative experiments, and the remaining 

Table 2.2.  Summary of effects of forest-based biomass harvesting from snag and downed woody material 
removal (DWM studies) and forest thinning (Thinning studies) on biodiversity by taxa from 2 meta-analyses. 
Response ratios < 1.00 indicate a negative response to removing woody debris material or thinning, and 
response ratios > 1.00 indicate a positive response to the DWM removal or thinning treatment.

Birds Mammals Amphibians Reptiles Invertebrates All Taxa

DWM studies k = 13 k = 7 k = 4 k = 4 k = 8 k = 33

Diversity 0.98 (n = 30)** 1.02 (n = 12) 1.00 (n = 40) 1.00 (n = 40) 1.00 (n = 90) 1.00 (n = 230)**
Guild abundance 0.87 (n = 49)** 0.98 (n = 19) 1.00 (n = 27) 1.00 (n = 27) 1.08 (n = 231) 1.00 (n = 359)**
Species abundance 0.90 (n = 305)** 0.99 (n = 85) 1.00 (n = 39) 1.00 (n = 26) 1.00 (n = 29) 1.00 (n = 484)**
Cumulative 0.90 (n = 384)** 0.99 (n = 116) 1.00 (n = 106) 1.00 (n = 93) 1.00 (n = 359) 0.98 (n = 1083)**

Thinning studies k = 16 k = 18 k = 5 k =3 k = 2 k = 39

Diversity 1.12 (n = 10)** 1.06 (n = 10) 0.98 (n = 2) 0.96 (n = 1) 1.11 (n = 4) 1.09 (n = 27)**
Guild abundance 1.07 (n = 43) 1.35 (n = 18)** 0.95 (n = 4)** 0.90 (n = 5) 1.09 (n = 42)** 1.09 (n = 112)**
Species abundance 1.03 (n = 325)** 1.02 (n = 127) 0.94 (n = 14) 1.57 (n = 11)** — 1.02 (n = 477)**
Cumulative 1.03 (n = 378)** 1.02 (n = 155) 0.94 (n = 20) 1.38 (n = 17)** 1.10 (n = 46)** 1.03 (n = 616)**

**Indicates bootstrap confidence intervals (1,000 iterations) did not include 1.00; k = # of studies, n = # of effect sizes.
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16 were observational comparisons of thinned 
and unthinned areas. Approximately two-
thirds (68%) of the effect sizes were from 
studies in the northwestern United States, 
and most (94%) were of birds, with small 
proportions of mammals (5%) and amphibians 
(1%). Across taxa, cumulative effect size 
indicated a positive response to thinning.

Like Verschuyl et al. (2011), we determined 
that birds demonstrated a positive cumulative 
response to thinning across a diversity of 
North American forest types. Bird diversity 
metrics, including reported measures of 
diversity, evenness and richness, and species 
abundance also increased in response to 
thinning (Table 2.2). The effect of forest 
thinning on bird guild abundance was not 
significant, but the cumulative effect size was 
greater than 1 (Table 2.2, Figure 2.6). Unlike 
Verschuyl et al. (2011), who reported a 
positive cumulative response by mammals to 
forest thinning, we identified a neutral 

response (i.e., effect size not significantly 
different than 1). Mammal diversity and 
species abundance cumulative effect sizes 
indicated neutral responses for these metrics 
(Table 2.2). Effect of forest thinning on 
mammalian guild abundance was significant 
and positive (1.35). Amphibians had a neutral 
cumulative response to forest thinning but 
lower guild abundance with increased thin-
ning (Table 2.2). Responses of amphibian 
diversity and species abundance were neutral 
(Table 2.2). We did not include additional 
studies of reptile responses (published since 
2010). Thus, our findings here mirror those of 
Verschuyl et al. (2011), who reported a 
positive cumulative reptile response to 
thinning and a positive relationship between 
species abundance and thinning. Reptile 
diversity and species abundance cumulative 
effect sizes were neutral (Table 2.2). Similarly, 
we did not include additional studies of 
invertebrate response to thinning. But 

Figure 2.5 ​ Summary of response ratios (95% confidence intervals) from meta-analysis of wildlife responses to 
manipulation of snags and downed woody material. n = number of individual effect sizes; k = number of publications. 
Jessica A. Homyack and Jake Verschuyl.
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Verschuyl et al. (2011) reported a positive 
cumulative invertebrate response to thinning 
that was dominated by guild abundance 
responses. Invertebrate diversity measures 
were few (n = 4) and showed no significant 
response to thinning (Table 2.2).

Across all taxonomic groups, responses to 
light-intensity thinning (0 to 33% of the basal 
area or trees removed) were the most positive 
(Table 2.3). Species abundance, guild abun-

dance, and diversity measures show positive 
responses to light-intensity forest thinning. 
Only guild abundance measures indicated a 
positive response to moderate-intensity (34% 
to 66% removal) forest thinning, and all other 
responses were neutral. All responses (i.e., 
diversity as well as guild and species abun-
dance) were neutral for studies reporting 
effects from heavy-intensity thinning (> 66% 
removal) (Table 2.3).

Figure 2.6  ​Summary of response ratios (95% confidence intervals) from meta-analysis of wildlife responses to 
forest thinning. n = number of individual effect sizes included in each response ratio; k = number of publications 
included in each response ratio. Jessica A. Homyack and Jake Verschuyl.
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Table 2.3.  Summary of effects of forest-based biomass harvesting from forest thinning 
on overall wildlife responses by proportion of canopy basal area removed. Response 
ratios < 1.00 indicate a negative response to thinning, and response ratios > 1.00 
indicate a positive response to thinning.

Light  
(0–33% removed)

Moderate 
(34–66% removed)

Heavy 
(> 66% removed)

Thinning studies k = 18 k = 19 k = 10

Diversity 1.12 (n = 9)** 1.06 (n = 10) 1.11 (n = 8)
Taxa / guild abundance 1.16 (n = 34)** 1.14 (n = 49)** 0.85 (n = 29)

Species abundance 1.07 (n = 157)** 1.01 (n = 228) 1.03 (n = 92)
Cumulative 1.08 (n = 200)** 1.01 (n = 287) 1.02 (n = 129)

**Indicates bootstrap confidence intervals (1,000 iterations) did not include 1.00; k = # of studies, n = # of effect sizes.
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ground (e.g., DWM) and midstory structure drive 
change in the avian community.

Similar to prior publications, we did not detect re-
sponses of mammals, amphibians, and reptiles to 
manipulations of DWM in forested stands, suggest-
ing that remaining levels of woody debris in managed 
forests were adequate, at least for the locations, spe-
cies, and time periods we examined. The pool of 
studies in the meta-analysis included intense exper-
imental removals of woody material (> 80%) that oc-
curred in simulated (Beauvais 2010) or actual (Fritts 
et al. 2014) biomass harvests. We note, however, that 
90% of the new effect sizes for DWM were from 
studies that occurred in the southeastern United 
States, limiting the inferential scope of the analyses. 
These analysis included the 2 experimental studies 
of DWM removal in eastern North Carolina, which 
accounted for 62% of effect sizes for mammals and 
63% of effect sizes for herpetofauna. The southeast-
ern United States, particularly upland forests in the 
Atlantic and Gulf Coastal Plain, historically had rel-
atively low levels of DWM due to frequent wildfires 
and warm, moist conditions that contribute to rapid 
decay rates of deadwood. Thus, wildlife in this region 
may be less sensitive to DWM reductions than spe-
cies that evolved with greater volumes of woody de-
bris that persist through time. In other geographic 
regions, such as the Pacific Northwest, exceptionally 
large trees create logs of greater sizes than trees cur-
rently recruited in many intensively managed forest 
stands. Snag and DWM availability and rates of de-
cay in managed forests under a range of silvicultural 
regimes across geographic regions are not well stud-
ied and warrant future review. Further, studies of both 
herpetofauna and mammals have been dominated by 
habitat generalists, such as southern toads (Anaxyrus 
terrestris; 55% of captures in Fritts et al. 2016) or deer 
mice (Peromyscus spp.; 71% of captures in North Car-
olina in Fritts et al. 2017). Habitat specialists and rare 
species, particularly those with life-history character-
istics tied to woody debris, may display negative ef-
fects from DWM removal that are concealed in meta-
analyses (Homyack and Kroll 2014).

Harvesting Woody Biomass:  
What Have We Learned?

Despite well-documented relationships between nu-
merous wildlife species and DWM, the removal of 
snags, logs, stumps, or logging residuals does not re-
sult in consistent negative effects on biodiversity. 
Instead, our analysis indicated the most consistent 
negative effects from both DWM and snag removal 
occurred for bird diversity and abundance. Why 
would a mobile taxon with a broad range of habitat 
requirements be negatively affected by woody debris 
removal when other groups, such as amphibians that 
are physiologically linked to microclimatic refugia 
provided by logs and stumps, be neutrally affected?

The pool of publications incorporated into our 
meta-analysis included studies of both cavity-nesting 
and non-cavity-nesting birds and removals of both 
DWM and snags. Observations of breeding and win-
tering birds indicate that snags and DWM serve sev-
eral roles for the avian community. For instance, 
snags serve as a nesting substrate for cavity nesters, 
and downed woody debris in managed forest pro-
vides cover and perch sites, and may contribute to 
collection of wind-blown seeds for granivorous win-
ter birds (Grodsky et al. 2016a, 2016b); hence, har-
vesting biomass may affect bird species through mul-
tiple mechanisms. However, across operationally 
sized clearcut harvests in the southeastern United 
States, varying levels and arrangement of biomass re-
tention had few effects on either breeding or win-
tering bird richness or abundance (see Deeper Dive). 
Although birds used DWM for perching, succession 
during forest regeneration was a greater driver of 
avian community dynamics and abundance than was 
biomass harvesting treatments (Grodsky et al. 2016a, 
2016b). Vegetation regrowth following clearcut har-
vesting influences avian richness and community 
dynamics in intensively managed forests in the 
southeastern United States (Lane et al. 2011) and 
other regions (Jones et al. 2012, Kroll et al. 2016). 
Studies across several forested regions provide addi-
tional evidence that habitat structure of both near-
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ing old-growth characteristics (Dodson et al. 2012), 
fuels management and restoration (Fontaine and 
Kennedy 2012), and improving aesthetics of timber 
harvesting (Bradley and Kearney 2007). Whole-tree 
harvesting through forest thinning for bioenergy pro-
duction is expected to be most profitable with fre-
quent return intervals or when additional trees are 
harvested at higher prices for solid wood or pulp 
(Perlack et al. 2011). However, forest thinning for 
biomass production, without alternate management 
objectives, is uncommon (Verschuyl et  al. 2011). 
In fact, none of the thinning manipulations under-
taken for the studies we reviewed were designed 
specifically for biomass production. Fuels treatments 
and forest restoration efforts have been among the 
more common applications of forest thinning re-
sulting in biomass production (Dorning et  al. 
2015). Three meta-analyses recently summarized 
thinning, burning, and fire-surrogate treatment ef-
fects on wildlife (Kalies et al. 2010, Fontaine and 
Kennedy 2012, Willms et al. 2017) and described 
generally positive effects of restoration and fuels 
treatment thinning on species abundance across 
taxonomic groups.

Our results show forest thinning, across all thin-
ning intensities and forest types, generally increases 
diversity and abundance of a variety of taxa. Recent 
literature summarizing wildlife diversity responses 
to forest thinning lends additional support to our 
findings (Kalies et al. 2010, Kalies and Covington 
2012, Neill and Puettmann 2013). The expected 
mechanism behind these positive responses is in-
creased cover or vigor of understory plant species, 
which produce important cover and food resources 
for wildlife, including pollinators (Neill and Puett-
mann 2013). Remaining tree crowns also respond 
to increased light and resources following a thin-
ning harvest, meaning that responses of understory 
vegetation can be ephemeral (Davis et al. 2007). It 
is important to note that management actions, such 
as thinning, may also result in a temporary release of 
non-native plant species (Willms et al. 2017). Distur-
bance can increase species diversity at stand scales 

Finally, the complexity of invertebrate food webs 
may contribute to the observed contrasting effects of 
DWM manipulation on invertebrate biomass (nega-
tive) as compared with invertebrate abundance (pos-
itive). Biomass of invertebrates was negatively asso-
ciated with DWM removals, but only included the 
data published in Riffell et al. (2011). In contrast, we 
included 3 additional publications that examined ef-
fects of removing woody debris from midwestern 
hardwood forests (n = 2) or mixed pine forest in Que-
bec (n = 1) on diversity and abundance of inverte-
brates (Table 2.1). However, the addition of 66 effect 
sizes from other forest types and geographic areas did 
not change the observed positive effect size of DWM 
removal on invertebrate abundance. Increases in in-
vertebrate abundance from biomass harvesting may 
be caused by a simplified invertebrate predator com-
munity that releases lower trophic levels from ef-
fects of predation (Work et al. 2014). Contrary to our 
overall results, we note that removal of DWM did 
negatively affect ground beetles and crickets when 
compared with forest stands without a biomass har-
vest (Grodsky et al. 2018a). Future research should 
focus on disentangling the myriad sources of variabil-
ity in invertebrate food web dynamics from effects 
of biomass harvesting (e.g., bottom-up effects of fun-
gus on DWM influencing abundance of invertebrate 
fungivores) and address interactions between inver-
tebrate prey and vertebrate predators (Grodsky et al. 
2016b, 2018a). Additionally, evaluating how invasive 
and noxious invertebrates such as red imported fire 
ants (Solenopsis invicta) influence native species and 
community composition where DWM is removed 
may contribute to our understanding of ecosystem-
level effects of woody biomass harvesting (Todd et al. 
2008, Grodsky et al. 2018b).

Forest Thinning for Biofuels:  
What Have We Learned?

Traditionally, forest thinning has been used to 
achieve a variety of management goals, including ac-
celerating diameter growth of crop trees, accelerat-
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thinning, burning, and herbicide treatments, illus-
trating critical needs for examining wildlife re-
sponses in an ecological context (Steen et al. 2010).

Small mammal abundance and community com-
position were unaffected by restoration thinning ef-
forts focused on fuels treatments in the northern Si-
erra Nevadas (Kelt et al. 2013, Stephens et al. 2014). 
Bird community responses were similarly unaffected 
by thinning treatments (Stephens et al. 2014), but 
territory densities of California spotted owls (Strix 
occidentalis occidentalis) and a few other closed-
canopy-associated avian species declined after treat-
ment (Burnett et al. 2013, Stephens et al. 2014). In 
ponderosa pine (Pinus ponderosa) forests of Arizona, 
small mammals generally responded neutrally or 
positively to thinning treatments (6 of 8 species), but 
2 closed-canopy-associated species had negative re-
sponses to thinning, unless large trees, snags, and 
woody debris were retained (Kalies et al. 2012).

No additional responses, beyond those included 
in Verschuyl et al. (2011), were added in this effort 
for reptiles and invertebrates, leaving the response 
of these taxonomic groups and amphibians to forest 
thinning still underrepresented in this analysis. 
Many of the responses included in this meta-analysis 
were a single abundance measure. Studies focused 
on entire taxonomic group response to a manage-
ment action often report abundance measures for 
more common species and leave out species for 
which data are sparse. Further, abundance measures, 
even for common species, may not be a good indica-
tor of habitat quality (Van Horne 1983).

What’s Next? Managing for Wildlife and 
Biomass among Research Gaps

Clearly, much information on wildlife responses to 
harvesting forest-based biomass has developed 
through recent years, but we still lack mechanistic 
understanding of local, landscape, and species-
specific factors that contribute to variability in re-
sponses among wildlife species, forest types, har-
vesting systems, and ecoregions. Moreover, some 

by reducing competitive dominance of overstory 
species and increasing number of canopy gaps (Lin-
denmayer et  al. 2006). Species adapted to fre-
quently disturbed forests are likely to respond dif-
ferently to forest thinning than those accustomed to 
less frequent disturbance, which is more typical of 
productive forest systems (McWethy et  al. 2010, 
Steen et al. 2010).

Restoration and fuels treatment thinning typically 
are lighter techniques and exhibited the most posi-
tive responses. Although the magnitude of positive 
responses to thinning across species diversity and 
abundance measures was generally modest, individ-
ual species or taxa, including sensitive or listed spe-
cies, may not be represented well by these summa-
ries (Steen et  al. 2010). When generalist species 
replace specialists following disturbance, changes are 
often not captured by richness or diversity metrics 
but can result in reduced functional diversity (Clavel 
et al. 2011). Further, temporal considerations are 
necessary for a holistic understanding of forest thin-
ning. For example, some species, including late-
seral specialists that may be negatively affected by 
management in the short term, will respond posi-
tively to thinning treatments in the long term, if key 
structural features are retained or restored (Kalies 
et al. 2012).

Several recent publications reporting responses to 
thinning did not include data necessary for incorpo-
ration in the meta-analysis or reported only occu-
pancy modelling or ordination results (e.g., Steen 
et al. 2010, Kalies et al. 2012, Kelt et al. 2013, Sut-
ton et al. 2013, Stephens et al. 2014), but their find-
ings generally aligned with those reported in our 
meta-analysis and in Verschuyl et al. (2011). In pine 
forests of Alabama, reptiles either responded posi-
tively or exhibited no cumulative response to thin-
ning, and amphibians had a neutral response to 
thinning with or without other midstory removal 
treatments (Steen et al. 2010, Sutton et al. 2013). 
However, herpetofauna associated with frequent dis-
turbances of the longleaf pine (Pinus palustris) eco-
system increased in abundance and diversity after 
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interest. With forethought and ingenuity, there are 
numerous opportunities where biomass harvests 
may provide positive effects on wildlife habitat con-
ditions and an economic return. For example, mid-
story hardwood removals for bioenergy in southern 
pine plantations may lead to open-canopy condi-
tions that support endemic species of conserva-
tion concern, including gopher tortoises (Gopherus 
polyphemus) (Greene et  al. 2016). And, thinning 
western forests for bioenergy may increase under-
story diversity (Kalies et al. 2012, Neill and Puett-
mann 2013) and reduce wildfire risk (Agee and 
Skinner 2005).

Although this chapter emphasizes biological re-
sponses to forest biomass removal, it is important to 
acknowledge that biomass production from forests, 
including unmerchantable thinning sources, may 
provide added economic incentives for landowners. 
The low economic margin associated with harvest of 
forest biomass has important implications when con-
sidering potential intensity or geographic extent of 
woody biomass harvesting. Typically, the material be-
ing harvested from a site is low enough in value that 
small increases in transportation or harvesting costs 
can tip the balance in favor of leaving woody biomass 
in the stand (US Department of Energy 2011), sug-
gesting that sites with other silvicultural or manage-
ment actions are the most likely to consider addi-
tional biomass removal.

Economic gains that landowners may receive 
from forest biomass harvesting may help avoid land 
conversion or development pressures that reduce 
available habitat types for wildlife (Dorning et al. 
2015). Removal of forest biomass during forest res-
toration can offset treatment costs and provide fund-
ing to extend restoration activities across additional 
forest acreage. Finally, nearly all bioenergy research 
has occurred at the scale of individual harvest units 
or at small spatial resolution. However, landscape 
composition and structure influences biodiversity in 
managed forests (Kroll et al. 2012, deStefano et al. 
2016), and managers are tasked with making man-
agement decisions at landscape and ownership 

taxonomic groups, such as reptiles, and geographic 
regions, such as the US Upper Midwest, are poorly 
represented in the literature. Experimental research 
that investigates testable hypotheses regarding ef-
fects of operationally sized and operationally imple-
mented biomass harvesting treatments will further 
advance both science-based and empirically based 
management recommendations for wildlife biolo-
gists to implement. Future research on effects of 
forest-based bioenergy on wildlife should determine 
whether thresholds exist for both abundance mea
sures and population metrics related to fitness (e.g., 
reproduction, survival) and whether harvest of 
woody material above certain volumes (i.e., leaving 
too little DWM) leads to deleterious ecological effects. 
For some species and research questions, examining 
physiological (e.g., energy use or allocation, stress) 
or behavioral (e.g., space use, foraging patterns, in-
terspecific interactions) responses of individuals to 
biomass harvest treatments may accelerate under-
standing of mechanisms that underlie observed pat-
terns at population scales (Homyack 2010, Berger-
Tal et al. 2011). We recognize that the analyses we 
conducted did not distinguish between generalist 
or specialist life histories or account for species of 
conservation concern. Therefore, individual species 
or taxa, including rare, sensitive, and listed species, 
may not be well represented by these summaries 
and may warrant consideration when implementing 
future research.

Without a full understanding of ecological re-
sponses to biomass harvesting, land and wildlife 
managers must still prescribe silvicultural and har-
vest treatments that meet biological, social, and 
economic objectives. Land managers must balance 
these objectives and account for the fine-scale logis-
tics of current economic and market conditions, type 
of bioenergy being produced (e.g., hardwood chips), 
transportation logistics, and desired future forest-
stand conditions. We suggest that land managers 
additionally consider biomass harvesting in the con-
text of whether it complements, changes, degrades, 
or improves habitat conditions for wildlife species of 
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lion L (250 million gallons) of biodiesel, derived 
largely from corn kernels and soybean oil, respec-
tively (USDA-ERS 2017). In 2016, production levels 
of ethanol and biodiesel increased to 57.9 billion L 
(15.3 billion gallons) and 5.7 billion L (1.5 billion gal-
lons), respectively. Today, liquid biofuels accounts 
for 7.1% of total US transportation fuel consumption, 
with corn being the most common feedstock (USDA-
ERS 2017).

Rising demand for biofuel crop production has 
engendered, and will continue to engender, signifi-
cant changes in agriculture and wildlife habitat. 
Among these changes, conversion of natural land 
covers such as grassland and forest to cropland pre
sents the greatest threats to wildlife and ecosystem 
function, both nationally and globally (Fearnside 
2001). The US Renewable Fuel Standard (RFS) pro-
gram, authorized by Congress under the Energy Pol-
icy Act of 2005 (42 U.S.C. ch. 149 § 15801 et seq) 
and greatly expanded under the Energy Indepen
dence and Security Act of 2007, calls for the produc-
tion of 136 billion L (36 billion gallons) of renewable 
biofuels annually by 2022, of which 57 billion L 
(15 billion gallons) will be conventional biofuels 
produced from corn starch. Fargione et al. (2008) 
estimated that meeting this volume goal would re-
quire about 13.1 million ha (32.4 million ac) of land 

Introduction

In the United States, human use of natural resources 
for food, fiber, and fuel has a disproportionate effect 
on ecosystems and wildlife. Whereas the United 
States supports only 5% of the Earth’s human popu-
lation, it is responsible for over 30% of global natu
ral resource consumption (Primack 2002). Current 
US energy policy has generated significant societal 
concerns due to overexploitation of natural resources 
and the threats it poses to human welfare, ecosystem 
function, global climate change, and biodiversity. 
These concerns, coupled with rising petroleum costs 
and the desire for energy independence, have gen-
erated interest in pursuing alternative and more sus-
tainable fuel sources. Use of agricultural feedstocks 
as alternative fuel sources first received national at-
tention during the 1970s because of rising petroleum 
costs and again during the 1990s and 2000s as a 
means to curb greenhouse gas (GHG) emissions and 
secure energy independence (Tyner 2008). Since the 
passage of the US Energy Independence and Secu-
rity Act of 2007 (US Congress 2007), liquid biofuel 
production has grown considerably, and it is now a 
staple fuel source for the US transportation sector. 
In 2006, the United States produced over 18.5 billion 
liters (L) (4.9 billion gallons) of ethanol and 946 mil-

Impacts on Wildlife of Annual 
Crops for Biofuel Production3

Clint Otto
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tion, leaving distillers grain as a cereal byproduct. In 
the United States, ethanol is often blended with pe-
troleum gasoline to make E10, E15, or E85 fuel for 
automobiles. Soybean-based biodiesel is produced 
from soybean oil through transesterification, in 
which fatty acids from soybeans are mixed with al-
cohol to produce biodiesel and glycerol. Biodiesel is 
typically blended at 5% to 20% with petroleum die-
sel fuel for use in diesel engines. Biodiesel derived 
from soybeans uses only the oil, leaving the meal pro-
tein for other uses, such as livestock feed. One ad-
vantage of soybean biodiesel over corn ethanol is that 
it produces 93% more usable energy than the fossil 
fuel energy needed for its production, whereas corn 
ethanol results in just a 25% net energy gain (Hill 
et al. 2006).

Scientists and the popular press have debated 
the net benefits of using row crops as biofuel feed-
stocks to reduce GHGs (http://science​.sciencemag​.org​
/content​/319​/5867​/1238​/tab​-e​-letters). Biofuel crop 
proponents suggest a primary benefit of biofuels de-
rived from row crops is reduction in GHG emissions 
relative to conventional petroleum-based fuels 
(Wang et  al. 1999, Farrell et  al. 2006). However, 
earlier estimates of GHGs from row crop–based bio-
fuels did not take into account potential land-use 
conversion (Searchinger et al. 2008). If previously 
uncultivated lands (e.g., native prairie, restored 
grasslands) were tilled to plant a biofuel row crop, 
these land conversions would release significant 
amounts of sequestered carbon into the atmosphere, 
thereby negating any GHG reductions from ethanol 
or biodiesel (Searchinger et al. 2008, Piñeiro et al. 
2009, Gelfand et al. 2011, Johnson et al. 2014). Re-
search has estimated the resulting “carbon debt” 
from land-use change may take several decades be-
fore reverting to carbon-neutral or positive. For ex-
ample, Fargione et al. (2008) estimated that corn 
produced on converted grasslands in the central 
United States would result in a carbon debt that 
would take roughly 93 years to repay. Searchinger 
et  al. (2008) calculated that corn-based ethanol 
grown on converted lands would nearly double 

to be planted in corn. Growing demand for corn- and 
soybean-based biofuels is being met through im-
proved crop yields, improved crop varieties, agricul-
tural intensification, and conversion of natural land 
and pasture to cropland (Wright and Wimberly 2013, 
Lin and Henry 2016). Growth in biofuel feedstocks 
has sparked significant national debate over the risk 
of allocating more land to growing biofuel feed-
stocks, which leaves less land to support global food 
supply (Tenenbaum 2008). Rapid growth in corn 
and soybean production, spurred by the Energy In
dependence and Security Act of 2007, represents a 
unique situation for US agriculture and renewable 
biofuels policy.

Production, Energetics, and Use

The United States produces 36% and 34% of the 
world’s corn and soybeans, respectively—the highest 
production among all countries (USDA-OCE 2017). 
Much of that production occurs in the midwestern 
states, including Iowa, Nebraska, Illinois, Indiana, 
Ohio, western Kentucky, southern Wisconsin, and 
southern Minnesota. Though Iowa and Illinois are 
typically the top producers of corn and soybeans, 
corn production has pushed farther west and north 
into the Great Plains region in western Nebraska, 
South Dakota, and North Dakota, in part due to in-
creased demand for biofuel feedstocks (Figure 3.1). 
Even states with historically high acreages planted in 
corn (e.g., Nebraska) have seen significant gains in 
corn acreage since the Energy Independence and 
Security Act (https://quickstats​.nass​.usda​.gov​/; Fig-
ure  3.1). In the 2015–2016 growing season, the 
United States produced 13.6 billion bushels of corn, 
of which 5.2 billion bushels were used for ethanol 
production (USDA-ERS 2017). In recent years, the 
amount of corn used for ethanol production is nearly 
equal to, or sometimes greater than, that of corn used 
for livestock feed—typically the top use of corn (5.1 
billion bushels in 2015).

Corn-based ethanol is produced from corn-seed 
feedstocks through starch fermentation and distilla-
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Figure 3.1  ​Change in hectares of (A) planted soybeans, and (B ) corn from 2006 (pre-Energy Independence and Security 
Act) to 2016 across the contiguous United States. Clint Otto.
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teau du Missouri in North and South Dakota was 
cultivated from 1984 to 2003. In general, these in-
vestigations revealed that agricultural expansion has 
pushed westward into more arid environments and 
marginal lands prone to soil erosion. Grassland-to-
cropland conversion rates from 2008 to 2012 were 
greatest in proximity to ethanol refineries in the 
Great Plains (Wright et  al. 2017); 1.5 million ha 
(3.6 million ac) of grassland were converted to 
cropland within 161 km (100 mi) of ethanol refiner-
ies. Commodity crop prices for corn and soybeans 
have dropped since 2015, but it is unclear whether 
the rapid rate of land-use conversion will continue in 
this region under more modest crop prices.

Often, wildlife species are underrepresented in 
economic-based research that quantifies trade-offs 
between biofuel production and its projected out-
comes for land-use change. This underrepresenta
tion stems from the fact that “wildlife production” is 
an ecosystem service that is external from biofuel 
market considerations and incentives, thereby mak-
ing wildlife more vulnerable to unanticipated conse-
quences of biofuel policy (Fargione et  al. 2009). 
Furthermore, with the exception of grassland birds, 
there is a paucity of data regarding the direct effect 
of biofuel row crop production on most wildlife spe-
cies, thereby limiting understanding of how current 
and future biofuel scenarios will affect wildlife. Re-
view articles written on the impacts of biofuel crops 
on “biodiversity” or “wildlife” tend to focus on grass-
land birds (e.g., Fargione et al. 2009, Fletcher et al. 
2011, Landis et al. 2017). For example, Fargione et al. 
(2009) focused their wildlife-biofuel review on grass-
land birds, in part because of limitations in the pri-
mary literature on potential impacts on other spe-
cies. This apparent lack of research beyond grassland 
birds is especially problematic, considering the most 
significant rates of land-use change brought on by 
biofuel production are occurring along major migra-
tion corridors and in prime nesting areas for water-
fowl and shorebirds in the United States Addition-
ally, it is unclear how large-scale changes in cropping 
patterns, including switching from small grains to 

GHGs over a 30-year period and increase GHGs for 
167 years; yet, these estimates were in stark contrast 
to the net savings published in earlier studies. These 
studies and ensuing debates fuel a critical discussion 
about potential effects of biofuels derived from row 
crops and unintended consequences for GHGs if in-
creased cropping area leads to land-use conversion.

The Expanding Biofuel Frontier

Continued loss of native prairie and other grasslands 
caused by an expanding biofuel frontier threatens 
wildlife habitat and impairs ecosystem function. 
Temperate grassland is one of the most imperiled 
ecosystems on Earth, where habitat conversion ex-
ceeds habitat protection by an 8:1 ratio (Hoekstra 
et al. 2005). In the United States, 70% of the Great 
Plains region has been converted from grassland to 
agriculture, and in some areas, the rate of grassland 
loss is increasing (Samson et al. 2004, Stephens et al. 
2008, Claassen et al. 2011). The rise of commodity 
crop prices, renewable fuel mandates, and industry 
subsidies for biofuel production have contributed to 
conversion of grassland to cropland during the late 
2000s (Lark et al. 2015). The most dramatic rates of 
grassland conversion are occurring in the US Mid-
west and Great Plains regions. Wright and Wimberly 
(2013) estimated that nearly 530,000 ha (1.3 million 
ac) of grassland in North Dakota, South Dakota, Ne-
braska, Minnesota, and Iowa were converted to corn 
or soybeans from 2006 to 2011. Much of that con-
version took place in close proximity to wetlands, 
presenting increased risk to waterfowl populations 
and other wetland-dependent wildlife (Drum et al. 
2015). Lin and Henry (2016) identified a 1.6 million 
ha (3.9 million ac) loss of grassland from land con-
version in 9 states in the Midwest from 2007 to 2012. 
Johnston (2014) showed a 27% increase in corn and 
soybean acreage from 2010 to 2012 in the Prairie Pot-
hole Region of North and South Dakota, largely due 
to acreage loss in small grains, pasture, rangeland, 
and remnant prairies. Stephens et al. (2008) showed 
that 5.2% of previously untilled prairie along the Co-
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threats, conversion of grassland to agriculture poses 
the greatest risk to grassland birds. In his review of 
grassland bird use of Conservation Reserve Program 
areas (CRP; see below), Johnson (2000) summarized 
several studies demonstrating the benefits of con-
serving grasslands to breeding birds relative to the 
croplands they replace, noting that grassland patch 
size and landscape context have a strong influence 
on whether grassland birds use particular fields. 
Thus, future grassland loss and fragmentation of ex-
isting grassland patches are expected to further re-
duce landscape suitability to support grassland birds, 
other wildlife, and (indirectly) fisheries (Fargione 
et al. 2009). Biofuel forecast models developed for 
the Upper Midwest suggest that continued expan-
sion of corn and soybean production on marginal 
lands will lead to declines in avian richness between 
7% and 65% across nearly a quarter of the region and 
will particularly threaten “at-risk” species (Meehan 
et al. 2010).

In general, corn and soybean in the Midwest are 
grown as large monocultures with significant 
amounts of agrochemicals applied, providing little 
habitat for grassland birds. Although the relative con-
tribution of habitat loss, industrial agriculture, and 
agrochemical use to grassland bird declines has been 
debated in the literature (Murphy and Moore 2003, 
Mineau and Whiteside 2013, Hill et al. 2014), it is 
clear that large-scale agriculture, including growing 
corn and soybeans as biofuel feedstocks, poses mul-
tiple threats to grassland birds. These studies did not 
directly implicate development of biofuel crops to 
the decline of grassland birds, but rather showed how 
avian populations may respond to intensive agricul-
tural practices that are often associated with large-
scale biofuel crop production. In a meta-analysis of 
multiple biofuel feedstock impacts on wildlife, 
Fletcher et al. (2011) showed that biofuels derived 
from row crops had the largest negative impact on 
birds, relative to reference habitat types and other 
types of biofuel production derived from poplar (Pop-
ulus spp.) and pine (Pinus spp.). Furthermore, bird 
species of conservation concern were projected to 

corn and soybeans, affect migratory bird energetics 
during the fall migration along the US Central Fly-
way. Residual corn grains remaining in the field after 
harvest can provide important nutritional resources 
to migratory bird species (Krapu et al. 1995, Abra-
ham et  al. 2005). Thus, increased production of 
corn may be beneficial to some migratory species, 
such as geese (Anser spp.); however, this association 
needs to be tested for additional migratory species. 
Furthermore, continued reduction in waste grain as-
sociated with improved harvest techniques could 
reduce potential benefits of increased biofuel crops 
(Krapu et al. 2004).

Over 60% of all grassland bird species in North 
America are in decline (Ziolkowski et  al. 2010); 
hence, there is a pressing need for research on their 
response to biofuels development and agricultural 
practices associated with growing biofuel feedstocks. 
Within the United States, landscapes experiencing 
the highest conversion of grasslands to corn and soy-
beans also represent the core ranges of many grass-
land bird species (Figure 3.2). Biofuels development 
poses multiple direct and indirect threats to grass-
land birds, including conversion of habitat to bio-
fuel row crops, fragmentation of grassland patches, 
intensive agricultural practices, and crop genetic va
rieties that are resistant to pesticides. Among these 

Figure 3.2  ​Grasslands provide critical habitat for 
grassland birds, such as Baird’s sparrow (Ammodramus 
bairdii). Photo courtesy of Rich Bohn.
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subsidies for biofuel production and high commod-
ity prices for corn and soybeans have contributed to 
conversion of CRP lands to row crops over the past 
decade and, in particular, from 2008 to 2012 (Mo-
refield et al. 2016). The most significant losses of 
CRP areas were concentrated in the Great Plains re-
gion of the United States (Figure 3.3). Over 530,000 
ha (1.3 million ac) of expiring CRP land throughout 
the Midwest and Great Plains was put back into pro-
duction from 2010 to 2013 (Morefield et al. 2016), 
with over 70% of the converted acreage being planted 
in corn and soybeans. Of the CRP land converted, 
360,000 ha (889,600 ac), 76,000 ha (187,800 ac), 
and 53,000 ha (131,000 ac) previously were in grass-
lands, wildlife habitat, and wetland cover practices, 
respectively. Considerable research has demonstrated 
the importance of the CRP to grassland-nesting 

have the strongest negative response to agricultural 
practices to produce corn-based ethanol. These find-
ings led Fletcher et al. (2011) to conclude that struc-
tural and compositional homogenization resulting 
from large-scale biofuel crop plantings does not meet 
habitat requirements for many wildlife species, in-
cluding grassland birds.

Research has demonstrated that commodity crop 
prices have a substantial influence on landowner de-
cisions on whether to participate in the CRP (Atkin-
son et al. 2011), which has been the largest agricul-
tural land retirement program in the United States 
since it was initiated in 1985. The CRP is a voluntary 
federal program that offers landowners annual pay-
ments in exchange for taking agricultural lands out 
of production and establishing a conservation cover 
that provides known environmental benefits. Federal 

Figure 3.3  ​Change in Conservation Reserve Program area from 2006 to 2016 across the contiguous United States.  
Clint Otto.
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tributed to the recruitment of 12.4 million addi-
tional ducks to the Prairie Pothole Region from 1992 
to 1997. Nielson et al. (2008) showed that counts of 
ring-necked pheasants (Phasianus colchicus) were 
positively correlated with the amount of herbaceous 
vegetation in CRP fields within 1 km of Breeding 
Bird Survey routes across 9 states. The CRP also pro-
vides valuable habitat and dispersal corridors for 
amphibians (Mushet et al. 2014). Loss of CRP areas 
in the Prairie Pothole Region resulted in a decline of 
amphibian habitat by 22% (1.1 million ha) from 2007 
to 2012, with an additional forecasted loss of 26% 
(Mushet et al. 2014). In addition to the direct loss of 
habitat for wildlife, conversion of CRP land to bio-
fuel production can also affect the delivery of multi-
ple ecosystem services, such as reduced soil erosion, 
sequestered carbon, and retained soil nutrients pro-
vided by the CRP and other federally funded conser-
vation programs that target private lands (Randall 
et al. 1997, Gleason et al. 2011, Johnson et al. 2016).

species (Johnson and Schwartz 1993, Johnson and 
Igl 1995, Ryan et al. 1998). Of the 18 grassland bird 
species surveyed by Johnson and Igl (1995), 12 spe-
cies were less common in cropland than on CRP 
fields. Johnson and Igl (1995) showed that CRP 
supported >20% of the populations of many grass-
land species in North Dakota, even though CRP 
land amounted to just 7% of the total land area. The 
authors estimated that, if all CRP fields in North 
Dakota were returned to cropland, numbers of 
sedge wrens (Cistothorus platensis), grasshopper spar-
rows (Ammodramus savannarum), and savannah spar-
rows (Passerculus sandwichensis) would be reduced 
by 26%, 20%, and 19%, respectively (Table  3.1). 
Drum et al. (2015) estimated that CRP areas sup-
ported 6% to 34% of populations of grassland 
passerines in the Prairie Pothole Region.

In addition to supporting grassland birds, CRP 
land provides habitat for numerous wildlife taxa. 
Reynolds et al. (2001) estimated that CRP areas con-

Table 3.1.  Estimated mean values of number of breeding pairs (1,000s) of birds in 
Conservation Reserve Program (CRP ) fields in North Dakota, estimated number if 
CRP lands were cropland, predicted change in number of breeding pairs, statewide 
number of breeding pairs, and predicted change in number of breeding pairs as 
percentage of statewide population for 1992–1993. Reproduced with author 
permission from Johnson and Igl (1995).

Population

Species CRP Crop Change
Statewide 
population

Percent 
change

Lark bunting 211 21 −190 1,113 −17
Grasshopper sparrow 206 12 −193 945 −20
Red-winged blackbird 187 18 −170 1,421 −12
Savannah sparrow 94 10 −84 445 −19
Western meadowlark 80 16 −64 1,260 −5
Brown-headed cowbird 74 33 −41 1,380 −3
Bobolink 73 31 −42 388 −11
Clay-colored sparrow 54 0 −54 593 −9
Common yellowthroat 27 0 −27 286 −9
Horned lark 20 316 296 3,042 10
Sedge wren 16 0 −16 61 −26
Baird’s sparrow 10 2 −8 225 −4
Dickcissel 10 1 −9 52 −17
Ring-necked pheasant 8 1 −8 84 −9
Sharp-tailed grouse 7 1 −6 88 −7
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Deep Dive: Grassland Birds and Biofuel 
Development in the Northern Great Plains

Biofuel development has the potential to 
negatively affect grassland bird populations, 
especially if it results in conversion of grass-
land to row crops. Although scientific investi-
gations of land-use change and wildlife 
generally take multiple decades of data to 
elucidate systematic patterns, there is signifi-
cant concern that the rapid rate and spatial 
extent of land-use change brought on by 
biofuel development in the Northern Great 
Plains of the United States may negatively 
affect wildlife populations over a relatively 
short timescale. Experimental research 
designed to investigate population-level 
effects of biofuel development on wildlife are 
severely lacking. Grassland birds are one of the 
most well-studied groups of organisms, with 
respect to the impacts of agriculture and the 
expansion of bioenergy crops into natural 
systems. Nevertheless, it is not well under-
stood how grassland bird populations have 
responded to the observed changes in land use 
brought on by biofuel development over the 
past decade, particularly in the Northern Great 
Plains. Many of the studies reviewed herein 
are limited by short timescales or provide 
forecasts of how grassland birds are expected 
to respond to hypothetical biofuel scenarios. 
Here, I used observational data collected for 
savannah sparrows along 32 North American 
Breeding Bird Survey (BBS) routes and land-
cover data from 2006 to 2016 to investigate 
concurrent trends in grassland bird popula-
tions and land-cover change in the Prairie 
Pothole Region of North Dakota. I selected 
this region because of the rapid land-use 
changes that have taken place here since the 
2007 Energy Independence and Security Act.

The goals of this Deep Dive were to  
(1) investigate associations between biofuel 
crop and CRP areas with savannah sparrow 
counts collected along BBS routes; (2) estimate 
trends in savannah sparrow counts; (3) estimate 
land-cover trends for biofuel crops (i.e., corn 
and soybeans) and CRP lands around BBS 
routes; and (4) determine whether modeled 
trends in savannah sparrow counts are corre-
lated with modeled land-cover trends along 
each BBS route. This Deep Dive provides a 
working example of how future researchers 
can investigate systematic changes in corn and 
soybean production and estimate how these 
changes may affect wildlife population trends.

Methodology

The study area consisted of BBS routes 
distributed throughout the Prairie Pothole 
Region of North Dakota, a region character-
ized by nutrient-rich glacial soils. Prior to 
European settlement, the Prairie Pothole 
Region was dominated by mixed-grass prairie 
and isolated wetlands; however, during the 
past 150 years, much of this area has been 
converted to cropland. I consulted the previ-
ous literature to identify a bird species that 
would likely exhibit a negative response to 
row crops and positive response to CRP lands. 
Savannah sparrows are a grassland species that 
show strong preference for CRP grasslands 
( Johnson and Igl 1995, Johnson and Igl 2001). 
I obtained georeferenced route locations and 
annual count data for savannah sparrows 
collected at each BBS route from 2006 to 2016 
(Sauer et al. 2014). A BBS route consists of a 
40 km road transect with 50 stop locations 
spaced 0.8 km apart. A single BBS observer 
surveys each route annually, primarily in late 
May–June. At each stop location, the observer 
conducts a 3-minute point count, recording all 
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birds seen or heard within a ~400 m radius. 
Avian count data for the BBS are best viewed 
as an index of true abundance because of 
variation in observer detection probability and 
roadside biases. In a geographic information 
system, I created a 400 m buffer (50.2 ha) 
around each BBS route. The Cropland Data 
Layer (https://nassgeodata​.gmu​.edu​/Crop 
Scape​/ ), available annually from 2006 to 2016, 
was overlaid on each buffer to quantify 
land-cover composition within 400 m of each 
route. For this analysis, I reclassified the 
Cropland Data Layer into 6 land-use and 
land-cover categories and calculated the 
annual areas of each. For the purposes of this 
Deep Dive, I reported the results for only corn 
and soybean. I also calculated the annual area 
of CRP lands within each route buffer from 
2006 to 2016 (minus 2007) from CRP data 
provided via a data-sharing agreement with 
the US Department of Agriculture—Farm 
Service Agency. I removed 2 BBS routes from 
the analysis because of missing avian count 
data for most years.

I graphically displayed savannah sparrow 
counts and land-cover data to explore poten-
tial linear trends for the 32 BBS routes in-
cluded in the final analysis. For Objective 1, 
I fit generalized linear models to determine 
whether spatial variation in savannah sparrow 
counts can be explained as a function of the 
area of corn, soybeans, or CRP land surround-
ing BBS routes. I performed this analysis using 
data from all years, but report only the results 
for the earliest and latest survey years (i.e., 
2006 and 2016). I assumed a Poisson distribu-
tion for the count data and used the raw 
land-cover area data as the independent 
variable. To assess trends in savannah spar-
rows, CRP land, and corn or soybean crops 
(hereafter biofuel crops) from 2006 to 2016 

(Objectives 2 and 3), I fit simple linear regres-
sion models for each BBS route. I accommo-
dated the repeated surveys on each route 
across years by assuming an autoregressive lag 
of one. I used the mixed linear model proce-
dure of SAS (PROC MIXED, SAS 2013) with 
the AR(1) option to compute trend coeffi-
cients. To compare the trends among savannah 
sparrows, CRP, and biofuel crops (Objective 4), 
I first standardized all the data prior to running 
regression models, resulting in standardized 
trend coefficients. I used the Pearson correla-
tion coefficient to compare trends across all 
32 routes. In addition, bivariate plots of CRP 
versus biofuel crops were used to group each 
route into 1 of 4 categories: low CRP-low 
biofuels, low CRP-high biofuels, high CRP-low 
biofuels, and high CRP-high biofuels. I com-
puted correlation coefficients among counts, 
biofuels, and CRP trends separately for each 
grouping. Grouping of the routes was subjec-
tive, as some routes had large changes in CRP 
and/or biofuels, while other routes realized 
little changes, but in general the routes could 
be broadly categorized.

Key Findings and What They Mean

Variation in savannah sparrow counts was 
negatively related to the area of biofuel row 
crops within 400 m of BBS routes in 2006 (z 
value = −9.69, p < 0.001) and 2016 (z value = ​
−3.25, p = 0.001) and positively related to the 
area of CRP land in 2006 (z value = 3.66, 
p < 0.001), but not 2016 (z value = −1.77, 
p = 0.077; Figure 3.4). In 2016, the relationship 
between savannah sparrow counts and CRP 
area was slightly negative; however, the slope 
parameter had overlapping 95% confidence 
intervals. The distribution of CRP along BBS 
routes in 2016 was right-skewed, and the 
apparent lack of BBS routes with more than 
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100 ha (245 ac) of CRP land in 2016 made 
modeling an association between CRP area 
and savannah sparrow counts challenging 
(Figure 3.4D).

In general, land-cover trends for corn and 
soybeans increased from 2006 to 2016, while 
CRP area and savannah sparrow counts 
decreased (Figure 3.5). For individual BBS 
routes, standardized trend coefficients for 
savannah sparrows ranged from −0.85 to 0.70, 
with a mean of −0.17 (SD = 0.36), suggesting 
that counts decreased during the study period. 

Mean savannah sparrow counts were highest 
in 2008 (29.6+/− 4.2 1SE) and lowest in 2016 
(11.2 +/− 2.1; Figure 3.5A). During this same 
period, trend coefficients for corn and soy-
beans ranged from −0.29 to 0.97, with a 
mean of 0.71 (SD = 0.28). The most substan-
tial gains in corn and soybeans occurred 
after 2010 (Figure 3.5B). Concurrent with 
the increase in corn and soybeans, coefficient 
estimates for CRP area tended to decrease 
(x = −0.58 +/− 0.61), with a range of −1.16 to 
0.95. Correlation coefficients between trends 

Figure 3.4  ​Associations between savannah sparrow (Passerculus sandwichensis) counts and land-cover area 
quantified within 400 m of Breeding Bird Survey routes. (A) 2006 Conservation Research Program area (CRP);  
(B ) 2006 corn and soybeans; (C ) 2016 CRP area; and (D ) 2016 corn and soybeans. Shaded region denotes 95% CI 
for each generalized linear model. Clint Otto.
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in CRP and corn/soybeans, CRP and savannah 
sparrows, and corn/soybeans and savannah 
sparrows were 0.10 (p = 0.60), 0.26 (p = 0.17), 
and −0.01 (p = 0.94), respectively, suggesting a 
lack of associations. Grouping routes by land 
cover revealed correlations between CRP area 
and savannah sparrow counts among routes 
with high CRP; however, these groups also had 
low sample size (Table 3.2).

Collectively, these results demonstrate how 
annual biological and land-cover data can be 
used to investigate effects of biofuel develop-
ment on species of interest. Although there 

were no significant correlations among 
temporal trends in savannah sparrow counts, 
CRP area, and biofuel crop area, I believe this 
is an effective approach to be applied to other 
species over larger spatial and temporal scales 
in areas with preexisting BBS data. My analysis 
showed that BBS routes surrounded by more 
CRP land in 2006 and fewer biofuel crops in 
2006 and 2016 had higher savannah sparrow 
counts in those years. This finding is supported 
by much of the literature reviewed in this 
chapter describing the benefits of CRP areas 
for wildlife as well as the threats posed by 

Figure 3.5  ​(A) Average (+/− 1SE ) number of savannah sparrows (Passerculus sandwichensis) detected along  
32 Breeding Bird Survey (BBS ) routes in North Dakota from 2006 to 2016. (B ) Average (+/− 1SE ) area of corn and 
soybeans (gray) or Conservation Reserve Program (CRP ) (black) within 400 m of BBS routes. Asterisks denote lack 
of 2007 CRP data.
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annual row crops. The analysis also showed 
how savannah sparrow counts are trending 
down, concurrent with a negative trend in 
CRP area and positive trend in biofuel crops 
across all BBS routes in the study region. 
However, count and land-cover trends ob-
served at the BBS route level were not corre-
lated, suggesting that savannah sparrow count 
trends were independent of the land-cover 
trends I estimated. The analysis revealed a 
tendency for savannah sparrows to decline 
with decreasing CRP area but the correlation 
was not statistically significant. Given the 
substantial body of literature written about 
biofuel development and its negative conse-
quences for grassland birds, and the rate of 
land-use change taking place in the Northern 
Great Plains, it seemed reasonable to test 
whether observed declines in savannah 
sparrow counts were related to recent loss of 
CRP grasslands or growth in biofuel crops. My 
analysis was limited by a relatively small spatial 

and temporal sample size, thereby making it 
difficult to correlate trends in land cover with 
trends in savannah sparrow counts. The 
baseline year for this analysis was 2006 
because that is the first year for which CRP 
spatial data were available. Subsequent 
analyses can be improved by using data over a 
larger study region, additional land-cover 
types, and longer time series as data become 
available.

It is important to note that land-use change 
in the Northern Great Plains occurs at the 
scale of individual fields and farmsteads—
land-use choices that culminate in differential 
patterns in land use through time. Thus, future 
researchers investigating trends in biofuel 
production and grassland bird populations 
should consider using more fine-scale data, 
such as BBS stop-level data, to investigate 
potential impacts, a finding supported by 
other grassland bird and land-use research 
(Scholtz et al. 2017).

Pollinators and Biofuel Development

Insect pollinators are responsible for facilitating sex-
ual reproduction in 85% of angiosperms globally 
(Ollerton et al. 2011). Plant-pollinator interactions 
play an important role in maintaining ecosystem 

function and terrestrial food webs. Furthermore, 
over one-third of global crop production by volume 
depends on animal pollination (Klein et al. 2007). A 
comprehensive analysis of US food crop production 
estimated the value of pollinator-dependent crops at 
$15.1 billion in 2009 (Calderone 2012). Thus, polli-

Table 3.2.  Correlation coefficients for trend estimates between savannah sparrows 
(Passerculus sandwichensis, SAVS ), Conservation Reserve Program (CRP ) areas and 
biofuels (i.e., corn and soybeans) for 32 North American Breeding Bird Survey routes. 
Each route was assigned to one of 4 groups: low CRP-low biofuels; low CRP-high 
biofuels; high CRP-low biofuels; and high CRP-high biofuels. Two routes had no CRP 
area for all years so trends were inestimable.

CRP group Biofuel crop group SAVS vs. CRP SAVS vs. biofuels CRP vs. biofuels

Low Low 0.27 (n = 8) 0.15 (n = 10) 0.02 (n = 8)
Low High 0.18 (n = 11) −0.01 (n = 11) 0.37 (n = 11)
High Low 0.9 (n = 5) −0.01 (n = 5) 0.26 (n = 5)
High High 0.8 (n = 6) 0.03 (n = 6) 0.03 (n = 6)
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winter and spring crop-pollination season. Honey 
bees in the Northern Great Plains are transported 
across the United States to provide pollination ser
vices for a variety of agricultural crops, including al-
monds, apples, cherries, and melons, during the 
winter months.

Changes in land use and biofuel development 
have reduced habitat suitability for native bees and 
honey bees in the Northern Great Plains and Upper 
Midwest (Koh et al. 2016, Otto et al. 2016). Pollina-
tor health, nutrition, and annual survival are lower 
in landscapes supporting more row crop agriculture 
in the region (Smart et al. 2016a, Smart et al. 2016b). 
In recent years, conservation of grasslands and na-
tive prairies that provide forbs needed to support na-
tive bees and honey bees have become increasingly 
less common and have been replaced by biofuel crops 
(Wright and Wimberly 2013, Morefield et al. 2016, 
Otto et al. 2018). Landscape composition also has a 
significant effect on bee abundance, community 
composition, and diversity, with the greatest diver-
sity and abundance occurring in perennial grass-
lands. At small scales, wild bee abundance can be 
2 to 3 times greater in grasslands than in fields of corn 
or soybeans (Gardiner et al. 2010). At larger scales, 
wild bee richness and abundance of specialized bees 
is often greater in fields surrounded by more grass-
lands relative to row crops (Bennett and Isaacs 2014). 
In turn, increased bee abundance has a positive ef-
fect on pollination service of some annual crops 
(Bennett and Isaacs 2014). Forecast models devel-
oped by Bennett et al. (2014) indicate that expan-
sion of biofuel row crops into 600,000 ha (1.5 mil-
lion ac) of marginal land could reduce wild bee 
abundance by 0% to 71% and bee diversity by 0% to 
28% in southern Michigan.

Agrochemical Use, Biodiversity,  
and Ecosystem Function

In the United States, producers apply multiple ag-
rochemicals to biofuel crops such as corn and soy-
beans in attempts to increase yield and reduce pest 

nator populations are intimately intertwined with 
human health and ecosystem function.

As human population growth continues, our de-
pendence on pollinators and pollination services for 
food production is growing, even as pollinator pop-
ulations exhibit global declines (Allen-Wardell et al. 
1998). Population models estimate a 23% decline in 
wild bee abundance from 2008 to 2013 throughout 
the contiguous United States (Koh et al. 2016). Sim-
ilar to many vertebrate wildlife species, wild insect 
pollinators are exhibiting significant range contrac-
tions and negative population trends. The rusty 
patched bumble bee (Bombus affinis), once widely 
distributed across the Midwest, was officially listed 
under the Endangered Species Act in 2017. Concur-
rent with wild bee declines, beekeepers have experi-
enced a 30%–40% loss of their honey bee (Apis mel-
lifera) colonies in recent years (Lee et  al. 2015). 
Global declines in pollinator populations have raised 
considerable societal concern over food security, 
human health, and loss of ecosystem function. Al-
though scientists are still investigating causes of 
pollinator declines, current evidence suggests that 
habitat loss, pesticide use, lack of forage, parasites, 
and diseases all play a significant role in pollinator 
health (Goulson et al. 2015, Spivak et al. 2017). So-
cietal outcry over pollinator declines led to the de-
velopment of the US Pollinator Health Task Force 
(2015) to improve the health of honey bees and na-
tive pollinators. This task force established 3 key 
goals, including the establishment of 2.8 million ha 
(7 million ac) of pollinator habitat within the United 
States by 2020.

The Northern Great Plains provides summer for-
aging ground to over 40% (~1 million) of US honey 
bee colonies and hundreds of native bee species. 
States within the region are routinely among the top 
honey producers, with North Dakota being the top 
producing state since 2004 (USDA Honey 2014). For 
multiple generations, beekeepers have brought 
honey bee colonies to the Dakotas and surrounding 
areas to make a valuable honey crop and to improve 
the health of their honey bee colonies following the 
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local environment and have been detected in drain-
age areas, such as isolated wetlands, streams, and 
wildlife conservation plantings (Main et al. 2014, 
Hladik and Kolpin 2016, Mogren and Lundgren 
2016, Hladik et al. 2017).

The rapid rise in neonicotinoid use across the 
United States suggests a pressing need to understand 
how these chemicals travel throughout ecosystems 
and quantify their impacts on vertebrate wildlife, 
pollinators, and other beneficial insects. Although in-
formation gaps exist, a significant body of evidence 
demonstrates that large-scale use of neonicotinoids 
can have negative effects on vertebrate wildlife (Gib-
bons et  al. 2015), wild bees (Stanley et  al. 2015), 
honey bees (Henry et al. 2012), and aquatic inverte-
brates (Morrissey et al. 2015). Pollinating bees have 
been particularly harmed by widespread use of neo-
nicotinoids and can be exposed to these chemicals 
via multiple pathways. Krupke et al. (2012) showed 
that foraging honey bees can be exposed to neonic-
otinoids via the following pathways: (1) during the 
planting of seed-treated corn and soybeans; (2) by 
visiting wildflowers adjacent to seed-treated fields; 
and (3) by collecting pollen from seed-treated corn 
that has reached anthesis. Conservation strips along 
field margins, which are often considered beneficial 
for wildlife in agroecosystems, can be contaminated 
with neonicotinoids; bees foraging on wildflowers in 
these conservation strips consume neonicotinoids, 
resulting in adverse health effects (Mogren and Lun-
dgren 2016). Exposure to neonicotinoids by bees 
via contaminated nectar and pollen can lead to both 
lethal and sublethal effects, including behavioral ab-
normalities and reproductive deficiencies (Henry 
et al. 2012, Whitehorn et al. 2012, Baron et al. 2017), 
which can decrease a bee’s ability to pollinate crops 
(Stanley et al. 2015). For example, Baron et al. (2017) 
demonstrated that field-relevant exposure of the ne-
onicotinoid thiamethoxam on wild bumblebee 
queens caused a reduction in feeding and impeded 
ovary development in multiple bumblebee species. 
Although additional field-level research is needed to 
quantify effects of neonicotinoid on pollinators, 

populations. Increased use of agrochemicals is not a 
trend unique to biofuel crops, but rather represents 
a larger, global trend occurring across most sectors 
of agriculture. A wealth of literature exists exploring 
direct and indirect effects of agrochemicals on ver-
tebrate and invertebrate wildlife (Relyea 2005, Rel-
yea 2009, Köhler and Triebskorn 2013, Main et  al. 
2014). In this section, I chose to focus on particular 
classes of agrochemicals that have specific relevance 
to biofuel crops and, as such, have seen dramatic in-
creases in use over the past 10 years. I highlighted a 
few pertinent examples of how key classes of chem-
icals used on corn and soybeans affect wildlife and 
ecosystem function, but I do not consider this an 
exhaustive review.

Producers annually spend over $4 billion on in-
secticides in the United States, totaling 45 million kg 
(100 million lb) of active ingredients (Grube et al. 
2011). Neonicotinoids, a class of neurotoxic chemi-
cal that is highly effective at killing undesirable in-
sect pests, is the most commonly used class of insec-
ticide globally (Jeschke et  al. 2010, Douglas and 
Tooker 2015). Neonicotinoids are systemic, meaning 
they are transferred to all parts of the plant, includ-
ing roots, stems, leaves, pollen, nectar, and fruiting 
bodies produced by the plant. Neonicotinoids were 
implemented in large-scale agriculture because of 
their acute toxicity to insect pests and relatively low 
toxicity to mammals, including humans. Although 
the Environmental Protection Agency has enacted 
guidelines to curtail use of neonicotinoids in crop-
lands, overall use of neonicotinoids has increased 
substantially in the United States since 2003 (Doug-
las and Tooker 2015). In 2011, 34%–44% of US soy-
beans and 79%–100% of corn were treated with ne-
onicotinoids; virtually all the treatments were 
applied as seed coatings. Douglas and Tooker (2015) 
reported that neonicotinoid seed treatments ac-
counted for 43% and 21%–23% of the insecticide 
mass applied to corn and soybeans, respectively. Ne-
onicotinoids are also applied as foliar sprays later in 
the growing season. Although neonicotinoids are in-
tended to remain in crop fields, they persist in the 
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understanding of how changes in agricultural prac-
tices and use of glyphosate-resistant crops have 
affected the distribution of milkweed, at multiple 
scales, would improve population viability analyses 
for monarchs. Recent scenario modeling conducted 
by Thogmartin et al. (2017) showed that restoration 
efforts on agricultural lands are essential for achiev-
ing monarch conservation goals and called for res-
toration of over 1.3 billion milkweed plants across 
the Midwest and Northern Great Plains. Similar to 
reductions in milkweed from agricultural fields, re-
moval of flowers deemed undesirable by landowners 
and land managers may also reduce the forage base 
for adult monarchs, as well as for native bees and 
honey bees in agricultural landscapes (Bretagnolle 
and Gaba 2015, Otto et al. 2017).

emerging evidence suggests that neonicotinoids 
commonly used on biofuel crops pose significant 
threats to pollinators and other beneficial insects.

Concurrent with the increase in neonicotinoid 
use, global use of genetically engineered, glyphosate-
resistant corn and soybeans has increased 15-fold 
since 1974 (Benbrook 2016). Glyphosate (i.e., 
Roundup) is a chemical herbicide developed to kill 
undesirable broadleaf plants and grasses and is com-
monly used on agricultural fields. Genetic engineer-
ing of glyphosate-resistant corn and soybeans has 
contributed to a significant increase in glyphosate ap-
plications in US agriculture. In the United States, 
8.6 billion kg (19 billion lb) of glyphosate has been 
applied since 1974, with 66% of the total volume hav-
ing been applied from 2004 to 2014 (Benbrook 
2016). Although glyphosate-resistant corn and soy-
beans provide producers with the ability to prophy-
lactically manage weeds and reduce crop injury in 
and adjacent to crop fields (Carpenter et al. 2002), 
growing these crops also eliminates an important, yet 
often underrepresented, forage base for beneficial in-
sects and pollinators, including monarch butterflies 
(Danaus plexippus; Figure 3.6).

The monarch butterfly was proposed for listing 
under the Endangered Species Act (16 U.S.C. ch. 35 
§ 1531 et seq) in 2014 because of significant popula-
tion declines and extinction risk (Semmens et al. 
2016). Widespread use of glyphosate-resistant corn 
and soybeans in the United States has been impli-
cated in the decline of eastern populations of mon-
arch butterflies through the widespread elimination 
of milkweed (Asclepias spp.), the essential host plant 
for monarch larvae (Stenoien et al. 2016, Thogmar-
tin et al. 2017). In their review of threats to monarch 
butterflies, Stenoien et al. (2016) reported that wide-
spread use of herbicide-resistant crops has become 
more prevalent in the core summer breeding range 
of monarchs and that use of glyphosate has likely 
contributed to a landscape-level reduction in milk-
weed. This is of particular concern in the Midwest 
and Northern Great Plains regions, which represent 
a major migratory pathway of the monarch. A better 

Figure 3.6  ​The monarch butterfly (Danaus plexippus) is an 
iconic insect that exhibits a unique, multigenerational 
migration across North America. Monarch populations are 
threatened by habitat loss and reduction in milkweed 
(Asclepias spp.), an essential host plant, throughout the 
United States. Photo courtesy of Savannah Adams.
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multiple ecosystem services. Results showed signifi-
cant agricultural expansion generated the largest re-
turns for landowners (i.e., market commodities) 
but the fewest net social benefits, such as carbon 
sequestration and water quality. In a review of over 
35 studies on biomass cropping systems in Michi-
gan and Wisconsin, Landis et al. (2017) determined 
that perennial grass cropping systems have the po-
tential to increase (relative to feedstocks derived 
from annual row crops) multiple ecosystem ser
vices, including pest suppression, decreased GHG 
emissions, and increased grassland bird diversity, 
but at the expense of biomass yield. This line of re-
search clearly demonstrates how trade-offs between 
crop production profits (i.e., landowner benefits) 
and multiple societal benefits can be evaluated 
within a unified framework.

Because of the global footprint and far-reaching 
effects of biofuel crop expansion, ecosystems service 
models can be developed that use a life-cycle assess-
ment approach to determine how environmental 
perturbations in one area affect stakeholders and 
ecosystem service delivery in other parts of the coun-
try (Zhang et  al. 2010). For example, Smart et  al. 
(2018) demonstrated how honey bee colonies sur-
rounded by larger areas of row crops in the North-
ern Great Plains were smaller in size at the end of 
the growing season, leading to reduced pollination 
services the subsequent spring in Californian almond 
orchards. This analysis could be further extended to 
investigate how biofuel development in the North-
ern Great Plains affects pollinator habitat, which, in 
turn, affects agricultural producers in California and 
ultimately consumer cost for almonds at the grocery 
store. Ecosystem service analyses such as these pre
sent significant challenges and would require in-
creased interdisciplinary collaboration; however, 
they would provide a method for monetizing land-
use decisions and ecosystem service outcomes and 
identifying unintended consequences of biofuel 
development.

As important as evaluation of multiple services is, 
this alone will not lead to land-use decisions that 

Virtually no information exists on how the rapid 
increase in glyphosate-resistant corn and soybeans, 
which constitute the primary landscape matrix in 
many parts of the United States, may have altered 
landscape suitability for supporting pollinators and 
other beneficial insects in agroecosystems. Reduc-
tion in biodiversity on farms is correlated with in-
creased pest populations (Lundgren and Fausti 2015), 
presumably due to loss of predatory insects (Gardiner 
et al. 2009). Large-scale expansion of corn production 
has been directly linked with loss of arthropod diver-
sity and the crop pest control services they provide 
(Landis et  al. 2008). This suggests that agronomic 
practices that result in loss of biological diversity may 
require additional agrochemical inputs from agri-
cultural producers to compensate for the loss in 
arthropod-mediated pest control services, perpetuat-
ing the continued use of agrochemicals for treating 
crop pests and further loss of beneficial insects.

Multifunctioning Landscapes

Given the rapid conversion of natural areas to agri-
culture across the globe and a burgeoning human 
population, there has never been a more pressing 
need to understand how land-use changes affect 
wildlife, in tandem with the multiple ecosystem ser
vices wildlife provide to human society. Viewing the 
impacts of biofuel crop production on wildlife alone 
is not the most effective approach for infusing wild-
life conservation goals into national policy and deci-
sion making. Rather, I believe what is needed is re-
search that quantifies how land-use change affects 
multiple ecosystem services concurrently, and, in 
turn, how these changes affect the multiple human 
stakeholders. Given the complexities of modeling 
how multiple ecosystem services and stakeholders 
are affected by land-use change, this area of research 
has only recently been developed (Nelson et al. 2009, 
Polasky et al. 2011, Zheng et al. 2016, Schulte et al. 
2017). Polasky et al. (2011) applied a spatially explicit 
modeling tool (InVEST) to quantify how alternative 
land-use change scenarios in Minnesota might affect 
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and biodiversity (Werling et al. 2014), but current 
technological, political, and transportation barriers 
limit their expansion.

Key Research Needs

There are numerous research needs to identify strat-
egies for minimizing the impact of biofuel row 
crops on wildlife and ecosystem function. Here, 
I outline a few key priority areas:

•	 Identify and monetize consequences of a broad 
range of land-management actions and policy de-
cisions, including those that optimize ecosystem 
service benefits to society and individual produc-
ers. This will provide useful information to policy 
makers for incentivizing these services through 
federal policy and programs (Polasky et al. 2011).

•	 Conduct research at larger spatial and temporal 
scales to identify population-level effects and as-
sist with landscape planning for wildlife and pol-
linators. Small-scale research can be useful for 
elucidating mechanisms of how populations re-
spond to biofuel practices and inform specific 
management actions, but its application to in-
forming national policy and landscape planning 
is limited. Meehan et al. (2010) provided an ex-
ample of how biological data can be used to fore-
cast outcomes of biofuel development on grass-
land birds across a six-state ecoregion.

•	 Research neonicotinoids and glyphosate used on 
biofuel crops to better understand how these agro-
chemicals move through terrestrial and aquatic 
environments and their long-term impacts on 
wildlife populations in terrestrial, palustrine, and 
riverine systems.

•	 Conduct proactive research that evaluates poten-
tial impacts of novel agricultural practices or pol-
icies before they are implemented at a national 
scale. For example, RNA interference (RNAi) is a 
biotechnology that is being considered as a novel 
pest-control strategy; however, its effects on non-
target beneficial insects have not been thoroughly 

have beneficial results for wildlife. Effective commu-
nication of research results to policy makers and 
decision makers is of paramount importance for en-
acting policy that maximizes services provided to 
society. For example, ecosystem service–based re-
search can assist policy makers with development of 
programs that incentivize landowners to make land-
use decisions that have greater societal benefits (Po-
lasky et  al. 2011). Developing ecosystem service 
models will require increased collaboration between 
economists and ecologists to ensure that “ecological 
production functions” are based on sound science. 
This is particularly true for ecosystems services mod-
els that include wildlife, a group that has been tradi-
tionally absent from service-based research because 
their market value can be more difficult to ascertain.

It is important to recognize that many of the is-
sues surrounding wildlife and biofuel development 
are social, economic, and political in nature. Science 
will always play an important role in documenting 
and quantifying threats to biodiversity, informing de-
cision makers, and evaluating costs and benefits of 
conservation actions. However, the premier societal 
challenge at hand is promoting a fundamental shift 
in human perception of natural systems and their 
benefits to humankind (Ehrlich and Pringle 2008). 
With the growing global human population and ris-
ing standard of living, there is a pressing need to de-
velop sustainable fuel sources that can meet growing 
demand for energy with minimal environmental deg-
radation. We face the challenge of balancing the im-
mediate human needs for food, fiber, and fuel with 
long-term maintenance of ecosystem function and 
natural resources for future generations (Foley et al. 
2005). Given the significant impacts that increased 
corn and soybean production have had on natural 
systems in the United States since the 2007 US En-
ergy Independence and Security Act, it does not ap-
pear that annual biofuel crops represent an effective 
long-term solution to environmentally sound energy 
production. Second-generation feedstocks (see 
Chapter 4, Rupp and Ribic) provide potential alter-
natives that may lessen concerns over habitat loss 
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2017). In addition to providing forage for pollina-
tors, these areas can also enhance habitat for 
wildlife (Moorman et al. 2013, Plush et al. 2013) 
and facilitate pollination of crops grown in adja-
cent fields (Morandin and Winston 2006).

•	 Producers can implement best management prac-
tices to minimize drift of insecticides and herbi-
cides into non-crop areas to reduce harmful effects 
to beneficial insects and pollinators. Examples of 
practices that reduce drift include proper calibra-
tion of application equipment and being cognizant 
of optimal weather conditions for chemical appli-
cations and seed treatments (Spivak et al. 2017).

•	 Crop consultants and producers can reevaluate 
the prophylactic use of pesticides on biofuel crops 
to ensure these greater input costs result in higher 
profit margins for the producer, rather than just 
increased yield. Integrated pest management may 
provide producers with a framework for reducing 
crop pests and thereby the prophylactic use of pes-
ticides on agricultural fields.
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Hoekman et al. 2018). In contrast, second-generation 
biofuels, or cellulosic fuels, are derived from nonfood 
feedstocks, such as field crop residues (e.g., corn sto-
ver), forest product residues (e.g., chips, mulch), 
organic waste (e.g., manure, municipal solid waste), 
or fast-growing dedicated energy crops such as 
switchgrass (Panicum virgatum) or giant miscanthus 
(Miscanthus x giganteus; Marquis 2016). Because 
second-generation biofuels are not used for food, 
their use for fuel may cause fewer social and environ-
mental concerns.

Perennial grasses are considered prime candidates 
for cellulosic bioenergy production because of their 
high biomass production, ability to sequester carbon, 
tolerance to variable climatic conditions, compatibil-
ity with conventional farming practices, and mini-
mal maintenance requirements (Graham et al. 1995, 
Tolbert and Schiller 1995, McLaughlin et al. 1999, 
Rinehart 2006, Kibit et al. 2016). Additionally, they 
can be derived as a coproduct of row crops grown for 
first-generation biofuels or food (e.g., cornfields with 
switchgrass borders, prairie STRIPS [Schulte et al. 
2017], or use of cover crops) or grown as dedicated 
energy crops on lands too poor (e.g., steep, rocky, 
nutrient-poor) for food production. In 2011, the US 
Department of Energy (DOE) estimated that mono-
cultures of perennial grasses (e.g., switchgrass, mis-

Introduction

Concerns about the cost of energy, US dependence 
on foreign oil, greenhouse gas emissions, and in-
creasing global energy demand are bringing attention 
to bioenergy (i.e., heat, fuel, and power produced 
from organic material). Biomass constitutes almost 
80% of the global renewable energy portfolio (Im-
merzeel et al. 2014). In the United States, renewable 
energy accounts for roughly 11% of the energy portfo-
lio, of which roughly 45% is supplied by biomass (En-
ergy Information Administration 2018). Pelletized 
biomass (Figure 4.1) to generate thermal and electric 
energy is the most active current market (see Chap-
ter  2, Homyack and Verschuyl), but there is much 
interest in liquid biofuels from cellulosic sources.

Conventional biofuels (i.e., first-generation biofu-
els) are those produced from corn-kernel starch, 
soybeans (e.g., biomass-based diesel), and other row 
crops (see Chapter 3, Otto). Because first-generation 
biofuels use crops also grown for food, concerns have 
been voiced about the diversion of food crops to fuel 
purposes (McGuire 2012, Manning et al. 2015), as 
well as the potential environmental impacts of bio-
fuel crop production due to increased water and fer-
tilizer use and soil erosion caused by conventional 
tilling methods (Alshawaf et al. 2016, Liu et al. 2017, 

Second-Generation Feedstocks 
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4
Susan P. Rupp and 
Christine A. Ribic

 EBSCOhost - printed on 2/13/2023 9:41 AM via . All use subject to https://www.ebsco.com/terms-of-use



second-generation feedstocks from dedicated energy crops  65

herbicides means better habitat for supporting pol-
linators (Fargione et al. 2008, Gardiner et al. 2009, 
Fletcher et al. 2011, Wiens et al. 2011).

Second-generation feedstock cultivars continue to 
be evaluated, and varieties are genetically modified 
to increase yield while minimizing land require-
ments and need for external inputs. However, sev-
eral factors need to be considered to make these new 
feedstocks socially, environmentally, and econom
ically feasible. As with first-generation feedstock 
crops, growers emphasize maximizing production 
and yield while minimizing up-front costs in estab-
lishment (i.e., seed cost and availability, site prep-
aration), reducing maintenance (i.e., fertilizers, 
pesticides, herbicides, water requirements), and 
increasing ease of harvest (i.e., using existing equip-
ment as opposed to developing new technology spe-
cific to individual crops). Growers also want feed-
stocks that are reliable, drought and pest resistant, 
and rapidly established. If there are alternative uses 
for a feedstock or its by-products (i.e., “added-value”), 
such as feed for livestock, bedding for poultry, fertil-
izer (in the case of animal wastes), or bio-based 
chemicals that can be used in cosmetics, pharmaceu
ticals, or plastics, that is even more desirable.

However, native wildlife species abundance and 
diversity as well as other ecosystem services (e.g., air, 
water, and soil quality/quantity, and reduced green
house gas emissions) may be affected by increasing 
bioenergy development regardless of the feedstock 
used because the characteristics of ideal bioenergy 
crops can be in direct conflict with characteristics 
that make habitat attractive to wildlife (Table 4.1). 
Potential effects on wildlife depend on the type of 
land that is replaced, planting density, stand manage-
ment, and surrounding land uses (Bakker and Hig-
gins 2009, McGuire 2012, Rupp et al. 2012, McGuire 
and Rupp 2013, Pedroli et al. 2013, Robertson et al. 
2013). In addition, bioenergy crop production can 
raise concerns about agricultural intensification, po-
tential for species’ invasiveness, feedstock location 
and geographic context within the landscape, and 
crop diversity (Fletcher et al. 2010, Wiens et al. 2011, 

canthus) alone could produce between 90 and 
154 million dry tons (82–140 million Mg) by 2017 
and 255 to 462 million tons (231–419 million Mg) 
by 2030 (US Department of Energy 2011); however, 
yields may be affected by soil quality, previous land 
use, and use of soil amendments (e.g., fertilizers).

Using perennial plants instead of annual row 
crops as feedstocks may also tend to have lower fer-
tilizer and pesticide requirements than many first-
generation feedstocks, which reduces cost to pro-
ducers, limits nutrient runoff to waterways, and 
reduces greenhouse gas emissions (Adler et al. 2009, 
Davis et al. 2010)—especially compared with corn, 
for which greater fertilizer application rates are cor-
related with emissions of nitrous oxide (N2O), a 
greenhouse gas with 310 times the warming poten-
tial of CO2 (Davis et al. 2012, Smith and Searchinger 
2012).The dense rooting systems of many second-
generation feedstocks also improve the physical 
characteristics of soil and reduce soil erosion that can 
prevent downstream flooding and phosphorous 
transport by changing surface hydrology (Blanco-
Canqui 2010, Tufekcioglu et al. 2003). Wildlife pop-
ulations can benefit from the increased vertical and 
horizontal structure these feedstocks create, which 
may provide foraging and nesting substrates and pro-
tective cover, while reduced use of pesticides and 

Figure 4.1  ​Pelletized biomass can be made out of any 
plant material and is widely used to generate thermal and 
electric energy. Photo courtesy of Bill McGuire.
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ditional feedstocks continually are evaluated to de-
termine their potential for large-scale bioenergy 
production.

Switchgrass—a native perennial grass—was cho-
sen as the model herbaceous bioenergy crop in DOE 
study trials because of its endemic nature, relative 
abundance, high biomass production, tolerance to 
climatic conditions, compatibility with conventional 
farming practices, and minimal maintenance re-
quirements (McLaughlin et  al. 1999, Adler et  al. 
2006, Rinehart 2006, Wright 2007, Mitchell et al. 
2008, Sanderson and Adler 2008, Lee et al. 2018). 
Switchgrass can be used as a source of cellulosic eth-
anol or combined with other energy sources (e.g., 
coal) to produce heat or electricity. In recent years, 
there has been increased use of switchgrass for direct 
combustion (e.g., switchgrass pellets or briquettes 
used to generate heat) and as a feedstock co-fired 
with coal for heat or electricity production to lower 
emissions associated with burning coal alone (Rine-
hart 2006). Though biomass yields of switchgrass 
cultivars are not as bountiful as those of some other 
available feedstocks, its other benefits still make it at-
tractive as a bioenergy feedstock. This has led to 
several commercial-scale, pre-operational testing fa-
cilities using switchgrass as a primary feedstock 
over the past several years; however, political uncer-
tainty and costs of converting cellulosic material to 
useable energy have caused several of those facilities 
to close (e.g., Abengoa’s project in Hugoton, Kansas; 
Lane 2016).

Miscanthus (Miscanthus spp.), a species native to 
Asia, has been grown for many years in the United 
States as a landscape plant, but it was not proposed 
for evaluation in early bioenergy crop screening stud-
ies (Wright 2007). However, given the high yields 
that have been achieved in Europe (up to 40 Mg ha−1 
in some regions; Lee et al. 2018) and on small-scale 
field plots in the United States with a single sterile 
hybrid cultivar, giant miscanthus, questions are be-
ing asked about how it compares with switchgrass as 
a model bioenergy crop (Heaton et al. 2004a, Wright 
2007, Lee et al. 2018). Yields from US studies typically 

Rupp et al. 2012, Immerzeel et al. 2014, Tarr et al. 
2017). Ultimately, effects of bioenergy development 
will vary across spatial and temporal scales, geo-
graphic regions, wildlife species considered, feed-
stock types, feedstock management practices, and 
land-use histories (McGuire 2012, Rupp et al. 2012, 
Immerzeel et al. 2014, Tarr et al. 2017, Hoekman and 
Broch 2018, Hoekman et al. 2018).

Introduction to Common Feedstocks

Of the many species of perennial forage crops avail-
able, only a few have been researched intensively as 
biomass feedstock for commercial-scale bioenergy 
production as part of regional Coordinated Agricul-
tural Projects (CAPs) awarded by the USDA National 
Institute of Food and Agriculture (NIFA) Agriculture 
and Food Research Initiative (AFRI; Table 4.2). The 
primary purpose of CAPs is to enhance rural prosper-
ity and national energy security through the devel-
opment of regional systems for sustainable produc-
tion of advanced biofuels and industrial chemicals 
(i.e., bio-based products). A brief overview of the 
more common feedstocks investigated by CAPs is 
provided below, although it should be noted that ad-

Table 4.1.  Characteristic traits of dedicated bioenergy 
crops versus desired wildlife habitat. Items listed in 
bold represent traits for which there is a commonality 
(from McGuire 2012 and Rupp et al. 2012).

Dedicated Bioenergy Crops Desired Wildlife Habitat

Monoculture crop Diverse plant community
Highly productive crops Non-commodity emphasis
Aggressive, often non-native, 

hybrid, or genetically 
modified plants

Native and nonaggressive plants

Higher plant density Lower plant density
Harvest after dormancya Avoid nesting disturbance
Remove all useable biomass Leave some residual biomass
Irrigate if needed Conserve water
Use fertilizer/pesticides when 

needed
Avoid fertilizers and pesticides

a Fall-season harvest common for some bioenergy crops (e.g., switchgrass and 
miscanthus), but not others. Ratooning crops (e.g., sorghum) may be 
harvested several times per year.
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ditions (i.e., aerated humus and nutrient-rich soils), 
reed canarygrass yields of over 8.16 Mg ha−1 yr−1 of 
dry matter can be expected (Rancane et al. 2012). A 
unique characteristic of reed canarygrass is that its 
biomass increases linearly with applied nitrogen, 
making it a potentially useful feedstock to use in sit-
uations where the ability to take up high nutrient 
levels is necessary (e.g., disposal of manure from in-
tensive industrial livestock and poultry farms or at 
municipal wastewater facilities). It also can improve 
the structure of clay-based soil (Cherney et al. 1991, 
Tahir et al. 2010).

Giant reed (Arundo donax) is a non-native, peren-
nial, cool-season grass from the Mediterranean re-
gion that has become a serious pest in tropical and 
temperate parts of the world; it is now on the list of 
100 of the World’s Worst Alien Species (Boland 2006, 
Glaser and Glick 2012, EDDMapS 2018, Global In-
vasive Species Database 2018). It reproduces vege-
tatively through rhizomes and vegetative fragments 
(i.e., rooting of nodes), making it particularly prone 
to invasion via flooding, and it severely degrades 
wildlands by altering native vegetation structure, dis-
placing native plant species, reducing habitat qual-
ity, and increasing fire frequencies (Boland 2006, 

average about 23 Mg ha−1, but much lower values 
also have been reported, bringing into question the 
ability of the feedstock to reliably reach the higher 
yields reported overseas (Lee et  al. 2018). Giant 
miscanthus has been bred to be sterile and produce 
no seeds. It is established by planting rhizome cut-
tings started in greenhouses, which delays its full 
production for 2 to 3 years (Heaton et al. 2004a). Re-
ports from Europe indicate that, once established, 
plants can live in excess of 30 years without a signifi-
cant loss in yield (Schill 2007). However, studies in 
the United States documented declines in yield over 
time that were proportionately greater in giant mis-
canthus than in switchgrass, suggesting a stronger ef-
fect of stand age on giant miscanthus (e.g., Arun-
dale et al. 2014).

Reed canarygrass (Phalaris arundinacea) is a sod-
forming, potentially invasive rhizomatous perennial 
grass native to portions of North America, Europe, 
and Asia that grows in wet soils across a wide pH 
range, making it a suitable contender for bioenergy 
production in areas where feedstocks such as switch-
grass may not grow (Lewandowski et  al. 2003, 
Sanderson and Adler 2008, Tahir et al. 2010, Glaser 
and Glick 2012, Rancane et al. 2012). In suitable con-

Table 4.2.  USDA Coordinated Agricultural Projects and their focal bioenergy feedstock (USDA National Institute 
of Food and Agriculture 2017, 2018)

US Region Coordinated Agricultural Project Focal Feedstock Website

Pacific Northwest Advanced Hardwood Biofuels Northwest poplar http://hardwoodbiofuels​.org/
Pacific Northwest Advanced Renewables Alliance forest residues https://nararenewables​.org/
Rocky Mountains Bioenergy Alliance Network of the 

Rockies
beetle-killed pine http://banr​.nrel​.colostate​.edu/

Southwest Sustainable Bio-economy for Arid 
Regions

guayule (flowering shrub), guar 
(legume)

https://energy​.arizona​.edu​/sbar

Midwest CenUSA Bioenergy switchgrass, big bluestem  
(Andropogon gerardii), 
indiangrass (Sorghastrum 
nutans)

https://cenusa​.iastate​.edu/

Northeast Woody/Warm-season Biomass 
Consortium

willow, switchgrass, miscanthus http://www​.newbio​.psu​.edu/

Southeast Partnership for Advanced Renewables carinata (oilseed) https://sparc​-cap​.org/
Southeast Partnership for Integrated Biomass 

Supply Systems
switchgrass, poplar, eucalyptus, 

pine
http://www​.se​-ibss​.org/

South Sustainable Bioproduct Initiative Project sorghum, energy cane https://www​.facebook​.com​
/agcentersubi/
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39.7 Mg ha−1 in Hawai‘i, and stems contain substan-
tial amounts of sugar that can be exploited through 
extraction (pressing) or via in situ fermentation (Lee 
et al. 2018).

Sorghum (Sorghum bicolor) is unique among en-
ergy crops because different sorghum varieties (e.g., 
grain, energy, or sweet) can produce economic quan-
tities of different products in differing proportions 
(e.g., starch, sugar, and lignocellulosic biomass), all 
of which can be used for biofuel or bioproduct pro-
duction (Almodares and Hadi 2009, Monge et al. 
2014, Viator et al. 2014, Lee et al. 2018). Sorghum 
can produce high biomass yields (~40 Mg ha−1) and 
it is widely adapted and highly amenable to US pro-
duction and cultivation systems, though yields are 
highly sensitive to environmental conditions (Lee 
et al. 2018). In addition, the bagasse (i.e., dry pulpy 
residue left after the extraction of juice) can be used 
to make bioproducts from the remaining cellulose, 
hemicellulose, and lignin or burned for power gen-
eration (Kim and Day 2011, Lee et al. 2018).

Invasive Potential

Crops bred for biofuels or other bioenergy produc-
tion inherently have several characteristics associ-
ated with high risk of invasiveness: these crops are 
robust, outcompete other plants, thrive in a variety 
of conditions, and are resistant to pests and diseases 
(Glaser and Glick 2012; Table 4.3). Negative effects 
of invasive species on native wildlife and the environ-
ment are well documented (e.g., McGuire 2012, 
Glaser and Glick 2012, National Invasive Species 
Council 2016), and damage control can reach into 
the billions of dollars annually (National Invasive 
Species Council 2016). Researchers estimate that 
nearly half of the species that are listed as threatened 
or endangered under the US Endangered Species Act 
of 1973 (16 U.S.C. § 1531 et seq.) are at risk due, at 
least in part, to the impacts of invasive species (Gla-
ser and Glick 2012).

Several studies have assessed the potential inva-
sive qualities of feedstocks grown for bioenergy pro-

Glaser and Glick 2012). Despite these concerns, it 
can produce over 30 Mg ha−1 yr−1 and was approved 
as a renewable feedstock by the US Environmental 
Protection Agency (EPA; Ingwell et al. 2014).

Napiergrass (Pennisetum purpureum), also known 
as elephant grass, is an invasive, non-native, clump-
forming grass indigenous to Africa. It is ideally suited 
as a bioenergy crop because it is established with just 
one seeding, requires little water or added nutrients, 
and develops deep root systems that improve soil fer-
tility and minimize erosion (USDA 2016). However, 
unlike switchgrass, the thick-stemmed napiergrass 
requires specialized harvesting equipment and needs 
to be left in the field longer to remove moisture 
content, which may delay harvesting (Lewan-
dowski et al. 2003). In the 1980s, napiergrass was 
used as a feedstock for methane generation and 
also was co-fired with coal to produce electricity 
(Glaser and Glick 2012). Today, it is being consid-
ered as a feedstock for several kinds of biofuels, in-
cluding renewable jet fuel (USDA 2016). It is at-
tractive as a feedstock because it can yield up to 20 
tons ac−1 yr−1 (44.8 Mg ha−1 yr−1) of biomass and can 
be harvested twice per year (Glaser and Glick 2012).

Energycane (sugarcane, Saccharum spp., x wild 
cane, Saccharum spontaneum) is being researched to 
supplement sugarcane production by providing an 
economically viable and yearlong sustainable biore-
finery in the southeastern United States (Kim and 
Day 2011, Han et al. 2012). Energycane, like sugar-
cane, is a tropical perennial that is vegetatively prop-
agated. Unlike most other summer crops, energy-
cane is established in the fall from mature canes of 
existing plants (Lee et  al. 2018). Energycane has 
been bred for higher fiber to sugar ratios, thinner 
stalks, elevated plant density population traits (com-
pared with sugarcane), disease and pest resistance, 
ratooning performance (i.e., ability to resprout/stub-
ble crop), cold tolerance, and vigor (Matsuoka et al. 
2014, Lee et al. 2018). Five to 6 harvests within a year 
for the L79-1002 variety of energycane are common 
(Kim and Day 2011, Han et al. 2012). In the United 
States, yields range from 14.0 Mg ha−1 in Georgia to 
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et al. 2011). However, the large scale of proposed bio-
energy plantings will ensure high propagule pres-
sure, so that even plants with low invasion potential 
may have many opportunities to escape (Low et al. 
2011, Glaser and Glick 2012).

Reed canarygrass is a known invasive species that 
can spread through seeds or plant fragments or veg-
etatively through rhizomes; in the United States, re-
searchers in Vermont described it as “one of the 
most noxious, invasive species in North American 
wetlands, rivers, and lakes” (Glaser and Glick 2012); 
for example, plant species richness and floristic con-
servation values show a negative relationship with 
reed canarygrass in Illinois (Spyreas et al. 2010). 
Reed canarygrass forms dense patches, outcompetes 
native flora, can increase siltation in ditches, and is 
an allergen because of abundant pollen and chaff 
(DeStefano 2013). It also tends to grow in conjunc-
tion with purple loosestrife (Lythrum salicaria)—
another invasive wetland plant (DeStefano 2013).

Research on wildlife responses to reed canarygrass 
in the United States has focused primarily on reed 
canarygrass as an invasive plant in wet meadows. Re-
ported wildlife responses to reed canarygrass are 
mixed (Holzer and Lawler 2015). Kirsch et al. (2007) 
determined that wet meadows dominated by reed ca-
narygrass support a bird community similar to that 
found in wet meadows without reed canarygrass. In 
contrast, other studies indicated that dominance of 
reed canarygrass reduces species richness and abun-
dance of birds, mammals, and juvenile fish (Cox 
1999, Able and Hagan 2000). In their US study in Il-
linois, Spyreas et al. (2010) reported no relationship 
between wet meadow indicator bird species abun-
dance and reed canarygrass cover on a statewide 
scale nor for small mammal abundance on a local 
scale; yet, there was some indication that the small 
mammal community differed on sites dominated by 
reed canarygrass compared with sites not dominated 
by reed canarygrass. However, richness and abun-
dance of homopterans and other arthropods were 
negatively correlated with reed canarygrass cover on 
research plots, but not in statewide surveys (Spyreas 

duction (Hartman et al. 2011, Glaser and Glick 2012, 
Barney 2014, Immerzeel et al. 2014, Mitchell and 
Vogel 2016) or even the potential to use invasive spe-
cies (e.g., reed canarygrass) as feedstocks (Quinn 
et al. 2014). Barney and DiTomaso (2008) related 
the extensive bioengineering of switchgrass cultivars 
and varieties to invasion potential, but they con-
cluded that switchgrass was not likely to become an 
extensive invader under current climatic conditions. 
Similarly, Mitchell and Vogel (2016) did not find any 
indication of switchgrass spread into adjacent native 
grassland tracts; however, they did find that switch-
grass stands were colonized by neighboring big blue-
stem (Andropogon gerardii), smooth bromegrass 
(Bromus inermis), and other grasses in the 10 years 
they monitored.

Extensive information is available on the poten-
tial invasion risk of sterile giant miscanthus (Barney 
2014). Because giant miscanthus can resprout from 
rhizomes, it could potentially spread during storm 
events, via transport to and from production fields, 
through irrigation ditches and other waterways flow-
ing near field margins, through animals that uproot 
plants in fields, or even as a result of feedstock stor-
age (Glaser and Glick 2012, Barney 2014). To date, 
studies have determined that giant miscanthus has 
a fairly low rate of spread, and the grass has been 
given a low-risk weed assessment score by at least 
2 sets of authors (Barney and DiTomaso 2008, Gordon 

Table 4.3.  Characteristics of ideal biomass crops 
and invasive, non-native plants (adapted from Glaser  
and Glick 2012)

Characteristic
Ideal 

Biomass Crop
Invasive 

Plant

Rapid growth rate Yes Yes
Resistant to pests and diseases Yes Yes
High water use efficiency Yes Yes
C4 photosynthetic pathway Yes Yes
High yields Yes Yes
Ability to grow in a wide range 

of climates/landscapes
Yes Yes

Rapid regrowth Yes Yes
Sterility Yes No
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invasiveness, the potential impacts of napiergrass on 
wildlife may be similar to that of giant reed.

Wildlife Use of Biomass Crops

Information on wildlife use of biomass crops in gen-
eral is available for switchgrass, miscanthus, and reed 
canarygrass; we found no information on wildlife use 
for giant reed, napiergrass, energycane, or sorghum. 
Grassland bird species richness is generally lower in 
switchgrass monocultures compared with other 
grassland types (Robertson et al. 2012b, Moorman 
et al. 2017), and dense stands of tall, native, warm-
season grasses are not a better alternative to non-
native cool-season grass pastures for grassland song-
birds, especially species that prefer shorter vegetation 
structure (Moorman et al. 2017). However, switch-
grass can provide nesting or winter cover for some 
wildlife species, especially along stand margins and 
when in a mix with other grasses and forbs (Rupp 
et al. 2012, Birckhead et al. 2014). Switchgrass seeds 
are eaten by small mammals, songbirds, and upland 
game birds, including pheasants, quail, turkeys, and 
doves (USDA NRCS 2006, Harper and Keyser 2008). 
Wildlife use of switchgrass bioenergy plantings is 
likely to be greatest during the establishment phase, 
before the grasses become exceptionally dense and 
tall.

Miscanthus shares many of the environmental 
characteristics of switchgrass, but also exhibits some 
differences in growth characteristics that could affect 
wildlife. Like switchgrass, the deep rooting system of 
miscanthus has the potential to reduce soil erosion, 
store carbon, and increase water-use efficiency, when 
compared with corn grown for ethanol. Zhuang et al. 
(2013) reported that miscanthus may require only 
9 million ha of land and 45 km3 of water to meet US 
biofuel targets, compared with 26.5 million ha of 
land and 90 km3 of water required for corn. In con-
trast to switchgrass, miscanthus is exceptionally cold 
tolerant and, therefore, may grow better at higher 
latitudes than switchgrass (Yuan et al. 2008) and be 
more resistant to lodging (i.e., displacement of stem 

et al. 2010). Reed canarygrass does not appear to neg-
atively affect amphibian growth, development, or 
survival (Rittenhouse 2011, Holzer and Lawler 2015). 
In fact, some adult amphibians appear to prefer reed 
canarygrass as breeding cover (Holzer and Lawler 
2015). Reed canarygrass can provide fair to good food 
and cover for upland birds, and small mammals may 
use it as cover, for nesting material, and occasionally 
as food (DeStefano 2013).

Giant reed, another known invasive species, pro-
vides less shading to streams than native riparian 
vegetation, which results in increased water temper-
atures, changes in biotic communities, invasions of 
other aquatic plants, and reductions in habitat qual-
ity for some aquatic wildlife species (Glaser and 
Glick 2012). Additionally, leaf litter may fall into 
streams, decompose, and consequently change 
aquatic communities. Although a few bird species 
use the plant as a nesting substrate, the presence of 
giant reed essentially creates a zone devoid of wild-
life (Rieger and Kreager 1989). Displacement of na-
tive vegetation by giant reed threatens a number of 
at-risk bird species, including the least Bell’s vireo 
(Vireo bellii pusillus), southwestern willow flycatcher 
(Empidonax traillii extimus), and western yellow-
billed cuckoo (Coccyzus americanus) in California. 
(Glaser and Glick 2012).

Napiergrass has been identified as one of the 
world’s most problematic weeds, and it is listed as a 
Category 1 invasive species (i.e., invasive species that 
alter plant communities by displacing native species, 
changing community structures or ecological func-
tions, or hybridizing with natives) by the Florida Ex-
otic Pest Plant Council (Glaser and Glick 2012, 
Florida Exotic Pest Plant Council 2017). Because of 
its dense growth, it can crowd out native plant spe-
cies, reduce water flow, and block access to canals 
(Glaser and Glick 2012). Research is under way to 
produce genetically improved genotypes of napier-
grass that are noninvasive through elimination or 
reduction of gene dispersal by pollen and seeds (Gla-
ser and Glick 2012). We are not aware of studies on 
effects of napiergrass on wildlife. However, given its 
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tural diversity; as stands mature, the wildlife species 
composition changes (McGuire and Rupp 2013). Pe-
riodic disturbance of perennial grasslands—through 
harvesting or mechanical manipulations such as 
discing—helps maintain plant diversity and thereby 
benefits wildlife species that use early successional 
vegetation (Rupp et  al. 2012, McGuire and Rupp 
2013, Uden et al. 2015, Tarr et al. 2017).

Harvest timing and intensity is feedstock-
dependent and affects both the quality of the bio-
mass produced and potential wildlife responses 
(Rupp et al. 2012, Tarr et al. 2017). Dormant-season 
harvesting maximizes cellulosic content of standing 
biomass, minimizes process contaminants such as 
metals, reduces moisture, and reduces fertilizer in-
puts needed to maintain a healthy stand (Adler et al. 
2006, Harper and Keyser 2008, Caslin et al. 2010, 
Lee et al. 2018). Whereas removal of standing bio-
mass in the fall is beneficial to avoid impacts to wild-
life during the nesting, fawning, or brood-rearing 
seasons, it may negatively impact wildlife if fields are 
used for winter thermal or escape cover (Harper and 
Keyser 2008, Rupp et al. 2012, McGuire and Rupp 
2013). Implementing a spring harvest instead may 
maintain winter cover for resident wildlife species 
while simultaneously increasing biomass quality for 
certain bioenergy applications (Murray and Best 
2003, Adler et al. 2006); however, yields may de-
crease as much as 40% because of lodging in the 
field caused by snow in northern latitudes (Adler 
et al. 2006).

Following a 1- to 3-year establishment phase, 
switchgrass and miscanthus are typically harvested 
in the fall after the first hard frost, when plants have 
moved the bulk of aboveground nutrients back to 
their roots (Lee et al. 2007, Mitchell et al. 2008, 
Caslin et al. 2010, Lee et al. 2018). In contrast, reed 
canarygrass—a cool-season grass—can be harvested 
either in the fall after the first hard frost or in early 
summer when warm-season grass biomass is not 
available, facilitating a constant feedstock flow to bio-
reactors or power plants (Sanderson and Adler 2008, 
Tahir et al. 2010, Glaser and Glick 2012). Potential 

from the vertical position) in the field after senes-
cence (Heaton et  al. 2004b). Such characteristics 
suggest it may offer winter thermal cover for wild-
life in more northerly latitudes, assuming some stub-
ble remains in the field.

Though we are not aware of any studies on wild-
life use of miscanthus fields in the United States, 
studies in the United Kingdom have shown that 
farmland birds use miscanthus stands during the es-
tablishment phase, early in the growing season, or 
when weeds are present (i.e., in failed plantings; Se-
mere and Slater 2007, Bellamy et al. 2009, Sage et al. 
2010, Bright et al. 2013). Small mammals appear to 
use margins of miscanthus fields that are next to 
natural areas (Clapham and Slater 2008, Semere and 
Slater 2007). Bellamy et al. (2009) concluded that 
managing miscanthus fields for wildlife was not com-
patible with managing miscanthus fields for maxi-
mum yield (i.e., bioenergy production). However, 
McCalmont et  al. (2017) suggested there may be 
some indirect wildlife benefits, such as increased 
relative habitat quality of natural areas adjacent to 
miscanthus fields (e.g., due to reduction in pesticide 
use and soil erosion), as well as increased winter 
cover provided by miscanthus.

Stand Management

Stand management for different biomass crops (e.g., 
cutting height, timing of harvest, seeding density) af-
fects stand quality for use by specific wildlife spe-
cies (Maves 2011, Rupp et al. 2012, Uden et al. 2015, 
Moorman et al 2017). Seeding rates vary for differ
ent feedstocks to encourage optimum density for bio-
mass production, although attractiveness to most 
species of wildlife declines with increasing stand 
density (Rupp et al. 2012, McGuire and Rupp 2013). 
This is an especially important factor for the young 
of ground-nesting birds that have trouble moving 
through dense vegetation. Many wildlife species pre-
fer open ground conditions that are prominent dur-
ing the establishment period of perennial biomass 
crops when stands have the greatest plant and struc-
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termined by harvest intensity. These results are not 
surprising, given the established importance of veg-
etation structure to grassland birds (Sample and 
Mossman 1997, Askins et al. 2007). Ultimately, pro-
ducers that can vary harvest intensities can help cre-
ate a mosaic of diverse vegetative structures and 
grassland bird communities on the landscape (Sam-
ple and Mossman 1997).

For pheasants and waterfowl, Bender (2012) 
reported no effect of residual stubble height on di-
versity, abundance, or nest success during sum-
mer surveys following a fall harvest of the same 
switchgrass-dominated fields studied by Maves 
(2011). However, Bender (2012) documented a sig-
nificant difference in nest initiation dates for hen 
mallards (Anas platyrhynchos); nests were initiated a 
full month later on harvested sites than on non-
harvested sites. In contrast, there was no effect of a 
single fall biomass harvest on nest initiation or nest 
success the following breeding season for ducks and 
pheasants on switchgrass-dominated US Waterfowl 
Production Areas in southwestern Minnesota, 
though nest density was greater in the uncut fields 
(Jungers et al. 2015). Given such conflicting results, 
long-term implications of a fall harvest on game bird 
production, maturation prior to migration from 
more northerly latitudes, and overall fitness are un-
clear (Bender 2012).

Land-Use Change and Landscape 
Composition

With changes in land use potentially shifting to more 
monoculture crops for bioenergy production, there 
is increased concern over effects of bioenergy devel-
opment on terrestrial and aquatic biodiversity (Gas-
paratos et al. 2011, Joly et al. 2015). In a review of 
biodiversity impacts from 53 studies of bioenergy 
crop production, Immerzeel et al. (2014) concluded 
that land-use change (i.e., conversion from natural 
plant communities or shifts in land use from one 
crop type to another) appeared to be the key driver 
of biodiversity change in both temperate and tropi-

negative effects on nesting, fawning, or brood rear-
ing for wildlife species may become a concern dur-
ing early harvest periods. Napiergrass and energy-
cane can be harvested twice annually. However, 
recent studies on harvest frequency and timing for 
napiergrass and energycane grown in Florida re-
ported that 2 annual harvests negatively affected 
long-term biomass yield and plant persistence (Na 
et al. 2015a, 2015b); therefore, a single fall harvest 
appears to maximize the concentration of cellulose 
in total biomass for both feedstocks. Delaying harvest 
from early November to early December increases 
nonstructural carbohydrates and soluble sugars in 
energycane but not in napiergrass (Na et al. 2016).

As for sweet sorghum, research indicates harvest 
should be delayed until seeds reach the “hard dough” 
stage of development, when sugar content and fresh 
yields are maximized; early maturing sweet sor-
ghums, which are photoperiod insensitive, typically 
mature in approximately 90 days and can be har-
vested multiple times each year, whereas certain 
full-season varieties or hybrids can take more than 
150 days to mature (Viator et al. 2014). However, ra-
toon growth in sweet sorghum is inconsistent 
because it is dependent on late-season rainfall, and 
varying the planting date to provide biomass or fer-
mentable sugar over a longer period of time appears 
to be a better alternative than depending on ratoon 
cropping of sweet sorghum (Viator et al. 2014).

Biomass harvesting in the fall or winter may have 
indirect effects on wildlife species that use fields the 
following spring/summer, and reproductive success 
might change because of changes in vegetation struc-
ture caused by harvesting. For example, Murray and 
Best (2003) reported that abundances of different 
grassland bird species changed based on differences 
in vegetation structure present in totally harvested, 
partially harvested, and unharvested switchgrass 
fields, although total bird abundance and species 
richness did not. Maves (2011) determined that the 
most important factor affecting grassland songbird 
use of switchgrass-dominated fields after a fall har-
vest was structural diversity the following spring de-
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2007). An example of this is Conservation Reserve 
Program (CRP) lands, which have been suggested 
for bioenergy production because they are often 
perceived as underutilized land that could be put 
into other uses while at the same time not compet-
ing with food production (Fargione et al. 2009, Lee 
et al. 2018). However, the importance of CRP lands 
to wildlife is well documented (e.g., Johnson 2005, 
Reynolds 2005, Niemuth et al. 2007), suggesting 
caution if CRP areas are targeted for bioenergy 
production.

Monoculture Compared to  
Polyculture Feedstocks

There is growing interest in the possible use of mul-
tispecies crops as feedstocks for bioenergy produc-
tion. Polyculture plantings are likely to be more 
beneficial to wildlife communities than monotypic 
stands of other feedstocks, because polyculture plant-
ings have more compositional and structural (i.e., 
horizontal and vertical) diversity (Rupp et al. 2012). 
This greater plant diversity, in turn, increases biologi-
cal diversity and ecosystem resilience. However, 
landscape context and land-use change are impor
tant drivers that need to be taken into consideration 
(Joly et al. 2015, Manning et al. 2015). Landscape 
composition can have an important effect on wild-
life. Grassland bird use of switchgrass and other pe-
rennial grass fields during the breeding season (re-
viewed in Robertson et  al. 2012b) and migratory 
periods (Robertson et al. 2011, 2013) is affected by 
landscape composition (e.g., increased bird density 
in fields). If traditional row crops such as soybeans 
and corn are replaced with polyculture plantings, 
then habitat for row crop–averse wildlife groups will 
likely increase (Rupp et al. 2012, McGuire and Rupp 
2013, Klimstra et al. 2015, Moorman et al. 2017). 
However, if bioenergy crops (including polyculture 
crops) replace natural areas and are improperly man-
aged (e.g., intensive harvest schedule, planted to 
pure grass stands lacking forbs), additional habitat 
could be lost and populations of native wildlife may 

cal regions. Whereas terrestrial biodiversity is more 
likely to be affected by land-use change associated 
with expanded biofuel development, aquatic biodi-
versity is at risk from impacts to water quality, in-
cluding increased sedimentation, nutrient, and pes-
ticide runoff that typically accompany land conversion 
(Hoekman and Broch 2018).

Additionally, landscape heterogeneity contributes 
to greater species abundance and species diversity, 
increases the quality of soil, and provides greater ge
netic variation within communities (Hartman et al. 
2011). Hartman et al. (2011) concluded that one of 
the central tenets associated with maximizing struc-
tural and functional characteristics of grassland 
ecosystems following switchgrass cultivation is the 
maintenance of landscape heterogeneity, which can 
be maximized by altered harvest rotations, no-till 
farming, and mixed species composition. In a meta-
analysis of crops being considered for feedstock pro-
duction in the United States, Fletcher et al. (2011) 
concluded that vertebrate densities and abundances 
were typically lower in biofuel crops than in the non-
biofuel crops they replaced, with effects generally 
greater for corn than pine (Pinus spp.) or poplar (Pop-
lar spp.); they predicted birds of conservation con-
cern would experience greater negative effects from 
corn production for biofuel than would more gener-
alist species. Fletcher et al. (2011) also determined 
that conversion of row crop fields to grasslands ded-
icated for bioenergy production could have positive 
effects on local vertebrate diversity and abundance 
of birds, especially if grass bioenergy systems are 
polycultures (see Monoculture Compared to Polyc-
ulture Feedstocks, below).

If there were a shift to more cellulose-based feed-
stocks, the general consensus is that most of that de-
velopment would occur on “marginal lands” (i.e., 
lands not highly suited for row crop production; 
Kang et  al. 2013, Stoof et  al. 2015). These lands, 
however, are highly valuable to wildlife, given that 
agricultural production and other forms of human 
land use have relegated wildlife into what habitat 
still remains (Samson and Knopf 1994, Askins et al. 
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mass compared with monoculture bioenergy crops 
(Jarchow and Liebman 2010, Picasso et  al. 2011, 
Hong et al. 2013, McGuire and Rupp 2013). This, in 
turn, may lead to reduced dependence on external 
inputs, such as pesticides or herbicides, and lower 
overall risk to producers. Monoculture bioenergy 
crops have shown some susceptibility to insect pests, 
including corn leaf aphids (Rhopalosiphum maidis) in 
miscanthus (Huggett et al. 1999), switchgrass moths 
(Blastobasis repartella) in switchgrass (Torrez et al. 
2013), and cereal leaf beetles (Oulema melanopus) in 
reed canarygrass (Wilson and Shade 1966), each of 
which can reduce yields and potentially transmit dis-
ease (Huggett et  al. 1999). However, introducing 
additional perennial grass species into bioenergy 
crops also increases the complexity of technology 
needed to convert such crops into fuels or other bio-
based products, thus increasing production costs 
(Griffith et al. 2011; Figure 4.2).

Inconsistent or reduced yields may be problem-
atic when considering the economic, social, and en-
vironmental benefits of perennial grass mixtures 
as a bioenergy feedstock (Mulkey et al. 2008, Griffith 
et  al. 2011, Gamble et  al. 2015, Anderson et  al. 
2016, Lee et al. 2018). In US South Dakota total bio-
mass yield on marginal land of mixed-grass fields 
with >50% switchgrass averaged 0.8 short tons/ha 

be further diminished (McGuire and Rupp 2013, 
Klimstra et al. 2015, Moorman et al. 2017).

When compared with monoculture plantings, 
polyculture stands of native grass species benefit 
wildlife. Studies indicate replanted native grass 
mixes used for bioenergy support more arthropod di-
versity (including pollinators when forbs are pre
sent) than monocultures of crops or bioenergy plant-
ings, but not as much as unbroken native prairies 
(Landis and Werling 2010, Robertson et al. 2012a). 
Robertson et  al. (2012a) report mixed-grass–forb 
prairie plantings were associated with a 324% in-
crease in arthropod family diversity and a 2,700% 
increase in arthropod biomass compared with annu-
ally planted corn. Several grassland bird species 
may also benefit from use of mixed native grass poly-
cultures for bioenergy production (unless they re-
place native prairie), given extensive losses of native 
grasslands across the United States. However, man-
agement practices used to maintain or harvest poly-
cultures will likely play an important role in deter-
mining habitat quality for birds and other wildlife 
(e.g., Birckhead et  al. 2014, Klimstra et  al. 2015, 
Moorman et al. 2017). For example, crop placement 
within the landscape may affect diversity and bio-
mass of terrestrial arthropod communities and pro-
visioning of arthropod functional groups responsible 
for important ecosystem services (Robertson et al. 
2012a). Because mixed-grass polyculture feedstocks 
would be treated much the same as any other 
agricultural crop, issues caused by agricultural 
intensification—even with polyculture stands—may 
be a concern as bioenergy develops (Askins et al. 
2007). These include direct and indirect mortality 
resulting from potential use of fertilizers or pesti-
cides, harvest intensity and frequency, season of 
harvest, plant density, and use of agricultural ma-
chinery for planting, maintenance, and harvest.

Also, use of polyculture feedstocks can benefit 
bioenergy feedstock producers. Diverse mixtures 
tend to be more resilient to environmental changes 
(e.g., disease, pests, shifts in precipitation) and have 
reduced year-to-year variability of aboveground bio-

Figure 4.2  ​A side-by-side comparison of a native warm- 
season grass mixture (left) and giant miscanthus (right). 
Photo courtesy of Bill McGuire.

 EBSCOhost - printed on 2/13/2023 9:41 AM via . All use subject to https://www.ebsco.com/terms-of-use



second-generation feedstocks from dedicated energy crops  75

ever, converting perennial grasses into energy—
especially diverse mixtures of prairie grasses—is 
more complicated and less consistent than convert-
ing monoculture row crops to fuel. Therefore, the 
desirable qualities often sought in feedstocks, includ-
ing their capacity for high-yielding biomass, ease of 
conversion, and reliable production through time 
(Casler et al. 2009, Griffith et al. 2011), may be dif-
ficult to achieve in perennial grass and polyculture 
plantings. Such complications in technology gener-
ally have stagnated advancements in the cellulosic 
biofuel/bioenergy industry.

Though potential for greater commercial produc-
tion of second-generation biofuels at a larger scale 
still exists, their expansion and advancement depend 
on the sociopolitical environment of renewable en-
ergy development. As part of the American Recov-
ery and Reinvestment Act of 2009 (ARRA), renewed 
emphasis was put on renewable energy development 
(Mundaca and Richter 2015). The ARRA provided 
more than $90 billion in strategic clean energy in-
vestments and tax incentives to promote job creation 
and deployment of low-carbon technologies. On No-
vember 30, 2017, the EPA finalized a rule that estab-
lished the required renewable fuel volumes under 
the Renewable Fuel Standard program for 2018 and 
biomass-based diesel for 2019 (Table 4.4). The estab-
lished volumes were similar to those for 2017, but at 
the time of this writing, the 2018 Farm Bill is being 

(0.73 Mg ha−1) on sites with a residual stubble height 
of 10 cm, whereas sites harvested at 30 cm averaged 
0.4 short tons/ha (0.36 Mg ha−1; Bender 2012)—well 
below the target goal of 3.2 to 4 dry tons ha−1 yr−1 
(2.9 to 3.6 Mg ha−1) established by the DOE (English 
et  al. 2006). However, in another South Dakota 
study, yields peaked at 5.46 Mg ha−1 in switchgrass-
dominated fields and varied substantially with pre-
cipitation (Mulkey et al. 2006). The greatest effects 
on seasonal biomass production and changes in 
vegetation composition for polycultures may be 
caused by where the crops are grown (e.g., mar-
ginal versus “prime” lands), location-specific pre-
cipitation (especially below 50% of average), and 
use of supplemental nitrogen to maximize biomass 
yields (Mulkey et  al. 2006, Anderson et  al. 2016, 
Lee et al. 2018).

Current Status of Bioenergy Production 
and Cellulosic Biofuels

Lee et al. (2018) emphasized that herbaceous dedi-
cated energy crops, including switchgrass, miscan-
thus, energycane, and sorghum, will play an impor
tant role in future sustainable bioenergy feedstock 
production, as first outlined in the 2005 Billion-Ton 
Study (US DOE 2005) followed by the 2011 Billion 
Ton Update (US DOE 2011) and, most recently, in 
the 2016 Billion Ton Report (US DOE 2017). How-

Table 4.4.  Final volume requirements for Renewable Fuel Standard Program: 
Standards for 2018 and biomass-based diesel volume for 2019 compared to 
2016 and 2017 (US Environmental Protection Agency 2017a, 2017b)

Proposed Volume Requirementsa

2016 2017 2018 2019

Cellulosic biofuel (million gallons) 230 311 288 n/a
Biomass-based diesel (billion gallons) 1.90 2.00 2.10b 2.10
Advanced biofuel (billion gallons) 3.61 4.28 4.29 n/a
Renewable fuel (billion gallons) 18.11 19.28 19.29 n/a

a All values are ethanol-equivalent on an energy content basis, except for BBD, which is biodiesel-equivalent.
b The 2018 BBD volume requirement was established in the 2017 final rule (81 FR 89746, December 12, 
2016).
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Emergence of Bio-based Products

The emergence and proliferation of bio-based 
products has complemented the expansion of the 
biofuels industry, and they are now a significant 
component of the overall US bioeconomy. Bio-
based products—which include diverse categories 
such as lubricants, cleaning products, inks, fertil-
izers, and bioplastics (Figure 4.3)—can be derived 
from the by-products of first- or second-generation 
feedstocks, as well as more advanced biofuels 
(e.g., algae; Golden et  al. 2016). Established by 
the Farm Security and Rural Investment Act of 
2002 (2002 Farm Bill) and strengthened by the 
Food, Conservation, and Energy Act of 2008 
(2008 Farm Bill) and the Agriculture Act of 2014 
(H.R. 2642, the 2014 Farm Bill), the USDA Bio-
Preferred Program elevated attention to and sup-
port for bio-based products and is credited with 
transforming the marketplace for bio-based prod-
ucts and creating jobs in rural America (Golden 
et  al. 2016). The USDA BioPreferred Program is 
transforming the marketplace for bio-based prod-
ucts through 2 initiatives: (1) mandatory purchas-
ing requirements for federal agencies and federal 
contractors; and (2) voluntary product certifica-
tion and labeling.

Though only a few life-cycle analyses of the pro-
duction of bio-based products have been conducted, 
key environmental benefits of manufacturing and us-
ing bio-based products include reducing use of fos-
sil fuels and reducing associated greenhouse gas 
emissions (Golden et al. 2016). Using a modified life-
cycle assessment, Golden et  al. (2016) estimated 
the petroleum saved by the bio-based products indus-
try may have been as much as 6.8 million barrels 
(1.1 million kl) of oil, and greenhouse gas emission 
reductions may have been be as much as 10 million 
metric tons of CO2 equivalents in 2014. However, 
they also stated that, given the increasing interest in 
and use of bio-based products, it is essential to conduct 
additional analyses of their potential impacts on water 
quality, water use, land use, and other ecosystem 

negotiated in Congress and it is unknown what 
changes will be made in the Energy Title (Title IX) 
(US Senate Committee on Agriculture, Nutrition 
and Forestry 2018). Originally developed as part of 
the 2002 Farm Bill, the Energy Title contains several 
programs developed to reduce energy costs in rural 
America, increase use and production of renewable 
energy in rural and farming communities, and spur 
development and innovation of a domestic bio-based 
economy (Congress​.gov 2018; see Appendix 4.1 for 
details).

Although government policies and related indus-
try activity are important for creating a market niche 
for cellulosic biofuels (Chen and Smith 2017), geo-
graphic, technical, and institutional barriers may 
limit industry development and regional branching 
(Kedron and Bagchi-Sen 2016). Another commonly 
cited barrier to development and expansion of both 
first- and second-generation biofuels is the “blend 
wall” (Peplow 2014)—an artificial barrier to the 
amount of 10% ethanol (i.e., E10) to be produced in 
the United States, according to the volumetric re-
quirements set as part of the Renewable Fuel Stan-
dard program established by the Energy Indepen
dence and Security Act of 2007. The Renewable 
Fuel Standard program targeted the amount of 
conventional ethanol to be produced at 15 billion 
gallons/yr (56.8 billion liters/yr)—enough to supply 
a nationwide supply of E10 fuel—which was sur-
passed by production of corn ethanol in 2018. The 
ability to break the “blend wall” is there; the EPA 
allows use of 15% ethanol (E15) in cars, light trucks, 
and medium-duty vehicles produced in 2001 or later 
(US EPA 2017c), and the production of vehicles in 
the United States that can run on as much as 85% 
ethanol (E85) has increased over time (US DOE 
2016). Another obstacle is that it still costs more to 
convert second-generation feedstocks to ethanol 
than it does to convert first-generation feedstocks. 
Recent estimates of biofuel production costs show 
that second-generation biofuels are 2 to 3 times 
more expensive than petroleum fuels on an energy-
equivalent basis (Balan 2014).
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Figure 4.3  ​Three-dimensional printed cellulose nanofiber aerogel structures are among several bio-based products 
being developed. These structures could be incorporated with metals and metal oxides to develop electromechanically 
responsive properties or integrated/cultured with biological cells for use in medical applications. The first column (left) is 
a SolidWorks model; the second column (center) is the 3-D printed gel structure; and the third column (right) is resultant 
structures after freeze-drying. Displayed scale bars are 1 cm. Reprinted with permission from Li et al. 2018. Copyright 2018. 

American Chemical Society.
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this writing (2018), Wisconsin is the only US state 
to have approved sustainable planting and harvest 
guidelines for non-forest biomass (Hull et al. 2011, 
Ventura et al. 2012). In the Prairie Pothole Region 
of the US Northern Great Plains, best manage-
ment guidelines for perennial herbaceous biomass 
production and harvest that incorporated sustain-
ability of wildlife resources were developed using 
an advisory group of natural resource professionals 
with expertise in agronomy, production aspects of 
energy crops, wildlife (e.g., amphibians, birds, in-
sects, mammals, reptiles), and native ecosystems 
(McGuire and Rupp 2013). Some cooperative ex-
tension offices (e.g., University of Tennessee Exten-
sion, Harper and Keyser 2008; University of Mis-
souri Extension, Pierce et  al. 2014) have short 
publications that address bioenergy crop manage-
ment in relation to wildlife sustainability. Efforts 
have also been made by groups like the Association 
of Fish and Wildlife Agencies (AFWA; newsletter 
excerpt on pp. 79–80) to reflect the viewpoints of 
state fish and wildlife agencies on how fish, wildlife, 
and native ecosystem sustainability needs can be 
integrated with bioenergy production.

These resources are good starting points for dis-
cussion about how to minimize negative effects of 
perennial biomass production for bioenergy on wild-
life and wildlife habitat, but more efforts could be 
made. Additional research specific to wildlife re-
sponses to bioenergy production is needed, and ad-
vanced planning using the collaborative efforts of 
wildlife experts can benefit both the wildlife and bio-
energy communities.

Opportunities exist to improve potential wildlife 
habitat with strategic placement of bioenergy crops 
and holistic landscape-scale management. Joly et al. 
(2015) suggested the following 3 guiding principles 
for reducing negative effects and enhancing posi-
tive effects of bioenergy production on biodiversity 
and ecosystem services: (1) identification and con-
servation of priority biodiversity areas is critical, 
because biodiversity is the foundation for sustain-
able development; (2) effects of feedstock produc-

services. With second-generation feedstocks poten-
tially supplying the base ingredient for bio-based 
products, impacts to ecosystem services, including 
effects on wildlife habitat discussed throughout this 
chapter, will be relevant to the emergence of this 
new industry.

Mitigating Impacts of Bioenergy 
Production on Wildlife

Because the specific feedstocks used for bioenergy 
are changing, more efforts should be made to include 
wildlife resources—especially native wildlife and 
species of greatest conservation need (SGCN)—as a 
pre-implementation component of economic sus-
tainability in the discussion of bioenergy produc-
tion, rather than having to assess impacts after the 
fact. Second-generation feedstocks could benefit 
wildlife and other aspects of biodiversity by improv-
ing on many of the disadvantages of first-generation 
feedstocks (Rupp et  al. 2012). Effects of second-
generation feedstocks on terrestrial biodiversity are 
largely the result of direct changes in landscape com-
position, habitat fragmentation, and shifting struc-
tural characteristics of vegetation that lead to changes 
in biological communities, whereas changes to 
aquatic biodiversity result from indirect effects of 
bioenergy-induced landscape change, including nu-
trient and pesticide runoff, changes in hydrology, 
sedimentation of waterways, and eutrophication of 
aquatic ecosystems. However, conserving biodiver-
sity in bioenergy landscapes will depend on the spe-
cific crops grown, the lands brought into production, 
the management practices adopted, and the ecolog-
ical communities encountered (McGuire 2012, 
McGuire and Rupp 2013, Pedroli et al. 2013, Evans 
et al. 2015, Joly et al. 2015, Manning et al. 2015, Tarr 
et al. 2017).

Several studies have suggested that changes in 
crop management could help mitigate some of the 
potential negative effects of bioenergy production on 
wildlife (Fletcher et al. 2011, Uden et al. 2015, Hoek-
man and Broch 2018, Hoekman et al. 2018). As of 
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system services but has yet to be specifically ad-
dressed for wildlife, as far as we know. Difficulties 
linking social issues and wildlife conservation may 
be exacerbated by the inherent difficulties of quan-
tifying and qualifying the value of wildlife resources. 
Creative partnerships that incorporate wildlife 
values and other ecosystem services into large-
scale agricultural production systems are essential; 
one such case is exemplified by the accompanying 
Deep Dive.

tion on biodiversity and ecosystem services are 
context-specific and need to consider the values of 
stakeholders; and (3) location-specific management 
of feedstock production systems should recognize 
the trade-offs between environmental resources and 
energy production when developing management 
plans. Additionally, understanding and incorporat-
ing social aspects of bioenergy issues (e.g., Lehrer 
2010, Kulcsar et al. 2016) is an important part of the 
equation that has been acknowledged for some eco-

Deep Dive: Hog Waste to Hog Heaven  
(For Wildlife, That Is!)

Concentrated animal feeding operations 
(CAFOs) help meet the food demands of a 
growing human population by providing a 
low-cost source of meat, milk, and eggs, 
facilitated by efficient feeding and housing of 
animals, increased facility size, and animal 
specialization (i.e., focus on a single species of 
livestock). However, when CAFOs are not 
properly located, managed, and monitored, 
they can pose public health and environmen-
tal risks, including contamination (e.g., from 
excess nutrients, antibiotics, pathogens, 
growth hormones, and cleaning chemicals), 
decreased air quality (i.e., odors, greenhouse 
gas emissions, and particulates), point and 
nonpoint sources of water pollution, and 
decreased native plant density and 
diversity—all of which have negative impacts 
on fish and wildlife populations (Burkholder 
et al. 2007, Hribar 2010). As the human 
population continues to grow, we may not be 
able to completely eradicate risks associated 
with CAFOs, but what if there were ways to 
take these existing waste streams and  
convert them into useable energy while 
simultaneously conserving natural resources? 

This Deep Dive illustrates how a creative 
partnership worked at the nexus of energy 
production, environmental stewardship, and 
wildlife conservation to create a successful 
program that turned a waste stream, which 
can be a liability, into a source of renewable 
energy.

Anaerobic digestion of animal manure and 
slurry offers several environmental, agricul-
tural, and socioeconomic benefits, including 
improved fertilizer quality, considerable 
reduction of odors, inactivation of pathogens, 
and the possibility for production of biogas as 
clean, renewable fuel for multiple utilizations 
(Holm-Nielsen et al. 2009). Biogas is primarily 
a mixture of methane and carbon dioxide 
produced by the bacterial decomposition of 
organic materials in the absence of oxygen 
(i.e., anaerobic digestion). Biogas can be used 
to produce heat, electricity, plastics, and 
chemicals. It can also be upgraded to a 
renewable natural gas that can be used to fuel 
vehicles or be directly injected into the 
natural gas grid. Other by-products of anaero-
bic digestion can include non-energy prod-
ucts, such as nutrient-rich soil amendments, 
biochar, and fertilizers.

In 2014, Roeslein Alternative Energy (RAE) 
and Premium Standard Farms—a subsidiary of 
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Smithfield Foods, Inc. (the world’s largest pork 
producer)—announced plans to develop a 
$100 million renewable biogas project in the 
United States, in northern Missouri. The aim 
of the project was to combine biogas gener-
ated from waste lagoons at hog CAFO facili-
ties in northern Missouri with biogas produced 
from digestion of grassy biomass composed of 
a mixture of native warm-season grass prairie, 
cover crops, and sorghum. The combined and 
purified biogas would then be delivered to 
most major US markets for conversion to 
renewable compressed or liquefied natural gas 
(R-CNG or R-LNG, respectively) for use in the 
transportation and passenger vehicles fuel 
market (Figure 4.4).

The first phase of the project (Horizon 1; 
Figure 4.5A) involved capturing biogas by 
covering 88 manure lagoons situated at 9 hog 
finishing farms with impermeable covers, 
flares, and biogas upgrade systems (Roeslein 
Alternative Energy 2018). The simple act of 
covering the lagoons provided several 
immediate benefits. First, it reduced noxious 
odors that had been the source of multiple 
complaints over the years. Second, it initiated 
the capture of the methane-rich biogas.  
Third, the covers prevented rainwater from 
infiltrating the lagoon systems, preventing 
the lagoons from overflowing and  
contaminating surrounding soils and 
waterways.

Figure 4.4  ​Conceptual diagram of a model system integrating mixed native prairie plants into existing concen-
trated animal feeding operations as a method for producing biogas while simultaneously reducing greenhouse gas 
emissions, improving water quality/quantity, stabilizing soils and soil health, improving native wildlife habitat, and 
providing socioeconomic benefits across the greater landscape. Source: Rudi Roeslein, Roeslein Alternative Energy 2018.
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The second phase (Horizon 2; Figure 4.5B) 
began with conversion of 500 acres (202 ha) of 
cool-season grass and corn spray fields to 
mixed native warm-season grass prairie for 
use in the anaerobic digestion system 
(Roeslein Alternative Energy 2018). Unlike 
high-yielding monoculture crops typically 
considered for bioenergy production (e.g., 
corn, miscanthus, switchgrass), use of native 
warm-season grass prairie mixtures as a 
feedstock in the anaerobic digestion process 
provides multiple ecosystem service benefits. 
The fibrous root systems of grasses used in 
these prairie mixes increase soil organic 
matter, sequester carbon, and change soil 
surface hydrology to offer a natural water 
accumulation system to reduce the environ-
mental impacts of major floods. The use of 
multispecies forb and grass mixtures creates 
new habitat for wildlife and pollinators by 
offering structural and compositional diver-
sity across the landscape. Furthermore, the 
seed can be harvested and sold or used in 
additional native prairie plantings.

At completion, the project hopes to restore 
~250,000 acres (101,000 ha) of marginal lands in 
northern Missouri to native prairie, which, 
when combined with the manure from over 
2 million finishing hogs, would be used as a 
feedstock in the anaerobic digestion process to 
produce up to 60 million diesel-gallon-
equivalents (227 million diesel-liter-equiva
lents) per year. Smithfield and RAE are using 
the US EPA’s cellulosic biofuel renewable 
identification numbers (RINs) system and the 
California Offset Program to improve eco-
nomic viability of the project. RINs are credits 
used for compliance and are the “currency” of 
the EPA’s Renewable Fuel Standard program. 
Similarly, anaerobic digestion of livestock 
manure has been adopted by California as an 
eligible project type for the generation of 
carbon credit offsets under its statewide 
cap-and-trade program, providing a developing 
market demand for dairy and swine manure 
digester projects (US DOE 2014). Smithfield 
and RAE capitalized on these programs by 
injecting the upgraded renewable natural gas 

Figure 4.5  ​Stages of the Smithfield Foods / Roeslein Alternative Energy project: (A) Horizon 1 includes covering 
88 manure lagoons at nine hog finishing farms in northern Missouri, US, with impermeable covers and flare 
systems used to destroy methane emissions, thereby obtaining carbon credits from the California carbon market. 
(B ) Horizon 2 began with converting 202 ha (500 ac) of cool-season grass and corn spray fields to native prairie for 
use as a co-digestate in the anaerobic digestion system. Photos courtesy of Rudi Roeslein, Roeslein Alternative Energy.
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into the interstate natural gas pipeline to obtain 
carbon credits from the California Carbon 
market.

The United States currently has more than 
2,000 sites (239 of which are manure-based) 
producing biogas (US DOE 2014). With future 
political support, more than 11,000 additional 
biogas systems could be deployed in the 
United States, producing enough energy to 
power more than 3 million American homes 
and reduce methane emissions up to 54 million 
metric ton equivalents of carbon dioxide 

emissions by 2030, roughly equal to 11 million 
passenger vehicles (US DOE 2014). Biogas 
projects similar to the one described in this 
Deep Dive are unique in that they occur at 
the interface of energy production, environ-
mental stewardship, and wildlife protection 
(Figure 4.6). When used as a model, creative 
partnerships such as these could help restore 
millions of acres of grassland prairie around 
the globe while also creating wildlife habitat 
and producing energy for a growing human 
population.

Figure 4.6  ​An intersection of energy production, environmental stewardship, and wildlife conservation. Source: 

Roeslein Alternative Energy 2018.
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brief history of wind energy. We then define types of 
effects birds may experience from both terrestrial 
and offshore wind turbines and wind energy facili-
ties. We conclude the chapter by discussing wind en-
ergy policy relative to birds, strategies to mitigate 
consequences to birds from wind development, and 
future directions for research.

History of Wind Energy

Commercial production of wind energy is a rela-
tively recent addition to the global energy portfolio. 
Industrial-scale wind energy in the United States be-
gan shortly after the 1973 oil crisis, prompting the US 
government to invest in wind energy research and de-
velopment (Kaldellis and Zafirakis 2011). The first 
pulse of commercial wind development followed 
when more than 16,000 turbines were installed in 
California between 1981 and 1990 (Kaldellis and Zafi-
rakis 2011). In Europe, particularly northern Europe, 
commercial use of wind energy began in the 1980s 
and has increased steadily ever since. Wind produc-
tion in Asia took off in the mid-1990s, with the advent 
of wind turbines in China. Since then, India also has 
been a major producer of wind energy in Asia. Al-
though other regions of the world also produce energy 

Introduction

Wind energy as a power source has many environ-
mental benefits compared with fossil fuel consump-
tion and nuclear power generation. Operational wind 
turbines do not produce air or water pollution or 
toxic emissions (Saidur et al. 2011, Grodsky et al. 
2013). Furthermore, environmental impacts from 
wind energy tend to be localized, whereas other forms 
of energy production can have impacts throughout 
the fuel cycle and more globally (Snyder and Kaiser 
2009, Grodsky et  al. 2013). However, lingering 
concerns over potential negative consequences for 
birds and bats continue to be raised, especially with 
the proliferation of wind energy facilities (also called 
wind farms). Research to understand the complete 
effects of wind development on flying wildlife has 
not kept pace with the rapid growth of wind power, 
an industry whose annual energy production has in-
creased by nearly 30% since 2000 (Figure 5.1; Garvin 
et al. 2011, Leung and Yang 2012).

In this chapter, we focus on the effects of wind de-
velopment on birds. Chapter 6 (Hein and Hale) ad-
dresses wind energy effects on bats, and Chapter 7 
(Korfanta and Zero) addresses wind energy effects on 
other taxa, including prairie grouse, ungulates, and 
invertebrates. We begin this chapter by exploring a 

Wind Energy Effects on Birds5
Regan Dohm and  

David Drake
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physically modifying or destroying habitat (Masden 
et al. 2009, Schuster et al. 2015). Of these, direct im-
pacts have been the most researched to date. Colli-
sion with any part of the turbine structure (e.g., 
towers, turbine blades, or infrastructure like elec-
trical lines) typically results in avian mortality. 
Sublethal impacts are caused when a bird collides 
with some part of the turbine and either persists 
with its injuries or succumbs to them later; these 
types of encounters are less studied and still poorly 
understood.

Construction and operation of a wind facility can 
indirectly affect birds through disturbance and dis-
placement, in which case birds avoid using space 
within or around a wind facility. This indirect effect 
is typically nonlethal to individuals, but may inter-
fere with foraging, reproduction, and travel in flight. 
If these obstacles manifest as increased energetic de-
mands, birds may face reduced fitness and increased 
mortality as a result of wind development distur-
bance and avoidance. Disturbance is not nearly as 
well understood as collision mortality, in part 
because the methodology to understand indirect ef-
fects can be more involved and more time-intensive 
to assess (Masden et al. 2009, Garvin et al. 2011).

Finally, wind development can physically destroy 
or alter avian habitat. As with disturbance, nominal 
research has been conducted to understand this type 
of impact. Habitat conversion is most common dur-

via wind power (e.g., Australia, Brazil, Iran, Mexico, 
Morocco, Tunisia), the largest producers and consum-
ers of wind energy are China, Europe, and North 
America (Global Wind Energy Council 2016).

As demand for commercial wind energy has in-
creased, wind turbine design has evolved. Early tur-
bine designs were confined to land-based locations 
and involved relatively short tower structures, con-
sisting of 3 to 4 legs connected with lattice support-
ing a single- or double-blade turbine assembly. Ro-
tor diameter of early turbine designs measured about 
20 m (Kaldellis and Zafirakis 2011). Modern turbines 
feature a monopole (i.e., single pole) design, the larg-
est of which measures 140  m tall and supports a 
3-blade rotor measuring upward of 128 m in dia
meter (Figure  5.2). From the ground to a turbine 
blade’s highest reaching point, turbines can stand 
over 200 m in height, with each blade measuring 
62.5 m in length. Currently, the largest turbines are 
based offshore and can produce 5 megawatts (MW) 
of electricity each. Typically, 1 MW of wind facility–
produced electricity can power 221 houses annually 
(National Wind Watch 2017).

Types of Effects on Birds

Wind development can affect birds in three ways: (1) 
directly, through collision mortality; (2) indirectly, 
through disturbance and displacement; and (3) by 

Figure 5.1  ​Global cumulative 
installed wind capacity (mega-
watts) for the years 2001 to 
2016. Source: Global Wind Energy 

Council 2017a.
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dead birds within portions of defined search areas 
and then measure either the ability of searchers to 
find bird carcasses or the rate at which scavengers 
remove carcasses. Dead birds used in trials may be 
specimens previously collected during carcass 
searches or birds that have been killed as a result of 
wildlife damage management activities independent 
of wind facilities (e.g., bird control at dairy farms). 
Searchers are not made aware of when efficiency 
trials are being conducted or of where carcasses have 
been placed (Grodsky et al. 2013).

Avian avoidance of wind facilities cannot be iden-
tified without implementing a before-after-control-
impact (BACI) experimental design. Under the BACI 
approach, avian use of the proposed wind develop-
ment area is evaluated before any construction be-
gins. Preconstruction assessment methodology is 
then replicated during the post-construction phase, 
once the wind facility has become operational. Pre- 
and post-construction assessments are performed 
both within the wind facility and at reference points 
located outside the wind facility’s footprint. BACI 
designs typically are not applied to avian impact 

ing the construction phase for land-based wind en-
ergy facilities. Once operational, the footprint per 
turbine in wind facilities is relatively small. Further-
more, developers usually attempt to mitigate habi-
tat disturbance or loss following construction 
(Marques et  al. 2014). For offshore wind energy, 
there may be short-term habitat modifications dur-
ing the construction phase, but avian habitat distur-
bance or loss occurs mostly during a wind facility’s 
operational phase (Schuster et al. 2015).

Land-Based Wind Energy and Birds
Methods for Studying Effects on Birds

Standard practices to assess collision mortality in-
volve defining search areas centered on a number of 
randomly selected turbines in a wind energy facility, 
walking a series of transects within the defined 
search areas, and collecting and documenting types 
and numbers of birds killed. Researchers use searcher 
efficiency and scavenger removal trials to improve 
accuracy of mortality estimates (Grodsky 2010). For 
these trials, researchers place a known number of 

Figure 5.2  ​Example of modern wind turbines at a wind facility in southeastern Wisconsin, US. Photo: Steven M. Grodsky.

 EBSCOhost - printed on 2/13/2023 9:41 AM via . All use subject to https://www.ebsco.com/terms-of-use



98  wind energy and wildlife conservation

turbine-related collision mortality (Strickland et al. 
2011). Between the United States and Canada, Erick-
son et al. (2014) estimated that 134,000 to 230,000 
songbirds fatally collide with wind turbines annually. 
Songbird migration activity often occurs at night, 
and these flights commonly take place at low alti-
tudes (Welcker et  al. 2017), potentially increasing 
collision risk for nocturnal migrants. Although song-
birds migrating during the night make up the ma-
jority of turbine-related fatalities in several studies 
(Johnson et  al. 2002, Grodsky and Drake 2011, 
Strickland et al. 2011), research suggests that diur-
nal birds like gulls and raptors may suffer greater 
losses than nocturnal fliers (Krijgsveld et al. 2009, 
Welcker et al. 2017). Welcker et al. (2017) combined 
radar-collected data on bird flight behavior with fa-
tality searches to identify a theoretical collision risk 
for diurnal migrants that was 19.4 times greater than 
that of nocturnal migrants.

Critics of mortality estimates argue that they are 
derived from a limited, nonrepresentative sample of 
wind facilities (Loss et al. 2013) and that the focus 
on high-risk wind facilities may result in a “worst-
case scenario” estimate of avian mortality (Gove 
et al. 2013). Regardless, relative to other structures 
(e.g., communication towers, buildings, power 
lines), many wind facilities report low collision rates, 
suggesting that avian collision mortality is lower at 
wind turbines than at other anthropogenic structures 
(Erickson et al. 2001, Percival 2005, Drewitt and 
Langston 2006).

Still, some poorly sited wind facilities have re-
sulted in relatively high mortality rates for birds. 
Most notably, wind developments in the US Al-
tamont Pass Wind Resource Area (APWRA) of Cali-
fornia (Smallwood et al. 2009), Smøla Peninsula of 
Norway (Bevanger et al. 2010), and Tarifa of Spain 
(Ferrer et al. 2012) have reputations for their histori-
cally high avian mortality rates. Much of the avian 
mortality reported at facilities in these regions can 
be attributed to their colocation with areas support-
ing high raptor activity. Altamont Pass has reported 
an annual avian mortality rate of 2,710 birds, 1,127 

studies at wind energy facilities, and long-term post-
construction datasets are rare. Preconstruction 
studies are more common, but there is a lack of con-
sistency in application of standardized experimental 
designs across wind facilities, limiting our ability to 
explore and understand mechanisms driving avian 
avoidance of wind facilities (Drewitt and Langston 
2006, Garvin et al. 2011).

To evaluate effects on habitat, a pre-, during-, and 
post-construction evaluation of effects of wind devel-
opment on surrounding areas may be conducted. A 
review of rare, threatened, or endangered plants and 
wildlife may be required as part of the permitting 
process, although this can be project-, location-, or 
state-dependent. These biodiversity surveys may en-
tail examining species-account records at the state 
or federal level to determine whether species of con-
cern have been recorded in the area proposed for 
siting. An on-site species inventory may also be re-
quired (Drewitt and Langston 2006).

Collision Mortality

Collision mortality is the most visible and well-
documented effect of wind energy development on 
birds. Avian collision mortality in North America and 
Europe generally ranges from 0 to >60 fatalities/tur-
bine/year (Drewitt and Langston 2008). However, 
per-turbine collision rates can be misleading because 
collision mortality may be due to one or a few tur-
bines within a wind facility and, therefore, may not 
be representative of the entire wind facility. Colli-
sion mortality typically is reported as collision 
rate per megawatt of output to more accurately rep-
resent the operational wind facility (Drewitt and 
Langston 2008). Several efforts have been made 
to estimate avian collision mortality at wind facil-
ities on a national scale, with an estimated 20,000 
(Sovacool 2012) to 573,000 bird (Smallwood 
2013) deaths at wind facilities each year in the 
United States alone.

Small passerines (songbirds; order Passeriformes) 
are among the species most frequently involved in 
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rer et al. 2012). On the Smøla Peninsula, a desig-
nated Important Bird Area, an average of 7.8 white-
tailed eagles (Haliaeetus albicilla) die each year from 
collisions at wind facilities (Heath and Evans 2000, 
Bevanger et al. 2010).

of which are raptors (orders Accipitriformes, Falco-
niformes, and Strigiformes; Smallwood and Thel-
ander 2008). Similarly, raptor fatalities make up the 
majority of reported collision mortality at the wind 
facilities of Tarifa (Barrios and Rodriguez 2004, Fer-

Deep Dive: Burrowing Owls at the Altamont 
Pass Wind Resource Area, California

The western burrowing owl (Athene cunicularia 
hypugaea; Figure 5.3) is a small owl (height 
≤ 24 cm) that is primarily a ground-dweller. 
Western burrowing owls nest in underground 
burrows that they excavate themselves or 
otherwise occupy after burrows have been 
abandoned by other animals like prairie dogs 
(Cynomys spp.) and California ground squirrels 
(Spermophilus beecheyi). Their burrows occur in 
open areas (e.g., prairies, farmland, airports) 
consisting of flat ground and short grass or 
bare soil. They are opportunistic predators 
that eat mostly insects and small mammals. 
Although the owl’s range is widespread 
throughout most of the western United 
States, populations in south-central Canada 
and northern Mexico have been declining for 
years, primarily due to habitat loss but also 
due to reduced food availability because of 
rodent-control programs (Sibley 2000, Dunn 
and Alderfer 2009, Williford et al. 2009).

Collisions with wind turbines have contrib-
uted to declines in western burrowing owl 
abundance in some areas. For example, 
between 1998 and 2011, Smallwood et al. 
(2013) estimated that as many as 600 burrow-
ing owls were killed annually at the Altamont 
Pass Wind Resource Area (APWRA) in Califor-
nia. The APWRA comprises more than 5,400 
wind turbines of various designs, with heights 

ranging from 4 m to 43 m above the ground 
(Smallwood et al. 2007).

Smallwood et al. (2007) identified patterns 
of owl mortality and behavior at APWRA. 

Figure 5.3  ​The western burrowing owl (Athene 
cunicularia hypugaea) is a small, ground-dwelling raptor; 
its population is declining across its range because of 
habitat loss and reduction in its prey base. In some 
parts of its range, mortality caused by colliding with 
wind turbines is also a factor. Photo credit: Robb 

Hannawacker.
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Turbines with blade tips within 15 m of the 
ground when spinning killed more owls than 
turbines with blade tips greater than 15 m 
above the ground, reflecting the burrowing 
owl’s low flight altitude. Burrowing owls 
tended to avoid areas within APWRA popu-
lated with fast-spinning turbine blades, instead 
opting for sparsely distributed monopole 
turbines with slower moving blades. Burrow-
ing owls flew through gaps between turbines 
or rows of turbines and seemed to be killed 
more often by turbines at the end of a row. 
Flights by burrowing owls through the 
rotor-swept zone and collisions with turbines 
were greater where turbines were within 20 m 
of grazing cattle, as identified by presence of 
cattle dung. Because cattle spent more time 
grazing closer to wind turbines rather than in 
the rows between turbines, areas of shorter 
grass occurred closer to turbines. Western 
burrowing owls were associated with short 
grass areas, and it was suggested that owls 
likely were attracted to grazed areas because 
cattle dung attracted prey items that the owls 
fed on. Lastly, turbine-caused burrowing owl 
fatalities were positively correlated with 

greater densities of ground squirrel burrows 
(many burrows were created but abandoned 
by ground squirrels because of a rodent 
control program) and owl burrows within 90 m 
of a turbine.

Based on their research, Smallwood et al. 
(2007) recommended mitigation techniques 
in an attempt to reduce the burrowing owl’s 
population decline at APWRA. The authors 
estimated that shutting off turbines during 
the winter months, when 35% of annual 
burrowing owl mortalities occurred, would 
result in only a 14% reduction of electricity 
generated by the APWRA (Smallwood et al. 
2007). Other suggested mitigation strategies 
included replacing older, shorter turbines 
with taller turbines with blades that would 
spin above the flight altitude of burrowing 
owls and conducting a rodent control 
program to reduce prey that the burrowing 
owls were feeding on within APWRA (Small-
wood et al. 2007). However, prey reduction of 
ground squirrels would also potentially 
reduce availability of underground burrows 
used by owls for nesting (Smallwood et al. 
2007).

Raptors and other large soaring birds (e.g., vul-
tures, order Cathartiformes) seem to be especially 
vulnerable to turbine-collision mortality (Barrios and 
Rodriguez 2004, Hoover and Morrison 2005, Gove 
et al. 2013, Erickson et al. 2015). Although raptors 
have the highest visual acuity yet identified among 
birds, their frontal binocular field of vision is fairly 
narrow (Martin and Katzir 1999, O’Rourke et  al. 
2010, Martin et al. 2012). In fact, for raptors, it is the 
lateral fields of view (rather than the frontal field) 
that possess the highest resolution. Similar to other 
raptors, vultures in the genus Gyps tilt their heads 
forward during flight to search below for food and 

conspecifics, thereby acquiring a comprehensive 
view of the landscape. This positioning creates a 
blind spot directly in front of these vultures, prevent-
ing them from detecting upcoming obstacles and 
thereby increasing collision risk (Martin and Shaw 
2010, Martin et al. 2012).

Morphological traits, particularly relating to body 
size, combined with site-specific characteristics like 
topography, influence avian collision risk at wind fa-
cilities (Orloff and Flannery 1992, Smallwood and 
Thelander 2004, Hoover and Morrison 2005, Hötker 
et al. 2006). Large-bodied, soaring raptors (e.g., vul-
tures) have greater wing loading (i.e., ratio of body 

 EBSCOhost - printed on 2/13/2023 9:41 AM via . All use subject to https://www.ebsco.com/terms-of-use



wind energy effects on birds  101

updrafts to carry vultures above the spinning tur-
bines (Barrios and Rodriguez 2004). Similarly, 
Johnston et al. (2014) reported that collision risk 
for migrating golden eagles (Aquila chrysaetos) de-
creased with increasing wind speed and increased 
under headwinds and tailwinds (Johnston et  al. 
2014). Still, avian collision risk is determined by 
interactions among several site- and species-specific 
risk factors. For instance, though vultures at PESUR 
often struggled to gain altitude in low wind condi-
tions, common buzzards (Buteo buteo) and short-
toed eagles (Circaetus gallicus) circling in the same 
updrafts rarely collided with turbines (Barrios and 
Rodriguez 2004).

Aside from factors influencing collision risk for 
raptors and other large soaring birds, a number of 
factors have been identified that may increase colli-
sion risk for non-raptor birds. Behaviors associated 
with breeding and chick-rearing can influence colli-
sion risk. Wind turbines intercepting the main for-
aging route for a breeding colony of terns (family 
Sternidae) killed enough birds to increase annual 
mortality by 0.6%–3.7% (Everaert and Stienen 
2006). Everaert and Stienen (2006) noticed a tem-
poral change in turbine collision mortality rates for 
breeding terns. Although terns avoided turbines early 
in the breeding season, the imperative to provide for 
their chicks took priority over time, and terns opted 
instead to take the most direct route to their feeding 
grounds, resulting in increased collision mortality 
(Everaert and Stienen 2006).

Time of year and weather also play an important 
role in determining avian collision risk, especially 
during spring and fall migration (Strickland et al. 
2011). Migratory birds often rely on landscape fea-
tures to guide their travels (Gill 2007), and weather 
conditions that make flying more difficult or reduce 
visibility (e.g., rain, fog, high winds) may force mi
grants to fly at lower altitudes (Erickson et al. 2001). 
In turn, this may increase their likelihood of en-
countering and colliding with turbines (Langston 
and Pullan 2003, Langston 2013). Of the 55 avian 
fatalities observed at Buffalo Ridge wind facility in 

weight to wing area) and rely heavily on masses of 
hot rising wind known as thermals to gain altitude 
(Dahl et al. 2013, Marques et al. 2014). In the ab-
sence of thermals, these large-bodied, thermal soar-
ers gain altitude by riding updrafts created by wind 
that is deflected upward from the ground as it hits a 
cliff face or other type of geologic uprising, which 
creates orographic lift. High wing-loading of these 
species reduces their in-flight maneuverability and 
ability to efficiently ride orographic lift. In Tarifa, 
Barrios and Rodriguez (2004) observed that when 
constrained to weaker updrafts, vultures struggled to 
gain altitude when leaving their roosts, resulting in 
greater turbine-collision mortality. Wind developers 
often prefer to site turbines along steep ridges or 
mountains, where wind resources are abundant. This 
increases the likelihood of collisions for raptor spe-
cies that often fly low along steep ridges to exploit 
the orographic lift produced there (Hoover and Mor-
rison 2005, Katzner et al. 2012).

Flight behavior also plays a key role in collision 
risk. Raptors drawn to high concentrations of prey 
within wind facilities (Hunt 2002, Smallwood and 
Thelander 2004, Drewitt and Langston 2006) may 
become distracted and collide with turbines (Krijs-
veld et al. 2009, Smallwood et al. 2009). Red-tailed 
hawks (Buteo jamaicensis) and American kestrels 
(Falco sparverius) often exhibit kiting or hovering be
haviors when hunting, capturing updrafts created 
by high winds to remain stationary in flight. Static 
foraging strategies like kiting increase collision risk 
for these raptors, especially under gusty conditions 
that may knock hunting raptors off balance (Hoover 
and Morrison 2005). In the APWRA, Hoover and 
Morrison (2005) observed a disproportionate num-
ber of turbine-related red-tailed hawk mortalities on 
slopes where kiting behavior was common.

Wind speed and direction appear to be influential 
collision risk factors for some raptor species. In Tar-
ifa, griffon vultures (Gyps fulvus) often collided with 
turbines, even during good visibility conditions. Low 
wind conditions combined with the gentle slopes of 
the PESUR wind facility failed to produce sufficient 
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construction (BirdLife International 2011). Once a 
wind facility enters its operational phase, the physi-
cal and visual presence of turbines and by-products 
of turbine operation (e.g., noise, shadow flicker) can 
disrupt avian communities (BirdLife International 
2011). In some species, disturbance during construc-
tion elicits a stronger avoidance response than dis-
turbance from an operating wind facility (Pearce-
Higgins et  al. 2012). For other bird species, the 
negative effects of wind facility disturbance intensify 
over time (Stewart et al. 2007, Farfan et al. 2009, 
Sansom et al. 2016). For example, golden plovers 
(Pluvialis apricaria) showed no signs of decline until 
a wind facility became operational, at which time the 
plover breeding population density declined by 79% 
(Sansom et al. 2016).

Among birds known to avoid wind developments, 
waterfowl (order Anseriformes) exhibit the largest 
displacement distances—the distance from turbines 
at which birds are either absent or occur less fre-
quently than expected (Hötker et  al. 2006). Dis-
placement distances for waterfowl have been re-
corded up to 850  m from a wind development, 
although distances of 600 m or less are more com-
mon (Drewitt and Langston 2006, Gove et al. 2013). 
Studies of passerine displacement are rare and, in 
some cases, have not only failed to identify avoidance 
(Devereux et al. 2008) but have documented a posi-
tive association between passerines and wind tur-
bines (Bevanger et  al. 2010, Pearce-Higgins et  al. 
2012). Still, reduced densities of breeding grassland 
bird species have been observed near wind facilities 
(Leddy et al. 1999, Pearce-Higgins et al. 2009, Bev-
anger et al. 2010), indicating that wind development 
can disturb and displace some passerines, although 
reasons for this displacement are unknown.

Raptors often avoid turbines and wind facilities. 
Migrating raptors will adjust their flight trajectories 
(Cabrera-Cruz et al. 2016) and flight heights (John-
ston et al. 2014) to avoid interacting with turbines. 
Wind developments also can displace resident or 
breeding raptors, reducing raptor abundance by 40% 
to 72% (Farfan et al. 2009, Garvin et al. 2011, Campe-

Minnesota, between 1996 and 1999, only 3 occurred 
during calm weather, whereas 31 seemed to be asso-
ciated with thunderstorms (Erickson et al. 2001).

Few studies have successfully linked turbine-
collision mortality to avian population declines. 
However, even the low mortality rates reported at 
most wind facilities could prove significant in spe-
cies characterized by low maturation and reproduc-
tion rates, like some raptors species (Drewitt and 
Langston 2006). Cumulative mortality effects of 
multiple wind facilities could increase risk of popu-
lation decline in raptors and rare species through ad-
ditive mortality (Carrete et al. 2009, Erickson et al. 
2015, Beston et al. 2016). In the APWRA, turbine-
collision mortality has exceeded reproductive capa-
bilities of the local golden eagle population. Because 
of the unsustainable mortality rate, the breeding pop-
ulation of golden eagles may now act as a sink, rely-
ing on immigration to remain stable (Hunt 2002, 
Hunt and Hunt 2006).

Disturbance and Avoidance

Wind development can indirectly affect birds 
through disturbance, a nonlethal by-product of wind 
facility construction and operation. In response to 
this disturbance, birds may avoid wind develop-
ments. The term avoidance encompasses a spec-
trum of behaviors that operate at different spatial and 
temporal scales. Macro-avoidance or displacement 
occurs when birds avoid a wind facility in its entirety, 
resulting in functional habitat loss—habitat may still 
exist, but birds are excluded from it—and a reduc-
tion in bird density within the footprint of the wind 
facility (Gove et al. 2013, May 2015). When respond-
ing to individual turbines or turbine clusters in 
flight, birds engage in localized micro-avoidance 
(e.g., evasion; May 2015).

Disturbance produced by wind development 
changes over the course of a wind facility’s lifetime. 
In the construction phase, birds may be disturbed by 
the visual presence of workers and equipment, con-
struction noise, and dust and pollution produced by 
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Zimmerling et al. 2013). Sensitive or pristine envi-
ronments may become degraded even after small-
scale destruction and alteration via wind develop-
ment (Gove et  al. 2013). For example, increased 
wind development in forested areas may fragment 
forest, increasing the amount of edge (Segers and 
Broders 2014). In turn, forest fragmentation can in-
crease nest predation and parasitism in birds, reduc-
ing avian reproduction (Batary and Baldi 2004). 
However, wind facilities can be built in agricultural 
landscapes and other marginalized lands where natu
ral areas have already been compromised, thereby 
minimizing the negative effects of wind development 
on more intact and less fragmented landscapes (Zim-
merling et al. 2013).

Offshore Wind Energy and Birds

Offshore wind energy production has a couple of op-
erational advantages over its land-based counter-
part. Relative to land-based locations, winds offshore 
typically blow harder and more consistently because 
of less interference, resulting in greater wind energy 
production (Leung and Yang 2012). Additionally, 
there are large swaths of unoccupied areas offshore 
where wind energy facilities can be constructed away 
from humans to avoid common complaints about 
turbines (e.g., noise effects, interrupted view sheds; 
Leung and Yang 2012).

The first offshore wind turbine was installed in 
1991 off the coast of Denmark, but global offshore 
wind energy production didn’t increase dramatically 
until the early twenty-first century (Sun et al. 2012). 
In 2000, offshore wind facilities produced less than 
100 MW of wind energy worldwide (Madariaga et al. 
2012). By 2017, over 14,000 MW of wind energy was 
produced offshore (Global Wind Energy Council 
2017b). Currently, 88% of offshore wind energy pro-
duction is installed off the coasts of 10 European 
countries, including the United Kingdom (currently 
supporting the world’s largest offshore wind en-
ergy market), Germany, Denmark, Holland, and 
Finland (Global Wind Energy Council 2017b). China 

delli et al. 2014). White-tailed eagles at the Smøla 
wind facility in Norway, for instance, experienced 
significantly lower breeding success on territories 
within 500 m of turbines post-construction com-
pared with the same territories before construction 
(Dahl et al. 2012). However, it was unclear whether 
nests were left vacant because of displacement or 
because of eagle fatalities resulting from collisions 
with turbines (Dahl et al. 2012).

Even after demonstrating avian avoidance of wind 
facilities, interpreting the effects of such disturbance 
is difficult. Long-term datasets implementing BACI 
designs are still lacking, limiting understanding of 
the full duration and consequences of disturbance. 
Disturbance effects may be only temporary if birds 
habituate to wind facilities. However, not all species 
are able to habituate and, as the duration of opera-
tion increases, greater declines in avian abundance 
typically are observed (Stewart et al. 2007, Farfan 
et al. 2009). A handful of studies have documented 
that long-term response to displacement is taxa spe-
cific (Dohm 2017). For example, abundance of both 
raptors and passerines declined immediately follow-
ing construction of a wind facility in Spain, but, 
after 4 to 6 years of operation, raptor abundance im-
proved while the number of passerines continued to 
decline (Farfan et  al. 2017). Similarly, turbine-
displacement distances for pink-footed geese (Anser 
brachyrhynchus) declined by up to 67% 8 to 10 years 
following wind facility construction (Madsen and 
Boertmann 2008).

Habitat Modification

Wind development can lead to physical destruction 
and alteration of avian habitat. Habitat loss from 
wind energy development generally is not viewed as 
a significant threat to birds. Typically, habitat loss oc-
curs in just 2% to 5% of the total wind facility foot-
print (Fox et al. 2006). The potential for habitat de-
struction to affect bird communities depends both 
on the size of the wind facility and the habitat type 
or vegetation community at risk (Gove et al. 2013, 

 EBSCOhost - printed on 2/13/2023 9:41 AM via . All use subject to https://www.ebsco.com/terms-of-use



104  wind energy and wildlife conservation

wind facilities and survey over water (Snyder and 
Kaiser 2009).

Human observers employ a variety of observation 
methods to observe and note numbers and types of 
birds flying offshore, including observations with the 
naked eye, binoculars, and spotting scopes (Huppop 
et al. 2006). Observations typically are conducted in 
spring and fall because collision risk is thought to in-
crease with migration activity around coastlines 
(Huppop et al. 2006). Use of ships and aircraft allows 
observers to document avian species abundance in 
areas of ocean far from land. Although these surveys 
can identify birds in the vicinity of proposed or op-
erating offshore wind turbines, they are unlikely to 
document direct impacts (Goyert et al. 2016). Addi-
tionally, human observations are limited to daylight 
hours with good visibility and, even then, birds must 
fly relatively close to the observer to be recorded 
(Fijn et al. 2015). Furthermore, it can be difficult for 
human observers to accurately estimate flight height 
and bird density (Fijn et al. 2015). These obstacles 
restrict the type of avian data that can be collected 
offshore.

Motion-triggered still cameras, video cameras, 
and recording microphones can be affixed to offshore 
wind turbines to collect data in close proximity to 
turbines and turbine blades (Huppop et al. 2006, 
Collier et al. 2012). These devices can record flock 
size, flight behavior, and bird-turbine collisions, as 
well as facilitate accurate species identification 
(Huppop et al. 2006, Collier et al. 2012). However, 
efficacy of camera and recording systems affixed to 
offshore turbines is limited by weather and light con-
ditions, characteristics of target bird species, angle 
and trajectory of the bird relative to the camera, and 
distance of the bird from the camera (Collier et al. 
2012).

Radar systems that rotate vertically and horizon-
tally can overcome the shortcomings of human ob-
servation by collecting data on density, flight altitude, 
and flight direction of birds flying offshore during 
night and day and in a variety of weather conditions 
(Huppop et al. 2006). Radar systems can be land- or 

established the first offshore wind facility outside of 
Europe in 2010, and, since then, Japan and South 
Korea have begun to install wind energy facilities 
offshore (Leung and Yang 2012). The first offshore 
facility in North America became operational in 
2016 off the coast of Rhode Island (Bureau of Ocean 
Energy Management 2017).

Offshore wind energy production is projected 
to continue to increase with research and develop-
ment of larger turbines, new turbine designs (e.g., 
vertical-axis turbines rather than horizontal-axis 
turbines), and advanced methods of supporting 
turbine infrastructure in deeper water, among other 
factors (Sun et al. 2012). The cost of constructing, 
operating, and maintaining offshore turbines is 
currently the primary barrier to further expanding 
offshore wind energy. Most offshore wind facilities 
are in water 30 m deep or less (see Sun et al. 2012) 
because costs to construct, operate, and maintain 
turbines, as well as transfer energy from offshore 
turbines to land, increase with distance from shore 
(Madariaga et al. 2012).

Methods for Studying Effects on Birds

Most of the research regarding avian impacts from 
offshore wind facilities has been conducted in Eu
rope. However, relative to the effects from land-
based wind energy, much less is known regarding the 
effects of offshore wind facilities on birds (Schuster 
et al. 2015). This is partly due to the fact that offshore 
wind facilities have not been operational as long as 
have land-based wind facilities. It also is much more 
difficult to collect avian data offshore than at land-
based wind facilities. Carcasses are difficult to locate 
in the ocean because they sink or are taken away 
from the area under turbines by wind, currents, or 
marine scavengers, making it difficult to quantify 
mortality caused by collisions with offshore wind 
turbines and associated infrastructure (Schuster 
et al. 2015). Further, it is more expensive to collect 
data offshore than on land, regardless of the type of 
data collected, because of costs to access offshore 
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are species-specific (Huppop et al. 2006, Schuster 
et al. 2015). It is estimated that as many as 1.3 mil-
lion seabirds and several hundred million non-
seabirds (e.g., passerines) migrate across the North 
Sea (Brabant et al. 2015). During a 5-year study at a 
wind facility off the Dutch coast, Krijgsveld et al. 
(2011) observed 103 species of local and migrating 
seabirds, including gulls (family Laridae), northern 
gannets (Morus bassanus), divers (family Gaviidae), 
scoters (Melanitta spp.), guillemots (Cepphus spp.), 
and migrating non-seabirds (e.g., passerines; thrushes, 
Turdus spp.; geese, Anser and Branta spp.). Although 
inter- and intra-annual variation in abundance and 
species composition was large, the most commonly 
observed group of birds flying along the coast in-
cluded gulls, gannets, cormorants (Phalacrocorax 
spp.), European starlings (Sturnus vulgaris), black-
birds (Turdus species), and thrushes (Krijgsveld et al. 
2011).

Bird occurrence relative to shore also appears to 
correlate with collision risk. Goyert et  al. (2016) 
modeled and predicted offshore distribution and 
abundance for 40 marine bird species along the Mid-
Atlantic coast of the United States and showed that 
distance to shore was the most common predictor of 
bird abundance, whereas avian abundance declined 
as distance from shore increased. Brabant et  al. 
(2015) documented less than a third of the number 
of gulls at a North Sea wind facility located 46 km 
from shore than reported at a wind facility just 10 km 
off the shore of the Netherlands (Poot et al. 2011). 
Natural distribution of gull species closer to shore 
may increase their collision risk at wind facilities, 
which are concentrated in shallower coastal waters.

Furness et al. (2013) suggested that avian flight 
altitude relative to the height of the rotor-swept zone 
is of overwhelming importance compared with other 
factors (e.g., flight maneuverability, percentage of 
time flying, amount of nocturnal time flying) in mod-
els of avian collision risk at offshore wind facilities. 
Birds that fly above or below the rotors have little 
risk of colliding with the turbine blades, whereas 
birds that fly within the rotor-swept zone are more 

ship-based, allowing them to collect data over large 
areas in coastal and offshore waters (Huppop et al. 
2006). Some of the disadvantages of radar systems 
are that they typically cannot identify numbers of in-
dividual birds and species, detecting single birds 
>1.5 km from the radar can be difficult, and rough sea 
conditions can increase radar clutter, thereby de-
creasing detection probability (Dokter et  al. 2013, 
Fijn et al. 2015).

Attaching very high frequency or global position-
ing system radio-locators or data loggers to birds fly-
ing across water can aid in collecting data on bird lo-
cation, flight altitude and direction, and time spent 
in flight, among other variables potentially of inter-
est with respect to the effects of offshore wind gen-
eration on birds (Furness et al. 2013, Garthe et al. 
2017). These data can help refine calculations of col-
lision risk and macro- and micro-avoidance rates at 
and near offshore wind facilities (Furness et  al. 
2013). Lastly, data from birds colliding with other off-
shore structures such as oil drilling platforms may 
help predict numbers and types of birds that could 
be similarly affected by offshore wind turbines (Hup-
pop et al. 2006).

Collision Mortality

Avian mortality from offshore wind facilities is a pri-
mary concern, but research documenting birds ac-
tually colliding with offshore turbines or turbine in-
frastructure is rare (Brabant et al. 2015, Fijn et al. 
2015, Schuster et al. 2015). Instead, researchers use 
field observations to model collision risk relative to 
a variety of factors, including turbine specifications 
(e.g., number and type of turbines) and observed 
avian flight heights relative to rotor-swept zones of 
wind turbines (Furness et al. 2013, Fijn et al. 2015).

Because bird abundances increase during migra-
tion events, offshore collision risk may potentially 
increase during migration (Huppop et  al. 2006, 
Schuster et  al. 2015). Although avian migration 
events can occur year-round, they tend to be sea-
sonal, generally peaking in the fall and spring, and 
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avian flight activity across the North Sea over all sea-
sons occurs below 200  m above sea level, thereby 
commonly intersecting the rotor-swept zone. Using 
vertical radar, Brabant et al. (2015) observed a par-
ticularly intense night of thrush migration over the 
North Sea. Taking into account model uncertainties 
and assumptions, extrapolation of the results from 
this single night of migration under a scenario of 
10,000 turbines operating throughout the North Sea 
would result in a single night mortality event total-
ing 5,257 thrushes (Brabant et al. 2015).

At current offshore wind energy production lev-
els, mortality from collisions with offshore wind tur-
bines is not likely to result in population declines 
for many seabird populations (Brabant et al. 2015). 
Modeling may be used to predict population-level ef-
fects of avian turbine-collision mortality. Brabant 
et al. (2015) suggested that the seabird populations 
they examined were not susceptible to population 
declines at current offshore wind production levels, 
but should the European Union meet its offshore 
wind energy capacity goal of 43 GW (>14,000 3-MW 
turbines), lesser black-backed gulls (Larus fuscus) and 
great black-backed gulls (Larus marinus), as well as 
black-legged kittiwakes (Rissa tridactyla), could face 
population declines. Poot et al. (2011) suggested that 
currently stable or increasing bird populations would 
not decline regardless of wind facility proximity to 
shore. Even the 2 species currently in decline—
Bewick’s swan (Cygnus columbianus bewickii) and 
the Dutch breeding population of herring gull (Larus 
argentatus)—would suffer only a small increase in ad-
ditive mortality from offshore wind relative to cur-
rent population trends (Poot et al. 2011).

Disturbance and Avoidance

Direct evidence elucidating trends in avian avoid-
ance of offshore wind facilities is limited. However, 
it is presumed that presence of large, spinning wind 
turbines on an otherwise open seascape is the pri-
mary cause for avian avoidance (Dierschke et  al. 
2016). Krijgsveld et al. (2011) observed birds more 

susceptible to collision. In their review, Furness 
et  al. (2013) concluded that most bird species do 
not fly at the rotor height of offshore wind turbines 
and, therefore, are not vulnerable to population-
level declines as a result of mortality at offshore 
wind facilities. Contrary to Furness et  al. (2013), 
Krijgsveld et  al. (2011) observed that most of the 
103 avian species they recorded flew at altitudes 
within the collision-risk zone (i.e., rotor height); 
they suggested that as many as 2 million birds an-
nually may fly through the rotor-swept zone at the 
Egmond aan Zee wind facility off the Dutch coast.

Certain bird taxa are more vulnerable to colliding 
with offshore wind turbines because of their flight 
behavior and characteristics. Passerines appear to be 
vulnerable because of the relatively low altitude at 
which they fly and their relatively large flock sizes. 
Larger seabirds are susceptible because of their 
limited maneuverability, and ducks may be suscep-
tible because of their nocturnal and high-speed flight 
patterns (Huppop et al. 2006, Furness et al. 2013, 
Schuster et al. 2015). Similarly, gull species may be 
vulnerable to offshore turbine collisions because of 
their frequent flight at current rotor heights. Brabant 
et al. (2015) used a collision risk model and visual 
census data to examine the potential effects on 6 sea-
bird species that flew at rotor height at Belgian off-
shore wind facilities. Of the 6 seabird species, gulls 
were predicted to constitute the majority (98%) of 
the turbine-collision mortality (Brabant et al. 2015).

Passerines may face the greatest collision risk at 
offshore facilities, with annual fatality rates in the 
hundreds (Krijgsveld et al. 2011). Although most mi-
grating birds appear to fly above the rotor-swept 
zone during favorable weather, flight height during 
migration can be species-specific (Schuster et  al. 
2015). Up to 17% of migratory songbirds were ob-
served flying offshore at the height of the rotors at a 
wind facility in Kalmar Sound, Sweden (Pettersson 
and Fågelvind 2011). Huppop et al. (2006) suggested 
that 50% of all migrating birds crossing the North 
Sea may fly within the rotor-swept zone of offshore 
wind turbines. Hill et al. (2014) suggested that all 
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Studies at a number of wind facilities in the North 
Sea estimated that 71% to 99% of migrating birds 
exhibited macro-avoidance of the wind facilities 
under observation (Pettersson 2005, Petersen et al. 
2006). However, Krijgsveld et al. (2011) estimated 
macro-avoidance rates between 18% and 34% at the 
Egmond aan Zee wind facility off the Dutch coast. 
Dierschke et al. (2016) observed many birds avoid-
ing offshore wind facilities, but avoidance behavior 
seemed to be species-specific. After examining sea-
bird responses to 20 offshore wind facilities in Eu
ropean waters, Dierschke et al. (2016) determined 
that divers and northern gannets showed strong 
avoidance, as did grebes (Podiceps spp.) and northern 
fulmars (Fulmarus glacialis), although evidence was 
more limited for the latter 2 birds. Common guille-
mots (Uria aalge), razorbills (Alca torda), long-tailed 

often avoiding operational offshore wind turbines 
than offshore turbines that were not spinning. Avian 
avoidance of operating offshore wind facilities ap-
pears to increase over time, possibly indicating that 
birds learn to avoid individual turbines or the wind 
facility as a whole (Plonczkier and Simms 2012). Ad-
ditional causes for avoidance include regular ship 
and helicopter traffic inside and around wind facili-
ties that service and maintain wind turbines and a 
possible decrease in food abundance and availability 
(Dierschke et al. 2016; Figure 5.4). For example, fish-
ing vessels are prohibited from operating inside 
boundaries of offshore wind facilities, thus removing 
resources commonly associated with commercial 
fishing, including bycatch, discarded fish, and inver-
tebrates, on which some seabirds have grown accus-
tomed to feeding (Dierschke et al. 2016).

Figure 5.4  ​Service ships routinely visit offshore wind facilities to maintain turbines and can be a reason marine birds 
avoid areas containing turbines. Photo credit: Siemens Offshore Wind Facilities.
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Habitat Modification

Construction and operation of an offshore wind fa
cility can change pelagic and benthic environments, 
although knowledge about the ecological effects over 
the operational lifespan of offshore wind facilities on 
sea life and seafloor environments is limited (Miller 
et al. 2013, Dierschke et al. 2016). Short-term habi-
tat modification occurs when foundations to support 
offshore wind turbines are drilled or pounded into 
the seafloor, which disrupts the seabed and resus-
pends sediments (Miller et  al. 2013). Disturbance 
associated with installing turbine foundations and as-
sociated infrastructure (e.g., buried cable) may 
cause some avian species to leave the area, while at-
tracting others seeking foraging opportunities on in-
jured or dying organisms (Miller et al. 2013). Ses-
sile or relatively immobile marine species may be 
buried under sediment during drilling, piling, or ca-
ble laying and either die or expend additional en-
ergy to escape (Miller et al. 2013). Exactly how the 
food web is affected and what consequential effects 
trophic interactions have on the avian community 
are not well understood (Inger et al. 2009).

Once offshore wind turbine foundations are in 
place, they can have long-term advantageous or 
disadvantageous effects on birds. Grounded or an-
chored foundations to support offshore wind tur-
bines create a hard substrate on an otherwise soft sea 
bottom, thereby providing areas that support benthic 
invertebrates; in turn, benthic invertebrates may at-
tract fish and other food sources for select avian spe-
cies (Lindeboom et al. 2011). In a bay in Sweden, 
epibenthic communities (e.g., barnacles, tube 
worms) have been shown to cover 100% of hard sub-
strates within a year of installation of submerged 
steel and concrete pillars (Andersson et al. 2009). 
However, questions remain as to whether increases 
in local biomass equate to increases in bioproduction 
or simply reflect aggregation of species on and 
around artificial structures like offshore wind tur-
bine foundations (Miller et al. 2013). Additionally, 
non-native, invasive species may be more likely to 

ducks (Clangula hyemalis), common scoters (Mela-
nitta nigra), little gulls (Hydrocoloeus minutus), and 
sandwich terns (Thalasseus sandvicensis) all demon-
strated variable avoidance, and cormorants showed 
strong attraction to offshore wind facilities because 
of available perching structures, which seemingly 
allowed them to forage farther from shore (Dier-
schke et al. 2016). Krijgsveld et al. (2011) showed 
that geese and swans avoided the Egmond aan Zee 
wind facility off the Dutch coast, as did passerines 
during the night, but not during the day.

Wind facilities can act as a barrier causing birds 
to divert their flight paths to avoid offshore wind fa-
cilities or clusters of offshore wind turbines. By al-
tering their flight paths, birds may take less efficient 
routes between nesting and feeding grounds, for in-
stance, and thus expend more energy flying. Further-
more, reproductive success for most birds is related 
to body condition at time of breeding; reduced body 
mass from increased energy expenditures during 
migration as a consequence of macro-avoidance of 
wind facilities may lower reproductive success for 
some birds (Masden et al. 2009). Birds have been ob-
served altering their flight path 1 km away from off-
shore wind facilities, and corrections in flight path 
were observed up to 4 km beyond an offshore wind 
facility (Pettersson 2005, Krijgsveld et al. 2011).

Avoidance also can occur in closer proximity to 
offshore wind facilities and turbines. For example, 
Masden et al. (2009) observed a displacement dis-
tance of just 500 m for eiders (Somateria spp.), re-
sulting in insignificant energy costs. Their findings 
support those of Pettersson (2005), who studied ei-
ders at 2 offshore wind facilities near Sweden. In-
stead of avoiding an entire offshore wind facility, 
birds may simply respond to individual turbines (e.g., 
micro-avoidance). Micro-avoidance rate for all avian 
species observed at the Egmond aan Zee wind facility 
was 98% (Krijgsveld et al. 2011). Micro-avoidance 
was greater at night than during the day, and of all 
observed birds that came within 50 m of an offshore 
wind turbine, only 7% flew through the rotor-swept 
zone (Krijgsveld et al. 2011).
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oversight in the United States and the European 
Union that guides wind energy development as it 
relates to management of avian species. Chapter 10 
(Arnett) provides comprehensive coverage of re-
newable energy policy related to wildlife and wind 
energy development.

United States

There is no standardized or unifying technical pro-
cedure for siting wind facilities in the United States. 
Regulatory requirements for siting new wind proj
ects can vary widely by state, county, site owner
ship, and project-specific characteristics (Stemler 
2007). At the county level, locally elected officials 
often make siting decisions for wind energy. As of 
2012, 26 states used local governments (e.g., county 
zoning authorities, planning boards) to regulate sit-
ing of new wind projects (US Department of Energy 
2015). Although this method preserves local autot-
omy and control over land-use decisions, local com-
missions may lack the expertise necessary to under-
stand and appropriately review the often complex, 
technical applications submitted by wind developers 
(US Department of Energy 2008). In 22 states, pri-
marily state governments authorize new wind proj
ects, usually through a state utility commission (e.g., 
public utility commission). Some states may even 
have state-level, environmental guidelines for siting 
wind projects developed by a state wildlife or natu
ral resource agency, but mandatory environmental 
regulations are rare (US Department of Energy 
2015).

The US Fish and Wildlife Service (USFWS) has 
released 2 sets of voluntary guidelines designed to 
lead wind developers through an environmentally re-
sponsible siting, construction, and monitoring pro
cess. The first is the Land-Based Wind Energy Guide-
lines (hereafter Wind Energy Guidelines), released 
in 2012 (USFWS 2012). The Wind Energy Guide-
lines represent a collaborative effort by industry, the 
USFWS, state wildlife officials, conservation organ
izations, science advisers, and tribes to create an 

outcompete native species and colonize artificial 
structures (Miller et al. 2013), though what effect 
such changes might have on birds is not fully known.

Foundations of offshore wind facilities con-
structed in relatively shallow waters may alter cur-
rents in the area of offshore wind facilities and there-
fore cause sandbanks to shift, disappear, or develop 
(Dierschke et al. 2016). Ecological consequences of 
altered sandbanks are not completely understood, 
but may negatively affect or benefit wading birds if 
sandbanks disappear or accrete, respectively (Dre-
witt and Langston 2006). Increased turbidity as a 
result of currents moving around offshore wind tur-
bine foundations may negatively affect foraging by 
piscivorous birds because of limited underwater vis-
ibility (Drewitt and Langston 2006). Alternatively, 
offshore wind facilities may serve as a proxy for pro-
tected marine areas because activities like commer-
cial fishing are prohibited within offshore wind fa
cility boundaries, thereby enhancing fish populations 
that provide an available food source for marine birds 
(Inger et al. 2009, Furness et al. 2013, Dierschke 
et al. 2016). Offshore turbines may also provide ad-
ditional roosting sites, which could alter the spatial 
distributions of some avian populations (Krijgsveld 
et al. 2011, Dierschke et al. 2016).

Wind Energy Policy and Birds

Governments can encourage or even mandate envi-
ronmentally responsible siting, construction, and 
operational practices related to wind energy devel-
opment through policy. But application of siting 
regulations, environmental impact assessments/
statements, and other policies and procedures to 
minimize environmental damage varies, sometimes 
dramatically, among countries and the states, re-
gions, or territories therein. Existing statutes pro-
tecting wildlife (e.g., US Endangered Species Act 
1973; 16 U.S.C. § 1531–1544) may influence siting 
and operation of wind facilities, even when such 
policies were not originally designed to target the 
wind industry. In this section, we review policy 
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lect.” As of 2015, the USFWS was investigating at 
least 15 wind facilities for illegal wildlife take and has 
referred several of these cases to the US Department 
of Justice for possible prosecution (Ahrens and Ga-
briel 2015).

In addition to take, the ESA extends legal protec-
tion of endangered and threatened species to include 
“harm” defined as “an act which actually kills or in-
jures wildlife . . . [and] may include significant hab-
itat modification or degradation where it actually 
kills or injures wildlife by significantly impairing es-
sential behavioral patterns, including breeding, 
feeding, or sheltering” (50 C.F.R. § 17.3). The ESA 
can potentially delay wind projects or penalize wind 
developers that threaten to take or harm endangered 
or threatened species, including birds. To date, only 
1 wind developer has faced legal action for a wind 
project that threatened to take the endangered Indi-
ana bat in West Virginia (Myotis sodalis; Animal Wel-
fare Institute 2009).

Rather than risk litigation, wind developers can 
comply with the ESA by obtaining an incidental take 
permit. The ESA Section 10(a) authorizes take that 
occurs incidentally as a result of otherwise lawful ac-
tivity by issuing an incidental take permit, 16 U.S.C. 
§ 1538(a)(1)(B). To receive an incidental take per-
mit, wind developers must demonstrate that they 
have reduced take of ESA-protected species to the 
maximum extent practicable through minimization 
and mitigation measures; these conservation strate-
gies must be described in a habitat conservation plan. 
Issuing incidental take permits triggers the National 
Environmental Protection Act, which requires the 
USFWS to examine the impact of and alternatives to 
permit issuance through an environmental impact 
statement.

Under the MBTA, unlike under the ESA, wind de-
velopers cannot receive exemptions by obtaining an 
incidental take permit. Instead, developers rely on 
the USFWS’s discretion not to prosecute violations 
under the MBTA (Glen et al. 2013). It appears that, 
in most cases, the USFWS has declined to prosecute 
wind facilities under the MBTA when avian mortal-

extensive set of recommendations for avoiding, 
minimizing, and mitigating negative effects on wild-
life from wind energy development (US Depart-
ment of Energy 2015). The second is the Eagle Con-
servation Plan Guidance (hereafter ECP Guidance), 
released in 2013 (USFWS 2013). Whereas the Wind 
Energy Guidelines provide broad instructions for 
safeguarding the environment, the ECP Guidance 
focuses exclusively on eagle conservation.

Both sets of guidelines follow an iterative, tiered 
approach to wind energy project planning. This pro
cess allows wind developers to identify potential is-
sues and formulate questions to inform future ac-
tions at the end of each tier before proceeding to 
the next tier (USFWS 2012). Wind developers begin 
by performing preconstruction surveys to identify 
potential project sites and then describe site-specific 
characteristics. In the next tier, developers use pre-
construction data to predict and assess risk and to 
develop avoidance, minimization, and, if necessary, 
compensatory mitigation strategies. Later tiers in-
struct developers to monitor their projects during 
the operational phase. Post-construction data is used 
to evaluate effectiveness of conservation strategies 
developed in earlier tiers and adapt them as neces-
sary (USFWS 2012, 2013).

Even without a federal mandate to follow these 
guidelines, wind developers in the United States face 
legal obstacles. Regardless of state- or local-level reg-
ulations, wind developers must comply with 3 fed-
eral wildlife protection statutes: (1) the Endangered 
Species Act 1973 (ESA; 16 U.S.C. §§ 1531–1544); (2) 
the Migratory Bird Treaty Act 1918 (MBTA; 16 U.S.C. 
§§ 703–712); and (3) the Bald and Golden Eagle Pro-
tection Act (BGEPA; 16 U.S.C. §§ 668–668d). 
Whereas the ESA protects any avian species listed as 
“threatened” or “endangered” based on its risk of ex-
tinction determined by the USFWS, the MBTA and 
BGEPA exclusively protect migratory species and ea
gles, respectively. All 3 statutes protect avian spe-
cies from “take,” which is defined by the USFWS’s 
implementing regulations (C.F.R. § 10.12) as “to 
pursue, hunt, shoot, wound, kill, trap, capture, or col-
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and their corresponding eagle take limits (Eagle Per-
mits 2016). But the 2016 rule change also intro-
duced new flexibility and policy security for wind 
developers by building more leniency into meeting 
issuance criteria and by extending the maximum per-
mit duration from 5 to 30 years (Eagle Permits 2016). 
The 30-year permit terms better align with the 
operational lifespan of wind facilities while also 
allowing the USFWS to implement an adaptive man-
agement strategy to avoid and minimize eagle take. 
The incidental eagle take permitting process is time-
consuming and costly both for the wind developer 
and for the USFWS, which is charged with consulting 
on and reviewing permit applications and their corre-
sponding eagle conservation plans. To offset these 
high labor costs, the USFWS requires that applicants 
pay a $36,000 processing fee (Eagle Permits 2016).

European Union

Contrasting the United States’ voluntary guidelines, 
the European Union regulates wind development us-
ing mandatory directives. Although directives set a 
mandatory goal or objective, individual member 
countries choose how to implement them within 
their own national legal system (Hansen 2011). The 
Directive on Environmental Impact Assessment 
(EIA; Directive 85/337/EEC) and the Directive on 
Strategic Environmental Assessment (SEA; Directive 
2001/42/EC) are the 2 most relevant legal obstacles 
facing wind developers in the European Union. 
While EIAs influence individual projects, SEAs are 
used to assess public plans or programs (Hansen 
2011). The EIAs also produce new data through site-
specific monitoring and modeling, while SEAs rely 
on existing available information (Hansen 2011). 
Neither of these directives targets the wind industry 
specifically, but together they effectively require that 
all large wind facilities perform a systematic assess-
ment of their environmental impact (Hansen 2011, 
Ferrer et al. 2012).

Because of the Directive on EIA, use of EIAs is 
widespread in Europe (Hansen 2011, Ferrer et al. 

ity rates are relatively low (US General Administra-
tion Office 2005). To date, the USFWS has reached 
plea agreements with just 2 wind developers found 
violating the MBTA. In the first criminal enforce-
ment of the MBTA in 2013, Duke Energy Renew-
ables faced $1 million in fines, restitution, and com-
munity service after 2 wind facilities killed 14 golden 
eagles and 149 individual birds that were protected 
migratory species (US Department of Justice 2013). 
One year later, PacifiCorp Energy was found guilty 
of killing 38 golden eagles and 336 individual birds 
of protected migratory species and agreed to a $2.5 
million settlement (US Department of Justice 2014). 
In both cases, Duke and PacifiCorp were accused of 
failing to make all reasonable efforts to avoid avian 
turbine-collision mortality despite warnings from 
the USFWS (US Department of Justice 2013, 2014).

Finally, the BGEPA prohibits the take of the 
United States’ 2 eagle species—bald eagle (Haliaee-
tus leucocephalus) and golden eagle. Between 1997 
and 2012, 32 wind facilities killed at minimum 85 ea
gles, 93% of which were golden eagles (Pagel et al. 
2013). Actual eagle mortality rates may be even 
greater; the aforementioned estimates relied on in-
cidental mortality observations and excluded eagle 
mortality at the APWRA, where an estimated 67 
golden eagles perished annually (Smallwood and 
Thelander 2008). As under the ESA, wind develop-
ers may apply for an incidental eagle take permit to 
avoid prosecution under the BGEPA (50  C.F.R. 
§ 22.26). The USFWS can issue incidental take per-
mits only if the proposed eagle take (1) is compatible 
with eagle conservation; (2) is necessary to protect 
the economic interests of a locality; (3) is associated 
with but not the purpose of the activity; and (4) has 
been reduced to the maximum extent practicable 
(50 C.F.R. § 22.26).

The USFWS first promulgated the incidental per-
mitting process in 2009 but finalized significant 
changes to the rule in 2016, after performing a new 
programmatic environmental impact statement. 
Based on this new report, the USFWS redefined the 
geographic limits of their eagle management units 

 EBSCOhost - printed on 2/13/2023 9:41 AM via . All use subject to https://www.ebsco.com/terms-of-use



112  wind energy and wildlife conservation

inadequate pre- and post-construction monitoring, 
and neglect public participation (Gove et al. 2013). 
Perhaps more concerning is the possibility that EIAs 
don’t accurately estimate avian mortality risk. A re-
view of 20 wind facilities in Spain showed no clear 
relationship between predicted risk identified during 
EIAs and actual avian mortality reported (Ferrer 
et al. 2012). It is possible that the criteria currently 
used to predict avian mortality risk are insufficient, 
leading to the construction of wind facilities in sen-
sitive avian habitat (Ferrer et al. 2012).

Mitigation

Mitigation refers to managing entire wind facilities 
or individual turbines to reduce or eliminate dele-
terious effects on birds created by construction and 
operation of wind turbines. Mitigation practices 
have been applied to land-based wind facilities 
more commonly than to offshore wind facilities, 
yet there is a dearth of empirical evidence support-
ing the efficacy of most proposed mitigation mea
sures for wind energy on land or at sea (Langston 
2013). A mitigation hierarchy has been proposed in 
which avoiding negative impacts to wildlife by 
careful siting of wind facilities and individual tur-
bines is the first priority, followed by minimizing 
and reducing impacts once a wind facility is opera-
tional, and lastly, compensation that is supple-
mented with monitoring and reactive management 
(Koppel et al. 2014).

Avoidance through Careful Siting

Proper wind facility siting has been one of the most 
commonly suggested and implemented mitigation 
practices to minimize negative avian consequences 
(Drewitt and Langston 2006, Langston 2013). The 
requirement for careful siting may be codified in 
policy at different levels of government and imple-
mented at the planning and permitting stages (Kop-
pel et  al. 2014). Careful siting typically involves 
avoiding areas of conservation importance, including 

2012). Many European Union member countries not 
only mandate EIAs, but also have published guide-
lines for performing them (Hansen 2011). Specifi-
cally, an EIA is a systematic process to identify, pre-
dict, and evaluate environmental effects of proposed 
actions and projects (Hansen 2011), culminating in 
a “declaration on the environmental impact”; this 
declaration states the significance and acceptability 
of the project’s expected effects (Ferrer et al. 2012). 
EIAs not only identify the negative environmental 
impacts of a project, but they also consider availabil-
ity of less damaging project alternatives, of produc-
tive opportunities to support biodiversity, and of 
avoidance, minimization, and mitigation techniques 
(Gove et al. 2013).

Best practice dictates that EIAs begin by screen-
ing or scoping the proposed project for any potential 
environmental impacts. Environmental sensitivity, 
the presence of any vulnerable species (avian and 
otherwise), and the extent of the wind facility’s im-
pact as an individual project and cumulatively across 
all wind facilities in the area are considered at this 
phase (Gove et al. 2013). Next, alternatives to the 
proposed location, project design, and operational 
characteristics are considered, followed by a descrip-
tion of the baseline environmental conditions of the 
selected site (Hansen 2011). Because of variability 
between wind project sites, baseline (e.g., precon-
struction) data collection methods and require-
ments must be adjusted on a project-to-project basis 
(Ferrer et al. 2012). In the case of birds, it is recom-
mended that EIA baseline data be collected for at 
least 12 months to describe complete annual avian 
activity within a site across all seasons (Langston and 
Pullan 2003). If a project threatens a protected spe-
cies, preconstruction monitoring may be extended 
beyond 12 months (Ferrer et al. 2012).

The comprehensive nature of EIAs makes them 
time-intensive and costly. Unfortunately, perhaps in 
an effort to expedite the process, not all EIAs follow 
the best standard practices. EIAs often fail to assess 
project alternatives to identify the most environmen-
tally responsible development option, implement 
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tailment can reduce avian turbine-collision mortal-
ity while only minimally interfering with wind 
energy production. For example, de Lucas et  al. 
(2012) conducted a curtailment study to examine the 
effect that ceasing turbine operations would have on 
griffon vultures at wind facilities in Spain. Selective 
curtailment of 10 turbines across 6 wind facilities 
that were evaluated to be most hazardous to griffon 
vultures resulted in a 50% reduction in vulture mor-
tality and only 0.07% in average turbine stoppage 
time (de Lucas et al. 2012).

Rather than completely stopping turbines, “feath-
ering” turbine blades may minimize avian-collision 
mortality. Feathering turns each blade on a turbine 
parallel to the wind at or below the cut-in speed—
the minimum wind speed at which turbines begin to 
produce electricity. Many turbines spin at wind 
speeds below their cut-in speed but produce no elec-
tricity. By feathering turbine blades at or below cut-
in speeds, the profile of each blade is reduced, 
thereby reducing the opportunity for birds to collide 
with spinning blades (Langston 2013, Arnett and 
May 2016).

Repowering wind facilities is a retroactive ap-
proach to minimize effects on birds where older and 
smaller turbines are replaced with fewer but larger 
turbines that produce more electricity because of 
their greater overall height and larger diameter of the 
rotor-swept zone (Koppel et al. 2014). Research re-
sults are mixed on the effectiveness of repowering as 
a mitigation measure for birds. In the United States, 
raptor mortality was 54% less and overall avian mor-
tality was reduced by 64% at a repowered wind fa
cility in California, suggesting that repowering could 
reduce avian mortality while simultaneously increas-
ing power generation efficiency (Smallwood and 
Karas 2009). Dahl et  al. (2015) modeled avian 
turbine-collision risk under 2 different repowering 
scenarios at a wind facility in Norway and predicted 
a 32% to 71% reduction in turbine-collision risk, de-
pending on the number and size of new turbines that 
would replace the existing ones. However, Krijgsveld 
et  al. (2009) reported that avian turbine-collision 

feeding, nesting, or display areas, as well as along mi-
gration and other important travel routes (Langston 
2013).

In addition to careful siting of entire wind facili-
ties, informed micro-siting of individual turbines has 
been used to avoid potential negative effects on avian 
communities. Grouping individual turbines in close 
proximity to one another can minimize the overall 
size of a wind facility’s footprint, thereby reducing 
the general area birds might avoid. Rows of turbines 
can be aligned to avoid running clusters of wind tur-
bines perpendicular to avian flight paths, poten-
tially reducing barrier effects and avian collision risk 
(Drewitt and Langston 2006). Alternatively, provid-
ing flight corridors aligned with flight paths between 
clusters of turbines in larger wind facilities has been 
suggested (Drewitt and Langston 2006). Krijgsveld 
et al. (2011) observed more frequent flight activity 
by birds within an offshore wind facility where 
spacing between turbines was greater than areas of 
the same wind facility where turbines were spaced 
more closely together. Krijgsveld et al. (2011) also 
observed birds flying past a single line of offshore 
turbines more often than passing the main body of 
the wind facility, leading them to conclude that 
avoidance behavior associated with a particular 
part of an entire wind facility may be a result of 
overall wind facility design.

Minimizing and Compensating for  
Negative Effects on Birds

Several mitigation strategies have been attempted or 
proposed to minimize or reduce the effects of oper-
ating wind facilities on avian species. Curtailment 
involves completely shutting down individual wind 
turbines or, in extreme cases, all wind turbines 
within a wind facility at times when high avian mor-
tality is expected—typically during peak avian migra-
tion periods. The amount of time curtailment oc-
curs can be variable based on the likelihood of avian 
mortality at wind facilities, but typically does not to-
tal more than a few days out of an entire year. Cur-
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flying birds and increase the chance for turbine-
collision risk, although the complete effect lights 
have on avian-collision risk with vertical structures 
is not well understood (Drewitt and Langston 2006, 
Furness et al. 2013). Adjusting the color, wavelength, 
and frequency of lights flashing off and on or not 
flashing at all have been suggested as ways to reduce 
bird collisions with wind turbines (Arnett and 
May 2016).

The idea of compensatory mitigation is to offset 
any negative consequences of wind energy develop-
ment by attracting birds to an area away from wind 
turbine(s) or a wind facility (Koppel et al. 2014, Ar-
nett and May 2016). This is not a common approach, 
but the idea has been attempted on- and off-site and 
during construction and operational phases of wind 
facilities to reduce avian presence and turbine-
collision risk (Koppel et  al. 2014, Arnett and 
May 2016). Enhancing or creating habitat outside of 
wind facilities for avian breeding, roosting, and win-

risk at smaller, earlier-generation turbines was simi-
lar to newer, larger turbines. De Lucas et al. (2008) 
determined raptor collision probability increased 
with turbine height at wind facilities in Spain; this 
finding is similar to Loss et al. (2013), who exam-
ined a broader range of avian species in the United 
States relative to turbine height. Loss et al. (2013) 
suggested that installation of larger turbines could 
result in increased avian mortality.

An assortment of noise-based and visual mitiga-
tion strategies have been proposed or tried to reduce 
bird collisions with wind turbines. Approaches using 
high-intensity or bioacoustic sounds like distress 
calls to deter birds from wind turbines have been sug-
gested, but have not been evaluated using scientific 
trials (Marques et al. 2014). Visual approaches have 
primarily taken the form of painting 1 or more tur-
bine blades to increase visibility to birds (Marques 
et al. 2014; Figure 5.5). Lights affixed to offshore tur-
bines for marine and aerial navigation may attract 

Figure 5.5  ​Painting turbine blades to increase visibility (left) is a proposed mitigation technique to reduce or eliminate 
bird collisions with wind turbines. Thus far, empirical evidence is lacking to support this as an effective mitigation 
technique. Photo credit: lmwindpower​.com​.
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ally unavailable. An understanding of the full range 
of consequences to birds from the production of 
offshore wind energy is woefully lacking. As wind 
energy expands into new areas both onshore and off-
shore, information about impacts to avian species 
in those new areas will need to be collected and 
analyzed.

In addition to wind energy expanding into new 
areas, wind turbine designs are advancing rapidly. 
Consensus regarding the effects of wind turbine 
technology on avian collision-mortality risk has not 
yet been reached. Lattice-tower turbines are often 
associated with increased turbine-collision risk be-
cause the lattice provides birds with roosts and 
perches just below the spinning turbine blades (Or-
loff and Flannery 1992, Hunt 2002). Although mono-
pole towers have fewer perching locations and there-
fore are regarded as a safer design for birds, they often 
support larger rotors, resulting in a larger rotor-swept 
zone and therefore larger area of turbine-collision 
risk (Thelander and Rugge 2000, Marques et  al. 
2014). Larger turbines that can harness more wind 
to produce more power are being developed and 
constructed, especially for use offshore. As the mixed 
research results from repowering wind facilities 
demonstrates, fewer, but larger, turbines does not 
necessarily translate into reduced negative effects 
for birds. Completely new turbine designs also are 
being proposed and tested (Tong 2010). For exam-
ple, turbines with blades that spin on a vertical 
axis, rather than a horizontal axis, have been devel-
oped and installed. Other designs include only 2 tur-
bine blades arranged 1 behind the other at the front 
of the turbine, or 1 turbine blade at the front and the 
other at the rear of the unit (e.g., coaxial contra-
rotating wind turbine, intelligent wind power unit). 
Research is needed to identify the potential impacts 
these emerging wind turbine designs pose to bird 
populations. Regardless of the specific type of tur-
bine design, the most critical factor relative to avian 
turbine-collision mortality likely is overall turbine 
height. Based on studies that have examined avian 
mortality from communication towers, estimated 

tering purposes are some approaches to compensa-
tory mitigation. Other mitigation suggestions have 
included supplementary feeding or prey fostering 
outside of wind facilities and decreasing prey 
abundance/availability and predator control within 
wind facilities (Koppel et al. 2014, Marques et al. 
2014, Arnett and May  2016). Generally, empirical 
evidence is lacking to support or refute attempts at 
compensatory mitigation related to wind facilities 
and birds (Arnett and May 2016).

Future Research Directions

It is inevitable that wind energy will continue to ex-
pand to help meet global energy demands. Looking 
ahead, wind energy is expected to expand into areas 
not previously developed (e.g., further offshore), and 
turbine designs will incorporate taller towers with 
larger rotor-swept areas to produce more energy than 
do currently operating wind turbines. Although a 
considerable amount of research has been conducted 
to understand the effects of wind energy facilities on 
avian species, scant information is available in some 
areas regarding the interactions between birds and 
these facilities and still other areas where data are 
available but data gaps exist.

Expansion to New Areas and Use of 
Different Turbine Technology

As production of wind energy expands, new areas for 
wind development on land and offshore will need to 
be explored. Although a substantial amount of re-
search has been conducted to understand turbine-
collision impacts on birds from land-based wind fa-
cilities, data gaps remain. For example, comparisons 
of results from studies of 1 wind facility to other stud-
ies using similar methodologies are generally miss-
ing from the literature. Information about effects on 
avian populations caused by avoidance of wind facil-
ities or individual wind turbines and effects as a re-
sult of habitat loss or modification from construction 
and operation of land-based wind facilities is gener-
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enced by avian species from wind energy is compen-
satory or additive.

Empirical Evidence to Support  
Mitigation Efficacy

Many different types of mitigation practices dealing 
with the effects of wind facilities on avian species 
have been suggested, but there is little empirical evi-
dence to suggest which are effective. Careful siting 
of wind facilities is often touted as a primary method 
to proactively avoid known negative wind energy-
avian interactions, but data are lacking that demon-
strate that the models and other decision tools are 
accurate when choosing among multiple possible 
sites. For other proposed mitigation practices like 
navigation lights on turbines, compensatory mitiga-
tion, and various acoustic and visual mitigation ef-
forts, data are sorely lacking. Of great interest to wind 
energy companies with any mitigation approach is 
the cost-effectiveness of the practice, so data demon-
strating the trade-off between reducing or eliminat-
ing negative consequences for avian species and the 
cost of purchasing and implementing mitigation 
practices will be necessary moving forward.
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limit wind power generation. Potential solutions 
that do not limit power generation include broad-
casting ultrasound from wind turbines or using ul-
traviolet (UV) light to deter bats from approaching 
and entering the rotor-swept area where fatalities 
occur. Another possible solution is the develop-
ment of turbine-surface materials that reduce the 
relative attractiveness of wind turbine towers to 
bats. In this chapter, we provide a succinct summary 
of the known effects of wind energy generation on 
bats, present current and future research priorities, 
and describe the challenges and opportunities as-
sociated with developing and implementing effec-
tive solutions to minimize wind turbine–caused 
bat fatality.

Introduction

Wind power currently supplies nearly 6.4% of the 
electricity consumed in the United States and may 
grow to supply 20% by 2030 (US Department of 
Energy 2015, Oteri et al. 2018; Figure 6.1). Given 
the current and projected development in installed 
capacity, there are increasing concerns about the 
unprecedented number of bat fatalities occurring at 
wind energy facilities. In 2004, an estimated 1,398 to 
4,031 bats were killed at a wind energy facility in 

Utility-scale wind energy facilities require no 
fuel, consume no water, and produce no green

house gas emissions or other pollutants during en-
ergy production. Wind power currently supplies 
nearly 6.4% of the electricity consumed in the 
United States, with continued growth expected in 
the coming years. Although further expansion of 
wind power is anticipated to provide environmental 
and economic benefits, there are increasing con-
cerns about bat fatalities occurring at wind energy 
facilities across North America. Recent estimates 
place the number of bat fatalities in the several 
hundreds of thousands annually, and that number 
is projected to rise. As a result, population-level 
consequences of wind turbine-caused mortality are 
of increasing concern. For example, modeling ef-
forts for a widespread species, the hoary bat (Lasi-
urus cinereus), indicate that the population could 
decline by 90% within 50  years, assuming no 
growth in installed wind power capacity and no sig-
nificant implementation of conservation measures. 
Given the increasing demand for wind energy and 
increasing evidence that bats are attracted to wind 
turbines, the need to develop cost-effective and 
practical impact-minimization strategies is a high 
priority. Current strategies include siting restric-
tions and operational minimization, both of which 

Wind Energy Effects on Bats6
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States, with estimates for installed capacity nearing 
224 GW by 2030 (US Department of Energy 2015). 
Significant expansions of wind energy develop-
ment, reductions in turbine manufacturing costs, 
and increases in energy production and reliability 
are required to achieve this outcome (Baranowski 
et al. 2017). Simultaneously, public and private sec-
tor investments that lower manufacturing costs, in-
creases in turbine height and blade length, and en-
hancements in wind resource characterization have 
allowed wind development to rapidly expand into 
once unfavorable regions onshore and previously 
unattainable regions offshore (US Department of 
Energy 2015).

Given these advancements and the potential for 
growth in wind energy capacity, it has become a 
high priority for conservationists and the wind in-
dustry to develop and implement cost-effective, 
scientifically proven measures that reduce wind 
turbine–caused fatalities of bats. Strategies that 
reduce fatalities include siting facilities away from 
areas where bats congregate (e.g., migratory path-
ways, maternity colonies, hibernacula), slowing 
blade rotation during periods when high numbers 
of fatalities have been reported, and developing 
technologies that discourage bat activity near 
wind turbines. However, the data to make in-
formed decisions regarding mitigation are scarce. 
Thus, the need to move beyond basic pre- and 
post-construction monitoring to address crucial 
research questions is essential for resolving this 
complex issue.

Several recent publications have summarized the 
current understanding of bat–wind turbine interac-
tions and the existing methods used to collect and 
analyze data from wind energy facilities (Strickland 
et  al. 2011, Arnett and Baerwald 2013, Hein and 
Schirmacher 2016, Hein 2017). In this chapter, we 
review the gaps in our understanding of how bats in-
teract with wind turbines, summarize current and 
future research priorities, and highlight challenges 
and opportunities associated with addressing the re-
maining issues.

West Virginia (Kerns and Kerlinger 2004), demon-
strating the adverse effect of wind turbines at a 
single facility. At the time, the installed wind power 
capacity in the United States and Canada was 6,544 
MW (CanWEA 2016, AWEA 2017). By 2012, installed 
capacity in the 2 countries had grown to 52,195 
MW (CanWEA 2016, AWEA 2017), and the esti-
mated cumulative wind turbine–caused fatality of 
bats was 650,104 to 1,308,378 individuals (Arnett 
and Baerwald 2013). Cumulative fatality estimates 
since 2012 at wind energy facilities are lacking, but 
this mortality rate appears unsustainable for at least 
one widespread species, the hoary bat (Lasiurus ci-
nereus), and may be an additive source of mortality 
for species already decimated by white-nose syn-
drome (WNS; Grodsky et al. 2012, Erickson et al. 
2016, Frick et al. 2017).

Despite economic and political uncertainties, 
wind energy will continue to grow in the United 

Figure 6.1  ​Sunset at a wind energy facility in the 
southern Great Plains, US. Photo credit: Cole Lindsey.
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erence or by providing roosting locations. Altering 
surrounding habitat during construction, such as 
clearing forests for roads and turbine pads, can in-
crease bat activity by creating features (e.g., forest 
gaps and edge) that are used by bats as foraging and 
commuting corridors (Limpens and Kapteyn 1991, 
Verboom and Huitema 1997). Confirmation of a re-
lationship between resource use and risk is lacking 
because few studies have explored the subject, and 
those that have are inconclusive (Piorkowski and 
O’Connell 2010).

Given the paucity of data on the movement ecol
ogy of bats, resource use of bats, and how siting may 
attract bats, it is difficult to provide the level of guid-
ance necessary to site wind energy facilities or wind 
turbines to reduce risk. Historically, wildlife manag
ers relied on pre-construction acoustic surveys and 
post-construction fatality monitoring to provide data 
on seasonal activity patterns and periods of risk, re-
spectively. Yet, attempts to relate activity and fatal-
ity to predict risk have not been successful (Hein 
et al. 2013, Lintott et al. 2016). More recently, spe-
cies distribution models have been used to assess po-
tential risk to bats in a region or vegetation commu-
nity (Santos et  al. 2013, Hayes et  al. 2015), but 
developing these models is only the first step. To be 
truly effective, models must be validated by compar-
ing the predicted risk to actual fatality data from 
post-construction monitoring. This is likely a long-
term endeavor, but the results of such a process could 
be valuable. Use of global positioning system (GPS) 
transmitters and methodology for long-term attach-
ment of transmitters to bats are providing insights 
into the long-distance movement patterns of bats 
(Castle et al. 2015, Weller et al. 2016). Currently, use 
of this technology is limited because GPS transmit-
ters are still too heavy to secure to most bats resid-
ing in the United States, and bats must be recaptured 
to download the data. An alternative tracking system, 
MOTUS (www​.motus​.org), uses smaller radio tags 
and a series of stationary towers to record observa-
tions of wildlife as they pass nearby. Krauel et al. 
(2017) used this system to track Indiana bats during 

Siting Wind Energy Facilities and  
Wind Turbines

Many factors are considered when siting wind en-
ergy facilities or individual wind turbines, including 
suitability of the project area (e.g., wind speeds, ac-
cess, connectivity to the electrical grid) and poten-
tial environmental impacts (e.g., wind turbine–
related bat fatalities). Biological and technological 
implications of siting should be considered early in 
the planning phase of the wind project. Siting of 
wind energy facilities and individual turbines may in-
fluence bat activity, behavior, and mortality, yet ef-
fects on bats remain difficult to quantify because we 
do not fully understand why or how bats respond to 
siting at different scales.

Siting wind energy facilities or wind turbines near 
large bat colonies (e.g., maternity roosts or hibernac-
ula) may increase risk to bats. To provide the appro-
priate siting guidance away from a colony, an under-
standing of the resource requirements, such as 
swarming areas and surrounding hibernacula, is nec-
essary. For example, the US Fish and Wildlife Ser
vice (USFWS) compiled radio-tracking data to assess 
the commuting distance of Indiana bats (Myotis so-
dalis) near priority hibernacula (as defined by popu-
lation size) and suggested siting wind energy facili-
ties at least 32.2 and 16.1 km from Priority 1 or 2 
and Priority 3 or 4 hibernacula, respectively (US-
FWS 2011). However, these recommendations are 
an exception, as there is no guidance for other spe-
cies, including other federally listed species such as 
the northern long-eared bat (Myotis septentrionalis) 
and non-protected species such as the Brazilian free-
tailed bat (Tadarida brasiliensis).

Risk may increase with development near impor
tant bat resources, including migratory corridors, 
roosting sites, and foraging areas. Baerwald and Bar-
clay (2009) documented greater fatality rates at 
wind energy facilities near the foothills of the US 
Rocky Mountains compared with those in adjacent 
grasslands. They suggested that mountains may in-
fluence bat migration by serving as a navigational ref-
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pansion is expected (Gilman et al. 2016). With few 
exceptions, our understanding of offshore bat activ-
ity comes from anecdotal observations. Peterson 
et al. (2014) summarized several accounts of bats fly-
ing near or roosting on ships in the Atlantic Ocean 
at distances ranging from 8 to 800 km from the US 
coastline. Results from their acoustic monitoring 
study across several islands matched these observa-
tions and showed the regular presence of several bat 
species at sea between July 15 and October 15, 2009–
2011. Cryan and Brown (2007) summarized 38 years 
(1968–2006) of observations of hoary bats recorded 
between August and October on the Farallon Islands, 
which are situated 32 km due south of Point Reyes, 
California. McGuire et al. (2012) conducted a radio-
telemetry study documenting movement of silver-
haired bats (Lasionycteris noctivagans) along and 
across the shoreline of Lake Erie in the United States. 
Their findings indicated patterns of bat activity off-
shore that correspond with data collected at land-
based wind energy facilities (Arnett and Baerwald 
2013). If bats perceive turbines as a valuable resource 
(e.g., roosting, mating, foraging opportunity) on 
land, where similar resources are relatively available, 
then attraction may be amplified at offshore wind en-
ergy facilities in an environment devoid of such 
resources. Potential effects of offshore wind energy 
facilities on bats may depend on the activity levels 
of bats at various distances from the coastline and 
where offshore facilities are sited. Additional stud-
ies assessing the patterns of bat activity relative to 
the shorelines are necessary to determine whether 
risk increases or decreases with the distance from 
the shoreline.

Challenges and Opportunities  
Related to Siting

To our knowledge, there has been no quantitative as-
sessment of reductions in bat mortality related to 
siting restrictions, and it is unlikely that we will be 
able to quantify this outcome anytime soon. It would 
require accumulating fatality data from across the 

both their spring and autumn migrations. This tech-
nology may provide a more effective and efficient 
means of acquiring data on regional movement pat-
terns of bats compared with traditional tracking 
efforts.

Wind turbine technology plays a large role in sit-
ing decisions. The type of turbine constructed and its 
height, rotor-swept area, cut-in speed, and supervi-
sory control and data acquisition system may influ-
ence interactions between bats and wind turbines. 
The foreseeable trend is for wind turbines to increase 
in height and blade length, which allows them to 
take advantage of more stable wind conditions at 
higher altitudes (Zayas et al. 2015). This allows for 
greater energy capture and makes generating elec-
tricity at lower wind speeds more economical (US 
Department of Energy 2015). The improved perfor
mance and economics also may increase the poten-
tial for geographic expansion of wind energy devel-
opment, such as in the southeastern United States 
(Baranowski et al. 2017), and increases the possibil-
ity for wind development to interact with different 
species of bats. Moreover, the larger rotor-swept area 
may present greater risk to bats. Barclay et al. (2007) 
suggested that bat fatalities increase with increasing 
size of wind turbines, but additional data are needed 
to confirm this relationship. Although it may be eco
nomically feasible to site wind energy facilities in 
new areas, the costs of monitoring will likely in-
crease. Larger wind turbines may require larger 
search plots during post-construction monitoring 
because dead or injured bats may fall farther from the 
base of the wind turbine. Larger turbines will also re-
sult in greater landowner payments to compensate 
for larger areas of lost crops, increased mowing and 
plot maintenance, and greater monitoring efforts for 
wind turbines co-sited with agricultural crops.

Offshore wind energy development represents an 
even greater challenge with respect to understand-
ing bat activity and behavior, monitoring, and mak-
ing informed siting decisions to reduce risks to bats. 
Wind projects off the eastern coast of the United 
States are already under way, and rapid offshore ex-
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Pre- and Post-Construction Monitoring

Our understanding of the effects of wind energy de-
velopment on bats comes from nearly 20 years of 
pre- and post-construction studies. For bats, pre-
construction studies involve placing acoustic detec-
tors across the project site and recording the num-
ber of bat passes at each location. Total bat passes, 
or bat passes of a given species from an individual lo-
cation, can then be compared with other locations 
within the project area. Post-construction monitor-
ing studies estimate fatality based on carcasses recov-
ered from systematic searches. One of the early re-
search priorities for bats and wind energy was to 
develop a predictive relationship between pre-
construction bat activity and post-construction fa-
tality. Hein et al. (2013) reviewed 94 and 75 pre- and 
post-construction studies, respectively. Of these, 
only 12 wind energy facilities had paired data (i.e., 
the same site had paired activity and fatality data). 
Although a slight positive relationship was ob-
served between pre-construction activity and post-
construction fatality, the low adjusted R2 value and 
wide prediction intervals, which included zero, in-
dicated a poor relationship for the available data. Us-
ing data from the United Kingdom, Lintott et  al. 
(2016) reported similar findings. They found that 
Ecological Impact Assessments, the primary tool 
used around the world to assess the effects of renew-
able energy, are poor predictors of risk. There are 
several reasons for the lack of a relationship between 
pre-construction bat activity and post-construction 
fatality, including the ways in which data were col-
lected, access to data, changes to habitat during 
construction, and the apparent attraction of bats to 
wind turbines (Hein et  al. 2013). Yet even if im-
provements to the methodology are made, such as 
using only data collected from detectors posi-
tioned in rotor-swept areas (Collins and Jones 
2009, Stanton and Poulton 2012), the variability in 
detector types, weatherproofing strategies, and 
analysis software make it difficult to standardize 
acoustic surveys.

United States, developing predictive models of high-
and low-risk areas for bats, and validating those 
models by comparing fatality data from wind energy 
facilities that develop in the different areas. Access 
to credible data to generate predictive models and 
data to validate those models are limited. Nonethe-
less, permitting agencies and wind energy develop-
ers should continue to work together to avoid siting 
wind energy facilities where large concentrations of 
bats occur, such as migratory pathways, hibernacula, 
and maternity colonies.

Despite more than a decade of studies and ad-
vancement of monitoring technology (e.g., GPS 
transmitters, acoustic detectors), we still lack basic 
information about bat ecology and behavior, as well 
as how they are affected by wind energy develop-
ment. The problem stems, in part, from how diffi-
cult it is to study small, cryptic, nocturnal, and vo-
lant species like bats, but also from a lack of publicly 
available data on bat activity and fatality at wind en-
ergy facilities.

Opportunities still exist to increase our knowl-
edge of habitat use and migratory patterns for bats 
to inform sustainable siting of future wind energy fa-
cilities. New transmitter technologies offer exciting 
possibilities to track bats over great distances and ex-
panses of time. Current advances in molecular and 
biochemical techniques and analysis methods pro-
vide novel insights into the patterns and processes 
contributing to bat fatalities at wind energy facilities. 
The use of biochemical signatures such as stable 
isotopes provide much-needed information on the 
geographic origins of bats killed at wind energy fa-
cilities (Voigt et al. 2016, Pylant et al. 2016), thereby 
elucidating heretofore unknown migratory routes 
and population connectivity. Similarly, DNA barcod-
ing techniques can provide irrefutable sex and spe-
cies identification, even for carcasses found in an ad-
vanced state of decay or carcasses that have been 
scavenged (Korstian et al. 2013, Korstian et al. 2016). 
As new data become available, it will be important 
to update guidelines and decision makers on best 
practices for siting wind energy facilities.
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guidelines for studies, which help standardize state-
wide monitoring methodologies (e.g., Ohio Depart-
ment of Natural Resources 2009, Pennsylvania Game 
Commission 2013). However, if the permitting or 
regulatory process requires a specific estimator that 
is inappropriate (i.e., because the data do not meet 
the assumptions of the estimator) or requires 2 or 
more different estimators, it prevents comparability 
and causes confusion (see Deep Dive). Lack of com-
parability among studies makes it difficult to exam-
ine larger-scale patterns in bat fatality or estimate 
cumulative bat fatality. Recently, 3 separate efforts 
estimated cumulative bat fatality at wind energy 
facilities (Arnett and Baerwald 2013, Hayes 2013, 
Smallwood 2013), each indicating that hundreds of 
thousands of bats are killed each year in the United 
States. Huso and Dalthorp (2014), while recognizing 
the importance of understanding the cumulative 
effect on bats, discussed how these fatality esti-
mates are inaccurate given the shortcomings of the 
available data. As they described it, the problem is 

Although pre-construction bat activity has not 
been shown to be predictive of fatality, the pat-
terns between the two are similar. For example, 
acoustic surveys show seasonal peaks in bat activ-
ity levels that tend to match those of fatality rates 
(i.e., late summer and autumn). Acoustic studies 
can also provide data on species presence, rela-
tionships between bat activity and weather vari-
ables, and relative activity patterns associated 
with habitat features. However, in regions where 
activity and fatality levels are well established, 
implementing additional pre-construction acous-
tic surveys may not be the best use of limited re-
sources. In 2013, the Pennsylvania Game Commis-
sion removed their requirements for acoustic 
surveys in their updated version of the Wind En-
ergy Voluntary Cooperation Agreement Amend-
ment I (Pennsylvania Game Commission 2013). 
Conversely, in understudied regions (e.g., the south-
eastern United States and offshore), pre-construction 
acoustic surveys may be necessary to understand 
the activity patterns and presence of understudied 
species.

For post-construction monitoring, the issue is 
not whether it should be done, but how it should 
be conducted (Figure  6.2). Considerations for 
methods include how many turbines to monitor, 
how often to monitor (e.g., daily, every 3 days, etc.) 
for how many years, how large should the plots be, 
and how fatality should be estimated. Answers to 
these questions depend on the research or moni-
toring question(s) and conditions at the site. Al-
though there is flexibility in how to design a post-
construction monitoring study, it is important to 
capture the spatiotemporal variation of fatality at 
each site. It also is important to understand and 
articulate the biases associated with the data and 
to use an appropriate fatality estimator that accounts 
for those biases.

Historically, post-construction monitoring studies 
have been designed and implemented for each facil
ity, with little consideration of how results from one 
facility relate to others. Some state agencies provide 

Figure 6.2  ​Post-construction fatality monitoring at a 
wind energy facility in the southern Great Plains, US. 
Inset: Brazilian free-tailed bat, Tadarida brasiliensis, found 
during a turbine search. Photo credit: Amanda Hale.
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Challenges and Opportunities  
Related to Monitoring

Our understanding of wind turbine–caused bat fatali-
ties is limited because wind development has yet to 
occur in some regions of North America, data typically 
are not publicly available, and data that are available 
may have been improperly collected and analyzed. If 
study designs are not scientifically credible and are 
not made public, the expense and effort to collect the 
data provide little to no value. Moreover, improperly 
collected and analyzed data can cause more harm 
than no data at all by confounding our understanding 
of this issue. Consistency across jurisdictional bound
aries and comparability among studies are critical to 
assess regional patterns and estimate the cumulative 
effects of bat fatalities at wind energy facilities.

Pre- and post-construction monitoring studies are 
expensive, but as our understanding increases and 
new methodologies become available, studies can be 
more robust and cost-effective. Monitoring may not 
always be necessary, but it remains essential in re-
gions for which little to no data exists, where differ
ent species are present, and with advances in turbine 
technology. Significant changes to how we conduct 
and analyze post-construction fatality data are forth-
coming. Several groups are independently investigat-
ing the efficacy of searching only roads and turbine 
pads to estimate bat fatality. This methodology could 
reduce the costs of monitoring and those associated 
with clearing and maintaining large search plots. In 
addition, development of a generalized fatality esti-
mator will offer comparability among results and 
reduce bias and confusion related to the myriad of 
fatality estimators. Validating these and other new 
tools is an important step prior to their use, but if 
proven credible, broad implementation of new, stan-
dardized methods should begin immediately.

Strategies for Reducing Bat Fatalities

With concerns about bat population declines fueled 
by reports of continuing high numbers of fatalities 

twofold. First, data used were not representative, 
meaning they were based on publicly available 
data and not a random sample across all wind energy 
facilities. Second, individual site estimates were de-
rived from such different methodologies that they 
were not comparable. Although there is a need for 
greater dissemination of study results, in this case, 
it would only partly resolve our ability to compare 
fatality among wind energy facilities and develop cu-
mulative estimates of bat fatality. The larger chal-
lenge relates to statistical analyses and points to 
the need for a generalized fatality estimator that 
accounts for the various biases encountered in stud-
ies, provides an accurate and precise estimate of fa-
tality, and is comparable among studies. Yet, a reli-
able cumulative fatality estimate only provides half 
of what is needed to understand the effects of wind 
turbines on bats. Population estimates also are re-
quired to put fatality into context (see Population 
Analyses section below).

Data on how and when bats use the offshore en-
vironment are lacking, and the tools and current 
land-based methodologies to collect pre- and post-
construction data are insufficient for offshore facili-
ties. For example, there are limited locations to in-
stall acoustic detectors and standard carcass searches 
are not applicable. Therefore, alternative strategies 
for studies of bat fatalities at offshore wind energy fa-
cilities must be developed. Suryan et  al. (2016) 
tested a synchronized array of sensors that continu-
ously monitored wildlife interactions with wind 
turbines, including impacts, using 3 sensor nodes: 
(1) vibration (accelerometers and contact micro-
phones; (2) optical (visual and infrared spectrum 
cameras); and (3) bioacoustics (acoustic and ultra-
sonic microphones). Yet, this and other similar sys-
tems are still in the proof-of-concept phase, and 
direct comparison between a new system and 
standard post-construction monitoring practices is 
necessary before its wide-scale use. Until these 
technologies are developed, we will not be able to 
accurately assess the effects of offshore wind en-
ergy development on bats.
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up to 60%. A similar study by Arnett et al. (2011) 
demonstrated that raising cut-in speed from 3.5 to 
5.0 m/s and to 6.5 m/s reduced bat fatality by 82% 
(95% CI: 52–93) in 2008 and 72% (95% CI: 44–
86) in 2009. Including additional factors (e.g., tem-
perature) may further improve minimization strat-
egies. Martin et  al. (2017) demonstrated a 62% 
(95% CI: 34–78) reduction in bat fatality by raising 
cut-in speed from 4.0 to 6.0 m/s when temperatures 
were >9.5°C.

Although such operational minimization strate-
gies have general application, have proven effective 
at reducing bat fatalities, and seem to have reason-
able economic costs based on the few studies that 
have made those data publicly available (Baerwald 
et al. 2009, Arnett et al. 2011, Martin et al. 2017), 
gaining further insight into when and where limit-
ing wind turbine operations will be most effective at 
reducing bat fatality has important ecological and 
economic benefits. One such strategy to reduce bat 
fatalities with minimal power loss involves feather-
ing wind turbine blades below the manufacturer’s 
normal operational cut-in speed at night and during 
periods of high risk (World Bank Group 2015). This 
“best management practice” has been adopted by the 
American Wind Energy Association as a voluntary 
bat conservation program. The concept was recom-
mended because turbine blades can rotate at speeds 
that are lethal to bats even when electricity is not 
being generated (Arnett et al. 2013a). Feathering, 
or pitching the turbine blades parallel to the wind 
so that the tip speed is < 50 mph (~1–3 rpm), below 
the manufacturer’s cut-in speed is considered a mu-
tually beneficial strategy in which bat collision risk is 
reduced with little effect on power production. None-
theless, several questions remain unanswered re-
garding the effectiveness and financial costs of feath-
ering below cut-in speed as a minimization strategy. 
For example, what level of fatality reduction can be 
expected by feathering turbine blades below cut-in 
speed? To our knowledge, only one publicly available 
study has demonstrated a significant reduction in 
bat fatalities using this minimization strategy. Good 

at wind energy facilities, site managers and wind 
developers find themselves subject to increasing 
pressure to reduce the negative effects of wind en-
ergy production on bats and other wildlife (Kunz 
et al. 2007, Northrup and Wittemyer 2013, Arnett 
2017). Although the obvious first step in the miti-
gation hierarchy is avoidance of adverse effects, 
perhaps through improved siting of wind energy 
facilities, a paucity of data are available to test the 
efficacy of avoidance. Moreover, this problem is 
further compounded by our as yet limited ability to 
successfully predict collision risk for bats, either 
through acoustic surveys or traditional impact assess-
ment approaches, prior to construction (Hein et al. 
2013, Lintott et al. 2017).

The second step in the mitigation hierarchy is 
minimization of adverse effects, which could be im-
plemented when bats are known to be in the area 
and therefore potentially at risk of collision with tur-
bines. For example, early monitoring efforts re-
vealed that bat activity was greater during periods of 
relatively low wind speeds, and lower during periods 
of rain, low temperatures, and high wind speeds 
(Reynolds 2006, Horn et al. 2008). Subsequent stud-
ies showed a positive relationship between acoustic 
bat activity, bat fatalities, and low wind speeds at op-
erational wind energy facilities (Baerwald and Bar-
clay 2009, Arnett et al. 2011). As a result, it was pro-
posed that raising the manufacturer’s cut-in speed 
(the minimum wind speed at which electricity is 
generated—typically between 2.5 and 3.5 m/s) would 
effectively reduce the number of bat–wind turbine 
collisions by slowing or stopping blade rotation at 
low wind speeds when bats are active (e.g., Baerwald 
et al. 2009, Arnett et al. 2011). Where tested in the 
United States and Canada, minimizing wind turbine 
operations by feathering blades (changing the angle 
of the blades to slow rotation to 1–3 rpm) and rais-
ing the cut-in speed has proven to be an effective 
means of reducing bat fatality by 50% or more (Ar-
nett et al. 2013a, Martin et al. 2017). For example, 
Baerwald et al. (2009) showed that raising the cut-
in speed from 4.0 to 5.5 m/s reduced bat fatality by 
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cantly more straight-line flight paths observed dur-
ing deterrent tests compared with control periods 
(Lindsey 2017). The results of ground-based stud-
ies such as these are informing ongoing tests of de-
terrent technology on operational wind turbines. 
Of interest is determining the optimal placement 
and orientation of the sound sources along the tur-
bine tower, nacelle (housing for the generator, gear 
box, drivetrain, and brake assembly), and blades. 
Because of the rapid attenuation of ultrasound, de-
terrent effectiveness likely diminishes with dis-
tance, and multiple sound sources will be required 
per turbine to provide adequate coverage of the 
rotor-swept zone.

In addition to ultrasonic acoustic deterrents, re-
search is under way investigating dim UV light as a 
possible bat deterrent (Gorresen et al. 2015). Results 
from Gorresen et al. (2015) indicated a reduction in 
bat activity in trees illuminated with dim flickering 
UV light, despite a concomitant increase in insect 
numbers. If the observed reduction in activity at trees 
translates into a reduction in fatality at operational 
wind turbines, then dim UV light illumination may 
prove to be an effective minimization technology.

Studies with live-captured bats have shown that, 
in captivity, bats make fewer contacts and close 
passes with texture-treated surfaces compared with 
smooth surfaces (Bienz 2016). Additional research 
is under way to investigate the behavioral response 
of free-flying bats to texture-treated turbine tower 
monopoles at an operational wind energy facility. If 
the texture coating leads to a reduction in the num-
ber of bats making close investigative approaches at 
the turbine tower surfaces and the amount of time 
spent close to the rotor-swept zone, then texture 
coating for the nonmoving turbine parts may also 
prove to be an effective mitigation technology to re-
duce bat fatalities at wind turbines.

The third and final pillar of the mitigation hier-
archy, compensatory mitigation, can be a useful tool 
in wildlife conservation; however, with respect to 
wind turbine-related bat fatalities, compensatory 
mitigation is an unproven conservation strategy. Cre-

et al. (2012) reported a 36.3% (90% CI: 12.4–53.8) 
reduction in bat fatalities by feathering below the 
manufacturer’s cut-in speed of 3.5  m/s. However, 
species-specific differences were observed, with east-
ern red bats (Lasiurus borealis) showing a nearly 
50% reduction in carcasses recovered compared 
with the rate for hoary bats, which had similar 
fatality between control and treatment groups. Al-
though there are clear benefits to reducing bat 
fatalities when electricity is not being produced, 
broader applicability of the results in other regions 
and under future economic contexts is unknown.

Because of concerns about power loss and uncer-
tainty about the viability of operational minimization 
in the future, there is substantial interest in explor-
ing technologies that reduce bat fatalities while al-
lowing turbines to operate at full capacity. One such 
possible technological solution is based on deploying 
ultrasonic acoustic deterrents on wind turbines to 
create a disorienting airspace for echolocating bats. 
The ultrasound produced by such deterrents overlaps 
with the intensity and frequency range of bat echo-
location calls, and thus may discourage bats from ap-
proaching and entering the rotor-swept area of 
wind turbines, thereby reducing fatalities. An early 
field study demonstrated the potential for deterrents 
to reduce bat activity at ponds (Szewczak and Arnett 
2017), and a subsequent study at an operational wind 
energy facility suggested that deterrents could reduce 
bat fatalities at wind turbines by 18% to 62% com-
pared with control turbines (Arnett et al. 2013b). 
Given the promise shown in these early studies, ad-
ditional research is under way to improve this deter-
rent technology, optimize the deterrent signal, and 
understand how species may vary in their responses 
to deterrents over space and time. For example, a re-
cent ground-based deterrent study by Lindsey (2017) 
showed a reduction in effectiveness with distance at 
approximately 30 m from the source signal, but no 
difference in bat activity among the continuous and 
pulsed ultrasonic signals tested. The deterrent also 
influenced bat flight behavior, with significantly 
fewer complex foraging flight paths and signifi-
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Implementing and evaluating the effectiveness of 
minimization strategies is more expensive than typ-
ical post-construction fatality studies and requires 
large amounts of data collected over several field sea-
sons. Moreover, the cost of technology research and 
development is expensive and, understandably, wind 
energy companies are hesitant to fully bear the costs 
of these types of endeavors. In addition, given the 
permitting environment, it may be a challenge to ob-
tain a permit allowing a subset of wind turbines to 
operate under “normal” conditions, which is re-
quired to evaluate the effectiveness of the strategy 
in question. Another challenge is to understand how 
much uncertainty is acceptable when testing and 
evaluating these strategies. For example, how many 
studies are necessary before a strategy is either ac-
cepted or rejected?

Advances in technology may affect minimization 
strategies. Increases in blade lengths will likely de-
crease the effective range for nacelle-mounted ultra-
sonic acoustic deterrents because high frequency 
sound attenuates rapidly in the atmosphere (Arnett 
et al. 2013b). In addition, operational minimization 
or feathering turbine blades during periods of high 
risk for bats may no longer be an option because of 
changes in blade length. Arnett et al. (2008) summa-
rized findings from several studies and determined 
that bat fatalities were greater when wind speeds 
were relatively low. Moreover, feathering turbine 
blades, even below the manufacturer’s cut-in speed, 
may become obsolete if it is not financially viable to 
feather blades at sites where only low wind speed 
conditions exist.

One clear research opportunity is to develop 
more robust predictive models of bat activity and 
fatality at wind turbines that incorporate a broad 
spectrum of environmental conditions. For example, 
there may be environmental variables that can po-
tentially predict bat activity or fatality other than 
just wind speed and temperature (Weller and 
Baldwin 2012, Martin et  al. 2017). Identifying 
these variables and incorporating them into oper-
ating procedures may lead to more ecologically 

ating new habitat or protecting existing habitat is 
local and often focused on a single hibernaculum or 
forest patch, for example. Given the broad seasonal 
movement patterns of bats, there is no assurance of 
survival or increased fitness outside of the mitigated 
area. Moreover, with the current and projected 
growth of wind energy development, the likelihood 
of a bat encountering wind turbines near the miti-
gated area or elsewhere along its migration route is 
high. Furthermore, no data yet exist to support the 
idea that compensatory mitigation ensures greater 
reproductive output by bats using the area, and even 
if it did, we have no way of measuring it. As a more 
cost-effective approach, funding for compensatory 
mitigation should be diverted, at least in part, to de-
veloping and testing strategies to reduce the adverse 
effects of wind turbines on bats. These strategies 
have a greater chance of providing real conservation 
value by protecting existing bats, and their results are 
measurable. Alternatively, funding research to better 
understand resource use by bats may help in deter-
mining the proper habitat area and quality neces-
sary for bat conservation.

Challenges and Opportunities Related to 
Reducing Bat Fatalities

Under the current regulatory framework, it is un-
likely that operational minimization requiring 
higher cut-in speeds will be broadly implemented 
because of the concomitant loss in power genera-
tion. This is unfortunate, as the best estimates sug-
gest that wind turbine–associated tree bat mortal-
ity (the 3 Lasiurus species with high reported rates 
of bat fatality at wind turbines across the United 
States and Canada) could be reduced by 50% or 
greater by raising cut-in speed to 5.0 m/s from July 
to September. Given the lack of reliable population 
estimates for migratory tree bats, however, it is not 
possible to put this mortality reduction into con-
text or enact policy to protect these bat species that 
have no special conservation status, at least in the 
United States.
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bats have low reproductive rates (Barclay and Harder 
2003) and population dynamics are sensitive to vari-
ation in adult survival (e.g., Schorcht et  al. 2009, 
Thogmartin et al. 2013), recovery from population 
declines is likely to be slow for bats. For these rea-
sons, researchers and wildlife managers are con-
cerned that fatalities from wind turbines are likely 
contributing to bat population declines (Barclay and 
Harder 2003, Hein and Schirmacher 2016, Frick 
et al. 2017).

Traditional survey techniques and approaches 
used to estimate population sizes and trends in other 
wildlife taxa have limitations when applied to bats, 
because they are nocturnal, cryptic, and difficult to 
follow over time because of extensive seasonal move-
ments between summer breeding areas and over-
wintering sites (Cryan 2003). This is especially true 
for migratory tree bats, given their solitary nature. 
Increasingly, researchers are turning to intrinsic 
markers such as genetically based biomarkers and 
chemical signals to measure demographic trends, es-
timate population parameters, and identify migra-
tory pathways (e.g., Lehnert et  al. 2014, Korstian 
et al. 2015, Pylant et al. 2016).

An improved understanding of the geographic or-
igins of bats killed at wind energy facilities can pro-
vide important insights into the diversity and popu-
lation structures of affected species, as well as 
identify the scales at which these species are affected 
by wind energy development (Figure 6.3). Stable hy-
drogen isotope ratios (δ2H) have proven to be an 
excellent tool for inferring the geographic origins of 
migratory wildlife (Rubenstein and Hobson 2004, 
Hobson 2008), including bat species killed at wind 
energy facilities (e.g., Cryan et al. 2014a). Using this 
approach, it was revealed that noctule bat (Nyctalus 
noctula) fatalities at wind energy facilities in eastern 
Germany comprised both resident and long-distance 
migrant bats (Lehnert et al. 2014). This migratory 
species is the most frequently detected bat species in 
fatality searches in this part of Germany, and re-
search indicated that individual losses could affect 
both local and distant populations (Lehnert et al. 

informed and more cost-effective operational 
minimization.

We fully anticipate that advances in technologi-
cal solutions to characterize and reduce bat–wind 
turbine collisions are forthcoming. Significant pro
gress is being made in the areas of acoustic deterrent 
technology, blade-strike sensors, and real-time acous-
tic or video monitoring within the rotor-swept area 
of wind turbines that may inform and improve strat-
egies to reduce bat fatalities at wind turbines. If 
regulatory agencies, nongovernmental organizations, 
and wind energy developers can collectively support 
and implement “research as mitigation,” this would 
greatly accelerate the pace at which new technolog-
ical solutions are developed and tested at operational 
wind energy facilities, as the risk would be spread 
among all involved stakeholders. It also is likely that 
in the future, we will see 2 or more minimization 
strategies used in concert to achieve desirable levels 
of bat fatality reductions for the smallest possible loss 
in power generation.

Population Analyses

Although not all bat species are affected equally by 
wind energy development, the combination of high 
wind turbine–related fatality rates for some species 
and other sources of bat mortality, such as WNS, 
place the population status of many North American 
bat species in question (Thogmartin et al. 2013, Rod
house et al. 2015, Erickson et al. 2016, Frick et al. 
2017). For most bat species, including those affected 
by wind energy production, our understanding of 
their population sizes, demographic trends, or the ex-
tent of population structure is limited (Kunz et al. 
2007), making it exceedingly difficult to put mortal-
ity into context and devise scientifically based recom-
mendations for the long-term conservation of bats. 
Nonetheless, it is anticipated that mortality from 
wind energy development will be additive rather 
than compensatory for bat populations that are al-
ready thought to be in decline (Winhold et al. 2008, 
Ford et al. 2011, Francl et al. 2012). Furthermore, as 
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iency to sustained wind turbine mortality and the 
likelihood of population persistence. For example, 
species with small effective population sizes (Ne) 
contain low levels of genetic diversity that may limit 
their evolutionary potential to respond to selection 
and avoid inbreeding (Frankham et al. 2009). Thus, 
these species may be affected by wind turbine mor-
tality to a greater extent than species with large Ne. 
Population genetic analyses can also provide insights 
into historical population sizes, including both range 
expansions and population bottlenecks, identify evo-
lutionarily unique subpopulations, and be used to 
monitor changes in population sizes over time 
(Frankham et al. 2009). Several recent studies have 
used genetic approaches to address these questions 
for the 3 species of bats that appear to be most af-
fected by wind energy development in North Amer
ica (e.g. Korstian et  al. 2015, Vonhof and Russell 

2014). Of particular concern was the large propor-
tion of dead adult females, because recruitment and 
population stability of noctule bats are especially sen-
sitive to changes in adult female survival (Petit and 
Mayer 2000, Jones et al. 2003). In the United States, 
Pylant et al. (2016) investigated the origins of east-
ern red bats and hoary bats killed at wind energy fa-
cilities in the central Appalachian Mountains. For 
eastern red bats, 57% of fatalities were from nonlo-
cal sources, whereas only 1% of hoary bat fatalities 
were from nonlocal sources. This study showed that, 
even among the migratory tree bats in North Amer
ica, different species may be affected differently by 
wind power development, and baseline monitoring 
efforts such as these may help us track these effects 
over time.

Similarly, genetic diversity and population struc-
ture of affected bat species likely influences resil-

Figure 6.3  ​Researcher setting up a mist-net to catch and collect stable isotope data from live bats. Inset: Eastern red bat, 
Lasiurus borealis, captured in a mist net. Photo credit: Texas Christian University.
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these 2 stressors together and showed a synergistic 
effect. The potential effect of both stressors to-
gether was greater than when considering either 
stressor alone, further highlighting the need for a 
better understanding of Indiana bat–wind turbine 
collision risk.

As another example, Frick et al. (2017) used a 
population projection modeling approach to explore 
whether fatalities from wind turbines threaten the 
population viability of the hoary bat, the species most 
frequently detected during carcass searches at wind 
turbines across North America (Arnett and Baerwald 
2013). Given the lack of available empirical data for 
hoary bats, this modeling approach relied on expert 
elicitation (Martin et  al. 2012), bat population 
growth-rate data from other species, and estimates 
of mortality from wind turbines across North Amer
ica to assess the likelihood that mortality from wind 
turbines (at the installed capacity in 2014; AWEA 
2016, CanWEA 2016) poses a species-level threat to 
hoary bats in North America. The results of the sim-
ulations showed that current mortality from wind 
turbines could result in rapid and severe declines in 
hoary bat populations within 50 years and increased 
risk of extinction within 100 years. Moreover, the ap-
proach taken by Frick et al. (2017) is conservative in 
that they used the lowest published estimates of bat 
fatality rates and held installed wind energy capac-
ity constant at 2014 levels. Installed wind energy ca-
pacity is projected to increase; therefore, it is likely 
that species-level impacts will also increase, unless 
mitigation strategies are broadly implemented across 
North America.

Challenges and Opportunities Related  
to Population Analyses

Without a better understanding of population size, 
demographics, and the effects of fatalities on the vi-
ability of bat populations, it is not possible to fully 
quantify effects of wind turbines on bat populations, 
nor the effectiveness of mitigation strategies at wind 
energy facilities. These knowledge gaps also present 

2015, Sovic et al. 2016). For the eastern red bat, sev-
eral studies estimating Ne have come to similar con-
clusions that the effective population size is in the 
hundreds of thousands to millions of individuals, 
with no evidence of barriers to gene flow among 
groups of samples (Korstian et al. 2015, Vonhof and 
Russell 2015, Pylant et al. 2016, Sovic et al. 2016). 
Similarly, there is no evidence of population genetic 
structure in the hoary bat (Korstian et al. 2015, Py-
lant et al. 2016, Sovic et al. 2016), although the esti-
mates of Ne are smaller for this species compared 
with the eastern red bat. Sovic et al. (2016) also an-
alysed genetic samples from silver-haired bats and 
came to similar conclusions: there is no evidence for 
population structure in this species, although it had 
the smallest estimated Ne of these 3 species. In sum-
mary, high levels of gene flow and connectivity across 
the population ranges of three North American tree 
bat species indicates that monitoring and man-
agement efforts must integrate information from 
across their entire ranges as potential impacts of 
mortality in any given region may have far-reaching 
implications.

Given the challenges of obtaining empirical de-
mographic data to predict population- and species-
level effects from wind turbine mortality, several 
different modeling approaches are also being imple-
mented to provide quantitative assessments of the 
potential effects of wind energy development on 
bats. For example, Erickson et al. (2016) created a 
full-annual-cycle model to simultaneously explore 
the potential impacts of wind energy development 
and WNS across the range of the federally endan-
gered Indiana bat. This spatially explicit modeling 
approach incorporated mortality and reproduction 
for all seasons of this species’ life cycle. Based on sim-
ulated mortality rates, Erickson et  al. (2016) con-
cluded that the combination of mortality from wind 
turbines and WNS appeared to be additive, with 
wind turbine mortality likely leading to extirpation 
of small hibernacula and WNS mortality likely lead-
ing to extirpation of large hibernacula. This study 
was the first to investigate the potential impacts of 

 EBSCOhost - printed on 2/13/2023 9:41 AM via . All use subject to https://www.ebsco.com/terms-of-use



wind energy effects on bats  135

mortality events are exceedingly difficult to accu-
rately estimate, so it may not be possible to know 
what the effects of wind turbine fatality will be for 
these bats.

New advances in genetic approaches and stable 
isotopes have provided key insights into the geo-
graphic origins of bats killed at wind energy facili-
ties, in both Europe and North America, and it is be-
coming clear that these facilities may affect both 
local and distant bat populations. By combining an 
analysis of patterns of mortality across existing wind 
energy facilities with information gained from intrin-
sic markers, it may be possible to identify bat migra-
tion routes and flyways in North America. An im-
proved understanding of bat migration could also 
be used to increase the effectiveness of operational 
minimization strategies and inform siting of future 
wind energy development.

Future research efforts should focus on under-
standing the population-level consequences of wind 
turbine–caused bat mortality. Being able to place fa-
tality estimates into a population-level context will 
help shape the conversation about the sustainability 
of wind power generation and could lead to actions 
to protect migratory tree bat populations while they 
still are intact. In particular, the modeling approach 
employed by Frick et al. (2017) using expert elicita-
tion could be used to inform relative risk to other 
North American migratory bat species. At a mini-
mum, these efforts would provide a baseline against 
which future data sets could be compared.

Reducing the take of bats via operational minimi-
zation could ensure the persistence of many bat spe-
cies and even aid in the potential recovery of those 
species critically affected by WNS. Thus, until we 
know why bats are active near wind turbines and, in 
turn, devise ways to prevent such interactions, cur-
tailing wind turbines is currently the most effective 
solution to reducing bat fatalities. The challenge is 
to improve the efficiency of this minimization strat-
egy to facilitate population-level responses in bat spe-
cies, while simultaneously reducing costs to wind 
energy operators.

significant challenges for nongovernmental organ
izations, policy makers, and regulatory agencies. 
Thus, some questions remain largely unanswered: 
How large do fatality reductions need to be to ensure 
some level of assurance regarding bat population per
sistence? How do we know whether fatality thresh-
olds established at a single site or region are bio-
logically meaningful? How are these site-specific 
thresholds accounting for mortality occurring be-
yond their jurisdiction? (Arnett et al. 2013c).

Given the challenges associated with gathering 
empirical demographic and population data for the 
North American migratory tree bats, we may need to 
rely on elicitation of expert opinion to guide conser-
vation decision making for the foreseeable future 
(Martin et al. 2012) and inferences from intrinsic 
markers to monitor and evaluate the potential im-
pacts of wind turbine–associated mortality on bats. 
To date, there is no strong genetic evidence of popu-
lation declines in migratory tree bat species; how-
ever, data from other sources, such as capture rates 
and acoustic detections, suggest their populations 
may be at risk. Regional declines have been reported 
in eastern red bats based on decreases in capture 
rates in mist-netting surveys and the numbers of bats 
submitted for rabies testing (Winhold et al. 2008), 
whereas declines in hoary bats are based on decreases 
in acoustic activity patterns (Ford et al. 2011) and 
capture rates in mist-netting surveys (Francl et al. 
2012). Nonetheless, Korstian et al. (2015) cautioned 
that genetic monitoring of migratory tree bats spe-
cifically for detecting population declines caused by 
wind turbines may be impractical because of the 
large effective population sizes and high levels of 
gene flow in these species. Instead, they suggested 
that future efforts should focus on developing ge-
nomic resources for these species, obtaining better 
estimates of mutation rates, and conducting range-
wide population genetic studies to better estimate 
historical and current population sizes. Population 
sizes of threatened and endangered bat species are 
already small, which suggests that levels of fatality at 
wind energy facilities will also be small. Yet, rare 
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tory and mating seasons of some of the species most 
frequently found during carcass searches (Barclay 
et al. 2017), it has been hypothesized that bats are 
mistaking wind turbines for trees that could serve as 
congregation points and display sites for attracting 
and finding mates (Cryan and Brown 2007, Cryan 
2008). A subsequent study using thermal imagery to 
observe bats interacting with turbines supported this 
hypothesis; bats were seen approaching turbines 
most often from the leeward side in the same man-
ner as they would approach trees for roosting, mat-
ing, and social opportunities (Cryan et al. 2014b). 
Another study hypothesized that bats may misper-
ceive wind turbine towers as water (McAlexander 
2013), as previous research demonstrated that echo-
locating bats misidentify artificial smooth surfaces 
to be water (Greif and Siemers 2010, Russo et  al. 
2012). Another possible explanation is that wind 
turbines may provide bats with resources like water 
(e.g., condensation on the tower), roosting sites, 
and foraging opportunities. For example, Long et al. 
(2011) reported that insects are drawn to light-
colored turbines in particular; because turbines are 
commonly painted light colors, bats may be at-
tracted to wind energy facilities as a result of insect 
aggregations on and around the turbine towers.

Many attraction hypotheses have not yet been rig-
orously tested because bats are difficult to observe 
interacting with turbine blades, nacelles, and towers 
high above the ground at night. Nonetheless, with 
advances in technology, we can see and hear bats in-
teracting with wind turbines in various ways, and 
these studies are providing much-needed insights to 
address the central question: Why are bats being 
killed at wind turbines? With the use of infrared vid-
eography, bats can be seen exploring and contacting 
turbine monopoles, nacelles, and blades, especially 
during low wind speed nights and often from the lee-
ward side of turbines (e.g., Ahlén et al. 2007, Horn 
et al. 2008, McAlexander 2013, Cryan et al. 2014b). 
Moreover, flight patterns of these bats are suggestive 
of aerial pursuits and gleaning of prey items, roost 
investigation, mating behavior, and even drinking 

Given that fatality monitoring is taking place at 
wind energy facilities across North America, it’s not 
too far-fetched to envision developing a coordinated 
system or repository that could enable a holistic 
look at which species are killed when and provide 
tracking for how population numbers may change 
over time. With coordinated efforts, collecting 
hair and tissue samples for stable isotope and gene
tic analyses could become routine, and collectively, 
these data could allow assessment of the cumula-
tive demographic and genetic effects of wind turbine-
caused bat mortality.

Bat Behavior at Wind Turbines

Although the proximate causes of bat fatality at wind 
turbines are relatively well understood (i.e., bats may 
die from barotrauma, Baerwald et al. 2008, but see 
Rollins et al. 2012; collision with the rotating blades, 
Horn et al. 2008; or a combination of the two, Grod-
sky et al. 2011), the ultimate causes are not as clear 
(Kunz et al. 2007, Arnett et al. 2008, Cryan and Bar-
clay 2009). Increasingly, however, several lines of 
evidence suggest that bats may be attracted to wind 
turbines, and several specific hypotheses have been 
proposed to explain this phenomenon (e.g., Cryan 
and Barclay 2009). One possibility is that bats find 
something about the turbines themselves to be inter
esting (Cryan and Barclay 2009). For example, red 
aviation lights on top of turbine towers have been 
considered a possible attractant to bats; however, 
studies have shown that bat mortality at towers with 
aviation lights is similar to or even lower than mor-
tality at towers without aviation lights (Arnett et al. 
2008, Baerwald 2008, Bennett and Hale 2014). An-
other possibility is that bats are attracted to noises 
generated from the blades or nacelle, blade move-
ment, or Doppler effects resulting from blade move-
ment (Long et al. 2009, 2010).

Alternatively, another attraction hypothesis is that 
bats may misperceive wind turbines as potential re-
sources. As fatalities are concentrated in late sum-
mer and early fall, coinciding with both the migra-
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turbines, especially as insect aggregations are known 
to occur on and around the turbine towers (Long 
et al. 2011). Although there have not been direct ob-
servations of bats capturing prey items from the sur-
faces of turbine towers, diurnal flies and flightless 
insect taxa were identified in the stomachs of bats 
killed in Sweden (Rydell et al. 2016), and field crick-
ets, which are primarily terrestrial, were frequently 
found in the stomachs of hoary bats and eastern red 
bats killed at wind turbines in the state of Texas (Foo 
et al. 2017). The findings of these recent diet analy-
ses, in conjunction with the numerous published ob-
servations of bats making close “investigative” ap-
proaches at turbine towers (e.g., Horn et al. 2008, 
Cryan et al. 2014b), suggest that at least some aerial-
hawking bat species may be able to capture insects 
that rest on wind turbine tower surfaces. Additional 
research is needed to more fully understand the ex-
tent to which aerial-hawking bats may be able to 
switch foraging strategies and whether their forag-
ing success at wind turbines could be enhanced by 
the acoustic mirror effect, which renders prey objects 
on or near smooth surfaces more conspicuous to 
echolocating bats (Siemers et al. 2005).

Challenges and Opportunities  
Related to Bat Behavior

Recent and ongoing research indicates that at least 
some bat species are attracted to wind turbines, and 
that attraction, in a broad sense, is likely contribut-
ing to bat fatalities at wind turbines worldwide. 
Moreover, the various attractors may not be mutu-
ally exclusive, and their relative importance likely 
varies by species, sex, age, time of year, and geo-
graphic location. Thus, it may not be possible to 
identify a single ultimate explanation for bat fatality 
or a single solution that would work to minimize risk 
to all bat species across all wind energy facilities. Bat 
attraction to wind turbines may help explain the dif-
ficulty to date in predicting risk to bats based on 
pre-construction activity surveys or other measures 
of habitat suitability. For example, if turbines reliably 

behavior at wind turbines, thereby providing sup-
port for several of the resource-based attraction 
hypotheses.

When acoustic detectors are deployed in or near 
the rotor-swept zone of operational wind turbines, 
they can provide additional information about spe-
cific types of bat activities observed in the immedi-
ate vicinity of turbines. For example, in the midwest-
ern United States, social calls of hoary bats were 
recorded on the leeward side of turbines, a finding 
consistent with the hypothesis that bats were seek-
ing social opportunities (Cryan et al. 2014b). In an-
other study, a range of echolocation call types, in-
cluding foraging and approach phase calls, in 
addition to terminal buzzes (Altringham 2011), were 
recorded for 6 species of bats at wind turbine tow-
ers in the US southern Great Plains (Foo et al. 2017). 
Included in this data set were recordings of terminal 
buzzes from within the rotor-swept zone, which pro-
vides compelling evidence that bats are attempting 
to capture prey items at heights at which they are 
susceptible to collision with rotating blades. It is 
important to note, however, that terminal buzzes 
also may be indicative of bats locating landing sites 
(e.g., Melcón et  al. 2007) and drinking water 
(Griffiths 2013). To date, no published study has 
demonstrated that wind turbines provide bats with 
water, but a recent study by Bennett et al. (2017) 
shows that bats will roost on turbines. Thus, more re-
search is needed to fully understand the relative fre-
quency of these activities and how they may contrib-
ute to overall wind turbine–mortality risk in bats.

As video and audio technologies have advanced 
our understanding of bat behavior at wind turbines, 
so too have studies of bat carcasses (and their stom-
ach contents) recovered from post-construction fa-
tality searches (Valdez and Cryan 2013, Rydell et al. 
2016, Foo et al. 2017). These studies provide impor
tant insights into what bats are doing just prior to 
death, including foraging for insect prey items that 
are often abundant around turbine towers. These 
findings indicate that foraging ecology in a broad 
context may be contributing to bat fatalities at wind 
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Undoubtedly advancements will continue in tech-
nologies that allow us to see, hear, and track bats in 
the dark (e.g., Roeleke et al. 2016), giving us the op-
portunity to gain new insights into their behavior. 
Although the problem is multifaceted and complex, 
the more we understand why bats are encountering 
wind turbines, the better equipped we will be to de-
vise and implement effective solutions to inform sus-
tainable wind facility siting, wind turbine opera-
tions, and the development of new technologies to 
reduce bat fatalities.

attract insects, which, in turn, attract bats, then pre-
construction bat activity surveys at potential wind 
energy facilities could drastically underestimate post-
construction bat fatality rates. If reliable and abun-
dant foraging opportunities continue to attract mi-
grating bats to wind turbines, thereby increasing 
collision risk, then future mitigation efforts should 
focus on technological innovations (e.g., acoustic 
deterrents) and operational changes (e.g., raising 
the cut-in speed on low wind speed nights) to re-
duce bat fatalities at wind turbines.

Deep Dive: A Generalized Estimator for 
Quantifying Bat Fatality at Wind Energy 
Facilities

Estimating fatality rates is fundamental to 
understanding the effects of wind turbines on 
bats. Multiple methods for estimating fatali-
ties have been developed in the last 20 years 
and several are still in use, including those of 
Shoenfeld (2004), Huso et al. (2012), Korner-
Nievergelt et al. (2013), and Wolpert (2013). 
These methods adjust raw survey data to 
account for imperfect detections (e.g., car-
casses missed by searchers or removed by 
scavengers); however, the published estimators 
differ in their underlying assumptions and 
complexity and can produce statistically 
significant differences in estimates of fatality 
from the same data when model assumptions 
are not met. Moreover, the current use of 
multiple estimators is problematic for compar-
ing results among studies, developing cumula-
tive estimates, and implementing operational 
minimization strategies based on some 
threshold of fatality.

Notably, the problem with interpreting 
results from 2 different fatality estimators was 
encountered at a wind energy facility in the 
state of Pennsylvania. Fatality data were 

collected in accordance with the Pennsylvania 
Game Commission’s Wind Energy Coopera-
tion Agreement (Pennsylvania Game Commis-
sion 2013). As per the agreement, 2 different 
estimates were required: (1) the Shoenfeld 
(2004) estimator, also referred to as the 
Erickson estimator; and (2) the Huso et al. 
(2012) estimator. In addition, the agreement 
established a bat fatality threshold equal to 30 
bats/turbine/year, but did not specify which 
fatality estimator should be used in determin-
ing whether the threshold was exceeded, nor 
did it specify whether the threshold had to be 
above the point estimate of fatality or the 
upper (1 − α) confidence limit.

The difference between the 2 fatality 
estimators was statistically significant, and the 
mean of the Shoenfeld and Huso estimators 
were below and above the threshold, respec-
tively. Causes of the discrepancy are related to 
the assumptions of the estimators with 
respect to searcher efficiency and carcass 
persistence. For example, the Shoenfeld 
estimator assumes the probability of finding a 
carcass does not change with each search. The 
consequence of this assumption, when 
persistence times are long, is that after 
multiple searches, the probability that a 
carcass will eventually be found approaches 
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basic questions is hindered by a lack of robust data, 
and we are in danger of repeating past mistakes as 
wind energy development expands into new regions. 
To resolve these issues, a new paradigm is required—
one of comparability and transparency. We must 

Conclusions

Although our understanding of the effects of wind 
turbines on bats has improved in recent years, we 
have only scratched the surface of understanding 
bat–wind turbine interactions. Our ability to answer 

100%, which is unlikely (Korner-Nievergelt 
et al. 2011). Wolpert et al. (2012) suggest that 
searcher efficiency likely diminishes over time. 
Assuming constant search efficiency will lead 
to overestimation of searcher efficiency and 
underestimation of fatality. In contrast, the 
Huso estimator assumes the probability of 
finding a carcass after the first search is 0%, 
which also is unlikely. However, the user of the 
Huso estimator satisfies this assumption by 
using only “fresh” carcasses or those deter-
mined to have died since the previous search 
in the observed carcass counts.

There also are different assumptions in the 
estimators related to carcass persistence. The 
Shoenfeld estimator assumes carcass removal 
occurs at a constant rate (i.e., an exponential 
distribution), which is rare in field trials (Bispo 
et al. 2013). The Huso estimator allows for 
model selection of the most appropriate 
carcass persistence distribution (i.e., exponen-
tial, Weibull, log-logistic, log-normal) based on 
available data. In the Pennsylvania case, the 
best model for carcass persistence was the 
log-logistic distribution with initially rapid 
removal followed by high persistence. Assum-
ing the exponential distribution rather than 
the best model based on the data resulted in 
an overestimation of carcass persistence, 
which led to an underestimation of fatality.

Inappropriate use of an estimator or using 
one that is biased because it fails to appropri-
ately account for all sources of imperfect 
detection results in inaccurate estimates and 

can lead to poor management decisions. 
Moreover, these estimates cannot meaning-
fully be compared or used in broader analyses, 
such as those designed to estimate regional or 
national impacts (Huso and Dalthorp 2014). 
The example presented here demonstrates the 
confusion inherent in using multiple fatality 
estimators. In this case, the Shoenfeld estima-
tor is not the most appropriate one to use, but 
knowing which estimator to base decisions on 
is beyond the capacity of most natural re-
source managers and wind energy developers.

Careful analysis of the myriad available 
estimators indicates that each estimator can 
potentially be viewed as a special case of a 
generalized estimator. A working group 
comprising several statisticians (many of 
whom created the estimators in current use), 
together with nongovernmental organizations 
and the wind industry, has been tasked with 
developing a generalized estimator (aka 
GenEst). These collaborators have recognized 
the commonalities among estimators and will 
formalize the theoretical bases to unify, under 
a single theoretical umbrella, several seemingly 
disparate approaches to estimating bat fatality 
at wind facilities. This generalized fatality 
estimator will allow end users to test assump-
tions regarding input parameters and select 
the approach that best reflects their situation 
and data. Thus, results of this effort are 
expected to reduce confusion, provide 
comparability among studies, and offer a more 
accurate estimate of bat fatalities.
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bining the expertise and resources from academia, 
nongovernmental organizations, industry, and gov-
ernment agencies can we develop and implement 
mutually beneficial guidelines, methods, and miti-
gation strategies that minimize negative conse-
quences for bats while maximizing renewable en-
ergy production.
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attention, birds that do not fly into turbine blades 
may nonetheless be affected by towering infrastruc-
ture, roads, and increased human activity associated 
with wind development. Many prairie-chicken (Tym-
panuchus spp.) and sage-grouse (Centrocercus spp.) 
populations (hereafter, collectively, “prairie grouse”) 
inhabit the same windy plains where wind turbines 
are popping up; yet, studies of wind energy impacts 
on declining prairie grouse species are few. And in-
sects, generally of little interest to the public and wild-
life scientists alike (e.g., Grodsky et al. 2015), surely 
interact with wind facilities in interesting ways, yet 
our knowledge about wind energy–insect interac-
tions is minimal. A study showed insect carcasses 
that build up on wind turbine blades can reduce 
wind power production by 50% (Corten and Veld-
kamp 2001). That is a problem for wind industry effi-
ciency, but is it a problem for insect populations? 
Research to answer that question is just beginning.

Various taxonomic groups—as disparate as elk 
(Cervus elaphus) and bumble bees (Bombus spp.)—
are emerging as contemporary subjects of regulatory 
and policy concern, stimulating new research on spe-
cies not typically associated with wind energy im-
pacts. For example, a growing appreciation for the 
migration routes that connect summer and winter 
ranges of mule deer (Odocoileus hemionus), prong-

Introduction

Bird and bat carcasses beneath wind turbines were 
clear and early indications of impacts of wind energy 
production on wildlife, generating substantial pub-
lic concern and scientific interest in volant species. 
For birds in particular, understanding effects of wind 
energy on wildlife and how to mitigate them was fur-
ther spurred by key policies, including the Endan-
gered Species Act of 1973 (16 US Code Chapter 35), 
the Bald and Golden Eagle Protection Act of 1940 (16 
US Code 668-668c), and the Migratory Bird Treaty 
Act of 1918 (16 US Code 703-712). Together, legal 
protections for birds and growing conservation con-
cern for bats have helped motivate a relatively robust 
and growing literature on wind energy impacts. 
Chapter 5 (Dohm and Drake) and Chapter 6 (Hein 
and Hale) provide comprehensive coverage of wind 
energy effects on birds and bats, respectively.

For other taxonomic groups, research on wind 
energy effects is in its infancy. For example, many 
ungulate species are of cultural and economic im-
portance to human communities, yet we know 
comparatively little about how these animals respond 
to wind energy development relative to what we 
know about some bird and bat species. Although rap-
tors and other birds of prey have received the most 
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wind energy impacts on ungulates, even in the ab-
sence of endangered species considerations that have 
compelled interest in other taxonomic groups (Ar-
nett et  al. 2007). Early wind development in the 
western United States occurred mostly on private 
lands with fewer regulatory hurdles than would be 
associated with development on public lands (AWEA 
2017). However, to meet the ambitious renewable 
energy goals of many western states, wind develop-
ment is quickly expanding into the public lands of 
the Interior West (Adams 2006); these lands support 
some of the largest remaining ungulate populations 
on Earth. Concurrently, regional declines in mule 
deer and local declines in other ungulate populations 
(summarized by Johnson et al. 2016) have spurred 
more interest in how wind energy development con-
tributes to landscape-scale habitat changes and 
pressures experienced by ungulate species (Nelle-
mann et  al. 2003, Leu et  al. 2008, Johnson et  al. 
2016). Additionally, a growing appreciation for mi-
gration and its role in maintaining robust ungulate 
populations has led states to expand “crucial range” 
definitions beyond winter and parturition areas to in-
clude migration corridors (e.g., Wyoming’s Ungu-
late Migration Corridor Strategy; Wyoming Execu-
tive Order 2015-4). Each of these factors—more 
wind development on federal lands, declining ungu-
late populations, and greater attention to ungulate 
migrations—requires developers and managers to 
better understand and anticipate the effects of wind 
energy across a suite of ungulate species with year-
round habitat needs.

Potential Impacts
Habitat Loss

Direct habitat loss from wind energy development 
occurs when land and vegetation cover are replaced 
by infrastructure, including pads, roads, transmission 
lines, and associated buildings. Future wind energy 
development, estimated from existing wind energy 
leases and the Western Governors’ Association’s 
renewable energy zones, is predicted to affect 

horn (Antilocapra americana), and other ungulate 
species has led several states to implement migration 
corridor policies. These new policies may help shape 
siting and mitigation strategies in places where wind 
development overlaps with critical ungulate habitat, 
including migration routes. Recent petitions for en-
dangered species protection of insects (e.g., rusty 
patched bumble bee, Bombus affinis) also raised con-
cerns regarding siting of wind facilities in imperiled 
insect habitat. And of course, the specter of endan-
gered species listing for the greater sage-grouse 
(Centrocercus urophasianus) continues to shape in-
dustrial wind development in the western United 
States. Some states already have created “core-area” 
policies that limit wind and other energy develop-
ment in key sage-grouse habitat. Each of these pol-
icy priorities demands that we better understand 
how these various taxonomic groups respond to wind 
energy development.

This chapter explores the early science of the ef-
fects of terrestrial wind development on species for 
which there are emerging policy and regulatory 
drivers of conservation interest. We build on existing 
summaries of wind energy effects on wildlife (e.g., 
Arnett et al. 2007, National Research Council 2007, 
Northrup and Wittemyer 2013, Schuster et al. 2015) 
and update the state of knowledge of the effects of 
wind development on previously underrepresented 
wildlife. Based on limited peer-reviewed literature, 
and while acknowledging scientific uncertainty, we 
explore wind energy–wildlife interactions and miti-
gation options for ungulates, prairie grouse, insects, 
and other little-studied taxonomic groups. We con-
clude with ideas about the broader conservation con-
text by weighing local effects of wind energy on 
wildlife against the benefits of renewable energy for 
mitigating climate change impacts to wildlife.

Ungulates
Emerging Issues

The evolving policy and regulatory landscape of the 
western United States is prompting new interest in 
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yer et al. 2017), and in regions with rugged topogra-
phy and more forest cover (Northrup et al. 2015). 
Although it is commonly assumed that ungulates ha-
bituate to development, a 17-year study of mule 
deer and gas development revealed animals did not 
habituate and avoidance impacts were long term 
(Sawyer et al. 2017).

Migratory Connectivity
Most ungulates migrate, sometimes great distances, 
between seasonal ranges, which necessitates analy
sis of wind energy impacts across the annual move-
ment cycle of ungulate species. Winter ranges often 
are spatially limited by geographic features or for-
age availability. As a result, habitat loss in winter 
ranges can reduce carrying capacity for ungulates, 
and disturbance can exacerbate already energeti-
cally stressful conditions. Often ignored, summer 
range is important to the year-round nutritional 
condition of ungulates and can be more important 
than winter range in predicting overwinter survival 
(Cook et  al. 2004, 2016, Tollefson et  al. 2010, 
Monteith et al. 2013).

Only recently have researchers begun to unravel 
the biological and nutritional importance of migra-
tion routes that connect seasonal ranges. Migratory 
animals far outnumber nonmigratory residents 
(Fryxell and Sinclair 1988), whether wildebeest 
(Conochaetes spp.) in the Serengeti, caribou (Rangi-
fer tarandus) in the Arctic, or pronghorn in Wyoming. 
Spring migrations represent a nutritional opportu-
nity to “surf the green wave” of emerging vegetation 
along latitudinal or elevational gradients, allowing 
animals to recuperate from the nutritional deficits of 
winter (Merkle et al. 2016, Aikens et al. 2017), while 
autumn migrations reconnect animals with their 
winter ranges. Given that some migratory popula-
tions spend more than 100 days of the year migrat-
ing, managers are beginning to view migration cor-
ridors as critical seasonal range that complements 
winter and summer ranges (Sawyer et al. 2016).

Recognizing that migration promotes individ-
ual fitness and, in turn, population abundance, 

shrublands that provide habitat for elk, mule deer, 
and pronghorn more than any other ecosystem 
type in the western United States (Pocewicz et al. 
2011). Shrub communities are also notoriously dif-
ficult to recover in semiarid and arid environments, 
making wind development impacts on vegetation 
long lasting (Mason et al. 2011, Korfanta et al. 2015, 
Minnick and Alward 2015).

Indirect habitat loss—also known as displace
ment—can happen when animals avoid or spend 
less time in habitat adjacent to wind energy infra-
structure or activity. Indirect habitat loss through 
behavioral avoidance can be larger than direct habi-
tat loss and, together, they can reduce carrying ca-
pacity for ungulate populations unless impacts are 
mitigated (Sawyer et al. 2006, 2009, Northrup et al. 
2015). For instance, over 50% of mule deer winter 
range in the Piceance Basin of Colorado was lost to 
displacement and direct habitat loss related to oil and 
gas development (Northrup et al. 2015). Yet, avoid-
ance behavior in response to energy infrastructure 
and disturbance can be highly variable across species. 
For example, mule deer have shown greater avoid-
ance (Sawyer et  al. 2006) than pronghorn (Beck-
mann et al. 2012) to oil and gas development. More-
over, responses of individuals within a population 
vary from year to year (Sawyer et al. 2017) and even 
within a day (Northrup et al. 2015). Topographic and 
vegetative diversity provide refugia and can amelio-
rate ungulate response to disturbance from energy 
development (Lendrum et al. 2012, Buchanan et al. 
2014, Northrup et al. 2015). In general, ungulate 
avoidance levels are greater when (1) human activ-
ity or disturbance is elevated, for example, during the 
construction phase (Sawyer et al. 2009) or during 
daytime operations (Dzialak et al. 2011, Lendrum 
et al. 2012, Northrup et al. 2015); (2) individuals are 
in good body condition, for example, during mild 
winters (e.g., Sawyer et al. 2017); and (3) individu-
als occupy open areas with little topographic relief 
(e.g., Northrup et al. 2015, Sawyer et al. 2017). Con-
versely, avoidance levels tend to be attenuated at 
lower levels of activity, during harsh winters (Saw-
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seq.) in the form of environmental impact assess-
ments for projects on federal lands or those that use 
federal funds (see Chapter 10, Arnett). More mean-
ingful and substantive cumulative impact analyses 
will be increasingly important as residential develop-
ment, multiple forms of energy development, cli-
mate change, and other major landscape drivers af-
fect ungulates.

Several studies have demonstrated cumulative 
impacts of multiple anthropogenic landscape 
changes on ungulates. In Colorado, for instance, 
Johnson et al. (2016) showed that energy develop-
ment’s role in reduced recruitment of mule deer on 
their winter range was additive to the substantial 
impacts of rural residential development. In Nor-
way, Nellemann et al. (2003) concluded that project-
level impact analysis failed to address the cumula-
tive impacts of progressive industrial development 
(e.g., roads, reservoirs, powerlines) that led to much-
reduced reproductive success and permanently 
altered habitat use in reindeer (Rangifer tarandus). 
Such impacts can be easy to miss at the small spa-
tial scales typical of site-level analyses (Vistnes and 
Nellemann 2008, Skarin et  al. 2015). Added to 
multiple forms of industrial and residential develop-
ment, cumulative impacts include those from habitat 
alterations caused by climate change, disease, and 
hunting pressure, among others (Dzialak et al. 2011, 
Christie et al. 2015).

Observed Impacts

The state of the science on wind energy impacts to 
ungulates is weak, though a few studies have exam-
ined wind energy impacts on North American ungu-
lates (Arnett et  al. 2007, Johnson and Stephens 
2011, Northrup and Wittemyer 2013; Table 7.1). No-
tably absent from the literature are studies of wind 
energy impacts to mule deer, which have experi-
enced population declines in many places (summa-
rized by Johnson et al. 2016) and are known to avoid 
energy infrastructure (Northrup et al. 2015, Sawyer 
et al. 2017); mule deer have substantial range over-

wildlife managers and stakeholders are motivated 
to ensure that migration routes remain connected 
and functional in the face of expanding wind en-
ergy development. At certain densities, wind en-
ergy infrastructure along ungulate migration routes 
could increase movement rates and reduce use of 
stopovers, where animals linger to gain energy re-
serves (Sawyer and Kauffman 2011, Lendrum et al. 
2012, Sawyer et al. 2013, Skarin et al. 2015). We 
need a better understanding of how much energy 
development like wind energy migratory herds 
can withstand before routes are severed or move-
ment rates increase such that nutritional benefits 
are lost and ungulate fitness is diminished (Sawyer 
et al. 2013).

Direct Mortality
Although direct and indirect habitat loss are primary 
considerations for wind energy impacts on ungu-
lates, direct sources of mortality are worth noting. 
Energy infrastructure of all kinds creates road net-
works that can increase wildlife-vehicle collisions 
(Forman and Alexander 1998, Dzialak et al. 2011). 
Fences, including those bordering road rights-of-way 
or property lines, are well-documented sources of di-
rect mortality for mule deer and, especially, prong-
horn; pronghorn are unable to traverse fence lines 
unless they can crawl under them (Harrington and 
Conover 2016).

Cumulative Impacts
Given the rapidly growing human footprint, espe-
cially in landscapes of the western United States 
(Leu et al. 2008), any negative effects that ungulate 
populations experience from wind development are 
additive to the impacts they experience from other 
land-use changes and disturbances. As such, wind 
energy development should be considered in the 
context of cumulative impacts (Arnett and May 
2016), requiring a perspective that goes beyond in-
dividual wind project boundaries. Such cumulative 
impact analyses are required by the National Envi-
ronmental Policy Act of 1969 (42 US Code §4321 et 

 EBSCOhost - printed on 2/13/2023 9:41 AM via . All use subject to https://www.ebsco.com/terms-of-use



Ta
bl

e 
7.

1.
 

Pe
er

-r
ev

ie
w

ed
 s

tu
di

es
 o

f 
w

in
d 

en
er

gy
 e

ff
ec

ts
 o

n 
N

or
th

 A
m

er
ic

an
 u

ng
ul

at
e 

sp
ec

ie
s

Sp
ec

ie
s

St
ud

y
Pr

oc
es

se
s 

Ex
am

in
ed

Im
pa

ct
s

St
ud

y 
D

es
ig

n
St

ud
y 

D
ur

at
io

n
Lo

ca
ti

on
N

um
be

r 
of

 
Tu

rb
in

es
Sa

m
pl

e 
Si

ze

R
ei

nd
ee

r
C

ol
m

an
 e

t a
l. 

20
12

A
bu

nd
an

ce
, 

m
ov

em
en

t 
ac

ro
ss

 w
in

d 
fa

ci
lit

y

N
o 

im
pa

ct
C

on
tr

ol
-t

re
at

m
en

t, 
di

re
ct

 o
bs

er
va

ti
on

s 
m

ap
pe

d 
to

 G
IS

1–
5 

m
on

th
ly

 
ob

se
rv

at
io

ns
/y

ea
r 

fo
r 

5 
ye

ar
s 

(1
 y

ea
r 

co
ns

tr
uc

ti
on

)

N
or

th
er

n 
N

or
w

ay
17

 (
2.

3 
M

W
)

60
1–

2,
24

7 
ob

se
rv

at
io

ns
/

ye
ar

C
ol

m
an

 e
t a

l. 
20

13
A

bu
nd

an
ce

, 
av

oi
da

nc
e 

of
 

in
fr

as
tr

uc
tu

re

Po
ss

ib
le

 ro
ad

 a
vo

id
an

ce
 

du
ri

ng
 c

on
st

ru
ct

io
n,

 
no

 a
vo

id
an

ce
 o

f w
in

d 
fa

ci
lit

y, 
hi

gh
er

 d
en

sit
y 

of
 re

in
de

er
 o

n 
tr

ea
t

m
en

t s
ite

 (r
el

at
ed

 to
 

ha
bi

ta
t q

ua
lit

y)

C
on

tr
ol

-t
re

at
m

en
t, 

di
re

ct
 o

bs
er

va
ti

on
, 

fe
ca

l p
el

le
t t

ra
ns

ec
ts

6 
ye

ar
s 

fe
ca

l p
el

le
t 

tr
an

se
ct

s 
(p

re
-, 

du
ri

ng
, a

nd
 p

os
t- 

co
ns

tr
uc

ti
on

),
 

5 
ye

ar
s 

of
 o

bs
er

va
-

ti
on

s 
(d

ur
in

g 
an

d 
po

st
-c

on
st

ru
ct

io
n)

N
or

th
er

n 
N

or
w

ay
17

 (
2.

3 
M

W
)

16
 tr

an
se

ct
s 

w
in

d,
 

4 
tr

an
se

ct
s 

co
nt

ro
l

Fl
yd

al
 e

t a
l. 

20
09

A
re

a 
us

e,
 

vi
gi

la
nc

e 
of

 
pe

nn
ed

 
re

in
de

er

N
o 

im
pa

ct
C

on
tr

ol
-tr

ea
tm

en
t, 

be
ha

vi
or

al
 o

bs
er

va
-

tio
ns

 o
f s

em
id

om
es

tic
 

re
in

de
er

 in
 e

nc
lo

su
re

s 
ad

ja
ce

nt
 to

 tu
rb

in
e 

or
 

no
 tu

rb
in

e

Tw
o 

fa
lls

: fi
rs

t s
ea

so
n 

 
a 

pi
lo

t s
tu

dy
 w

it
h 

ex
pe

ri
m

en
ta

l m
a-

ni
pu

la
ti

on
 o

f o
ne

 
tu

rb
in

e

M
id

-N
or

w
ay

5
3–

5 
fe

m
al

e 
re

in
de

er

Sk
ar

in
 e

t a
l. 

20
15

C
or

ri
do

r 
an

d 
st

op
ov

er
 u

se
, 

st
ep

 le
ng

th

R
ed

uc
ed

 u
se

 o
f 

m
ov

em
en

t a
nd

 
st

op
ov

er
 h

ab
it

at
  

an
d 

in
cr

ea
se

d 
st

ep
 

le
ng

th
 d

ur
in

g 
co

ns
tr

uc
ti

on

B
ef

or
e-

af
te

r, 
G

PS
 c

ol
la

r 
da

ta
2 

ye
ar

s p
re

-c
on

st
ru

ct
io

n,
 

2 
ye

ar
s d

ur
in

g 
co

ns
tr

uc
ti

on

Sw
ed

en
2 

w
in

d 
fa

ci
lit

ie
s:

  
8 

an
d 

10
 

tu
rb

in
es

80
 fe

m
al

es

Ts
eg

ay
e 

et
 a

l. 
20

17
Po

pu
la

ti
on

 
de

ns
ity

, 
ha

bi
ta

t u
se

A
vo

id
an

ce
 d

ur
in

g 
w

in
d 

fa
rm

 c
on

st
ru

ct
io

n 
in

 
th

e 
ca

lv
in

g 
se

as
on

, n
o 

eff
ec

t d
ur

in
g 

op
er

at
io

n

B
ef

or
e-

af
te

r, 
di

re
ct

 
ob

se
rv

at
io

n 
an

d 
G

PS
 

co
lla

r 
da

ta

9 
ye

ar
s 

ob
se

rv
at

io
na

l 
da

ta
 (

1×
/m

on
th

),
 

3 
ye

ar
s 

G
PS

 d
at

a,
 

pr
e-

, d
ur

in
g,

 a
nd

 
po

st
-c

on
st

ru
ct

io
n

Va
nn

øy
 

Is
la

nd
, 

N
or

w
ay

18
14

 G
PS

-c
ol

la
re

d 
fe

m
al

es

El
k

W
al

te
r 

et
 a

l. 
20

06
H

om
e 

ra
ng

e,
 

fo
ra

ge
 q

ua
lit

y 
fr

om
 p

el
le

ts

N
o 

im
pa

ct
B

ef
or

e-
af

te
r, 

V
H

F 
co

lla
r 

da
ta

2 
ye

ar
s:

 2
 m

on
th

s 
be

fo
re

, 1
0 

m
on

th
s 

du
ri

ng
, 1

2 
m

on
th

s 
af

te
r 

co
ns

tr
uc

ti
on

So
ut

hw
es

t-
er

n 
O

kl
ah

om
a

45
 (

1.
65

 
M

W
)

10
 e

lk

Pr
on

gh
or

n
Ta

yl
or

 e
t a

l. 
20

16
A

du
lt 

fe
m

al
e 

su
rv

iv
al

N
o 

im
pa

ct
 o

f t
ur

bi
ne

s,
 

de
cr

ea
se

d 
w

in
te

r 
su

rv
iv

al
 w

it
h 

pr
ox

im
ity

 to
 m

aj
or

 
ro

ad
s

D
is

ta
nc

e 
to

 w
in

d 
in

fr
as

tr
uc

tu
re

, G
PS

 
co

lla
r 

da
ta

3 
w

in
te

rs
 (

1 
du

ri
ng

 
co

ns
tr

uc
ti

on
)

So
ut

h-


ce
nt

ra
l 

W
yo

m
in

g

74
 (

1.
5 

M
W

)
47

 a
du

lt 
fe

m
al

es

 EBSCOhost - printed on 2/13/2023 9:41 AM via . All use subject to https://www.ebsco.com/terms-of-use



effects of wind energy on wildlife  151

tumn, reindeer showed a 12% to 13% reduction in 
habitat use within 3.5 km of construction activities.

Wind facilities also can alter reindeer migration 
patterns during the construction phase. During con-
struction of 2 small wind facilities in Sweden, mi-
gratory reindeer reduced their use of migration cor-
ridors across the site by 76%, spending more time in 
a “holding pattern” along the edges of the wind fa-
cilities (Skarin et al. 2015). Concurrently, reindeer 
increased step length within 5 km of the wind facil
ity, indicating a faster rate of movement consistent 
with less time spent in stopover areas necessary to 
fulfill nutritional requirements during transitional 
seasons (Skarin et al. 2015).

Unlike displacement observed during construc-
tion of wind facilities, reindeer habitat use does not 
appear to be affected during the operational phase of 
wind facilities (Eftestøl et al. 2016, Tsegaye et al. 
2017). Likewise, relative abundance did not decline 
for reindeer occupying habitat near operating wind 
facilities (Colman et al. 2013), and associated roads 
and power lines did not impede reindeer movements 
(Colman et  al. 2012; but see Skarin et  al. 2015). 
These results are consistent with observations of 
penned, semidomesticated reindeer that showed no 
significant changes in vigilance or restlessness when 
an adjacent 39 m-tall turbine was operational (Flydal 
et al. 2009).

Elk
Only 1 study has examined elk response to wind en-
ergy development. Walter et al. (2006) used move-
ment data collected from VHF collars to examine 
home-range size, effects of distance from turbines, 
and diet quality of individuals in a nonmigratory and 
unhunted elk herd before, during, and after con-
struction of a 45-turbine wind facility in Oklahoma. 
Home range size did not change, and nitrogen and 
carbon isotope analysis of fecal pellets showed no 
difference in dietary quality after construction of the 
wind facility. Two metrics of avoidance showed in-
consistent results, although the authors concluded 
that elk had shifted the center of their home ranges 

lap with abundant wind resources in the western 
United States. Also missing are wind energy impact 
studies for white-tailed deer (Odocoileus virginianus), 
moose (Alces alces), and bighorn sheep (Ovis canaden-
sis). Where multiple studies have examined energy 
impacts to an ungulate species, reported impacts are 
often inconsistent (Hebblewhite 2011).

Below, we summarize the few wind-specific im-
pact studies completed for North American ungu-
lates (or their European counterpart, in the case of 
caribou). In some cases, we provide examples of re-
search that assessed other energy infrastructure im-
pacts to ungulates, recognizing that some aspects of 
wind development, such as spinning turbine blades 
and a larger spatial footprint, are unique (Jones and 
Pejchar 2013).

Reindeer
A push for expanded wind energy development in 
northern Europe, including in reindeer habitat in 
Sweden and Norway, led to some of the first studies 
of wind energy impacts on ungulates. Although 
North American populations of reindeer, known as 
caribou, currently are not exposed to wind develop-
ment, studies of wind energy impacts to European 
reindeer are worth considering, given the nascency of 
research on wind energy impacts to North American 
ungulates.

Reindeer appear to shift habitat use during the 
construction phase of new wind facilities and asso-
ciated infrastructure. A 9-year study of a resident 
reindeer population on the Fakken peninsula of 
northern Norway found reindeer reduced their use 
of areas close to (< 500 m) turbines by 50% and close 
to (< 250  m) major roads by 75% (Tsegaye et  al. 
2017). The construction phase also was associated 
with more direct reindeer mortalities from vehicle 
collisions (Tsegaye et al. 2017). Likewise, reindeer 
were sensitive to activity during construction of a 
high-voltage power line in Norway; they showed a 
10% reduction in habitat use within 6 km of con-
struction activity during the calving season (Eftestøl 
et al. 2016). After calving, during summer and au-
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Prairie-Chickens and Sage-Grouse
Emerging Issues

Prairie grouse population declines and growing an-
thropogenic pressures have prompted multiple peti-
tions and listings for Endangered Species Act protec-
tion of prairie grouse species. The US Fish and 
Wildlife Service (USFWS) is currently reviewing the 
lesser prairie-chicken (Tympanuchus pallidicinctus) 
for listing under the Endangered Species Act and, 
after determining in 2015 a listing for greater sage-
grouse was not warranted, will review the species’ sta-
tus again in 2020. Prairie grouse species already listed 
include the endangered Attwater’s prairie-chicken 
(Tympanuchus cupido attwateri) and the threatened 
Gunnison sage-grouse (Centrocercus minimus). De-
clining populations, shrinking habitat extent, sensitiv-
ity to anthropogenic disturbance, and current or po-
tential federal protections for each of these species 
warrant a review of potential wind energy impacts.

Potential Impacts
Direct Mortality

Unlike many other bird species, collision with wind 
turbine blades is unlikely for low-flying prairie grouse 
(Kuvlesky et  al. 2007). Although some individual 
prairie grouse may be killed by wind turbine towers 
and other infrastructure, collisions are unlikely to 
have population-level impacts on prairie grouse pop-
ulations (Johnson and Holloran 2010).

Habitat Loss
Habitat loss—both direct (i.e., destruction) and in-
direct (e.g., behavioral avoidance of energy infra-
structure)—is the primary concern for wind energy 
impacts on prairie grouse. Turbine pads, roads, and 
transmission lines cause direct habitat loss, fragment 
remaining habitat, and may promote the spread of 
non-native vegetation (Kuvlesky et al. 2007). Habitat 
loss and fragmentation from wind energy is additive 
to other sources of habitat loss that have resulted in 
widespread population declines for many prairie 

away from the facility following construction. The 
study was complicated by small sample size, short 
time frame, small geographic scope, and, perhaps 
most importantly, a nearby crop of winter wheat 
that augmented native forage and likely drove elk 
habitat selection.

Pronghorn
Initial studies on wind energy impacts to pronghorn 
have reported that mortality and abundance were not 
affected by nearby wind facilities. One study of 
pronghorn and wind energy development tracked 
winter mortality factors for 47 female pronghorn in 
southeastern Wyoming (Taylor et  al. 2016). The 
study spanned 3 winters, with the first winter includ-
ing construction of infrastructure, and the second 
and third winters including the operation phase. The 
authors showed that pronghorn mortality risk did 
not vary with proximity to the 74-turbine wind facil
ity. Also in Wyoming, Johnson and Stephens (2011) 
recorded similar numbers of pronghorn during sur-
veys before and after construction of a wind facility, 
indicating no reduction in habitat use. Similarly, 
2 studies have shown pronghorn do not avoid oil 
and gas well pads within otherwise high-value hab-
itat (Beckmann et al. 2012, Christie et al. 2017).

Unlike their behavior with well pads and wind 
turbines, pronghorn avoid and are killed by roads and 
fences, which also are part of the infrastructure of re-
newable and conventional energy development. In 
a North Dakota oil field, pronghorn abundance was 
negatively correlated with road density (Christie 
et al. 2015), and in a Wyoming wind development 
study, pronghorn mortality risk decreased by 20% for 
every 1 km distance from major roads present before 
wind development (Taylor et al. 2016). These results 
are consistent with a study showing higher vigilance 
and lower foraging times for pronghorn near high-
traffic roads, particularly in spring (Gavin and 
Komers 2006). Fences, including right-of-way fences 
alongside roads, cause direct mortality (e.g., Har-
rington and Conover 2016) and impede movement 
of pronghorn (e.g., Gates et al. 2012).
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structure (Doherty et  al. 2008). Several studies 
have demonstrated a lag time between oil and gas de-
velopment and decreased male lek attendance by 
greater sage-grouse, suggesting that short-term stud-
ies could miss some impacts of wind development 
on this and other prairie grouse species (Holloran 
2005, Walker et al. 2007, Harju et al. 2010).

Disturbance
Most prairie grouse are lek-mating species; the males 
use booming vocalizations to communicate with fe-
males and other males during courtship displays 
(Sparling 1981, Blickley and Patricelli 2012). Noise 
associated with industrial development potentially 
could interfere with courtship communications of 
prairie grouse (Smith et al. 2016a). For instance, ex-
perimental evidence has shown decreased male lek 
attendance when greater sage-grouse were exposed 
to sounds from natural gas development (Blickley 
and Patricelli 2012). Lek attendance also decreased 
with exposure to intermittent sounds (e.g., traffic) 
more so than from continuous sounds (e.g., drilling 
noise), and males were more affected by noise than 
females (Blickley et al. 2012). Wind developments 
generate noise during the construction phase, from 
associated roads, and from the turbines themselves 
(Mockrin and Gravenmier 2012), which could in-
terfere with intraspecific communications in lek-
mating species that rely on booming vocalizations 
(Smith et al. 2016a).

Moving turbine blades may also represent a dis-
turbance to prairie grouse. Both shadow flicker and 
reflection of sunlight off blades can create a visual 
disturbance on the ground (National Research Coun-
cil 2007, Lovich and Ennen 2013). In turn, shadow 
flicker and reflected sunlight off blades might be vi-
sually perceived as a threat by ground-dwelling birds, 
including prairie grouse (Wyoming Game and Fish 
Department 2010).

Predation
Prairie grouse are prey for a range of mammalian 
and avian predators, and predation accounts for the 

grouse species. For instance, sagebrush ecosystems 
that provide habitat for greater sage-grouse and Gun-
nison sage-grouse, and for some Columbian sharp-
tailed grouse (Tympanuchus phasianellus columbia-
nus) populations, have been reduced dramatically in 
the last century (Braun et al. 2002). Much of what 
remains has been degraded and fragmented through 
conventional energy and residential development, 
agricultural cultivation, changes in fire regime, 
cheatgrass (Bromus tectorum) or other weed inva-
sions, and climate change (Braun et al. 2002, Con-
nelly et al. 2004, Miller et al. 2011). Similar factors, 
plus changes in grazing regimes, have caused wide-
spread loss and fragmentation of the short, mixed, 
and tallgrass prairies relied on by prairie-chicken 
species (Samson and Knopf 1994, Samson et  al. 
2004, Balch et al. 2013).

Direct loss of native prairie and sagebrush ecosys-
tems may be exacerbated by indirect habitat loss rep-
resented by prairie grouse avoidance of disturbance 
and infrastructure associated with energy develop-
ment (e.g., Robel et  al. 2004, Pitman et  al. 2005, 
Holloran et al. 2010), which has led some research-
ers to suspect that wind energy facilities could dis-
place prairie grouse species (National Research 
Council 2007, Pruett et al. 2009a, 2009 b, Wyoming 
Game and Fish Department 2010). Tall structures as-
sociated with wind energy facilities may elicit avoid-
ance by prairie grouse because such structures are 
novel to these species, which evolved in a treeless 
environment (Manville 2004) or because tall struc-
tures are associated with perching raptor species 
that hunt grouse (Pruett et al. 2009b). Regardless of 
the mechanism, greater and lesser prairie-chickens 
avoided powerlines in a study in Kansas, so they may 
avoid wind turbines as well (Pruett et  al. 2009b). 
Concern for wind energy impacts on greater sage-
grouse stems from studies showing the species’ sen-
sitivity to oil and gas infrastructure, including re-
ductions in lek attendance by males (Doherty et al. 
2010), brood success (Aldridge and Boyce 2007), 
nest initiation (Lyon and Anderson 2003), survival 
(Holloran et al. 2010), and habitat use near infra-
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studies of wind energy impacts to sharp-tailed grouse 
or lesser prairie-chickens have been published.

Greater Prairie-Chicken
Female greater prairie-chickens have shown incon-
sistent responses to wind energy facilities. Wind fa-
cilities have changed habitat selection by female 
greater prairie-chickens, but without any apparent 
demographic consequences. At a 67-turbine wind de-
velopment in northcentral Kansas, researchers col-
lected 2 years of preconstruction data, followed by 
three years of post-construction data (McNew et al. 
2014, Winder et al. 2014a, 2014b, 2015). During the 
breeding season, female greater prairie-chickens se-
lected habitat farther from wind turbines and dou-
bled their home range size in the post-construction 
period, suggesting indirect habitat loss from the 
wind facility for at least 3  years post-construction 
(Winder et al. 2014b). However, female annual sur-
vival was greater in the post-construction period 
(0.57) relative to the preconstruction period (0.32), 
leading the authors to speculate that the wind facil
ity reduced avian and mammalian predator popula-
tions, which, in turn, reduced prairie-chicken 
mortality (Winder et al. 2014a). Thus, females tended 
to avoid habitat that actually conferred greater 
fitness—an example of a “perceptual trap” (Patten 
and Kelly 2010). In contrast, 2 studies have shown 
that nest-site selection and nest survival did not vary 
with distance to wind turbines (McNew et al. 2014) 
or along a disturbance gradient (Harrison et  al. 
2017) at wind facilities in Kansas and Nebraska, 
respectively.

Male greater prairie-chickens also appear to have 
mixed responses to wind energy development. Males 
in the Kansas study were twice as likely to abandon 
leks within 1 km of a wind turbine (probability of lek 
persistence = 0.5) relative to leks 3 to 8 km from a 
turbine (probability of lek persistence = 0.90 to 0.95), 
although overall lek persistence was not different be-
tween pre- and post-construction periods (Winder 
et al. 2015). Males also showed a decrease in body 
mass (2.4%) in the post-construction period, but the 

majority of mortalities of individuals in most pop-
ulations (Connelly et  al. 2000a, Schroeder and 
Baydack 2001, Winder et  al. 2014a). Given the 
importance of female survival in determining the 
population growth rate of long-lived prairie grouse 
species (e.g., McNew et al. 2012, Taylor et al. 2012, 
Dahlgren et al. 2016), changes to predation that may 
result from wind energy development are an impor
tant consideration for population performance. The 
indirect effect of wind development on prairie grouse 
through changes to predator communities depends 
on whether predators increase or decrease in re-
sponse to new development (see Mammalian Car-
nivores section below for more detail).

Cumulative Impacts
As with ungulates, impacts of wind energy develop-
ment on prairie grouse should be considered in a 
broader context with other conservation threats. 
Energy development impacts are additive to other 
stressors, including disease (e.g., West Nile virus; 
Walker and Naugle 2011), habitat loss, predation, 
and hunting (Johnson and Holloran 2010), which 
can cumulatively reduce survival or reproduction of 
species (Aldridge and Boyce 2007). Particularly 
because prairie grouse species require a complex of 
connected habitat types for lekking, nesting, brood-
rearing, summer range, and wintering range, wind 
energy impacts should be considered across the en-
tire life cycle and range of these species (Crawford 
et al. 2004).

Observed Impacts

Effects of wind energy development on North Amer-
ican prairie grouse were reviewed by Johnson and 
Stevens (2011). Here, we focus on more recent liter
ature on greater prairie-chicken and greater sage-
grouse (Table 7.2). The studies we review below are 
restricted to a few, relatively small wind facilities, 
making generalizations to other systems and wind 
facilities a challenge. Research on other imperiled 
grouse species is ongoing, but to our knowledge, no 
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improved demographic performance of prairie-
chickens (Smith et al. 2017).

Greater Sage-Grouse
Similar to greater prairie-chickens, greater sage-
grouse have shown some shifts in habitat selection 
without evidence of lasting demographic conse-
quences after wind development. Following instal-
lation of a 79-turbine wind facility in Wyoming, 
radio-collared greater sage-grouse females shifted 
summer habitat use away from wind turbines (dis-
tance to wind turbines was 2.2 to 5.3 km following 
development), and distance from wind turbines in-
creased annually throughout the study period, sug-
gesting a possible lag time between construction and 
behavioral changes in this species (LeBeau et  al. 
2017b). A short-term study showed some evidence of 
greater nest and brood failure for greater sage-grouse 
near wind turbines (LeBeau et al. 2014), but effects 
on nest-site selection, nest survival, and brood sur-
vival were not apparent after additional years of study 
(LeBeau et  al. 2017a). Similar to that of female 
greater prairie-chickens (Winder et al. 2014a), adult 
female greater sage-grouse survival increased with 
greater surface disturbance (e.g., turbine pads and 
access roads). Male lek attendance did not differ sig-
nificantly between treatment leks near the wind fa
cility and control leks (LeBeau et al. 2017a).

decrease was unrelated to distance from wind tur-
bines (Winder et al. 2015). In a behavioral study of 
greater prairie-chickens near a 36-turbine wind fa
cility in the Nebraska Sandhills, greater prairie-
chicken lekking behavior was not negatively af-
fected by proximity to wind turbines (Smith et al. 
2016a). Although the authors predicted changes to 
male lekking behavior due to acoustic interference 
from wind turbine noise, distance to wind turbine 
had no effect on time spent in courtship behaviors 
(i.e., booming, flutter-jumping) during 1 season of 
monitoring (Smith et al. 2016a). Instead, males far-
ther from the wind facility spent more time exhibit-
ing nonbreeding behaviors, possibly due to increased 
vigilance for predators.

Greater prairie-chicken predators may be influ-
enced by wind energy development. In the Ne-
braska Sandhills, the avian predator community was 
similar near and far from (> 2 km) wind turbines 
(Smith et al. 2017); however, mammalian predators 
were less likely to encounter camera traps used in the 
study closer to the wind facility. Fewer mammalian 
predators may indicate reduced predation risk to 
greater prairie-chickens from predators nearer to 
wind energy facilities. However, greater prairie-
chicken adult daily female survival did not vary with 
distance to wind turbines, suggesting that predator 
avoidance of the wind facility did not translate into 

Deep Dive. Mitigation by Avoidance: Greater 
Sage-Grouse Core Area Policies

In the mitigation hierarchy, avoidance is the 
most effective means of mitigating wind 
energy development impacts to sensitive 
prairie-chicken and sage-grouse species. 
Avoidance refers to avoiding siting wind 
energy infrastructure where there are species 
of conservation concern. Although federal 
nondisturbance buffer zones for wind devel-

opment are only recommendations (Manville 
2004, USFWS 2012), state-level “core area” 
policies have been enacted to avoid distur-
bance from wind and other development in 
sage-grouse habitat.

With the largest greater sage-grouse 
population of any western state, Wyoming 
was one of the first states to offer a policy to 
limit new development and disturbance in 
areas with substantial sage-grouse popula-
tions. The Greater Sage-Grouse Core Area 
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Protection Policy (Wyoming Executive Order 
2015-4) effectively reduces new wind facilities 
inside designated core areas with high sage-
grouse abundances by imposing caps on the 
number and extent of disturbances from wind 
development (Figure 7.1). An instructional 
memorandum from the Bureau of Land 
Management and revised resource manage-
ment plans have extended the reach of core 
area policy to federal lands, and conservation 
easements have been used to protect some 
private lands in core areas (Copeland et al. 
2013).

Wyoming’s Core Area Policy Is Ambitious, But Is It 
Enough to Conserve Sage-Grouse?

Initial research suggests both promise and 
limits for effectiveness of current policy. By 
projecting future wind, oil and gas, and 
residential development, Copeland et al. 
(2013) estimated sage-grouse would decline 
11% to 24% within core areas in the absence of 
the core area policy, but just 6% to 9% in core 
areas with the current core area policy. 
Sage-grouse declines could be further reduced 
through additional strategic targeting of 
conservation easements on private lands.

Figure 7.1  ​High wind development potential areas (black shading) and greater sage-grouse (Centrocercus 
urophasianus) core-population areas (version 4 of the core-area map; gray polygons) map used to predict the effects 
of development on grouse populations in Wyoming. Modified from USDA NRCS 2014. Courtesy of Holly Copeland.
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tention. Indeed, this overlooked wildlife group can 
reduce wind turbine efficiency and may contribute 
to turbine-related bat fatalities.

Emerging Issues

An increasing number of petitions for federal pro-
tection of insects could change the regulatory 

Insects

Wind facilities, by and large, have not been studied 
for their impacts on invertebrates. What little we do 
know is in relation to terrestrial insects, as opposed 
to aquatic invertebrates or non-insect invertebrates 
(e.g., spiders). However, the effects of wind develop-
ment on insects—and vice versa—are worthy of at-

The core area policy represents an effort to 
balance greater sage-grouse conservation with 
economic development desires; some develop-
ment is allowed inside core areas, and new 
energy developments are still allowed in 
non-core areas that support sage-grouse 
populations. Development still allowed under 
the state’s core area policy could extirpate an 
estimated 6% of sage-grouse leks statewide 
(Copeland et al. 2013).

Reducing anthropogenic disturbance is 
intended to stabilize or improve sage-grouse 
population performance in core areas, but 
results have been mixed. An analysis of male 
lek attendance following implementation of 
Wyoming’s core area policy showed no 
difference between core and non-core areas 
during a period of statewide sage-grouse 
population decline (Gamo and Beck 2017). 
During a period of population increase, lek 
attendance was greater in some portions of 
the state but not others. A legacy of extensive 
coalbed natural gas development prior to the 
core area policy could be cause for reduced 
effectiveness of the policy in some portions of 
Wyoming (Gamo and Beck 2017).

Wyoming’s core area map was based on the 
distribution of nesting cover relative to 
mapped leks (Doherty et al. 2011), but lek-
centered habitat prioritization did not ad-
equately capture year-round habitat use for 
some sage-grouse populations (Smith et al. 

2016b). Only one-third of medium- and 
high-use winter ranges for females was 
protected from development through inclu-
sion in the core area policy, leaving some 
high-priority populations vulnerable to 
development for a significant portion of the 
species’ annual life cycle. Version 4 of the core 
area map includes two sage-grouse winter 
concentration areas not included in previous 
versions, and new research likely will identify 
additional important winter ranges.

Wyoming’s core area policy has been in place 
for only a short time, and it is too soon to know 
whether it will stabilize sage-grouse popula-
tions in the state. But evidence suggests it does 
reduce new energy development in sage-grouse 
areas of high conservation priority (Gamo and 
Beck 2017), and that is the crux of the mitiga-
tion hierarchy’s avoidance goals. But early 
evidence also suggests that the core area policy 
is just the first step in effective sage-grouse 
conservation. Expansion of the core area map 
to protect additional sensitive winter ranges 
will further reduce development impacts on 
priority sage-grouse populations, including the 
impacts of wind energy (Smith et al. 2016b). 
And projected declines in sage-grouse popula-
tions, even with conservation on private lands 
and the core area policy (Copeland et al. 2013), 
mean that reducing wind energy impacts on 
sage-grouse outside of core areas could further 
reduce statewide population declines.
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butterflies—or, for that matter, any other inverte-
brates—it remains to be seen whether developers 
will be required to conduct baseline surveys and 
monitoring for insect species or what additional 
requirements, if any, will be imposed for proposed 
and existing wind facilities.

Potential Impacts

Most potential wind energy–related impacts to in-
sects are not unique to wind development, but a few 
are distinct. For example, direct insect mortality 
from collisions with wind turbine blades may be sub-
stantial, but have not been measured. While we do 

landscape for wind developers. For example, in 
2017 the rusty patched bumble bee (Bombus affi-
nis) became the first continental US hymenopteran 
to be listed as endangered. Although habitat loss 
and pesticides are the main causes of the bee’s de-
cline, the high degree of overlap between its range 
and locations of current and potential wind devel-
opment elicits potential for conflict (Figure  7.2). 
Additionally, the migratory monarch butterfly (Da-
naus plexippus) is due for a listing decision under 
the Endangered Species Act in 2019, but impacts 
on this species from wind energy development are 
just now being explored. Because we know so little 
about wind energy impacts on bumble bees and 

Figure 7.2  ​Predicted distribution of the rusty patched bumble bee (Bombus affinis) and the locations of existing wind 
facilities within the United States (as of March 2014). The rusty patched bumble bee was broadly distributed in eastern 
North America before population declines. Source: Species distribution model, Williams et al. 2014; wind facility data, 

Diffendorfer et al. 2017.
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Observed Impacts

Insects may not only inhabit areas coincident with 
turbines, but may actually be drawn to them. In a 
simple experiment measuring visitations to different 
colors of paper, insects were most attracted to the 
white or light gray hues typical of wind turbine struc-
tures (Long et al. 2011). Researchers suggested that 
painting structures a color less attractive to insects, 
such as purple, could reduce collisions. Insects also 
may seek out heat generated by warm rotor hubs of 
turbines (Elzay et al. 2017). Whatever may be attract-
ing them, researchers hypothesize that insects con-
gregate at wind facilities and, in turn, attract insec-
tivorous bats (Rydell et al. 2010, Grodsky et al. 2012). 
The impacts of wind energy development on mon-
arch butterflies are being studied at 1 wind facility in 
Mexico (Parque Eolico Coahuila). Although results 
of monitoring studies are not yet publicly available, 
a risk assessment concluded that butterflies were 
unlikely to collide with turbines (WEST, Inc. 2014). 
Most potential consequences of wind facilities for 
insects have been identified from other forms of 
disturbance or development. For example, evidence 
indicates that roads may cause habitat fragmenta-
tion for some ground beetles (Keller and Largiader 
2003, Keller et al. 2004), although it is not clear 
what the causal mechanism for this change may be 
(e.g., collisions with vehicles, road avoidance, changes 
in host plants).

Other Taxonomic Groups

Literature on wind energy impacts on other terres-
trial animals is scant but taxonomically diverse 
(Table 7.3). Some studies come from abroad or were 
conducted on common species, but findings may 
nevertheless be relevant to related taxa of conserva-
tion concern in North America. Studies on rodents, 
carnivores, and reptiles highlight some of the po-
tential indirect impacts of wind development on 
lesser-studied taxonomic groups that may contain 
some species of conservation concern.

not know about the quantity or kinds of insects that 
are directly affected by collisions with wind-turbine 
blades, we do know that collisions are greatest under 
low wind conditions, when insects most often fly. 
Insect carcasses can build up on blades enough to 
reduce power generation by 25% to 50% (Corten 
and Veldkamp 2001; Figure 7.3). These mortalities 
may reduce already-declining pollinator populations, 
for example. Wind turbines alter surface air currents, 
which, in turn, affects local climate characteristics 
like temperature and hydrology (Elzay et al. 2017). 
Changes to microclimate may affect insects, but this 
idea with respect to wind energy remains untested. 
Other potential effects may result from increased 
dust and chemical pollution, introduction of inva-
sive species, and changes in trophic interactions 
stemming from wind energy development (Elzay 
et al. 2017).

Figure 7.3  ​Insect collisions with turbine blades can be 
substantial and reduce power generation. Used with 

permission from BladeCleaning​.com.
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elevated cortisol levels are known to suppress im-
mune function, growth, and reproduction in some 
mammals, although is believed to be adaptive in 
others (Boonstra 2013).

Several lines of evidence indicate that mamma-
lian carnivores may avoid wind turbines. No studies 
have yet examined wind development effects on 
North American wolves, but a study of endangered 
Iberian wolves (Canis lupus signatus) in Portugal re-
ported changes in space use from wind development, 
with possible consequences for reproduction (Torres 
and Fonseca 2016). Although wolves avoided wind 
facilities during construction, they used sites at pre-
construction levels once wind turbines were opera-
tional (Álvares et  al. 2011). However, wolves de-
creased their use of or abandoned high-quality 
breeding sites within wind facilities in exchange for 
low-quality sites away from wind facilities. The au-
thors suggested that packs in these low-quality areas 
were less likely to reproduce, potentially exacerbat-
ing population declines (Helldin et al. 2017). Using 
visits to Agassiz’s desert tortoise (Gopherus agassizii) 
burrows as a metric of habitat use, Agha et al. (2017) 
determined that mesopredators—bobcat (Lynx rufus), 
gray fox (Urocyon cinereoargenteus), coyote (Canis la-
trans), and western spotted skunk (Spilogale gracilis)—​
were more likely to use areas near roads at wind fa-
cilities, while avoiding wind turbines themselves. In 
a study of mammalian predators of prairie-chickens 
in Nebraska, researchers calculated an overall visi-
tation rate for all species of potential predators 
(i.e., coyotes; badgers, Taxidea taxus; raccoons, Pro-
cyon lotor; and opossums, Didelphis virginiana) and 
reported that the capture index was positively re-
lated to distance from wind turbine, suggesting 
some wind turbine avoidance (Smith et al. 2017).

Desert Tortoise

Wind development appears compatible with the 
maintenance of local populations of the federally 
threatened Agassiz’s desert tortoise. In southern Cali-
fornia, individuals selected burrow locations close 

Rodents

Small mammal populations may incur fitness costs 
resulting from behavioral shifts in response to wind 
development. California ground squirrels (Otosper-
mophilus beecheyi) at wind facilities spent more 
time engaged in antipredator behaviors than those at 
control sites (Rabin et al. 2006). Turbine noise may 
disrupt communication between individual ground 
squirrels, resulting in increased vigilance and other 
behavioral changes. Increased antipredator behaviors 
in the absence of an actual increase in predation risk 
could lead to a reduction in time spent for other 
important behaviors, such as foraging and mating. 
While these effects are likely of limited consequence 
for this common species, a similar response in a de-
clining species like the Mohave ground squirrel (Xe-
rospermophilus mohavensis) could have important fit-
ness consequences (Inman et al. 2016).

A study on small mammals in Spain did not find 
discernible changes in wood mice (Apodemus sylvat-
icus) abundance at transects placed up to ~120 m 
from turbines (DeLucas et al. 2005). In a more de-
tailed study of small mammals in Poland, commu-
nity composition and population parameters of the 
most common rodent species did not differ between 
wind facilities and control sites (Łopucki and Mróz 
2016). It is difficult to generalize these findings to 
cover implications for other small mammals, except 
to say that social rodents and those occurring in re-
stricted ranges may be disproportionately affected by 
wind development.

Mammalian Carnivores

A small body of work on mammalian carnivores il-
lustrates potentially important changes in space use 
and physiology in response to wind energy develop-
ment. European badgers (Meles meles) close to wind 
facilities had chronically elevated levels of the stress 
hormone cortisol compared to control sites even 
4 years post-construction (Agnew et al. 2016), per-
haps due to turbine noise and vibrations. Prolonged, 
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available habitat and the number of animals an area 
can support. And third, wind energy infrastructure, 
including roads, fences, and turbine pads, can frag-
ment habitat and impede movement and migration 
for ungulates and other wide-ranging species. For 
some species such as mule deer and greater sage-
grouse, migration connects populations to the sea-
sonal resources needed to sustain robust populations 
(Fedy et al. 2015, Sawyer et al. 2017).

Broad-level impacts of wind development on 
wildlife can be matched with opportunities within 
the mitigation hierarchy—a nationally recognized 
approach to sequentially avoid, minimize, and 
compensate for impacts from disturbance such as 
wind energy development (Jakle 2012; Figure 7.4). 
The challenge is to define mitigation that is not ex-
cessively stringent but is appropriately precaution-
ary, given emerging science on impacts to ungu-
lates, prairie grouse, and insects, among other 
wildlife groups.

Avoidance

Avoidance is typically the most effective way to pro-
tect wildlife populations from known and unknown 
impacts of wind energy development. Avoidance 
typically involves not siting wind infrastructure 
where there are species of conservation concern. 
Even within a single project area, a developer may 
use micro-siting of infrastructure, including roads, 

to wind energy infrastructure (Lovich and Daniels 
2000). A study comparing Agassiz’s desert tortoises 
at wind facilities to those of nearby intraspecific 
populations and those of a closely related species 
(Gopherus morafkai) showed no negative effects of 
wind development on tortoise population struc-
ture or growth (Lovich et al. 2011). A study that in-
corporated 18 years of data at the same site also re-
ported that apparent survival estimates were slightly 
greater for desert tortoises occupying a wind facility 
(0.96) than at a nearby wilderness area (0.92; Agha 
et al. 2015). The authors hypothesized that greater 
survival could be attributable to fewer fatalities from 
vehicle collisions, enhanced resource availability 
because of the desirable conditions created by roads 
and turbine pads, and fewer predators compared to 
the wilderness area.

Mitigating Effects on Underrepresented 
Species

Even considering the limitations of existing science, 
a few themes emerge that can inform efforts to miti-
gate impacts of wind development on underrepre-
sented species. First, building infrastructure causes 
habitat loss that can reduce carrying capacity, partic-
ularly for species such as ungulates or prairie grouse 
that show high site fidelity to specific ranges. Second, 
for species that tend to avoid infrastructure and 
human activity, indirect habitat loss further reduces 

Figure 7.4  ​Steps of the 
mitigation hierarchy and example 
activities for mitigating potential 
impacts of wind energy produc-
tion on wildlife. Modified from 

Jakle 2012.
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zone around prairie grouse leks. LeBeau et al. (2017a) 
recommended a 1.5 km nondevelopment buffer zone 
around active greater sage-grouse leks and a 1.2 km 
zone around nesting, brood-rearing, and summer 
range for wind energy development of similar inten-
sity and in landscapes similar to those studied in 
southeastern Wyoming. Wind development effects 
on habitat use and lek attendance of greater prairie-
chicken led researchers to support an 8 km nondis-
turbance buffer zone around active leks (Winder 
et al. 2015).

Siting wind facilities to avoid insect migration 
routes (e.g., those of monarch butterflies) may be one 
way to mitigate insect mortalities and other indirect 
impacts. Insect migration routes often follow wind 
currents and thus likely overlap with wind facilities 
and may further be coincident with bat migration 
paths (Rydell et al. 2010). Wind infrastructure siting 
to avoid negative consequences to bats would likely 
benefit migratory and nonmigratory flying insects 
as well.

Minimization

After siting wind facilities to avoid impacts to wild-
life, minimizing remaining wildlife impacts is the 
next step in the mitigation hierarchy. For instance, 
for species that avoid human activity (Gavin and 
Komers 2006, Sawyer et al. 2009, Buchanan et al. 
2014, Tsegaye et al. 2017), such as many ungulates, 
minimizing disturbances during the busy construc-
tion phase and reducing traffic and other distur-
bances during the operational phase are opportuni-
ties to reduce wildlife impacts. Wind developments 
can minimize impacts to wildlife by first timing con-
struction and decommissioning activities to avoid 
wintering, parturition, and other sensitive life history 
stages for ungulates and breeding seasons of prairie 
grouse (Connelly et al. 2000b, Hagen et al. 2004, 
Johnson and Holloran 2010); developers also may 
spatially phase construction activities to avoid human 
disturbance throughout the entire project area at 
once. Second, to the extent possible, minimize the 

buildings, and turbines, to avoid impacts on species 
of concern (Arnett and May 2016).

Another form of avoidance is siting wind facilities 
in marginalized landscapes (e.g., agricultural, urban) 
instead of in more undisturbed locations that are 
likely to provide wildlife habitat (Kiesecker et al. 
2011, Fargione et al. 2012, Jones and Pejchar 2013). 
Such an approach could be implemented through 
county- or state-level energy planning that prioritizes 
wind energy in developed areas, while discouraging 
development in high-value wildlife habitat. For un-
gulates specifically, a precautionary approach would 
avoid siting intensive wind development in (1) state 
wildlife agency–designated crucial or vital habitat, 
such as geographically limited crucial winter range 
or parturition areas; and (2) migration corridors, 
which are critical to the year-round nutrition of mi-
gratory populations.

Studies showing shifts in habitat use by female 
greater sage-grouse and greater prairie-chicken and 
increased lek abandonment by male greater prairie-
chickens close to wind turbines suggest that siting 
could help ameliorate wildlife impacts. At the proj
ect level, nondevelopment buffer zones can separate 
infrastructure from lekking, nesting, and brood-
rearing areas, and from summer and winter re-
sources required by prairie grouse. For greater sage-
grouse, the most common approach is to use the lek 
as the center of a proposed nondevelopment buffer 
zone because leks are thought to be the approximate 
center of all annual resources. However, this may not 
be the case for migratory populations (Connelly et al. 
2000b) and may underrepresent critical winter range 
for sage-grouse (Smith et al. 2016b).

For prairie grouse, appropriate size for buffer 
zones is species-specific and depends on both the in-
tensity of development and the amount and quality 
of habitat around the lek (Walker et al. 2007, Winder 
et al. 2014a, LeBeau et al. 2017a, 2017b). In its most 
recent guidelines for wind development, the USFWS 
(2012) cited the need for more research to determine 
appropriate buffer zones, but earlier guidelines (US-
FWS 2003, Manville 2004) proposed an 8 km buffer 
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stance, a developer may offset unavoidable impacts 
from a wind energy facility by purchasing credits 
from a USFWS-authorized conservation bank, man-
aged for the protection of a threatened or endangered 
species (Hansen et al. 2013). Likewise, habitat ex-
changes offset impacts on species of concern that 
are not federally designated as threatened or endan-
gered (Hansen et al. 2013).

Compensatory mitigation for wind development 
has potential to offset impacts on a range of species 
(Doherty et al. 2010, Cole 2011, Hansen et al. 2013) 
and could, for instance, become an important tool 
for landscape-scale mitigation, including reconnect-
ing disjunct grouse populations (Pruett et al. 2009a) 
or protecting diverse seasonal ranges needed to sus-
tain robust ungulate populations. Yet, the true value 
of conservation banks in offsetting impacts to prai-
rie grouse and ungulates, for example, has not been 
validated (Arnett and May 2016). For some ungu-
lates, such as mule deer that show high site fidelity 
to traditional winter ranges, parturition areas, and 
migration routes, off-site compensatory mitigation 
may not offset impacts to the affected population. 
Likewise, fidelity of prairie grouse species to lekking, 
wintering, and other seasonal ranges suggests that 
off-site mitigation may not compensate for impacts 
to the target population either. A final caveat is that 
credits (improvements) and debits (impacts) typi-
cally are calculated in terms of habitat units rather 
than wildlife population measures (Davis et  al. 
2009). Although preferable to the alternative of hav-
ing no off-site mitigation, population-level benefits 
of habitat improvements to wildlife are not easily 
quantified or isolated from other drivers of wildlife 
population change (Doherty et al. 2010), making the 
true conservation value of off-site mitigation for af-
fected wildlife populations uncertain.

Conservation banks have been used to conserve 
a range of endangered species but are just now be-
ing used to offset impacts from wind energy. For in-
stance, the USFWS has authorized the Sweetwater 
River Conservancy, a 55,000-acre (22,000 ha) greater 
sage-grouse conservation bank in central Wyoming, 

road network (USFWS 2012) and human activity 
within the wind facility and reduce vehicle traffic 
and speeds to lessen collisions with wildlife (LeBeau 
et al. 2017b). Restoring unneeded roads with native 
vegetation (USFWS 2012) and co-locating roads, 
transmission lines, and other linear features can fur-
ther reduce wind facility footprints.

Impacts to ungulate migration routes may be re-
duced by minimizing fencing and using wildlife-
friendly fencing, when necessary (Harrington and 
Conover 2016). For mule deer and elk, maintaining 
or enhancing refugia and structural elements, such 
as woody vegetation or rocky outcrops, can provide 
cover (Lendrum et al. 2012, Buchanan et al. 2014). 
Wind energy impacts to prairie grouse can be further 
minimized by reducing raptor perching opportuni-
ties by burying low- and medium-voltage power lines 
and using monopole wind turbine construction in-
stead of lattice structures (Pruett et al. 2009b, John-
son and Holloran 2010, USFWS 2012).

For existing wind facilities, increasing the cut-in 
speed of turbines—the minimum wind speed at 
which blades begin to rotate—could reduce colli-
sions with flying species. Bats, birds, and insects 
avoid flying at high wind speeds, and most wildlife-
turbine collisions occur at lower wind speeds. Using 
a cut-in speed between 5.0 and 5.5 m/s substantially 
reduced the number of bat mortalities with minimal 
financial losses to the wind operator (Baerwald et al. 
2009, Arnett et al. 2011). Lastly, altering the color of 
wind infrastructure, perhaps by reducing UV reflec-
tance (Long et al. 2011), may be an inexpensive way 
to reduce insect attraction to wind turbines.

Compensation

Compensation is the last step of the mitigation hier-
archy, and it is used to offset impacts, known as “deb-
its,” that occur after avoidance and minimization 
efforts are implemented. Compensatory mitigation 
offsets impacts by generating “credits” through pro-
tection, restoration, and enhancement of habitat 
away from the location of the wind facility. For in-
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managers predict population-level impacts of wind 
development, if any, on these avian species.

For insects, mammalian carnivores, and rodents, 
wind energy impacts are mostly unknown. For these 
and other underrepresented species, a lack of evi-
dence of impacts is not evidence that there are no 
impacts. As the footprint of wind energy develop-
ment grows in the United States, we have an oppor-
tunity to study effects on a variety of wildlife, espe-
cially for species of conservation concern. Greater 
transparency and sharing of industry-funded studies 
could fill the science gaps more quickly. In the mean-
time, a precautionary approach to mitigation can 
reduce potential impacts on underrepresented wild-
life groups.

Even as more research is published to elucidate 
impacts of wind energy on wildlife, the very nature 
of wind development is changing. Many studies of ef-
fects of wind energy on wildlife have been con-
ducted at facilities that are small relative to upcom-
ing developments such as the Chokecherry-Sierra 
Madre wind facility in southcentral Wyoming, which 
is projected to site 1,000 turbines on a mix of federal 
and private land (US Department of the Interior 
2017). The scale of this development is at least an or-
der of magnitude greater than most of the studies 
reviewed in this chapter (Tables 7.1, 7.2, and 7.3). The 
unique impacts, if any, of such large wind facilities 
on ungulate, prairie grouse, and other wildlife pop-
ulations are unknown.

As with all forms of development, potential im-
pacts of wind facilities on wildlife should be evalu-
ated in terms of trade-offs. Wind facilities add to an 
ever-growing human footprint from residential and 
other energy development, an expanding human 
population, and climate change, all of which affect 
wildlife. Relative to oil and natural gas development, 
wind energy has a larger physical footprint (Jones 
and Pejchar 2013), creating viewshed and other non-
wildlife issues. But, as we individually and collec-
tively decide whether biological and social costs of 
wind development are worth it, we must simulta
neously consider the benefits of developing wind 

to sell credits to offset industrial energy development 
(USFWS 2017), including a proposed wind develop-
ment in southeastern Wyoming more than 150 km 
away (Nickerson 2011). Similarly, Common Ground 
Capital operates a conservation bank for mitigating 
wind energy and other impacts to lesser prairie-
chicken (Common Ground Capital 2017a). Conser-
vation banks have been used to conserve endangered 
insect species such as the American burying beetle 
(Nicrophorus americanus; Common Ground Capital 
2017b) but, to our knowledge, have not been used to 
mitigate impacts to insects from wind energy devel-
opment specifically.

Conclusions

The science of understanding wind energy impacts 
to ungulates, prairie grouse, insects, and other under-
represented taxa is limited. In ungulate research, 2 
studies have shown minimal impacts of wind facili-
ties on pronghorn (Johnson and Stephens 2011, 
Taylor et  al. 2016), and too little is known about 
wind energy and elk to draw conclusions. Absent 
from the literature are studies of wind energy im-
pacts on other ungulates, including mule deer, 
which are known to be sensitive to other forms of 
energy development. Given the economic and cul-
tural importance of these ungulate species through-
out the western United States, understanding wind 
energy impacts on a diversity of ungulate species 
should be a high priority.

Recent studies of greater sage-grouse and greater 
prairie-chicken have not borne out early predictions 
of dire consequences of wind energy development 
for prairie grouse. Well-designed studies have shown 
some shifts in habitat use and lek attendance, with 
no discernable consequences to population perfor
mance; however, studies are limited to a few wind 
facilities and do not include prairie grouse species of 
greatest conservation concern (e.g., Attwater’s or 
lesser prairie-chicken). Well-designed before-after-
control-impact (BACI) studies at wind facilities of 
different sizes and in a range of systems would help 
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and other renewable energy resources relative to 
continued use of finite fossil fuels. Reducing green
house gases and mitigating climate change through 
renewable energy investments can benefit the very 
wildlife populations that are affected by wind facili-
ties, as well as other species, including our own (Al-
lison et  al. 2014). Impacts of wind development 
should be minimized and weighed against conse-
quences of climate change if the world does not 
transition to a new energy future that embraces en-
ergy conservation and efficiency while thoughtfully 
siting renewable energy sources.
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2016). Nationally, total installed solar PV capacity is 
expected to nearly triple the current capacity between 
2018 and 2022, and more than 18 gigawattsDC (GW) 
of solar PV capacity is predicted to be installed an-
nually (Wood Mackenzie and SEIA 2016); given 
current technologies and practices, this growth is es-
timated to require an additional 36,422 to 72,844 ha 
per year (BLM/DOE 2012, Ong et al. 2013). The US 
Department of Energy (DOE) SunShot Initiative 
envisions that utility-scale solar electricity will affect 
approximately 849,775 to 2,509,181 ha of land by 
2050 (US DOE 2012). Because of the broad geo
graphical extent of utility-scale solar energy, devel-
opment is occurring in many areas with high bio-
diversity and rare animal species. Consequently, 
understanding the interface between utility-scale so-
lar energy development and wildlife conservation is 
increasingly important as utility-scale solar facilities 
continue to be constructed worldwide.

Construction and operation of solar energy facil-
ities can have direct and indirect effects on wildlife, 
which may be negative or positive depending on ex-
isting landscape conditions at the time of construc-
tion, and may affect multiple trophic levels as well 
as trophic-level interactions (Hernandez et al. 2014b, 
Grodsky et al. 2017). Positive effects are most likely 
to occur on previously altered (e.g., marginalized) 

Introduction

Solar energy technologies represent a rapidly devel-
oping renewable energy source worldwide (REN21 
2016). Technological improvements in efficiency 
of solar energy are decreasing the time needed to 
recover initial investments, making solar power a 
financially competitive renewable energy source 
(Fthenakis et al. 2009, Dincer 2011). In 2016, for 
the first time in the United States, solar energy 
represented the largest new source of electricity-
generating capacity, exceeding both natural gas and 
wind (Wood Mackenzie and SEIA 2016). While Cal-
ifornia, Georgia, and Utah collectively led solar en-
ergy installation within the United States in 2016, a 
record 22 additional states each added more than 100 
megawattsDC (MW, direct current) of photovoltaic 
(PV) solar (Wood Mackenzie and SEIA 2016). China, 
Germany, and Japan documented increased growth in 
solar energy, with each installing greater solar photo
voltaic capacity in 2015 than the United States 
(REN21 2016). Utility-scale (i.e., ≥ 1 MW) solar en-
ergy development is expected to grow worldwide 
with the strong international consensus to transition 
away from fossil fuels. Such growth will require large 
quantities of land for development, which could de-
grade or destroy habitat for some wildlife (REN21 

Solar Energy
A Technology with Multi-Scale Opportunities  
to Integrate Wildlife Conservation

8
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solar power (CSP). Photovoltaic systems use cells 
to convert sunlight to electric current, whereas 
CSP systems use reflective surfaces to concentrate 
sunlight to heat a receiver. Utility-scale CSP sys-
tems may comprise CSP trough, CSP tower, para-
bolic dish, or linear Fresnel reflector technologies 
(Mendelsohn et  al. 2012). Photovoltaic systems 
usually include either crystalline silicon or thin-
film technologies. In 2015, global operating capac-
ity of CSP systems was approximately 4.8 GW com-
pared with approximately 227 GW from PV systems 
(REN21 2016). Because utility-scale PV projects 
represent the majority of solar energy generation 
facilities (Mendelsohn et al 2012), they are the pri-
mary focus of this chapter. However, many of the 
topics discussed herein pertain to PV and CSP sys-
tems alike.

Photovoltaic technology comprises individual 
solar panels, referred to as PV modules, which are 
joined together in a series of increasing voltage 
to  form an array (California Energy Commission 
2001). Photovoltaic modules encompass the direct 
current power side of the overall solar power sys-
tem, absorbing energy from the sun and converting 
it to electrical energy. PV modules may be fixed to a 
stationary rack or a moveable racking system, 
known as single-axis or dual-axis trackers, that en-
able panels to rotate to follow the sun. Because a 
variety of technologies are used (e.g., monocrystal-
line silicon, thin film), with different rated efficien-
cies and different variables for performance calcu-
lations, the size of arrays used to generate the same 
electrical output varies. Multiple arrays are con-
nected together (i.e., in parallel) through a com-
biner box, and multiple combiner boxes feed into 
an inverter (California Energy Commission 2001). 
Inverters change the direct current unidirectional 
flow of electrons to alternating current (AC), and 
then a single transformer can convert the voltage 
to different levels. Multiple inverters can supply a 
transformer that is joined to a substation. From the 
substation, the electricity travels to the regional 
grid system.

landscapes with limited wildlife habitat value. Neg-
ative effects are most likely to occur and be most se-
vere in landscapes with previously intact biological 
communities, especially those characterized by rela-
tively high plant and animal diversity. Examples of 
negative effects may include direct mortality, broad-
scale habitat modification and fragmentation, changes 
to microclimate within solar arrays, increased levels 
of light and noise, invasion of non-native plant or ani-
mal species, and increased risk of wildfire (Grodsky 
et al. 2017, Lovich and Ennen 2011, Moore-O’Leary 
et al. 2017). Landscape connectivity may be reduced or 
enhanced as a result of siting and development of solar 
facilities, depending on species involved, existing con-
ditions and location of the site selected for develop-
ment, operation and maintenance activities during 
the life of the project, and policy decisions regarding 
the long-term use of the property. Few peer-reviewed 
studies on effects of utility-scale solar energy on wild-
life exist, making assessments of effects of these sys-
tems on wildlife challenging (Lovich and Ennen 2011).

More information on potential effects of utility-
scale solar development on wildlife is critically 
needed and may assist in proactive wildlife conser-
vation. In this chapter, I describe the process for sit-
ing, constructing, and operating utility-scale solar 
energy facilities, summarize the literature on effects 
of solar energy development on wildlife, and suggest 
multi-scale measures to enhance potential positive 
effects and mitigate potential negative effects of so-
lar energy development on wildlife. I provide a Deep 
Dive that illustrates how topics discussed in the 
chapter related to a project in California—a state 
with an ambitious renewable energy goal of 50% re-
newable electricity generation by 2030 and that is 
home to 154 animals listed under state and federal 
Endangered Species Acts (California Department of 
Fish and Wildlife 2017).

Solar Energy Technologies

Two basic types of solar energy technologies are de-
ployed at the utility scale: PV and concentrating 
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sitive area is broad, existing designations can aid in 
selection of sites that avoid conflicts with regional 
and national conservation goals, including desig-
nations of critical habitat (https://www​.fws​.gov​
/endangered​/what​-we​-do​/critical​-habitats​-faq​.html), 
special protected areas (http://jncc​.defra​.gov​.uk​
/page​-162), and important bird and biodiversity ar-
eas (http://www​.audubon​.org​/important​-bird​-areas, 
http://www​.biodiversitya​-z​.org​/content​/important​
-bird​-and​-biodiversity​-areas​-iba), to name just a few. 
Compatibility of utility-scale solar development with 
conservation objectives should be assessed by ecolo-
gists familiar with local natural resource issues, core 
habitat areas, ecological interactions and functions 
(e.g., animal movement), and species of conservation 
concern (Guiller et al. 2017).

Co-location is an important concept pertaining to 
siting of utility-scale solar facilities that can reduce 
project costs, increase efficiency, and minimize neg-
ative effects on wildlife compared with development 
on more remote and undisturbed landscapes (Her-
nandez et al. 2014b). Identification of solar energy 
zones is a co-location strategy designed to encourage 
energy production and transmission in areas with re-
duced value for wildlife and natural resource con-
servation (BLM/DOE 2012). Siting decisions should 
give priority to previously degraded lands, including 
abandoned mines, landfills, and other sites where 
utility-scale solar installation provides an opportu-
nity to increase vegetative cover and conserve soil 
and water resources (Hernandez et al. 2014b, Hof-
facker et al. 2017). Two federal efforts to identify de-
graded lands appropriate for renewable energy are 
examples that encourage this type of development: 
(1)The Restoration Design Energy Project in Arizona 
uses American Recovery and Reinvestment Act 
(2009) funds to identify and assess degraded lands, 
including brownfields, abandoned mines, and land-
fills; and (2) the US Environmental Protection Agen-
cy’s RE-Powering America’s Land program evaluates 
the renewable energy potential of brownfields, Re-
source Conservation and Recovery Act sites, Super-
fund sites, and abandoned landfills and mines and 

Siting

Utility-scale solar energy development is projected to 
affect up to several million ha of land in the United 
States by 2050 (US DOE 2012). With PV systems, row 
spacing is important to maximize power density—
kilowatt (KW)/ha—while minimizing panel shad-
ing, because power output can be greatly dimin-
ished by partial shading of a cell, panel, or array 
(Deline et al. 2011). Ong et al. (2013) reported that 
capacity-weighted averages for utility-scale solar en-
ergy ranged from a direct land-use requirement of 
approximately 3 ha/MWAC (i.e., land directly occu-
pied by solar arrays, access roads, substations, ser
vice buildings, and other infrastructure) to a total 
land-use area requirement of 3.6 ha/MWAC, where 
total calculated area corresponds to all land enclosed 
by the solar site boundary. Moreover, suitability of a 
location to support a utility-scale solar energy facil
ity depends on solar energy resources, topography, 
land cost, available transmission interconnections 
and capacity, and engagement and needs of utilities, 
among other factors (Hernandez et al. 2014a, Hart-
mann et al. 2016). Consequently, much effort has 
been allocated to studying siting of solar power fa-
cilities from an industry perspective, including de-
velopment of software for siting tools (Macknick 
et al. 2014, Hernandez et al. 2015). A growing num-
ber of publications address solar facility siting from 
a broader land-use perspective, including identify-
ing potential effects on wildlife habitat and areas of 
“least conflict” from a multidisciplinary perspec-
tive (Brown and Whitney 2011, BLM/DOE 2012, 
Hernandez et  al. 2014a, 2015, BLM 2016, Pearce 
et al. 2016).

A fundamental principle for integration of wild-
life conservation and utility-scale solar development 
is to avoid siting facilities in ecologically sensitive ar-
eas (Hernandez et al. 2015). Development of sites 
within or functionally linked to ecologically sensitive 
areas is likely to be less compatible with conservation 
objectives and requires more mitigation. Although 
the definition of what represents an ecologically sen-
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Utility-scale solar facilities possess unique fea-
tures that other types of human structures lack. 
Whereas there is variability in the manner in which 
solar arrays are installed, the posts on which panels 
are mounted take up less than 1% of the land area of 
a facility; however, they are spaced apart to avoid 
shading of adjoining panels, which results in approx-
imately 25% to 40% of the ground being shaded by 
raised panels (BRE 2014). BRE (2014) estimated that 
solar infrastructure, including inverters and other 
types of hardscape structures, typically overlay less 
than 5% of the ground. Because panels are raised 
(e.g., up to 2 m in height) and the distance between 
rows of panels can span from approximately 6 m 
when the trackers are horizontal to the ground to ap-
proximately 8 m when the trackers are tilted at 60 
degrees, the area between and underneath arrays 
post-construction can sustain plant growth (Fig-
ure  8.1). With proper enhancement and manage-
ment, including through complementary agricul-
tural activities such as grazing, this area has the 

describes considerations to address when integrating 
renewable energy development on such sites (US En-
vironmental Protection Agency 2012). The solar de-
velopment potential of these sites is estimated to be 
more than 920,000 MW. Hartmann et al. (2016) sug-
gested that siting solar projects on certain types of 
previously used lands (e.g., formerly contaminated 
sites and other ecologically degraded lands) might 
provide the total land requirements to meet some na-
tional renewable energy program goals.

While avoiding impacts to rare species and their 
associated habitat will remain critical for wildlife 
conservation, avoidance alone is not likely to be 
enough to reach conservation goals. Siting criteria 
and compensatory mitigation offsets will continue 
to be important considerations (McDonald et  al. 
2009). A broader, multiple-use perspective of habi-
tat conservation is likely to aid conservation efforts 
in the face of industrial expansion (Hernandez et al. 
2014b, Francis 2015), including utility-scale solar 
development.

Figure 8.1  ​A vegetated PV solar array in spring. H. T. Harvey & Associates.
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BLM and DOE published a report, “Final Program-
matic Environmental Impact Statement for Solar En-
ergy Development in Six Southwestern States” 
(BLM/DOE 2012). The Renewable Energy Working 
Group of The Wildlife Society (www​.wildlife​.org​
/rewg) was established to facilitate the synthesis and 
dissemination of scientific information promoting 
responsible development of various renewable en-
ergy sectors that minimize impacts on wildlife 
through informed siting, project design, construc-
tion, operation, and decommissioning stages. More 
recently, Hartman et al. (2016) summarized emerg-
ing environmental impacts related to utility-scale so-
lar development.

Solar projects should look beyond the traditional 
approach of avoidance, minimization, and mitigation 
during the preconstruction period to conserve wild-
life (Council on Environmental Quality 1993). 
Through preconstruction surveys, wildlife profes-
sionals can help locate activities in less sensitive ar-
eas and minimize impacts to biodiversity, thereby in-
tegrating wildlife conservation into utility-scale 
solar development. Along these lines, the BRE Na-
tional Solar Center in the United Kingdom developed 
a biodiversity guidance document for solar develop-
ers (BRE 2014); the document recommended a man-
agement plan be developed for solar facilities to de-
scribe site-wide objectives for biodiversity and how 
those objectives will be achieved throughout the life 
of the project. The plan should identify potential im-
pacts arising from the site’s development and out-
line mitigation, which often is a regulatory require-
ment. The management plan also should include 
land management activities (e.g., control of invasive 
weeds and vegetation management). A benefit of a 
management plan is the early consideration that it 
initiates for all phases of the project (e.g., precon-
struction design and mitigation considerations, 
avoidance measures during construction and opera-
tional activities), which facilitates planning and bud
geting efforts.

Examples are numerous of site-selection pro
cesses that rely on existing databases to identify 

potential to support habitat for a multitude of spe-
cies (Hernandez et al. 2014b).

Maintaining electrical productivity and meeting 
wildlife conservation goals will be greatest when so-
lar facilities are sited in areas with highly degraded 
habitat conditions. In some cases, even sites with 
moderate habitat value can be developed and con-
tribute to broader conservation benefits through in-
creasing landscape connectivity and habitat patch 
size (Guiller et al. 2017). In the San Joaquin Valley 
of California, where solar development potential is 
high, habitat for species of conservation concern has 
been extensively fragmented by agriculture and ur-
ban development (USFWS 1998, 2010, Cypher et al. 
2013). In situations such as this, potential for im-
proving conditions for species by providing habitat 
within solar arrays and, thereby, increasing habitat 
connectivity is high (Phillips and Cypher 2015). Cy-
pher et al. (2007) recommended establishing corri-
dors and improving connectivity for listed species in 
a portion of the San Joaquin Valley that included salt-
impaired farmlands within the Westlands Water 
District. This area constitutes a large part of the 
81,880 ha of “priority least-conflict” lands identified 
for utility-scale solar development in the San Joaquin 
Valley (Pearce et al. 2016), highlighting the great po-
tential, in some circumstances, for solar energy de-
velopment to contribute to regional conservation 
strategies and recovery efforts (USFWS 1998).

Wildlife Considerations during 
Construction and Operation

Wildlife professionals and the solar industry have 
taken actions to ensure that utility-scale solar proj
ects are developed and operated in compliance with 
local, state, and national regulatory standards per-
taining to wildlife. In 2011, Natural England (2011) 
published a technical information note with recom-
mendations for siting solar projects, their potential 
impacts on wildlife, mitigation requirements for 
maintaining the natural environment, and opportu-
nities for environmental stewardship. In 2012, the 
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variability. If wildlife populations are suppressed dur-
ing baseline surveys, survey results can indicate po-
tential areas where expansion could occur just prior 
to or during the construction phase and after favor-
able changes in environmental conditions, such as 
precipitation after a series of drought years (H. T. 
Harvey & Associates 2017b). Baseline documenta-
tion for resources that are relatively fixed, such as 
availability and extent of wetland resources, may take 
fewer years to establish.

Basic infrastructure associated with solar arrays 
and facility construction can have both negative and 
positive impacts on certain wildlife species. Unlike 
many forms of human development, PV solar gener-
ation facilities have relatively low levels of human 
activity after construction. During operation of the 
facility, inspections, testing, maintenance, and re-
pairs are performed continually, with most routine 
activities occurring only once or twice per year for 
each tracker or major piece of equipment. Installed 
infrastructure requires minimal replacement of pan-
els and equipment as a result of breakage or failure, 
and inverters currently require replacement approx-
imately once every decade (H. T. Harvey & Associ-
ates 2015a). Most of this limited operational activity 
occurs during the day; however, limited nighttime 
work may occur while the system is de-energized for 
safety and to maintain energy production during the 
day. Most sites have a life span of 20 to 35 years or 
more. In some cases, commitments are made prior 
to construction to place the lands supporting a facil
ity under a conservation easement, either when the 
facility becomes operational or after decommission-
ing, thereby providing the potential for wildlife con-
servation benefits in perpetuity (EMC Planning 
Group 2012, Quad Knopf 2014).

Areas underneath arrays are likely to be more het-
erogeneous than open fields owing to effects of 
shading and driplines (i.e., areas collecting rain run-
off from panels). H. T. Harvey & Associates (2016a) 
reported establishment of 3 main vegetation zones 
at a solar facility in California: (1) the area directly 
beneath the panels; (2) the area along the dripline; 

elements such as prescreened renewable energy 
zones and areas that possess higher value for other 
purposes such as prime farmland or federally desig-
nated critical habitat (Macknick et al. 2014, Phillips 
and Cypher 2015, Pearce et al. 2016). Assorted data-
bases provide different information; for instance, re-
gional databases such as the California Gap Analysis 
Project and National Wetlands Inventory are often 
based on remotely derived data that are coarser than 
what may be obtained on a site-specific basis. Other 
databases, such as the California Natural Diversity 
Database, rely on volunteer data and rarely portray 
recent submittals because of the effort required to 
manage them. Data for public land might be fairly 
complete because of focused planning efforts (BLM 
2015), whereas data for private lands might be absent 
because of a lack of prior access.

Conducting on-site baseline surveys in consulta-
tion with regulatory agencies is critical during the 
preconstruction phase of solar development to assess 
the presence or absence of natural resources, includ-
ing those necessary for enhancement or restoration. 
The level of effort needed to establish a sufficient 
baseline for the purposes of designing the facility to 
achieve operational goals and avoid and minimize 
impacts on sensitive wildlife resources will vary. For 
species with high conservation value, multiyear sur-
veys may be recommended by existing protocols 
(https://www​.fws​.gov​/sacramento​/es​/Survey​-Protocols​
-Guidelines​/). In the western United States, how-
ever, many recommended protocols were established 
before utility-scale solar development was com-
monplace and were not designed with the thought 
of surveying hundreds to thousands of hectares, 
which may be necessary should extensive solar en-
ergy expansion arise.

During the preconstruction phase, survey data 
can be used to avoid siting solar in areas with high 
concentrations of focal wildlife. Multiyear surveys 
for species with population fluctuations, such as 
those exhibiting boom-and-bust cycles coincident 
with rainfall, may be important during the precon-
struction phase of the project to capture year-to-year 
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vantage of ground-disturbing activities that routinely 
turn up insects, seeds, and other food resources 
(H. T. Harvey & Associates 2015b).

Other components of infrastructure can be prob-
lematic to wildlife, but solutions exist to minimize 
harm. Transmission lines often pose risks to wildlife 
species, a problem that similarly has been docu-
mented for other energy sectors. Site-specific as-
sessments are recommended to design electrical in-
frastructure (Barrientos et  al. 2011, APLIC 2012). 
Without modification, perimeter security fencing 
can represent a barrier that cause some species, such 
as the greater roadrunner (Geococcyx californianus), 
to be more prone to predation. Some fence designs 
are permeable to small and medium-sized wildlife 
(Cypher and Van Horn Job 2009) and others have 
been modified to facilitate passage of wildlife by rais-
ing the fence or modifying the standard weave to 
incorporate passageways spaced along the length of 
the fence (Cypher and Van Horn Job 2009, Cypher 
et al. 2012). Where solar arrays fragment landscapes 
used by migrating wildlife or those with large area 
requirements, arrays can be individually fenced and 
spaced apart to provide habitat linkages with the sur-
rounding landscape.

Materials used in the construction process can 
also have a direct effect on wildlife but, similar to the 
situation with infrastructure described previously, 
solutions often exist to minimize harm. Hollow 
spherical piles used in the installation of solar arrays 
can easily number in the thousands or even tens of 
thousands, and each represents a potential trap for 
birds. In such cases, open ends can be capped or 
open-sided piles can be used to preclude avian mor-
tality from entrapment. Some wildlife, including the 
San Joaquin kit fox (Vulpes macrotis mutica) in Cali-
fornia, may use staged materials on the construction 
site for shelter. Depending on species-specific man-
agement goals, staging materials can be stored or 
stacked in a manner less attractive to wildlife or plugs 
and barriers can be installed to preclude wildlife use 
of the materials (Figure  8.2). Evaporation ponds, 
often used to store effluent from reverse osmosis 

and (3) the area between the panels. In areas of the 
solar facility recovering from construction, H.  T. 
Harvey & Associates (2016a) reported that, 3 years 
after construction, the vegetation community 
supported more native plant species than adjacent 
reference sites, but index values of diversity were 
similar.

Montag et al. (2016) compared wildlife diversity 
in solar facilities with nearby areas outside facilities 
under similar management regimes, such as live-
stock grazing. Overall, solar facilities had greater 
levels of plant diversity than other areas (Montag 
et al. 2016), possibly due to reseeding of species-rich 
wildflower mixes. Similarly, the study reported that 
abundance of butterflies and bumblebees was greater 
in solar facilities than outside solar facilities and that 
numbers of these pollinators were greatest where bo-
tanical diversity also was high. The researchers also 
documented a greater diversity of birds within the 
solar facilities and a greater abundance of birds 
within some of the solar facilities, when compared 
with paired adjacent areas.

Bird activity may change during and after solar fa
cility construction. In California, development 
tended to displace most raptors, but establishment 
of new elevated perches from solar infrastructure in 
a grassland landscape benefited some raptor species, 
and use of solar facilities by some raptor species may 
increase as facilities transition to operational status 
(H.  T. Harvey & Associates 2015b). Responses of 
other bird species to solar development are mixed. 
Potential reasons for positive responses of birds to 
project development may include (1) provision of 
structures that attract cavity or crevice nesters; 
(2) installation of solar panels that provide perch 
substrates and abundant shade in otherwise hot, 
dry landscapes; (3) provision of refuge for prey from 
predators (e.g., raptors) that tend to avoid construc-
tion activities and developed areas; (4) creation of 
new microhabitats that favor or concentrate some 
types of insect prey (e.g., in wind-sheltered areas 
behind solar panels); and (5) provision of opportu-
nities for various human-adapted species to take ad-
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systems used to purify ground- or drain-water, may 
also present a risk to wildlife. Barriers can be de-
signed to restrict access to the ponds by wildlife, 
and heavy-duty, textured pond liners may provide a 
means of escape for wildlife that become trapped. 
Basin configuration can be designed so as to deter 
use of the ponds by birds, bats, and invertebrate prey 
that may be susceptible to toxins such as selenium.

Protecting critical habitat elements, such as bur-
rows, during the construction period may facilitate 
wildlife presence within arrays post-construction. Al-
though barriers to and ramps inside open trenches 
are commonly employed to minimize impacts to 
wildlife at construction sites, the use of one-way door 
exclusion devices represents a specialized form of 
barrier more applicable to solar sites because of the 
habitat that can be maintained under the arrays for 
burrowing animals (Figure 8.3). These exclusion de-
vices can be deployed within naturally occurring 
burrows or atypical dens, such as pipes or culverts, 
to preclude wildlife from entering the burrow while 
enabling them to escape. If the burrow occurs in the 

Figure 8.2  ​Example of piles plugged and barricaded to minimize use by wildlife. H. T. Harvey & Associates.

vicinity of a planned improvement but does not need 
to be filled to complete the construction process, the 
one-way door can be left in place during the con-
struction period. When a significant percentage of 
burrows must be removed because of the installation 
of hardscape, installation of artificial burrows may 
facilitate the use of burrows in the solar facility with-
out increased risk of predation while the natural oc-
currence of burrows is restored (Cypher et al. 2012).

Ongoing human activities during operation and 
maintenance of solar facilities can benefit or threaten 
wildlife resources. Solar facilities typically operate 
7 days a week during daylight hours. Periodic moni-
toring and maintenance activities, both planned (e.g., 
routine inspection, repair, restoration, replacement, 
washing of solar panels, security surveys and actions, 
vegetation management, and modification of equip-
ment and facilities) and unplanned (e.g., damage or 
failure of equipment or facilities), take place during 
daytime and nighttime hours. Management plans 
should address planned and unplanned maintenance 
activities throughout the life of the project. I summa-
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rently sampled. In this way, variability in amount 
and timing of precipitation and its effect on vegeta-
tion growth can be used to inform progress toward 
meeting the success of revegetation criteria.

Appropriate vegetation management is vital to en-
sure habitat maintenance or enhancements achieve 
conservation goals. It is important to note that dif
ferent areas within a utility-scale solar installation 
may be managed to meet different objectives. For 
instance, lower-growing native grasses and forbs 
may be managed within arrays whereas taller spe-
cies, such as some milkweeds (Asclepias spp.) that 
support monarch butterflies (Danaus plexippus), 
are restored around the perimeter of arrays. In fact, 
establishment of native, pollinator-friendly plants 
between solar arrays is an increasingly popular ap-
proach for integrating conservation with renew-
able energy development. Wildfire risk is an impor
tant consideration within a vegetation management 
plan. Mowing to reduce or remove vegetative cover 
can be effective and is commonly used within 
smaller (less than 20 MW) solar arrays. Mowing 
can pose greater risk of injury to wildlife than the 
use of livestock grazing, so application of avoidance 
and minimization measures as described below are 
important.

Livestock grazing is a historical land use within 
many areas selected for solar development, and con-
tinued use of livestock grazing can serve as a pri-
mary vegetation management tool that enables co-
location of solar energy and agricultural production. 
A grazing management plan should be developed to 
describe specific grazing approaches that will be used 
within arrays to manage vegetation, the rationale for 
these approaches, and how a monitoring program 
will be implemented within an adaptive manage-
ment framework to assess the effectiveness of live-
stock grazing as a management tool.

The vegetation management component of the site 
management plan should address how to (1) minimize 
wildfire risk by managing vegetation height to reduce 
fuel loads while minimizing soil erosion to main-
tain basic resource values; and (2) maintain habitat 

rize general measures that can be applied to mini-
mize impacts on species and habitats from opera-
tional activities in Table 8.1.

The degree of habitat restoration or revegetation 
required following construction of a solar facility will 
depend on conditions prior to construction, site 
preparation, the practices used for construction, and 
desired long-term conservation goals for the site. A 
habitat restoration and revegetation plan that focuses 
on soil restoration and revegetation or restoration of 
areas disturbed during construction and operations 
is recommended. The plan should describe the quan-
titative monitoring of revegetation and restoration 
areas that will be conducted following planting. An 
annual status report summarizing site conditions 
and results of monitoring is recommended at the end 
of each year following implementation of the plan 
and should describe adaptive management measures 
to employ if vegetation cover success criteria were 
not met. The restoration goal should be clearly 
stated; it can be beneficial to relate the goal to con-
ditions on adjacent undeveloped land that is concur-

Figure 8.3  ​Example of a one-way door exclusion device 
for San Joaquin kit fox. H. T. Harvey & Associates.
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baceous plant material left standing or on the ground 
at the beginning of a new growing season). Intensity 
and duration of grazing, as well as the kinds and 
classes of livestock used for grazing, should be dis-
cussed, as well as when and how mowing may be 
used to meet vegetation goals, including mitigating 

for wildlife species that may use arrays and respond 
to annual changes in climate and productivity of 
the vegetation community. Forb and grass biomass 
should be managed through grazing or mowing to 
encourage habitat that supports plant and animal 
diversity and manage residual dry matter (i.e., her-

Table 8.1.  General measures that can be applied to minimize impacts of operational activities on species and their 
associated habitat

Normal operational activities
Provide an education program for site workers to cover the ecology of sensitive species that occur within the facility, how to identify and 

protect them, and the contact information for communicating when species are located.
Employ rodent control methods, including vegetation management, trapping, fumigation, or the careful use of toxic baits while 

observing label and other restrictions mandated by laws and regulations.
Restrict or prohibit use of erosion-control materials potentially harmful to wildlife, such as monofilament netting (erosion control 

matting) or similar material.
If design specifications allow, stow solar panels flat from sunset to sunrise to minimize the potential risk of bats striking the panels. Bats 

may sometimes perceive more vertically positioned smooth-surfaced panels as a void or open space, which could result in collisions.
Restrict access to the facility to emergency personnel and the operator’s designees or employees, composed primarily of the operations 

and maintenance staff, panel-washing staff, environmental compliance specialists, researchers, and security personnel.
If nocturnal threatened or endangered species are present, operational activities should generally occur during daylight hours (sunrise 

to sunset); exceptions may involve, but are not limited to (1) capacitor bank wiring, connecting, and testing; (2) planned and 
unplanned maintenance activities that must occur after dark to ensure PV arrays are not energized; (3) interior use of the facility; 
(4) unanticipated emergencies (defined as an imminent threat to life or to a significant property interest), including forced outages 
and non-routine maintenance or repair requiring immediate attention; or (5) security patrols, which may occur 24 hours a day.

Transformers within arrays may contain food-grade oils that can be attractive to wildlife. If a transformer is suspected of leaking, the 
entire power conditioning station where the transformer is located should be enclosed with an exclusion barrier impermeable to 
wildlife until the leak can be fixed and cleaned up.

Vehicle/equipment operating and fueling procedures
Do not operate vehicles and equipment outside existing access roads within arrays except in compliance with the management plan or 

in the event of an emergency, and vehicles or equipment traveling between arrays should cross drainages only at improved crossings.
When threatened or endangered wildlife are present, restrict the speed limit on all roads within the facility to approximately 24 km per 

hour between sunrise and sunset and 16 km per hour between sunset and sunrise.

Stationary and mobile lighting, and fencing
Minimize light sources and kept to the lowest lumen/light intensity level possible, while still meeting minimum safety and security 

requirements.
Design solar array fencing to allow passage of wildlife compatible with operations. Fencing can be raised or have graduated openings 

from approximately 7 cm high to 15 or 18 cm high, and be installed with the larger openings at the bottom to allow wildlife passage.
Maintain fencing and gates around evaporation ponds to exclude terrestrial wildlife. The fence should be buried at least 0.6 m in the 

ground and extend at least 1.8 m above ground. Project personnel should photograph, document, and report to a qualified biologist 
the discovery of any dead wildlife at the evaporation pond to inform and improve adaptive management.

Weed control activities
Include weed control in the site management plan to prevent the spread of non-native, invasive species within the construction footprint 

and operational areas of the facility. The weed control plan should describe procedures to avoid the unintentional introduction of 
invasive species, required monitoring measures to detect invasive species, species-specific control measures that should be imple-
mented if invasive species are detected, and the process by which the weed control plan should be implemented (e.g., the entity 
responsible for implementing it, funding mechanisms, and reporting procedures). The operator should monitor the facility each year 
for the presence of invasive weeds pursuant to the weed control plan.

Ground-disturbing or vegetation-disturbing activities
Limit disturbance to the smallest area practicable, schedule activities outside the breeding season, establish avoidance buffers, and 

thoroughly inspect excavated areas for trapped wildlife each morning before the onset of activities, before covering with plywood at 
the end of each workday, and before filling.
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The Deep Dive discusses Phillips and Cypher’s 
(2015) cited observations of 2 mammals listed under 
federal and state endangered species acts—the San 
Joaquin kit fox and the giant kangaroo rat (Dipodo-
mys ingens)—using utility-scale solar facilities as well 
as 3 other species that may use solar facilities, given 
their similar habitat requirements.

wildfire risk. Numerous factors, including past veg-
etation management practices, climatic patterns, 
and wildfire affect the annual amount of grass and 
forb growth; therefore, monitoring often is re-
quired annually to adjust the intensity and duration 
of livestock grazing and identify areas that require 
mowing.

Deep Dive: Meeting Wildlife Conservation 
Goals While Maintaining Electrical 
Productivity

The Renewable Energy Transmission Initiative 
is a California planning process to accommo-
date state renewable energy goals that has 
identified Competitive Renewable Energy 
Zones possessing the greatest potential for 
cost-effective and environmentally responsible 
development (http://www​.energy​.ca​.gov​/reti​/). 
The California Valley Solar Ranch, located in 
the South Carrizo Competitive Renewable 
Energy Zone, is a 250 MW solar PV project on 
an 1,896 ha site in eastern San Luis Obispo 
County, California. When finalizing the initial 
site design, the developer had the option of 
determining where to locate the site within a 
2,023 ha area composed of mostly grassland 
established following the cessation of dryland 
farming (Holland 1986). Within this area, the 
developer considered approximately 1,921 ha 
for siting of the solar facility. Ecological 
assessments and surveys within the area 
spanned 4 years and identified 7 plant species 
of conservation concern considered rare by 
the California Native Plant Society (http://
www​.cnps​.org​/cnps​/rareplants​/ranking​.php). 
These plant species were broadly distributed 
across the project area and ranged from 
small, isolated populations of several plants 
to large, clearly defined polygons of land 
cover.

Surveys also identified 3 state and federally 
listed mammal species: (1) the federally and 
state-listed endangered giant kangaroo rat; 
(2) the federally and state-listed threatened San 
Joaquin kit fox; and (3) the state-listed threat-
ened San Joaquin antelope squirrel (Ammosper-
mophilus nelsoni; San Luis Obispo County 
2010). Designated critical habitat for vernal 
pool species, the federally listed endangered 
longhorn fairy shrimp (Branchinecta longiant-
enna) and threatened vernal pool fairy shrimp 
(Branchinecta lynchi) also occurred within the 
project area (San Luis Obispo County 2010). 
Consequently, the initial design was revised 
through an iterative process to avoid con-
struction near these resources, including the 
majority of giant kangaroo rat precincts 
(Figure 8.4).

The sections that follow present an over-
view of best management practices imple-
mented during construction and operations at 
the facility from 2011 through 2017 for 2 focal 
species: San Joaquin kit fox and giant kangaroo 
rat. To mitigate habitat impacts on these 
species, permits required the permanent 
protection and management of approximately 
3,706 ha, including a non-wasting endowment 
to cover the management, maintenance, and 
monitoring of these lands for the species in 
perpetuity.

Some giant kangaroo rats were translocated 
to surrounding on-site conservation lands 
using “soft release” methods to acclimate the 
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Figure 8.4  ​Distribution of giant kangaroo rat precincts relative to position of arrays of the California 
Valley Solar Ranch prior to construction. H. T. Harvey & Associates.

California Valley Solar Ranch
Figure 4. Distribution of Giant Kangaroo Rats on the 

California Valley Solar Ranch Project site, 2010
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translocated animals to the release sites (H. T. 
Harvey & Associates 2011, 2013). A total of 
427 precincts were mapped and trapped in an 
attempt to capture and relocated kangaroo 
rats before the sites were excavated (and, 
therefore, destroyed). More than 220 giant 
kangaroo rats were removed from construc-
tion areas, nearly all of which were success-
fully relocated to artificial burrow enclosures 
located within conservation lands (H. T. Harvey 
& Associates 2013).

In addition to the extensive redesign, 
avoidance of giant kangaroo rat precincts 
occurred during preconstruction and construc-
tion phases. Each individual or cluster of 
precincts identified as occurring within the 
solar facility was evaluated to identify which 
could be avoided. Consequently, 261 giant 
kangaroo rat precincts within planned con-
struction impact areas were avoided through 
engineered redesign or by modifying construc-
tion methods (H. T. Harvey & Associates 2013).

San Joaquin kit fox use of the project site 
was carefully monitored. Measures for avoid-
ing and protecting dens included restricted-
entry buffers and use of one-way doors to 
protect unoccupied dens in place for future 
use. Excavation was a last resort for dens that 
would be directly affected by construction. 
Biologists closely monitored San Joaquin kit 
fox activity during construction. In 2013 alone, 
416 sightings of San Joaquin kit foxes occurred 
in the construction area. By adhering to 
protective measures, no San Joaquin kit fox 
mortalities were documented during construc-
tion activities.

San Joaquin kit fox dens occurred broadly 
across the site (Figure 8.5). When a den 
required a one-way door, a minimum of  
4 nights of camera data were collected before 
installation. All one-way doors were checked 

once per week in January and February and 
5 times per week from March through Octo-
ber (i.e., pup rearing and dispersal period) for 
signs of digging around the boards, for general 
integrity and functionality, and to ensure that 
doors remained visible to construction crews. 
At the end of construction, one-way doors 
were removed and dens were available for 
reoccupation. Following one-way-door 
removal, reuse of dens was common and 
similar to levels recorded prior to 
construction.

During operations, sheep grazing was used 
in arrays to reduce vegetation height and 
biomass, with some supplemental mowing to 
reduce wildfire risk. Sheep grazing occurred 
in spring and usually included at least  
1 rotation through each array. Bedding loca-
tions for sheep were kept away from sensi-
tive biological resources, such as giant 
kangaroo rat precincts. Bedding and watering 
locations were identified by a qualified 
biologist, and maps of these approved 
locations were provided in advance to the 
sheep herder.

During the 2016–2017 rainy season, the 
project site received an above-average amount 
of precipitation, resulting in increased vegeta-
tion heights and biomass levels that required 
mowing in arrays, particularly along solar panel 
driplines. The design of the array fencing 
allowed passage of San Joaquin kit fox and 
giant kangaroo rats between solar array areas 
managed to perpetuate grassland conditions 
and adjacent conservation lands. Prior to 
mowing, biologists conducted surveys of kit 
fox and kangaroo rat activity in each array and 
within a buffer extending 15 m beyond the 
perimeter fence. The pre-mowing surveys 
documented active giant kangaroo rat pre-
cincts and San Joaquin kit fox dens.
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Figure 8.5  ​Cumulative distribution of San Joaquin kit fox dens between September 2012 and November 30, 2013, 
on the California Valley Solar Ranch. H. T. Harvey & Associates.
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The status of giant kangaroo rat precincts 
was determined using multiple indicators of 
aboveground activity, including suitably  
sized vertical shafts and horizontal openings, 
recently cropped vegetation, haystacks, 
pit-caching, tail drags, scat, and recent 
excavation activity. During surveys, biologists 
identified 1,158 active giant kangaroo rat 
precincts—607 within arrays and 551 
precincts within 15 m buffers around the 
perimeter of array fencing. Precinct density 
in the buffer areas, which were not trapped 
and cleared during the construction period, 
was 11.54/ha compared with only 1.16/ha in 
the arrays, which were trapped and cleared 
of giant kangaroo rats via translocation 
between September 2009 and July 2013 
(Table 8.2).

Fifty-five San Joaquin kit fox dens were 
located in arrays during surveys in 2017— 
40 inactive historical dens, 4 active natal dens, 
and 11 active escape dens (Table 8.3). Den use 
by San Joaquin kit foxes was identified 
through signs such as tracks, scat, and suitably 
sized dens, and by remote-sensing cameras. 
San Joaquin kit fox natal dens (Figure 8.6) 
were identified, monitored, and determined to 
be active within arrays at California Valley 
Solar Ranch in 5 out of 6 years. Prolonged 
drought and poor landscape condition ap-
peared to cause low reproductive success for 
kit foxes in 2014.

The number of natal and escape dens 
within arrays indicated a stable use of  
arrays by San Joaquin kit fox, demonstrating 
the species’ ability to use operating solar 

Table 8. 2.  Number of active giant kangaroo rat (Dipodomys ingens) precincts by array 
and in the buffer area of each array during 2017 surveys of California Valley Solar Ranch,  
San Luis Obispo County, California

Arrays 1 2 4 5 6 7 8 9 11 Total

Precincts 16 72 189 106 149 48 27 0 0 607

15 m buffer around arrays

Precincts 5 122 106 132 62 26 25 26 47 551

Total 21 194 295 238 211 74 52 26 47 1,158

Table 8.3.  Number of San Joaquin kit fox (Vulpes macrotis mutica) dens by 
array and type of den in 2017 at California Valley Solar Ranch, San Luis 
Obispo County, California

Arrays

Type of Den 1 2 4 5 6 7 8 9 11 Total

Historical 6 0 16 0 1 6 9 2 0 40
Natal 0 0 0 0 1 0 1 2 0 4
Escape 0 1 2 3 0 4 0 1 0 11

Total 6 1 18 3 2 10 10 5 0 55
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facilities when properly designed, managed, 
and operated. Preliminary results from a  
San Joaquin kit fox telemetry study at 
California Valley Solar Ranch (H. T. Harvey & 
Associates in prep) support these  
inferences; radio-collared San Joaquin kit 
foxes used solar arrays and non-solar array 
areas.

The impact assessment used to permit the 
project (San Luis Obispo County 2011) 
assumed no future use of habitat by giant 
kangaroo rat within the arrays or within 
approximately 30.5 m beyond array perimeter 
fences. Results from the pre-mowing survey, 
however, demonstrated that giant kangaroo 
rats occupied some arrays in significant 

numbers (Table 8.2) and did not avoid areas 
adjacent to arrays. A one-tailed t-test indi-
cated that the estimated number of giant 
kangaroo rats occupying arrays in 2017 (based 
on the number of active precincts) was 
approximately 3 times greater (Table 8.4) than 
number of animals relocated from arrays 
during the construction period (t = 2.28, 
p = 0.03). Although data used for the t-test 
relied on a comparison of captured individu-
als versus active precincts, it is important to 
note that 27% of the animals relocated from 
the arrays were juveniles (H. T. Harvey & 
Associates 2013); the assumption is that an 
active precinct equates to one adult. If 
relocated juveniles we removed from the 

Figure 8.6  ​San Joaquin kit fox adult with pups at a natal den within an array at the California Valley Solar Ranch. 
H. T. Harvey & Associates.
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analysis, the difference would be even 
greater.

The increase in number of giant kangaroo 
rat precincts within arrays did not mean that 
habitat within arrays was better than the 
pre-project conditions. Instead, increase in the 
number of giant kangaroo rats likely was in 
response to increased rainfall and vegetation 
productivity (Prugh et. al. 2015, H. T. Harvey & 
Associates 2017b). However, arrays did provide 
substantial habitat and added conservation 
benefits, supporting an estimated more than 
600 individual giant kangaroo rats not antici-
pated to occupy the area post-construction.

Summary

Solar energy represents a rapidly developing and ex-
panding renewable energy source (REN21 2016) that 
can influence wildlife habitat. Consequently, under-
standing the interface between utility-scale solar en-
ergy development and wildlife conservation is in-
creasingly important. Construction and operation of 
solar energy facilities modifies wildlife habitat and 
can have direct and indirect effects on wildlife. Al-
though siting of utility-scale solar facilities poten-
tially affects landscape connectivity, the manner in 
which a solar facility is operated and maintained may 
also have positive or negative effects on landscape 
connectivity, because those activities can directly af-
fect habitat values within the site during the life 
span of the project.

A fundamental principle for integrating wildlife 
conservation and utility-scale solar development is 
siting facilities to avoid ecologically sensitive areas. 
Facilities within or functionally linked to ecologically 
sensitive sites are likely to be less compatible with 
conservation objectives and require more mitigation. 
Compatibility of utility-scale solar development and 

conservation objectives should be assessed by ecolo-
gists familiar with key biodiversity issues in areas 
where construction may occur. Co-location of solar 
energy on marginalized lands is an important con-
cept pertaining to the siting of utility-scale solar fa-
cilities and can reduce project costs, increase effi-
ciency, and minimize wildlife conflicts compared 
with development on more remote and biologically 
diverse landscapes. Siting decisions should give pri-
ority to previously degraded lands, including aban-
doned mines, landfills, and other sites where utility-
scale solar installation provides an opportunity to 
increase vegetative cover and conserve soil and water 
resources. However, avoidance is not likely to be 
enough to reach conservation goals, and a broader, 
multiple-use perspective of habitat conservation in 
and around solar facilities is likely to aid conserva-
tion efforts.

Utility-scale solar facilities possess unique fea-
tures that other types of human development affect-
ing wildlife lack; primarily, most of a solar facility site 
may remain in a condition that can sustain habitat 
capable of supporting a diverse array of plants and 
wildlife. Coordinated management of resources 

Table 8.4.  Comparison of giant kangaroo rat 
(Dipodomys ingens) numbers preconstruction (2011 
through 2013) and post-construction (2017) at 
California Valley Solar Ranch, San Luis Obispo 
County, California

Array #
Preconstruction 

(2011 through 2013)
Post-construction 

(2017)

1 2 16
2 4 72
4 44 189
5 83 106
6 2 149
7 43 48
8 12 27
9 1 0

11 3 0

Total 194 607
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within a solar facility without impairment of electri-
cal generation is a worthy goal. Benefits of approach-
ing siting of utility-scale solar facilities with a goal of 
supporting multiple uses will be greatest when devel-
opments are sited in areas with highly degraded habi-
tat conditions that can be enhanced post-construction 
and managed during operations.
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gies. We also highlight research directions and new 
technologies that may provide society with water-
based renewable energy while simultaneously con-
serving habitat for wildlife.

Hydropower
Generating Electricity from River Flow

The United States is among the countries with the 
most regulated rivers, including regulation of all ma-
jor rivers in the country (Figure  9.1). Systems of 
dams and reservoirs along rivers currently supply 
15% of US energy, 6.5% of US electricity, and one-
third to over half of renewable energy (US Energy 
Information Agency 2016).

Hydropower generation is not always the primary 
reason for damming rivers. In most cases, rivers are 
dammed to form reservoirs and increase predictabil-
ity of water supplies. Stored water can be used later 
for irrigation, hydropower generation, and recre-
ation. In temperate climates, flow is released from 
storage projects during winter to prepare for spring 
floods (i.e., draw down), thereby serving the function 
of flood control. An important exception in the 
United States is the Columbia River basin, where hy-
dropower provides more than one-third of electricity 
from a series of run-of-river (non-storage) projects.

Introduction

Moving water is a cheap source of power that can be 
harnessed in regulated rivers (i.e., rivers that are frag-
mented by dams and can produce hydropower) and 
in coastal and marine waters (hydrokinetic energy). 
Hydropower capitalizes on increased head (i.e., 
change in elevation from above to below dam) and 
storage provided by dams. Reservoirs created by 
damming store water for multiple purposes (e.g., ir-
rigation, municipal water supply, recreation, flood 
control). Marine hydrokinetic energy captures en-
ergy of tidal rivers, waves, and ocean currents; the 
technologies used include tidal barrages, wave power, 
and tidal-stream turbines.

Waterpower development can have direct conse-
quences (e.g., entrainment in turbines) and indirect 
consequences (e.g., habitat fragmentation or conver-
sion) for many wildlife taxa. Research on direct and 
indirect ecological effects of conventional hydro-
power has focused primarily on fish and aquatic in-
sects. In this chapter, we review research on the po-
tential impacts of hydropower to these taxa. In 
addition, we review interactions between hydro-
power and other wildlife, such as mammals, birds, 
and mussels. Next, we review the risks to wildlife as-
sociated with marine hydrokinetic energy technolo-

Waterpower
Hydropower and Marine Hydrokinetic Energy
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Most hydropower is generated by turbines in-
stalled in integral powerhouses, which are built into 
the structure of dams and raise the head of water that 
they impound. Integral powerhouses are typical of 
larger storage projects (i.e., one or more dams and 
associated infrastructure operated together). Smaller 
hydropower projects tend to have nonintegral power
houses and generate electricity from water diverted 
downstream through penstocks (i.e., pipes) along the 
side of the river. These configurations have different 
kinds of ecological impacts, with larger dams and 
reservoirs often having more adverse effects on 
aquatic biota than smaller dams (Paish 2002). 
However, small water diversion projects can ad-
versely affect downstream fish communities if too 
much water is diverted (Kibler and Tullos 2013, 

From an energy perspective, hydropower has the 
advantage that a single drop of water can be used to 
generate energy multiple times as it passes down-
stream, but hydropower cannot be stored. Hydro-
power also cannot reliably meet baseload electric-
ity demand in the way that fossil fuel sources do. To 
provide electricity when it is most needed, water 
must be stored and generation must be delayed. In 
some cases (e.g., pumped storage projects), this is 
accomplished by pumping water up to a reservoir 
using wind or solar power and then generating 
power by releasing reservoir water at times when 
electricity demand is high, allowing hydropower 
(and similar less-predictable renewables such as 
wind and solar power) to supplement baseloads to 
meet peak energy demand.

Figure 9.1  ​Statistical summaries of US hydropower produced for the Department of Energy’s Water Power Technolo-
gies Office. Oak Ridge National Laboratory 2016.
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2015b). As one might expect from principles of bio-
geography (MacArthur and Wilson 1967), the re-
maining small islands support fewer species than 
the larger contiguous terrestrial area did prior to 
flooding. One study estimated that, 26 years after 
flooding, 99% of the islands would harbor vertebrate 
communities with less than 80% of the original spe-
cies diversity (Jones et al. 2016). In one example, the 
creation of the Balbino Hydroelectric Reservoir in 
Brazil inundated 312,900 ha of contiguous lowland 
tropical forest, creating an archipelago of 3,546 is-
lands (Benchimol and Peres 2015b). Large verte-
brates and species able to travel through water were 
found on more islands than less motile species 
(Benchimol and Peres 2015a). Similarly, inundation 
following reservoir filling along southern rivers in 
the United States may have reduced the availability 
of breeding habitat for the endangered gray bat (My-
otis grisescens), which is selective in its use of lime-
stone caves scattered along rivers (USFWS 1997).

Conversion from Lotic to Lentic Habitat

The effects of converting free-flowing, aquatic habi-
tat (i.e., lotic) to reservoirs (i.e., lentic) does not re-
sult in a consistent increase or decrease in fish spe-
cies richness (Bilotta et al. 2016). However, only a 
subset of lotic fish species (fish found in flowing 
waters) can reproduce and survive in reservoirs. Lo-
tic fish specialists often are less prevalent in frag-
mented reaches (Guenther and Spacie 2006, Freed-
man et al. 2014). For example, in the United States, 
lower lotic fish diversity was reported in reservoirs 
of the Monongahela River (Pennsylvania) compared 
with free-flowing sections of the river, with greater-
than-expected fish richness found in free-flowing riv-
ers (Freedman et al. 2014). However, beyond these 
general results, there is a lack of consensus among 
studies, which stems, in part, from the methods used, 
with different results emerging from studies that 
compared reaches above and below dams than from 
studies that compared dammed and undammed 

Jager and McManamay 2014, Benejam et al. 2016, 
Lange et al. 2018).

River basins of the southeastern United States are 
notable for their biodiversity and support many 
aquatic species (e.g., amphibians, crayfishes, and 
fishes). The scientific literature related to hydro-
power effects on biota rarely extends beyond aquatic 
species. Yet, rivers support terrestrial communities 
by providing wildlife with a source of water and by 
supporting production of aquatic insects that con-
tribute to terrestrial food chains. Many wildlife spe-
cies are central-place foragers (or drinkers) that must 
consider access to water when setting boundaries for 
their home ranges. For example, beavers (Castor ca-
nadensis), waterbirds (e.g., herons, ducks), other 
birds (e.g., eagles), and some mustelids (e.g., river ot-
ter, Lontra canadensis; mink, Neovison vison) are 
closely associated with rivers and floodplain wet-
lands. In arid climates, rivers, springs, and arroyos 
(i.e., a small steep-sided watercourse or gulch—often 
dry—typically found in arid and semiarid areas of the 
US Southwest) are oases that provide water needed 
to support life. Aerial insectivores, including bats 
(Nummi et al. 2011) and birds, drink water and feed 
on insects while flying over rivers, and navigation 
along river corridors is common among many terres-
trial species. Because access to freshwater is such a 
fundamental biological requirement, studies exam-
ining both where and how river regulation might in-
fluence diverse fish and wildlife communities are 
important, especially in biodiversity hotspots (Kano 
et al. 2016, Winemiller et al. 2016).

The initial inundation of reservoirs behind large 
dams has significant, adverse effects on wildlife liv-
ing in riparian zones (Benchimol and Peres 2015b). 
Recent studies have sought to develop relationships 
between threshold distances up and downstream 
(e.g., typically 1,000 to 5,000 m) influenced by dam 
construction as a function of reservoir volume and 
land use (Zhao et al. 2013). Impoundment can cre-
ate an archipelago of small islands resulting in habi-
tat loss and fragmentation (Benchimol and Peres 

 EBSCOhost - printed on 2/13/2023 9:41 AM via . All use subject to https://www.ebsco.com/terms-of-use



waterpower  201

depend on lateral connections between main chan-
nel and lateral slow-shallow floodplains are criti-
cally important to address in the context of habitat 
alteration, but they are far more difficult to study 
(Naiman et al. 2010).

Longitudinal Alterations of River Flow 
Regimes

Although many hydropower dams operate in run-of-
river mode, in which inflows match outflows, larger 
storage reservoirs are designed to provide flexibility 
to modify and reshape downstream flow releases. 
When operating specifically for electricity genera-
tion, hydropower facilities release flows at times 
when electricity demand is high. Facilities that oper-
ate in peaking or load-following mode fluctuate 
flow releases within a day to provide electricity when 
demand is highest, which tends to be when air tem-
peratures are extreme (winter or summer) and dur-
ing business hours (Ruibal and Mazumdar 2008, 
Jager and Uria-Martinez 2012). Peaking at an up-
stream reservoir can propagate through downstream 
reaches and dams (Jager and Bevelhimer 2007).

Fluctuating Reservoir Elevation
Rapid changes in flow release rates (hydropeaking) 
can cause problems for wildlife both above and be-
low dams. Above and below reservoirs, fluctuating 
water levels can dewater fish nests and strand fish 
(Nagrodoski et al. 2012). Reservoir fluctuations can 
influence non-fish species as well. For example, the 
western painted turtle (Chrysemys picta), a species of 
concern in Canada (Committee on the Status of En-
dangered Wildlife in Canada 2006), overwinters (hi-
bernates) in muddy substrates along Arrow Lakes 
Reservoir, where fluctuating water levels during res-
ervoir operations result in reduced wetland inunda-
tion, increased predation on turtle nests, and lower 
body weights for turtles in the drawdown zone 
(Committee on the Status of Endangered Wildlife in 
Canada 2006).

reaches (Fencl et al. 2017). Sites above dams typically 
supported less biodiversity than those below dams 
(i.e., negative dam effect), whereas studies compar-
ing similar reaches, one below a dam and the other 
not, report a negligible dam effect (Fencl et al. 2017). 
Differences between lotic and lentic species are also 
reflected in their abundances. For example, in one 
river system, lentic centrarchid species domi-
nated reaches above and below impoundments, 
whereas obligate-stream (lotic) cyprinids were 
more abundant in nearby rivers without impound-
ments (Kashiwagi and Miranda 2009).

Storage reservoirs tend to have degraded water 
quality compared with run-of-river reservoirs (i.e., 
those with outflows equal to inflows) and free-
flowing rivers, which can have a negative effect on 
fish diversity and abundance. Because stored water 
often supports irrigation, agricultural nutrients 
draining into storage reservoirs can stimulate the 
growth of algal blooms when temperatures are warm, 
causing eutrophication. When blooms sink to the 
bottom, they decay and contribute to periods of low 
dissolved oxygen, which can result in reduced fish 
species richness. In some cases, dam removal has re-
solved eutrophication concerns (Tuckerman and 
Zawiski 2007, Poff and Zimmerman 2010).

Shifts in flow regimes below dams alter down-
stream ecosystems both longitudinally (i.e., up and 
downstream) and laterally. The serial discontinuity 
concept (SDC; Ward and Stanford 1983) suggests 
that longitudinal habitat characteristics of tailwaters 
recover downstream, along with the aquatic commu-
nities they support. However, the SDC, in some 
ways, downplays the ecosystem effects of regulation 
by implying that the primary effects diminish within 
a short distance downstream of a dam. The SDC hy-
pothesis has recently been evaluated and new results 
have emerged that paint a more complex picture of 
longitudinal recovery. For example, benthic inver-
tebrate diversity can decrease below dams and may 
not recover quickly downstream (Ellis and Jones 
2013). The ecosystem-transformative processes that 
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first site downstream of each of 9 dams in California; 
the differences were caused by lower variability in 
flows and coarsening of substrates below dams, with 
partial recovery in index scores farther downstream 
(Rehn 2009). Invertebrate composition, but not spe-
cies richness, responded to flow regime in western 
US streams, especially base (i.e., minimum) flow and 
temperature (Chinnayakanahalli et al. 2011).

Invertebrate drift rates are affected by hydro- and 
thermopeaking operations of reservoirs. Macroinver-
tebrate guilds respond differently to peaking of up-
stream reservoirs; drift rates of rheophilic taxa (i.e., 
species that prefer fast-flowing water, like drift feed-
ers) and interstitial taxa tend to decrease, whereas 
limnophilic taxa (i.e., those that prefer standing 
water) drift at increased rates (Schulting et al. 2016). 
In Great Britain, species evenness showed a signifi-
cant change before and after construction of 22 run-
of-river hydropower projects measured within 1 km 
of a dam, but other metrics—for example, family 
richness, an index that reflects flow (lentic to lotic 
gradient)—the proportion of sediment-sensitive in-
vertebrates, and tolerance to organic pollution, did 
not (Bilotta et al. 2017).

Effects of flow fluctuations can be moderated by 
setting ramping-rate restrictions (i.e., limits on the 
rate of change in flow releases from dams) and by 
avoiding large-magnitude flow changes at night 
(Metcher et al. 2017). For example, effects on tailwa-
ter fish communities were modest below Austrian 
hydropower projects that adhered to limits on the 
rate of change in flow releases and avoided nighttime 
peaking, although benthic invertebrate drift rates de-
creased (Schmutz et al. 2015). Most studies of eco-
logical effects of hydropower on wildlife have relied 
on hydrodynamic models to quantify the amount of 
habitat lost during periods of lowering (Boavida et al. 
2013) or have used telemetry to measure changes in 
swimming effort of species of concern to avoid de-
watering (Ruetz and Jennings 2000).

The signal of hydropower effects on biota can be 
difficult to detect against a backdrop of other water-
shed influences. At the regional scale, a study of 

Downstream Hydropeaking
The effects of flow alterations on aquatic biota are of-
ten mediated by water temperature (Poff et al. 2010, 
Jager 2014, McManamay et al. 2015). Water temper-
ature fluctuations associated with sudden changes 
in flow releases can shock aquatic biota below dams. 
Seasonal shifts in water temperature caused by up-
stream reservoirs include a general lag in seasonal 
patterns because of the large thermal mass of reser-
voirs and moderation of temperature extremes with 
a cold-bias created by hypolimnetic (i.e., lake-
bottom) withdrawals. Thermal gradients recover 
much farther downstream (e.g., hundreds of kilo
meters) than other gradients (Ellis and Jones 2013). 
Nevertheless, the temporal and spatial extent of im-
pacts can be extensive. In simulations of dam re-
moval on the Klamath River, California, down-
stream changes in water temperature extended up to 
200 km in the main stem (Bartholow et al. 2004). 
Although effects on biota tend to be site-specific, pre-
dictable shifts in thermal regimes have been docu-
mented across multiple hydropower projects in other 
rivers. A study in Canada described general changes 
in tailwater temperatures as a function of storage ca-
pacity (Maheu et  al. 2016). Storage and peaking 
dams that impounded at least 10% of annual runoff 
reduced thermal variation and increased fall water 
temperatures (Maheu et al. 2016). For tailwater bi-
ota, diurnal shifts in water temperature in response 
to load-following or peaking operations (i.e., thermo-
peaking) are even more harmful than seasonal shifts 
because species are unable to acclimate gradually to 
thermal shocks. As with other effects of flow, hydro-
peaking is best studied in the context of other factors, 
such as thermopeaking and channel simplification 
(Metcher et al. 2017).

Another indirect effect of regulation is change in 
sediment dynamics. Changes in benthic invertebrate 
communities caused by river regulation tend to re-
flect indirect effects of flow on sediment and organic 
matter (Tupinambás et al. 2015). For example, an In-
dex of Biological Integrity for macroinvertebrates 
showed differences between reference sites and the 
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dam as long as there is enough space between dams 
(Galbraith and Vaughn 2011). Dam construction can 
indirectly reduce mussel populations by harming the 
host fishes that disperse mussel larvae. Many mus-
sels are long-lived, and some problems can be avoided 
through translocation above the dam or to a location 
with a more favorable thermal regime (Lessard and 
Hayes 2003). Mussel communities seem to recover 
with greater distance downstream of a dam. Imme-
diately below 2 tailwaters in Texas (Lake Tawakoni 
and Toledo Bend Reservoir), opportunistic strategist 
mussel species (i.e., small, highly fecund species) 
were more abundant immediately downstream of 
dams, whereas periodic and equilibrium strategist 
mussel species (i.e., large, long-lived species) were 
more abundant farther downstream (Randklev 
et al. 2016).

Dam removals provide opportunities to study 
before-and-after effects of flow regulation. Recovery 
of some components of aquatic communities has 
been observed following dam removal (Burroughs 
et al. 2010). Following removal of one small dam, 
macroinvertebrates recovered quickly, but macro-
phytes recolonized slowly and mussels did not re-
cover during the period of the study (Doyle et al. 
2005). The migratory community of fishes below 
dams on the Penobscot River in Maine recovered 
quickly once lower dams were removed (Hogg et al. 
2013). After removal of low-head dams in Wisconsin, 
species tolerant of degraded water quality decreased 
whereas intolerant species increased, and recoloniz-
ing species included large-river fishes known to mi-
grate between spawning and overwintering habitat 
(Catalano et al. 2007).

Lateral Alterations of River Flow Regimes

River floodplains are among the world’s most bio-
logically diverse ecosystems. In a recent study of 
Missouri-Mississippi-Ohio River drainages, channel 
complexity provided the best surrogate measure for 
fish community health (Taylor et al. 2013). The wide 
variety of habitat types provided by complex channels 

1,883 streams representing 9 regions across the con-
terminous United States determined that dam den-
sity and impoundment were less important in deter-
mining fish composition than was the percentage of 
urban and agriculture lands and natural attributes of 
watersheds (Hill et al. 2017). Dam density and im-
poundment influenced fish assemblages in 4 of 9 re-
gions, with positive effects in the Northern Plains, 
but negative effects in the Northern Appalachian and 
xeric ecoregions of the United States (Hill et  al. 
2017). Farther north, cold-water, riffle-dwelling 
fishes and fish that are intolerant of environmental 
perturbations tended to be absent where annual flow 
variability was high and summer temperatures were 
low (Macnaughton et al. 2016). Consequently, the 
largest observed changes were increases in biomass 
of the remaining tolerant species in response to sta-
bilizing flow and increasing summer temperatures. 
Although the effects of flow and temperature regimes 
on community composition were clear, effects of reg-
ulation of flow were not statistically significant 
(Macnaughton et al. 2016). Fragmentation by dams 
and flow alterations have had the largest anthropo-
genic impacts on riverine fauna across the conter-
minous United States (Cooper et  al. 2017). Fish 
species adapted to lentic habitat increased with 
dams, whereas species that prefer fast-moving 
water (rheophilic), benthic species (lithophilic), 
and fishes intolerant to disturbance decreased 
(Cooper et al. 2017).

Many species of freshwater mussels depend on 
host fishes for reproduction and show poor tolerance 
to siltation and cold temperatures below dams. Mus-
sels have declined in tailwaters below large, but not 
small, reservoirs (Hornbach et  al. 2014). Mussel 
growth is faster below small dams than behind larger 
dams, possibly because productivity of small up-
stream reservoirs provides more food for filter-
feeding mussel beds in the tailwaters (Hornbach 
et al. 2014). Below large dams, hypolimnetic releases 
of cold water likely make mussel development and 
reproduction difficult in tailwaters (Hornbach et al. 
2014). Thermodynamic effects diminish below the 
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ments tend to reduce spawning survival of fish and 
mussels, coarse sediments benefit spawning survival 
of these wildlife by providing connections with the 
hyporheic zone—a zone of interaction between 
stream water and groundwater. Larger debris flows 
contribute to formation of channels into pool-riffle 
sequences that provide a matrix of heterogeneous 
conditions for aquatic biota (Roni et al. 2015). Flow 
diversions tend to move fine sediments even during 
base flows, but only a small fraction of coarse sedi-
ments are transported during peak flows (Angelaki 
and Harbor 1995).

Sediment-depleted waters released from reser-
voirs alter generation of sandbars and islands, but 
the magnitude of this effect and associated responses 
among wildlife species varies (Phillips 2001). For ex-
ample, in the United States, the endangered least 
tern (Sternula antillarum) and piping plover (Char-
adrius melodus circumcinctus) have declined in the 
Missouri River, in part because sandbars on which 
they nest are no longer generated. Flow regimes de-

and their floodplains (Figure  9.2D), in turn, sup-
port a high diversity of species. Slow, shallow 
floodplains are highly productive ecosystems that 
support macrophytes and aquatic insects. They also 
serve as refuge from predators for juvenile and small-
bodied species of fishes. Stanford et al. (1996) sug-
gested that alluvial reaches support core populations 
of species needed to recolonize other satellite reaches 
and should therefore be considered first when river 
restoration is attempted.

Altered Sediment Regimes and River  
Channel Evolution

Dams and reservoirs simplify channels through a va-
riety of mechanisms, often to the detriment of 
aquatic and riparian communities. Large dams pre-
vent channel meandering and the formation of mul-
tiple channels by reducing spring peak flows and the 
transport of coarse sediment and large woody debris 
that benefit aquatic communities (National Research 
Council 2002, Feld et al. 2011). Although fine sedi-

Figure 9.2  ​Wildlife associated with regulated rivers. (A–C ) Three kingfishers; (D ) imagery showing patterns in a meander-
ing river; (E  ) cottonwood stakes planted at McKay Creek, BC, to support migratory songbirds at Revelstoke Reach, one 
year after planting; (F ) western painted turtle; (G ) yellow-rumped warbler; (H ) river otters; (I ) beaver dam. Photo credits: 

A–C, Roger-Ashley-Photography-Belted Kingfisher, taken by Roger Ashley Photography at Chicamauga Lake, Tennessee; E, 

Cooper Beauchenesne & Associates Ltd. 2011; G, photo by Brian Sullivan, in Hunt and Flaspohler 1998; F–I, Creative Commons.
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lumbia, impact of reservoir operations could be 
reduced for migrating American pipit (Anthus ru-
bescens), yellow-rumped warbler (Setophaga coro-
nata) (Figure 9.2G), and other songbirds by avoiding 
refill until after the spring migration season (van 
Oort et al. 2011).

In Colorado, regulated rivers supported greater 
densities of beavers than an unregulated one (Fig-
ure 9.2H) because, in part, regulation prevented the 
river from freezing over and retained more stream-
side willow (Salix spp.) patches used by beavers for 
dam construction and food (Breck et  al. 2003b). 
However, flow regulation by dams prevented recruit-
ment of riparian trees in other cases, and thereby 
reduced beaver forage (Breck et al. 2003a). In arid 
climates with more saline soils, non-native saltcedar 
has become more common, particularly in regulated 
rivers (Merritt and Poff 2010). Although saltcedar 
supports some wildlife, including yellow-billed 
cuckoo (Coccyzus americanus) and southwestern wil-
low flycatcher (Empidonax traillii extimus) (Shafroth 
et al. 2005, van Riper et al. 2008), other avian spe-
cies at risk, including cavity nesters, frugivores, and 
granivores, do not use saltcedar (Shafroth et  al. 
2005).

Flood-Pulse Dynamics
Large upstream dams can eliminate flood-pulse dy-
namics that inundate floodplain wetlands and other 
slow, shallow riparian systems historically high in 
aquatic biodiversity. Lateral flooding promotes abun-
dance of aquatic insects (Benke et  al. 2000) and 
provides rearing and escape cover for juvenile fish 
(Rood et al. 2005, Jager 2014). For example, when 
Yolo Bypass at the mouth of the Sacramento and 
Feather Rivers of California flooded, juvenile salmon 
rearing in the floodplain grew faster than those in the 
main channel (Sommer et  al. 2001b). Managing 
flows such that over-bank pulse flows occur during 
seasons when wildlife require access to slow, shallow 
water may benefit juvenile fishes.

Flood-pulse dynamics also are important to taxa 
other than fish. For example, migrating shorebirds 

signed to recover these 2 birds and the endangered 
pallid sturgeon (Scaphirhynchus albus) require oper-
ating dams to mimic historical high spring flows and 
low summer flows.

Riparian Vegetation
One reason for restoring natural channel evolution 
is that it maintains a range of successional stages in 
downstream riparian vegetation (Ward and Stanford 
1995, Kondolf 2011). Where flow regulation slows, 
the rate of creation of disturbed patches and recruit-
ment of native floodplain species is reduced (Katz 
and Shafroth 2003). Typically, riparian woody spe-
cies that colonize along rivers are pioneer species 
that are fast growing and are adapted to historical 
and seasonal patterns in water flow. Along rivers of 
the interior western United States, native riparian 
forests are dominated by cottonwood (Populus spp.) 
and willow (Salix spp.), pioneer species that rely on 
physical disturbance (e.g., seasonal flooding) for seed 
establishment. However, below dams, invasive ripar-
ian shrubs such as Russian olive (Elaeagnus angusti-
folia) and saltcedar (Tamarix spp.) have become 
established in the understory (Mortenson and 
Weisberg 2010). Though non-native and invasive, 
Russian olive provides habitat for insects and sup-
ports a diversity of bird and mammal species that 
may be comparable to that supported by native veg-
etation (Katz and Shafroth 2003).

Wildlife responses to flow regulation may be me-
diated by effects on riparian vegetation. Regulation 
has contributed to the estimated loss of 87% of ripar-
ian vegetation in the Columbia River Basin of the 
United States (Moody et al. 2007). In British Colum-
bia, one-half of forest-dwelling vertebrate species 
use riparian vegetation during at least 1 life-history 
stage (Bunnell et al. 1999), and migratory songbirds 
follow valleys during annual migrations along ripar-
ian corridors. To protect riparian vegetation as habi-
tat, British Columbia Hydropower planted cotton-
wood stakes to supplement perching and foraging 
sites for migrating songbirds (Figure 9.2E). For ex-
ample, in the vicinity of Revelstoke Dam, British Co-
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small, non-power dams. Longer distances between 
dams and the presence of tributaries between series 
of dams can help to protect fish biodiversity (da Silva 
et  al. 2015, de Oliveira et  al. 2016). Upstream of 
dams, tributaries provide free-flowing refuge from 
adverse conditions in reservoirs. Tributaries are used 
for spawning by many fishes, including flannelmouth 
(Catostomus latipinnis), blue suckers (Catostomus dis-
cobolus), and paddlefish (family Polyodontidae) 
(Pracheil et al. 2009, Fraser et al. 2017). Downstream 
of dams, tributaries moderate thermal effects of 
flow regulation. Furthermore, confluences are 
depositional zones with unique substrate and hypo-
rheic flows and are used for spawning by sturgeon 
(family Acipenseridae) and possibly other fishes 
(Perrin et al. 2003).

Effects of Asymmetric Migration
An important consequence of dams is that smaller-
bodied species and younger life stages of fish move 
easily downstream from natal areas, whereas older 
individuals or larger-bodied species are unable to 
move upstream to spawn or to return downstream 
safely. Thus, larvae produced upstream can be 
swept downstream, leaving no recruits in the up-
stream reach. As these juveniles grow in down-
stream reaches, they are unable to recolonize up-
stream reaches. This asymmetric migration leads to 
a higher risk of extirpation in upstream reaches 
(Jager et al. 2001).

Risk of Entrainment and Turbine Strike
Even when upstream passage is provided, this may 
add to the risk to wildlife species during downstream 
movement. Entrainment into turbine intakes, fol-
lowed by turbine strike, is a primary risk caused by 
hydropower facing fishes and other aquatic biota. 
The probability of entrainment differs among species 
because of variation in their avoidance behaviors 
(Amaral et al. 2015). Although research has been 
funded to design so-called fish-friendly turbines, few 
are truly safe for larger fishes. Strike risk is somewhat 
lower for larger-diameter turbines and especially en-

stopover in inundated floodplains (Sommer et al. 
2001a, Feyrer et al. 2006). In the Amazon, changes 
in flood-pulse dynamics are a concern for the Ama-
zonian manatee (Trichechus inunguis), which mi-
grates just prior to the annual low-flow season (Ar-
raut et  al. 2017). Proposed dams will divide the 
current population of these manatees and could in-
crease the unpredictability of when low-flow bottle-
necks will occur.

River systems can be regulated in ways that main-
tain historical timing of pulse flows, sediment dy-
namics, channel evolution, and vegetative 
successional-stage diversity for wildlife. In general, 
the practice of letting rivers do the work of restor-
ing downstream function seems to be best. A 
3-pronged strategy is needed to restore natural river 
function. First, if a new dam is sited upstream of trib-
utaries that provide an influx of sediment- and 
debris-laden waters, disruption to sediment dynam-
ics will be lower. Second, protecting multistage 
floodplains at different heights and distances from 
the river ensures that development will not en-
croach, thus allowing the river to heal itself over 
time (Kondolf 2011). Finally, research is needed to 
overcome technological and financial obstacles asso-
ciated with sediment bypasses (Kondolf et al. 2014), 
such as tunnels and vented dams (Shetkar and Ma-
hesha 2011). Challenges to maintaining a sediment 
bypass include scouring damage to the structure and 
high maintenance cost. Dechannelizing rivers using 
a combination of the strategies above can have sig-
nificant ecological benefits (Franklin et al. 2001, Ho-
hensinner et al. 2004).

Fragmentation of Rivers by  
Hydropower Dams

Public concerns about reconnecting river reaches 
fragmented by dams are high because dams prevent 
movements by fishes and other aquatic biota. Dam 
removal has become a full-fledged environmental 
movement, and over 1,400 dams have been removed 
in the United States, although most of these were 
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energy reserves over multiple years before migrating 
to spawn, female sturgeons have high fecundity, and 
populations do best with access to different habitat 
types (e.g., deep pools, lakes, or estuaries for feeding, 
confluences or other specialized habitats for spawn-
ing). Some sturgeon are potamodromous (i.e., spe-
cies that migrate within river), especially in the Mis-
sissippi River basin, whereas others are anadromous 
(e.g., Atlantic sturgeon, Acipenser oxyrinchus oxyrin-
chus), semi-anadromous (facultatively anadromous; 
e.g., white sturgeon, Acipenser transmontanus), or am-
phidromous (migrate from estuary to freshwater; 
e.g., shortnose sturgeon, Acipenser brevirostrum). For 
potamodromous species, dams should be spaced far 
enough apart to provide a variety of microhabitats, 
including free-flowing rivers, confluences, areas with 
substrate and cover for incubation and larval rearing, 
and deep pools or reservoirs. For anadromous and 
amphidromous species, it may be necessary to re-
move dams that no longer serve a purpose or where 
hydropower facilities operate at a loss. Where dams 
still serve a valuable purpose, it may be worthwhile 
to implement translocation or hatchery programs or 
to design passage facilities and bypass structures that 
allow passage of these large-bodied, bottom-oriented 
fishes (Jager et al. 2016).

catadromous eels
Eels are present in coastal rivers around the world 
and are especially challenged during downstream 
migration through hydropower projects. The Amer-
ican eel (Anguilla rostrata) once represented over 
40% of fish biomass in US rivers of the Atlantic 
Coast, but the biomass of eels has now declined dra-
matically (Machut et al. 2007). The eel is a catadro-
mous fish (i.e., migrates to the ocean to breed) and 
an apex predator. Adults migrate to the Sargasso Sea 
to breed as one large, panmictic population, after 
which juveniles return via ocean currents to rivers of 
the Atlantic Coast. Although some individual eels 
grow from juveniles to adults in the estuary, a frac-
tion swim upstream to grow and develop in rivers. 
Eels are adept at moving upstream over barriers and 

closed bulb turbines (Waters and Aggidis 2016). 
Unfortunately, bulb turbines are less efficient in gen-
erating electricity.

Effects of Hydropower on Fish Migration
Among the better-known effects of dams is the chal-
lenge to fishes with life histories that require long-
distance migrations between different areas. Below, 
we describe the effects of hydropower and potential 
mitigation strategies for 3 groups of migratory fishes, 
some of which travel between marine and freshwa-
ters: (1) anadromous (i.e., adults return to freshwa-
ter to breed and spawn and their offspring migrate 
to estuaries or ocean) salmon; (2) sturgeons, which 
show nearly every possible migratory strategy except 
catadromy; and (3) catadromous (i.e., adults breed 
in the ocean and their offspring follow ocean cur-
rents to estuaries or freshwater systems) eels.

anadromous salmon
In the United States, the costs and engineering chal-
lenges involved in moving anadromous salmon and 
steelhead upstream to spawn in rivers are substan-
tial. Fish ladders enable adults to move upstream past 
numerous dams. Hatcheries are operated to enhance 
early survival of salmon (Naish et al. 2008). After 
their parents breed, some juvenile offspring are 
transported downstream by trucks; others navigate 
through reservoirs aided by supplemental flows, thus 
completing the complex and highly managed round-
trip from the ocean and back. For some species of 
conservation concern, these measures seem to be re-
sulting in recovery. For example, the Snake River 
fall Chinook salmon (Oncorhynchus tshawytscha) was 
recently petitioned for delisting because the number 
of returning adults has remained high for longer than 
a generation. Others, such as sockeye salmon (On-
corhynchus nerka) are continuing to decline.

sturgeons
Sturgeons are imperiled globally, in part because 
they are unable to thrive in regulated river systems. 
As members of a capital-breeding species that build 
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of mortality when entrained into turbines. Research-
ers are exploring whether turbines can be shut 
down temporarily during ocean migration of eels and 
whether individual eels can locate exit routes through 
deep spillways (Eyler et al. 2016, Haro et al. 2016).

can pass above dams by climbing relatively inexpen-
sive eel ladders (Jager et al. 2013). However, unlike 
salmon, eels are large adults when they migrate 
downstream to sea. Some individuals find a bypass 
or spill over the dam, but they experience a high rate 

Deep Dive: Can Passage for Eels Help  
Restore Mussels?

Freshwater unionid mussels have suffered the 
most significant declines among freshwater 
taxa in the United States, partly because of 
damming. Lydeard et al. (2004) reported that 
202 of 300 species of mussels in North 
America were presumed to be on the spectrum 
from vulnerable to extinct, with more than 
37 species presumed extinct. In the Guntersville 
Lake section of the Tennessee River, 14 species 
of mussel were considered to have some level 
of risk, and 6 of these species are federally 
listed. The most diverse assemblage of mussel 
fauna was in an area named “Muscle” Shoals at 
a confluence of the Tennessee River in Ala-
bama. Of 69 original species in the watershed, 
32 have not been recorded since the construc-
tion of dams in the early 1900s; ten species 
that have since colonized the area are adapted 
to lentic conditions (Lydeard et al. 2004). 
Similar changes were recorded in the Caney 
Fork River, Kentucky, following the construc-
tion of Center Hill Dam (Layzer et al. 1993).

Dams can restrict the upstream movement 
of host fishes of mussels, and the host fishes 
of most mussel species remain unknown. To 
protect declining mussel species, studies are 
being developed to identify host fishes for 
species at risk. In addition, passage is being 
provided for migratory fish species that host 
mussel larvae, including the American eel. For 
example, eel ladders are being added to 

low-head dams in the Shenandoah and 
Potomac Rivers with the hope that American 
eels will recolonize upstream reaches (Eno 
et al. 2013). The goal is to facilitate the eel 
population and to bolster mussel species (e.g., 
eastern elliptio (Elliptio coplanata); (Lellis et al. 
2013) (Figure 9.3).

Options for Restoring Connectivity in Regulated 
Rivers

Management practices at the frontier of 
wildlife-friendly hydropower all lead to 
restored functional connectivity of rivers. Dam 
removal is an option, but this management 
action often results in a complete loss of 
hydropower. Fish passage technologies may 
alleviate the deleterious effects of dams; a 
wealth of research on fish passage technology 
was not reviewed here because of space 
limitations (Brown et al. 2013, Silva et al. 
2018, Wilkes et al. 2018). Water-vortex 
turbines are one type of system that may help 
minimize fish trauma during passage in the 
future (Timilsina et al. 2018). In general, we 
characterize these actions as incremental 
advances that are unlikely to revolutionize the 
ability of wildlife to coexist with hydropower. 
Below, we focus on what we consider to be 
more visionary options that are currently 
being studied, including dam-free 
hydropower.

Several options exist for generating 
electricity from water without a complete 
dam or impoundment. Partial dams can be 
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used to divert water to a downstream power
house through penstocks without fully 
blocking the river channel. In addition, river 
kinetic energy can be generated from free 
turbines installed in rivers, and there are 
several options for power generation with 
water by using turbines installed in pipes 
either to convey water for other purposes or 
as part of a conjunctive use of groundwater 
(i.e., aquifer-pumped storage).

Free Turbines

Free turbines can be installed in rivers, water-
falls, irrigation canals, and natural flumes 
(Lahimer et al. 2012). Kinetic energy may be 

generated in larger flowing rivers using 
dam-free turbines once technical barriers are 
surmounted (Struthers et al. 2017). A study of 
fish responses to operation of the Canadian 
Hydrokinetic Turbine Testing Center on the 
Winnipeg River, Manitoba, determined that 
risk of blade strike would be greatest for lake 
sturgeon moving along the river bottom 
during spring (Struthers et al. 2017). We note 
that the energy produced from dam-free 
hydropower is considerably lower than that 
from conventional hydropower because power 
generation is proportional to the head, which 
is the difference in water elevation above and 
below the dam.

Figure 9.3  ​(Top left) eastern elliptio (Elliptio coplanata); (Top right) eel ladder at Millville Dam on the Shenandoah 
River; (bottom) American eel (Anguilla rostrata). Photo credits (clockwise): Phillip Westcott; Karl Blankenship; US Great 

Lakes Environmental Research Laboratory.
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Turbines in Pipes

Turbines installed in irrigation or wastewater 
pipes can produce hydropower that is environ-
mentally benign. Typically, the power is used 
locally (e.g., to pump water through a central 
irrigation pivot). Aquifer-pumped storage is a 
promising dam-free option for hydropower, 
particularly in arid climates. Because other 
renewables, such as wind and solar, are being 
integrated into electricity systems, there is an 
opportunity to pump water from aquifers 
during times when there is wind or solar 
radiation and then generate on that water 
when these sources are unavailable (Hernan-
dez et al. 2014). Integrated with aquifer 
storage and recovery systems, the use of 
underground aquifers to store water in 
combination with a small aboveground 
reservoir does not require dams and hence 
avoids the negative ecological impacts of dams 
and reservoirs. Thus, it appears that adverse 
effects on wildlife could be avoided entirely.

Re-visioning Design of Regulated River Basins

Interest is growing in how regulated river 
basins can be better designed to accommodate 
wildlife. We envision these design elements 
operating at 2 temporal scales. At a slow scale, 
natural geomorphological processes through 
which river channels evolve produce the 
diversity of habitat conditions that aquatic 
and terrestrial (i.e., riparian) biota require. For 
example, disturbance regimes associated with 
wildfire, landslides, debris flows, sediment 
dynamics, and river flows produce riffle-pool 
sequences in upper reaches and meanders and 
oxbows in lower reaches (Hessburg and Agee 
2003, Holden et al. 2012, Flitcroft et al. 2016). 
These disturbance regimes contribute to 
maintaining shallow water with slow flows 
that support high wildlife diversity, including 

aquatic invertebrates, juvenile fishes, wading 
birds, beavers, and other water-associated 
mammals. Hydropower developers provide 
slow moving, shallow water through consider-
ation of the following: (1) release of floodplain 
inundation flows when juvenile fish are 
rearing; (2) sediment bypasses, such as vented 
dams, that pass sediment-laden water during 
event-flows (Shetkar and Mahesha 2011, 
Kondolf et al. 2014); and (3) purchase of wide 
riparian conservation easements to ensure that 
large woody debris is supplied and that 2-stage 
floodplains can be formed (National Research 
Council 2002). Together, these 3 management 
strategies maintain natural processes that 
control channel evolution downstream 
(Kondolf 2011).

At a faster temporal scale, fishes and other 
aquatic biota require access to dispersed food 
and cover resources at different times and for 
different life stages. Research on sustainable 
river basin design has produced a number of 
recommendations for dam siting that help 
ensure that migratory species can persist after 
the dam is built ( Jager et al. 2015). Some 
design concepts include (1) concentration of 
dams within a subset of tributary watersheds 
and avoidance of downstream main stems of 
rivers; (2) dispersal of freshwater reserves 
among the remaining tributary catchments; 
(3) assurance that habitat between dams will 
support reproduction of aquatic biota and 
retain their offspring; and (4) recognition of 
spatial issues that affect wildlife at the scale of 
large river basins ( Jager et al. 2015). Benefits to 
wildlife of implementing these strategies at 
short and long timescales should be quantified 
in the future. They can provide a starting place 
for regional-scale research on how best to 
accommodate the need for water storage and 
hydropower without adverse effects on wildlife.
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2015). Wave-energy converters take a multitude 
of forms, from floating structures (e.g., buoys, 
overtopping devices) to submerged pressure-
differential devices and oscillating pendulums. 
Current-energy converters can be divided into 
2 basic types: (1) tidal barrages or lagoons, which 
capture water in a holding area; and (2) tidal-
stream turbines or “fences” that capture energy as 
water moves past the turbine, without the use of a 
holding area. The wide variety of MHK turbine 
designs used by current-energy converters in both 
of these types (see Figure  9.5) can be classified 
into 3 groups: (1) axial-flow turbines; (2) cross-
flow turbines; and (3) oscillating hydrofoils (Bel-
loni 2013).

Marine Hydrokinetic Energy

Marine hydrokinetic energy (MHK) technologies 
are in the early stages of development (Jimenez et al. 
2015) and promise to eventually supply one-third of 
total US energy demand (Albernaz et al. 2012). Esti-
mates indicate that areas along the Pacific Coast of 
the United States are especially rich in wave-energy 
potential (Figure  9.4). At this writing, however, 
there are no operating MHK facilities in the United 
States (US EIA 2016).

Generating Electricity from Marine Currents

Two categories of MHK are current-energy con-
verters and wave-energy converters (Jimenez et al. 

Figure 9.4  ​Estimated US wave energy resource. Source: Thresher 2013.
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type. Unlike barrages, this tidal lagoon will com-
prise U-shaped breakwaters (i.e., jetty or sea wall) 
built out from the coast with a bank of turbines 
within. The man-made lagoon will fill up and empty 
as tides rise and fall, permitting generation of elec-
tricity 4 times per day. However, approval for Swan-
sea was delayed when Natural Resources Wales 
claimed that 20%–25% of salmon and sea trout in 
the area could be killed as they migrate to and from 
local rivers (Youle 2016).

Tidal-Stream Turbines
Tidal-stream turbines are located where currents are 
strong (e.g., tidal channels with channel constric-

Tidal Barrages
Tidal barrages are the most established technology 
among marine hydrokinetic facilities worldwide 
(e.g., La Rance, France; Sihwa Lake, South Korea; 
and Annapolis, Canada). Axial-flow turbines in tidal 
barrages are like those used in hydroelectric dams, 
except that water flows in both directions. Turbines 
generate power during both parts of the tidal cycle, 
first as the barrage allows water to flow into a bay 
or estuary during high tide, and then again as the 
barrage releases the water during low tide. A new 
technology—the tidal lagoon—works similarly to 
the barrage. The Swansea Bay Tidal Lagoon in 
Wales is scheduled to be the first structure of this 

Figure 9.5  ​Examples of tidal and ocean current devices. (A) Atlantis AK1000 axial-flow turbine (1 MW ); (B ) Atlantis 
Solon-K ducted turbine (1 MW ); (C ) OpenHydro open-center turbine (250 kW ); (D ) Kepler transverse horizontal axis 
water turbine (THAWT ), a kind of cross-flow turbine (4 MW ); (E ) Edinburgh vertical axis cross-flow turbine concept 
(100 MW ); (F ) Gorlov helical turbines before deployment at Cobscook Bay, Maine, US; (G ) bioSTREAM (150 kW ) 
oscillatory-hydrofoil turbine; (H ) Minesto deep sea tidal kite; (I  ) Flumill Archimedes screw turbine. Source: A, Borthwick 

2016; F, image courtesy of Ocean Renewable Power Company.
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Changes in Marine Habitat

Marine hydrokinetic energy influences wildlife both 
during initial construction and during operation 
(Table 9.1). Habitat loss and change is likely greatest 
with the construction of tidal barrages. In the case of 
ebb-only generation, permanent inundation of areas 
upstream of the barrage threatens species that special-
ize on feeding in the upper-shore area by destroying 
nearshore environments, such as salt marshes, and it 
reduces the amount of time that tidal flats are exposed 
for use by foraging birds (Goss-Custard et  al. 1991, 
Parsons Brinckerhoff Ltd 2008, Kidd et al. 2015).

Change in water currents can be significant near 
MHK installations, especially for tidal barrages. Al-
gal blooms may appear upstream of barrages. Fur-
ther, reduced current speed upstream of MHK fa-
cilities may increase water clarity (Clare et al. 2017). 
Clearer water increases light penetration and phyto-
plankton biomass, which, in turn, increases habitat 
for filter feeders and pelagic fish at higher trophic 
levels (Underwood 2010, Warwick and Somerfield 
2010). Changes in the transport of nutrients accom-
pany shifts in currents and mixing in the water col-
umn. Increased stratification from MHK, for exam-
ple, may lead to toxic algal blooms (Roche et  al. 
2016), as observed at a UK barrage in North
umberland (Worrall and McIntyre 1998). Turbulent 
flows have been shown to emerge downstream of 
barrages and immediately upstream of the inflows 
(Clare et al. 2017).

Alteration of flow patterns near MHK installa-
tions may affect dispersal and colonization-
extinction dynamics of marine larvae (Bulleri and 
Chapman 2010), subsequently affecting recoloniza-
tion by fish and other animal communities post-
construction. In addition, altered flow fields can 
prevent animal movements between the areas occu-
pied by energy installations and neighboring envi-
ronments (Hooper and Austen 2013). These effects 
are thought to be greatest for tidal barrages and 
smallest and most temporary for tidal-stream turbines 
(Langhamer et al. 2010).

tions). Turbines vary in structure and design, but 
they are similar to those used to generate wind 
power (e.g., axial turbines; Figure  9.5A). Tidal-
stream turbines are currently operating in Canada, 
Ireland, Scotland, Norway, the Netherlands, and 
possibly offshore areas of other countries. Several 
test installations have been deployed in the United 
States along the coast of Pacific Ocean, Alaska, 
and in the East River near New York City. A signifi-
cant challenge to implementation of tidal-stream 
turbines has been building devices capable of 
withstanding strong currents.

Wave Power
The global resource of wave power is estimated 
to  exceed 2 terawatts (Gunn and Stock-Williams 
2012). Wave farms use wave energy converters 
(WECs) to produce electricity that is transmitted 
to the grid through submarine cables along the 
ocean floor (Khan et al. 2017). Importantly, when 
co-located with offshore wind facilities, wave farms 
can offset the intermittent nature of wind resources 
and provide a more consistent energy resource 
(Onea et al. 2017).

Wave energy converters have different designs de-
pending on where they are deployed (e.g., near-
shore versus offshore) and their position in the water 
column. Designs for wave energy differ in how they 
affect wildlife. Electromagnetic cables for WECs run 
along the ocean floor, which may disrupt navigation 
of some sensitive marine species. Floating structures 
(e.g., buoys, surface attenuators) and overtopping de-
vices generate energy at the water surface. Oscillat-
ing water column devices use wave action to alter-
nately compress and decompress trapped air to 
create electricity (Falcao and Henriques 2016). De-
signs that use flexible membranes to extract energy 
from submerged pressure differentials can be situ-
ated in the mid-water column, where interference 
with ship navigation and other surface interactions 
are avoided. Because WECs are secured to the sea-
floor by cables, entanglement in mooring lines is a 
concern for fish, marine mammals, and birds.
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(e.g., Bock and Miller 1994, Gill 2005, Hooper and 
Austen 2013). Even if sedimentation does not cause 
smothering of biota directly, dredging to remove sed-
iment deposited from MHK disturbs the commu-
nity in the same way as does erosion and scouring.

Wave-energy generation in offshore arrays likely 
has imperceptible effects on wave structure because 
waves are naturally variable in the open ocean (e.g., 
Millar et al. 2007, Palha et al. 2010). Theoretically, 
effects could include reduced mixing in the upper 
water column and changes to coastal environments 
(Boehlert and Gill 2010, Frid et al. 2012). For exam-
ple, Abanades et al. (2015) predicted that beach ero-
sion could decrease by 20% when offshore MHK ar-
rays were within 2 to 3  km of shore. Such effects 
could be avoided by locating wave arrays farther from 
the coast; however, they may be desired to protect 
coastal habitat from storm-induced erosion and sea-
level encroachment.

Depending on where they are located, MHK in-
stallations can have variable effects on biodiversity. 

Benthic habitat can be influenced by MHK tur-
bine operation (Sheehan et  al. 2010). Seabed ero-
sion and scour pits form in areas of high turbulence 
alongside turbines, causing increased sediment de-
position elsewhere (Shields et al. 2011, Ahmadian 
et al. 2012). In the case of tidal barrages, changes in 
sediment transport can be extreme. For example, 
sedimentation caused by a barrage at Goolwa, near 
the mouth of the Murray River, South Australia, has 
resulted in shallow conditions at the inlet every other 
year (Walker 2003). Consequently, periodic dredging 
was required to keep the mouth of the river open. 
Operation of tidal-stream turbines also causes local-
ized seabed erosion and scouring within 100 to 
200 m of the turbine (Gasparatos et al. 2017).

Large quantities of suspended sediment poten-
tially resulting from MHK operations may interfere 
with feeding and digestion of benthic marine life 
(e.g., crustaceans, oligochaetes, polychaetes, benthic 
fish, insects). Resuspended sediments resulting from 
MHK may remobilize sediment-bound contaminants 

Table 9.1.  Potential effects of marine hydrokinetic energy (MHK) barrages and wave arrays on wildlife and 
suggestions for mitigation

Type of MHK Technology Risk to Wildlife
Species / Functional 
Groups Affected Mitigation

Tidal barrage, ebb-only 
generation

Loss of mud-flat feeding 
areas

Wading birds Create offsite intertidal habitat

Dual-cycle generation

Tidal barrage Algal blooms Filter feeders, pelagic fish Design currents to mix waters and avoid 
stratification

Nutrient reduction (offsite)

Tidal barrage, tidal-
stream turbines

Advective 
dispersal / entrainment

Marine larvae More research needed

Tidal barrage, tidal-stream 
turbines, wave arrays

Sedimentation and 
dredging

Benthic communities Locate arrays far from shore (distance 
determined based on numeric modeling of 
local conditions)

Tidal barrage, tidal-
stream turbines

Turbine mortality Fish, marine mammals, 
turtles

Provide safe fish passage through turbine 
arrays; use slow rotation speeds; use wave 
energy devices and tidal devices that employ 
oscillating beams, bulb or other enclosed 
turbines

Wave array Entanglement in cables Sea birds, marine 
mammals, fish

More research needed

Tidal barrage, tidal-stream 
turbines, wave array

Noise and habitat 
displacement

Marine mammals, fish, 
benthic communities

More research needed
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power because the water passing through turbines is 
not entrained. Hydrokinetic devices that capture en-
ergy without turbines (e.g., wave energy devices and 
tidal stream devices that employ oscillating beams) 
eliminate the risk of blade strike. Tidal barrages that 
use traditional turbines are much more likely to 
cause fish injury or death than tidal-stream turbines 
(Jacobson et al. 2012) or facilities that use enclosed 
(e.g., bulb) turbines. Unlike traditional turbines in 
barrages, hydrokinetic turbines usually produce only 
minor changes in shear, turbulence, and pressure 
(Jacobson et al. 2012). The greatest risks of collision 
with turbines likely occur in partially enclosed water 
bodies such as estuaries or bays (Dadswell and Ru-
lifson 1994) or where turbines form an extensive bar-
rier to movement (Gill 2005). Blade-strike mortal-
ity is less likely at slower rotational speeds (i.e., those 
of larger-diameter turbines), in clear water, and from 
turbines with fewer blades; it also varies depending 
on placement in the water column (Schweizer et al. 
2011, Hammar et al. 2015).

The risk of wildlife-turbine collision depends on 
the natural history of the focal wildlife taxa. Species 
thought to be most at risk of collision with hydroki-
netic turbines include larger species and apex pred-
ators, including marine mammals, sharks, and other 
large fishes (e.g., Gill 2005, Hammar et al. 2015). 
In addition, diving seabirds—for example, guille-
mots (family Alcidae) and cormorants (family 
Phalacrocoracidae)—may be susceptible to blade 
strike (Langton et al. 2011). Turbine collisions in-
volving marine mammals are of conservation con-
cern because their large size elevates risk of blade 
strike, and many populations already are threatened 
by other human impacts. Interestingly, however, no 
collisions of marine life with MHK devices have been 
recently reported (Baring-Gould et al. 2016).

Video cameras and acoustic devices have been 
used to observe fish behavior in the vicinity of tidal 
turbines (Hammar et  al. 2013, Viehman and Zy-
dlewski 2015, Bevelhimer et  al. 2016). Fish avoid-
ance of turbines and evasion of blades when passing 
through turbines has been documented (e.g., Ham-

Coastal areas are hot-spots for biodiversity and, 
therefore, nearshore coastal MHK installations are 
more likely to have negative impacts than offshore 
MHK installations. In some cases, changes in the en-
vironment caused by tidal barrages may alter fish 
assemblages and lead to reduced biodiversity (e.g., 
Shields et al. 2009, J. D. Yoon et al. 2016, J. Yoon 
et al. 2017). However, the area surrounding MHK de-
vices will likely be closed off to bottom-trawl fish-
ing, which may benefit benthic communities, fish, 
and other marine wildlife (Inger et al. 2009, Boehlert 
and Gill 2010, Langhamer 2010, 2012). In other 
words, MHK arrays may inadvertently become ma-
rine protected areas. In fact, it has been suggested 
that ocean zoning should seek opportunities for co-
location for conservation, fisheries maintenance, and 
marine renewable energy (Yates et al. 2015).

Research is needed to understand how artificial 
structures that support MHK devices might be de-
signed to enhance habitat for marine animals (Inger 
et  al. 2009, Langhamer 2012). The structure and 
scour protection provided by MHK devices may cre-
ate artificial reefs that attract benthic species and fish 
(Inger et  al. 2009, Langhamer 2010, Langhamer 
2012). Broadhurst and Orme (2014) determined that 
an artificial reef created by a tidal turbine supported 
higher overall biodiversity, including a greater pro-
portion of predators, than a control site. Often, fish 
and epibenthic assemblages that colonize artificial 
reef materials (e.g., concrete, plastic, or metal) are 
substantially different from those that colonize 
nearby natural substrates (Bulleri and Chapman 
2010). Incorporating artificial cover that mimics the 
surrounding areas and creating microhabitats that 
function as refuges against predators, wave action, 
desiccation, and scouring can increase the ability of 
larvae to settle and survive on MHK structures (Bul-
leri and Chapman 2010).

Risk of Wildlife-Turbine Collision

Blade-strike risk experienced by fish and other mo-
bile taxa should be lower for MHK than for hydro-
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species, like wrasses (family Labridae) and stumpno-
ses (family Sparidae), more closely approached tur-
bines. In general, probability of strike following en-
trainment increases with animal size. Fish are better 
able to avoid turbines during the day (i.e., when vi-
sual cues are available) and when swimming in 
schools (Viehman and Zydlewski 2015). More re-
search on blade-strike risk is needed to quantify the 
cumulative effects of turbine arrays, rather than a 
single turbine, and how species with different traits 
differ in their ability to avoid collisions (Hammar 
et al. 2015, Baring-Gould et al. 2016).

Mooring lines and cables associated with MHK 
structures could cause entanglement of turtles, large 
fish, seabirds, and marine mammals, especially ba-
leen whales (e.g., Cada et al. 2007, Frid et al. 2012). 
This threat might be reduced by use of large, heavy 
cables that are less likely to cause entanglement 
(Baring-Gould et al. 2016). Low-flying birds may be 
at risk of colliding with floating structures that are 
sometimes associated with wave-energy devices 
(Hammar et al. 2017). This risk may be amplified if 
birds are attracted to prey that may aggregate around 
the artificial reefs created by such wave-energy de-
vices (Langton et al. 2011).

Barriers to Wildlife Movement  
or Habitat Use

Migratory species, including sharks, seabirds, marine 
mammals, and eels, are among those at greatest risk 
of extinction (Jager et al. 2008). MHK structures 
that block or alter species migration routes or alter 
environments required to complete their life cycles 
are therefore a conservation concern. Species that 
migrate between marine and freshwater environ-
ments may be especially vulnerable to MHK proj
ects located in coastal areas (e.g., Lucas et al. 2009, 
Piper et al. 2013, Silva et al. 2017, Yoon et al. 2017).

Tidal barrages can physically prevent fish and ma-
rine mammals from reaching feeding and breeding 
areas (Frid et al. 2012). In one case, a whale was en-
trapped in a MHK plant in Canada (Gasparatos et al. 

mar et al. 2013, Viehman and Zydlewski 2015, Bev-
elhimer et al. 2016). However, detection equipment 
cannot always determine whether blade strike oc-
curred or the fate of a fish after it entered the turbine.

Because field monitoring can be challenging, 
physical or computer simulations often are substi-
tuted (Hammar et al. 2015). For example, Carlson 
et al. (2014) used a physical model to evaluate effects 
of blade strike on material similar to killer whale (Or-
cinus orca) tissue. Under a worst-case scenario (i.e., 
head being struck by a turbine spinning at 5  m/s), 
bruising and mild lacerations would likely have re-
sulted. Using a different approach, Thompson et  al. 
(2015b) simulated blade strike by performing colli-
sions between a boat equipped with a horizontal bar 
(meant to act as a turbine blade) and previously fro-
zen seal carcasses. No obvious injuries were observed, 
but damage to soft tissue could not be assessed.

Also, potential strike impacts of hydrokinetic tur-
bines have been explored by simulation models of 
collision risk, and these have estimated a negligible 
number of strikes. For example, Romero-Gomez and 
Richmond (2014) predicted a survival rate of 87% to 
99% for simulated fish that approached the turbine. 
However, more realistic simulation is possible by es-
timating the ability of individual fishes or marine 
mammals to avoid turbines. For fish, this may de-
pend on how their swimming patterns are affected 
by increased current speed and whether they can 
avoid entrainment and collision with turbine blades 
(Hammar et al. 2015). Experimental evidence from 
flume studies of small fishes indicated that survival 
rates can exceed 95% (Normandeau Associates Inc. 
2009, Jacobson et al. 2012, Amaral et al. 2015), because 
most fish avoided turbines by swimming upstream 
(in a flume) or being swept around the turbine.

Species with different traits vary in their suscep-
tibility to turbine mortality. Fish with less maneuver-
able body shapes (e.g., compressiform) or of a large 
size have been observed avoiding a turbine at greater 
distances than smaller fish or those that have a more 
maneuverable, fusiform shape (Hammar et al. 2013). 
Hammar et al. (2013) also observed that “bolder” fish 
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benthic species (Gasparatos et al. 2017). However, 
concerns remain for species that are transported 
by ocean currents between areas required for dif
ferent parts of their life histories. For example, 
adults of American eel migrate from coastal rivers 
of North America to the Sargasso Sea and larval el-
vers (young eels) return by riding the Gulf Stream 
(Diaz et al. 2015). Placement of tidal stream MHK 
structures along the Gulf Stream, for example, 
might adversely affect this species. Such risks may 
be partially mitigated by engineering spaces for 
fish to pass through (i.e., fishways) or using navi-
gation locks to allow fish to pass (Frid et al. 2012, 
Silva et al. 2017).

Effects of Noise on Wildlife

The loudest noises associated with MHK likely 
will occur during construction of turbine arrays. 

2017). Harbor porpoises (Phocoena phocoena), har-
bor seals (Phoca vitulina), and gray seals (Halichoe-
rus grypus) regularly were observed transiting past 
the world’s first commercial-scale tidal turbine in 
Northern Ireland’s Strangford and Lough (Savidge 
et al. 2014). There was no evidence for a barrier ef-
fect from this MHK installation, although the num-
ber of transits by marine mammals decreased by 20% 
when the turbine was operating (Sparling et  al. 
2017). Field observations also showed local wildlife 
avoidance of operating turbines (Keenan et al. 2011, 
Band et al. 2016). At Strangford Lough, a passive 
acoustic monitoring device was used to detect por-
poises and dolphins within 50 m of turbines based 
on echolocation clicks (Figure 9.6). When protected 
species are detected approaching the array, turbine 
operation can be interrupted (Savidge et al. 2014).

Tidal-stream turbines have not yet been reported 
to change the distribution or numbers of bird and 

Figure 9.6  ​Harbor seal outfitted to study how the tidal turbine at Strangford Lough might affect movement of the 
species. Source: http://www​.smruconsulting​.com​/tidal​-turbine​-affect​-seal​-movements​/.
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turn, may affect some benthic species (e.g., crusta-
ceans; Thomsen 2015, Baring-Gould et al. 2016).

Mitigating noise associated with MHK, although 
possible, may not always be advisable. Mitigation 
strategies include acoustic shielding or damping on 
devices, tuning devices to operate at different fre-
quencies, and operating at different rotational 
speeds (Cada et al. 2007). However, if sound levels 
become low, mobile species may not detect MHK de-
vices to avoid collision (Roche et al. 2016). Acoustic 
alarms to deter marine mammals have been pro-
posed, but these may not be effective, and introduc-
ing another noise source into the environment may 
have negative consequences for other wildlife (Wil-
son and Carter 2013).

Exposure of Wildlife to Chemical Pollution 
and Electromagnetic Fields

Marine hydrokinetic operations may pollute the en-
vironment through chemical spills (e.g., hydraulic 
fluid) or through leaching of anti-fouling paints that 
are used to deter organisms (e.g., barnacles) from at-
taching to mooring lines (Dolman and Simmonds 
2010, Henkel et  al. 2014). Tidal barrages can also 
change the amount of suspended sediment and sa-
linity and influence flushing of deoxygenated water, 
all of which may lead to mass mortality of fish spe-
cies (Copping et  al. 2013, Broadhurst and Orme 
2014).

Electromagnetic fields produced by cables associ-
ated with marine hydrokinetic devices have the po-
tential to disrupt species that use electromagnetic 
fields for navigation or finding prey. Fish that are 
most sensitive to electromagnetic fields include 
sharks, rays, and agnathans (Gill et al. 2014). Behav-
ioral responses by fishes to electromagnetic fields 
generated by cables have been shown in a laboratory, 
but inferring effects of these cables in the field based 
on laboratory studies alone is still speculative (Öh-
man et al. 2007, Bevelhimer et al. 2013, Woodruff 
et al. 2013, Gill et al. 2014). Benthic species are likely 
to experience greater exposure to electromagnetic 

Construction of tidal barrages is more extensive and 
will likely lead to more chronic exposure of ani-
mals to high noise levels (Roche et al. 2016); how-
ever, construction for MHK is probably quieter than 
that of offshore wind farms (Matuschek and Betke 
2009, Copping et  al. 2014). Loud impulse sounds 
from operations like those created by pile drivers are 
thought to have the most damaging effects on wild-
life (Frid et al. 2012, Hammar et al. 2017). Behav-
ioral observations during construction of tidal tur-
bines indicated that harbor porpoises left the area 
during construction, but returned to near-baseline 
numbers once construction had ceased (Keenan 
et al. 2011). The construction phase for all MHK de-
vices also includes sounds associated with increased 
vessel traffic (e.g., Thompson et al. 2015a, Gaspa-
ratos et al. 2017).

The effects of noise from MHK devices on wild-
life is difficult to assess, as noise levels are influenced 
by a variety of factors, including design of the device, 
layout of the arrays, oceanographic conditions and 
background noise, as well as location (e.g., depth and 
topography; Patrício et al. 2009, Popper and Hastings 
2009). Although short-term exposure to noise dur-
ing normal MHK operation is not likely to cause 
physiological damage to most animal species, it could 
have behavioral effects on marine mammals and fish 
or disrupt underwater communication among ma-
rine animals (Keenan et al. 2011, Frid et al. 2012, 
Copping et al. 2014, Baring-Gould et al. 2016). Sch-
ramm et al. (2017) exposed 4 species of freshwater 
fish to broadcasted sounds from tidal turbines, but 
they were unable to provide strong evidence of sig-
nificant behavioral changes caused by the noise. 
More research is needed to characterize the sound 
levels of MHK devices during operation and to eval-
uate the effects of noise produced by large, multi-
turbine arrays on different species of marine ani-
mals (e.g., Patrício et al. 2009, Baring-Gould et al. 
2016, Bevelhimer et al. 2016, Roche et al. 2016). In 
addition to the effects of sound, more information is 
needed to understand how MHK devices influence 
substrate vibration and particle motion, which, in 
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fields and thus experience more risk than pelagic 
species, as they are more likely to be near subsea ca-
bles (Woodruff et al. 2013, Gill et al. 2014). Effects 
of MHK are most likely in the immediate vicinity of 
grid-connection cables and attenuate within a few 
meters when MHK devices are on a small scale (i.e., 
fewer ~10 devices; Bevelhimer et al. 2013, Baring-
Gould et al. 2016).
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Edward B. Arnett

Introduction

Global demand for energy has increased more than 
50% in the last half century, and production to meet 
that demand has increased habitat loss and fragmen-
tation, stressed biological diversity, and affected 
human health and well-being worldwide (Evans 
and Kiesecker 2014). The interface of energy 
development—both conventional and renewable—
and wildlife conservation has been at the forefront 
of science, management, and policy decisions for de
cades, but it is now a mainstream topic in con
temporary conservation. Developing renewable 
energy alternatives has become a global priority, 
owing to long-term environmental impacts from 
use of fossil fuels, coupled with a changing climate 
(Schlesinger and Mitchell 1987, Inkley et al. 2004, 
National Research Council 2007, Allison et al. 2014). 
Indeed, numerous consequences for wildlife and 
their habitats—both predicted and observed—have 
been well documented (Inkley et al. 2004, Mawds-
ley et al. 2009), and endeavors like that of the United 
Nations climate change conference in 2015 and the 
resulting Paris Agreement (see https://unfccc​.int​
/process​-and​-meetings​/the​-paris​-agreement​/the​
-paris​-agreement) will be critical for mitigating 
global climate change. The United States, however, 

recently altered its course on climate policy after 
withdrawing from the Paris Agreement, repealing 
the Clean Power Plan set forth by the Obama ad-
ministration and significantly altering domestic 
policy to once again favor fossil fuel dominance (see 
https://www​.whitehouse​.gov​/presidential​-actions​
/presidential​-executive​-order​-promoting​-energy​
-independence​-economic​-growth​/). Still, global re-
newable energy production has increased dramati-
cally over the past 20 years—even in the United 
States under new policies—and is projected to con-
tinue growing in the coming decades (Ellabban et al. 
2014, Kiesecker and Naugle 2017, EIA 2018; this vol-
ume, Introduction, Moorman et al.).

Although developing renewable energy sources is 
important for meeting future energy needs, shifting 
energy production from fossil fuels to renewable 
sources that collect more diffuse energy from a 
broader spatial area will involve environmental 
trade-offs (Kiesecker et al. 2011). Environmental 
consequences of renewable energy development are 
well documented for some wildlife species and re-
newable sources like wind energy (e.g., Loss et al. 
2013, Arnett et  al. 2015; this volume, Chapter  5, 
Dohm and Drake, Chapter 6, Hein and Hale), and yet 
less is known for other sources like solar energy 
(e.g., Lovich and Ennen 2011, Walston et al. 2016; 

Renewable Energy Policy 
Directives
Implications for Wildlife Conservation
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wildlife impacts, conservation efforts, and mitiga-
tion. My discussions here are by no means exhaus-
tive or global in nature, and they do not include the 
breadth of policies and statutes governing all sources 
of renewable energy—wind, solar, waterpower, bio-
mass, and geothermal (DuVivier 2011). Rather, I pro-
vide a synthesis of some of the most relevant stat-
utes and policies influencing renewable development 
and wildlife conservation in the United States while 
providing reference to international policies, when 
applicable. Useful reviews of policy and regulations 
regarding wind energy development also can be 
found in the Government Accountability Office 
(2005) and National Research Council (2007) re-
ports, the US Fish and Wildlife Service (USFWS 
2012) voluntary land-based wind energy guidelines, 
and other references cited in this chapter. Moreover, 
additional information on policy related to bioenergy 
is provided in Chapter 4 (Rupp and Ribic).

Renewable Energy Standards  
and Tax Credits

A critically important factor contributing to the rapid 
growth of renewable energy has been state-driven 
policies establishing renewable portfolio standards 
requiring that a predetermined minimum per-
centage of renewable sources be included in the 
wholesale electric generation mix (Wiser et al. 2007, 
DuVivier 2011). By increasing the required amount 
of renewable energy over time, these portfolio stan-
dards set forth a path toward increasing sustainabil-
ity of renewable sources (Lyon and Yin 2010). The 
Renewable Fuel Standard is a federal program, estab-
lished by the US Congress in the Energy Policy Act 
of 2005 and administered by the US Environmental 
Protection Agency, requiring a minimum percentage 
of US transportation fuels sold to be from renewable 
sources. The Renewable Fuel Standard requires re-
newable fuel to be blended into transportation fuel 
in increasing amounts each year, and the Energy In
dependence and Security Act of 2007 escalates that 
mix to 36 billion gallons (136 billion liters) by 2022 

this volume, Chapter 8, Boroski). Effects on wild-
life can manifest in the form of direct mortality 
from strikes with moving wind turbine blades, for 
example, or indirect effects resulting from habitat 
loss from construction of the renewable energy 
facilities and associated infrastructure. Often over-
looked when determining effects and possible mit-
igation requirements, however, are indirect behav-
ioral modifications by wildlife to renewable energy 
facilities, leading to avoidance of larger spatial ar-
eas of otherwise suitable landscapes for many spe-
cies of wildlife (Arnett et  al. 2007a). The scale of 
proposed landscape change for renewables is indeed 
unprecedented, and almost all forms of renewable 
energy development are more land-intensive than 
are other forms of energy generation (Kiesecker and 
Naugle 2017).

Renewable energy and wildlife conservation are 
not necessarily incompatible goals, especially when 
impacts can be avoided, minimized, or mitigated 
(e.g., Kiesecker et al. 2010, Cameron et al. 2012, Ar-
nett and May 2016, Allison et al. 2017). However, 
some authors suggest that it might be preferable to 
risk individuals and, perhaps, existence of some spe-
cies in pursuit of rapid renewable energy develop-
ment (e.g., Allison et al. 2014, Badichek 2015). The 
latter philosophy assumes that prioritization of spe-
cies’ survival over the conversion from fossil fuels to 
renewables, and resulting delay or inaction, would 
increase global climate risk and ultimately threaten 
more species and habitats in the long term (Alli-
son et al. 2014, Badichek 2015, Kiesecker and Nau-
gle 2017). Regardless of social views and accep
tance of such trade-offs, any nation’s statutes and 
administrative policies—or lack thereof—can have 
dramatic influence on the nature and extent of ef-
fects of renewable energy development on wildlife 
and how these effects may be mitigated through 
space and time.

In this chapter, I discuss several statutes and ad-
ministrative policies specific to the United States 
that affect renewable energy exploration and devel-
opment and their known or potential influence on 
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broader context and integrated with other goals, in-
cluding wildlife conservation.

The federal renewable electricity production tax 
credit, a per-kilowatt credit for qualified renewable 
electricity resources (see https://www​.energy​.gov​
/savings​/renewable​-electricity​-production​-tax​
-credit​-ptc), is a policy that, like portfolio and fuel 
standards, seemingly has little to do with wildlife 
conservation on the surface. The US Congress must 
reauthorize the tax credit and often does so for only 
1 year at a time (Figure 10.1). For example, renew-
able energy tax credits, including the wind power 
production tax credit and solar investment tax credit, 
were recently extended as part of the Consolidated 
Appropriations Act of 2016 (HR 2029, Sec.  301; 
https://www​.congress​.gov​/bill​/114th​-congress​
/house​-bill​/2029​/text; Mai et al. 2016). The wind tax 
credit, valued at 2.3¢/kWh for electricity production 
over the first 10 years of a facility’s output, usually al-
lows projects with commercial operation dates after 
the expiration date to qualify for the tax credit as long 
as they “commenced construction” prior to the ex-
piration deadline (Mai et al. 2016). This can often 
create situations where developers are desperately 
working to get all necessary permits and construction 
under way before the tax credit expires. The tax credit 
expiration-extension dynamic—often with unknown 

(US Department of Energy, https://www​.afdc​.energy​
.gov​/laws​/RFS).

The aforementioned renewable portfolio and fuel 
standards drive policy and timelines that may con-
flict with wildlife and habitat conservation and the 
ability to effectively develop land-use plans or collect 
needed information on wildlife effects to inform de-
cisions and policy. Indeed, the push to meet these 
state and federal requirements, coupled with often 
inadequate review or permitting requirements, or 
lack of input and monitoring on wildlife impacts, 
may have unintended consequences. For example, 
corn-based ethanol production—effectively driven 
by the Renewable Fuel Standard—will require tens 
of millions of hectares of additional agricultural pro-
duction, resulting in significant land-use changes 
and inevitably lost habitat for wildlife (Arnett et al. 
2007b, Donner and Kucharik 2008, Fletcher et al. 
2011, Holland et al. 2015). Planning for a sustainable 
energy future also requires comprehensive planning 
to achieve multiple goals, and “piecemeal” ap-
proaches to energy production simply will not work 
in the long run (Kiesecker and Naugle 2017). If we 
are to address energy development in a broader land-
use planning context, the timelines associated with 
achieving renewable portfolio and fuel standards and 
comprehensive planning must be considered in a 

Figure 10.1  ​ Annual installed U.S. 
wind capacity from 2001–2016, 
showing years when the produc-
tion tax credit (PTC ) was set to 
expire (light gray bars) and then 
extended. This graph demonstrates 
how development expands up to 
the year prior to the production tax 
credit expiration and extension 
deadline and then declines in that 
year of expiration. Current 
legislation to phase down the PTC 
has ended this boom-bust cycle. 
Source: American Wind Energy 

Association.
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opers, owners, and operators to follow specific pro-
cedures to ensure no harm comes to wildlife during 
facility construction or operation, but operators may 
be held liable for any such harm to a protected spe-
cies that may occur (Lilley and Firestone 2008).

Migratory Bird Treaty Act

The extinction of several migratory bird species, as 
well as population declines of many others in the 
nineteenth century, generated public support for en-
actment of protective legislation for migratory birds 
early in the twentieth century (Fjetland 2000). The 
Migratory Bird Treaty Act (MBTA), first enacted in 
1918, has been the cornerstone of migratory bird 
conservation in the United States and implements 4 
international treaties with Great Britain, Canada, 
Mexico, and Japan that provide protection for hun-
dreds of species of migrating birds (USFWS 2012). 
The MBTA is a strict liability statute that not only 
prohibits unauthorized and intentional killing of mi-
gratory birds, through hunting or poaching, for ex-
ample, but also has been extended to prohibit the 
unintentional killing of migratory birds—often re-
ferred to as “incidental take”—caused by renewable 
energy facilities (e.g., wind or solar energy) or even 
loss of migratory bird habitat (USFWS 2012). The 
MBTA was instrumental in protecting birds from un-
restricted killing, market hunting for meat and 
plume trade, and wanton waste in the early twenti-
eth century (Fjetland 2000, Lilley and Firestone 
2008), and it remains an effective tool in regulating 
recreational hunting. More recently, the “primary ad-
ministrative emphasis” of the MBTA has shifted be-
yond solely managing sport hunting to include reg-
ulating a much broader array of activities that could 
result in the incidental take of migratory birds (Lil-
ley and Firestone 2008), including renewable energy 
development.

The question of what, if any, legal consequences 
should apply under the MBTA when a bird protected 
under the MBTA is killed, intentionally or uninten-
tionally, by anthropogenic activities has been the 

extension length—creates a roller coaster of uncer-
tainty that inadvertently extends into the realm of 
wildlife science and conservation. Some developers 
cite the tax credit timeline as a reason why they 
cannot commit to long-term monitoring or multi-
year wildlife research projects. When coupled with 
timelines to meet renewable energy standards dis-
cussed previously, it becomes obvious that these 
policies and associated timeframes can be problem-
atic and must be integrated into a broader discussion 
on timing and planning for multiple resources. Al-
though these examples are anecdotal and based 
solely on my own experiences, I believe it would be-
hoove the US Congress and other governments to 
consider both short- and long-term consequences of 
tax credit extensions, renewable portfolio standards, 
and other energy policies on monitoring and re-
search that support balancing renewable energy de-
velopment with conservation.

Federal Wildlife Statutes

The US federal government’s role in regulating re-
newable energy development is limited to projects 
occurring on federal lands or affecting federal trust 
species, or projects that have some form of federal in-
volvement (e.g., interconnect with a federal trans-
mission line) or require federal permits (Arnett 
2012). The Federal Energy Regulatory Commission 
regulates the interstate transmission of electricity, 
natural gas, and oil, but it does not approve the phys-
ical construction of electric generation, transmis-
sion, or distribution facilities, which is currently de-
termined by state and local governments (Government 
Accountability Office 2005).

The federal regulatory framework for protecting 
wildlife from most sources of renewable energy de-
velopment includes, but is not limited to, 3 primary 
laws—the Migratory Bird Treaty Act, the Bald and 
Golden Eagle Protection Act, and the Endangered 
Species Act (Government Accountability Office 
2005, National Research Council 2007, USFWS 
2012). Importantly, none of these laws require devel-
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ous memorandum (i.e., M-37041), and concluded 
that “the MBTA’s prohibition on pursuing, hunting, 
taking, capturing, killing, or attempting to do the 
same applies only to direct and affirmative pur-
poseful actions that reduce migratory birds, their 
eggs, or their nests, by killing or capturing, to 
human control.” Thus, incidental take from renew-
able energy projects, open wastewater and oil pits, 
or strikes with buildings and communications tow-
ers are currently not considered to be violations 
under the MBTA by the Department of Interior. 
While the Trump administration’s interpretation of 
the MBTA currently reflects the Department of In-
terior’s policy, the resolution of this question, if not 
addressed by Congress, will undoubtedly be re-
solved by the US Supreme Court in the future 
(Fazio and Strell 2018).

Bald and Golden Eagle Protection Act

The Bald and Golden Eagle Protection Act (BGEPA; 
16 U.S.C. § 668 et seq) provides additional legal pro-
tection for these 2 species of raptors. This act pro-
hibits the taking by numerous means, sale, and/or 
transport of live or dead bald eagles (Haliaeetus leu-
cocephalus) and golden eagles (Aquila chrysaetos), 
their parts, nests, or eggs, and includes criminal and 
civil penalties for violating the statute. This act also 
extends beyond the outright killing of these birds to 
include disturbance that could lead to, or is likely to 
cause, injury, decreases in productivity, or nest aban-
donment (USFWS 2012).

In 2009, the USFWS promulgated a final rule 
on 2 new permit regulations that authorized 
under BGEPA, for the first time, the incidental 
take of eagles and eagle nests in certain situations 
by companies, government agencies and tribal 
governments, individuals, and other organizations 
while conducting lawful activities such as operat-
ing utilities and airports (USFWS 2012). The per-
mitting rule also extends to construction and op-
eration of renewable energy facilities, particularly 
wind projects.

subject of much legal debate and opinion (e.g., Mar-
golin 1979, Fjetland 2000, Lilley and Firestone 2008, 
Panarella 2017, Fazio and Strell 2018). For the past 
century, the MBTA has been consistently interpreted 
by the Department of Interior to include incidental 
take (Fazio and Strell 2018), but the court system has 
struggled to define what limits should be placed on 
its application to activities that, unlike hunting and 
poaching, are in no part motivated by intent to kill 
or injure (e.g., wind turbine, building, or oil pit kills; 
Martin and Ballard 2013, Panarella 2017).

Although hunting licenses issued to individuals al-
low the legal “take” of migratory game birds, ac-
cording to state and federal regulations, no such per-
mit is issued to individuals, developers, corporations, 
or other entities for incidental take under the MBTA. 
By criminalizing the take of migratory birds without 
a permit and simultaneously granting no permits for 
incidental take, the MBTA creates a conundrum for 
entities engaged in the many land uses that could re-
sult in, albeit unintentionally, migratory bird kills 
(Lilley and Firestone 2008). In addition to not autho-
rizing incidental take permits, the MBTA does not 
allow for private citizen suits, and therefore, without 
the direct involvement of the USFWS, there is no 
enforcement of the MBTA. Further complicating 
matters, the opinion of what constitutes a prosecut-
able activity under the MBTA varies from court to 
court, leading some to suggest amending the MBTA 
to allow incidental take permits (Lilley and Firestone 
2008), whereas others argue for abolishing the un-
intentional/incidental take language and legal con-
sequences altogether (Panarella 2017).

The issue of incidental take under the MBTA most 
recently was addressed by the Obama administration 
in a Solicitor’s Opinion Memorandum (M-37041), is-
sued January 10, 2017 (US Department of Interior 
2017a), that concluded, “The MBTA’s broad prohibi-
tion on taking and killing migratory birds by any 
means and in any manner includes incidental taking 
and killing.” However, on December 22, 2017, a new 
Solicitor’s Opinion Memorandum (M-37050; US De-
partment of Interior 2017b), suspended the previ-
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the United States and originally enjoyed widespread 
support that has since waned, owing to changes in 
attitudes about economic and social consequences of 
endangered species protection (Waples et al. 2013). 
Successive presidential administrations and US Con-
gresses have responded with a series of amendments 
intended to balance species protection, procedural 
requirements, and flexibility in implementation, and 
those amendments shaped the ESA over the past 
several decades (Waples et  al. 2013). Indeed, the 
rich literature on the ESA covers every conceivable 
angle and scientific, administrative, and legal opin-
ion on the acts’ intent, implementation, effective-
ness, and need for improvement or dismantling alto-
gether. Regardless, the act has irrefutably thwarted 
many species extinctions (< 1% of those listed have 
been declared extinct; Davison et al. 2005), and has 
resulted in several success stories for species in the 
United States, such as the bald eagle, peregrine fal-
con (Falco peregrinus), and Louisiana black bear (Ur-
sus americanus luteolus).

As with any development, renewable energy proj
ects are subjected to conditions and requirements 
of the ESA. In most instances, the secretary of the 
interior, acting through the USFWS, is the final ar-
bitrator when conflicts between renewable energy 
projects and biological resources arise (Yung and 
Sanders 2015). Section 9 of the ESA makes it unlaw-
ful to “take” a listed species—defined as to harass, 
harm, pursue, hunt, shoot, wound, kill, trap, capture, 
or collect or attempt to engage in any such conduct 
(USFWS 2012). Regardless of where the activity 
takes place (i.e., on federal or nonfederal land), any 
killing or taking of an endangered species would be 
lawful only if the person responsible was in posses-
sion of an incidental-take permit issued under the 
ESA (Lilley and Firestone 2008). The USFWS may, 
however, authorize incidental take (i.e., that occur-
ring as a result of an otherwise legal activity) in 
2 ways: first, through formal consultation under sec-
tion 7(a)(2) of the act, whenever a federal agency, 
federal funding, or a federal permit is involved; and 
second, through pursuit of an incidental take permit 

To facilitate issuance of permits under the new 
regulations and to complement its land-based wind 
energy guidelines (USFWS 2012), the USFWS devel-
oped an Eagle Conservation Plan Guidance docu-
ment to aid developers of renewable energy and 
other projects (USFWS 2013). The document pro-
vides specific, in-depth guidance for conserving 
bald and golden eagles during the course of siting, 
constructing, and operating wind energy facilities. 
Compliance is voluntary, but the USFWS states that 
following the guidance aids developers in complying 
with regulatory requirements to avoid unintentional 
take of eagles—primarily at wind energy projects 
(USFWS 2013). The revised ruling and guidance also 
developed a mitigation strategy for eagle conserva-
tion, but it is challenged by a lack of data supporting 
scientifically rigorous strategies to mitigate unavoid-
able eagle take (Allison et  al. 2017). Allison et  al. 
(2017) summarized options for mitigating take of 
golden eagles and potentially compensating for un-
avoidable impacts after avoidance and minimization 
measures have been taken.

Endangered Species Act

The Endangered Species Act (ESA; 16 U.S.C. § 1531 
et seq) is the most comprehensive wildlife conserva-
tion and habitat protection legislation in the United 
States and has been a vital tool for conserving biodi-
versity (Davison et al. 2005). Enacted by Congress in 
1973, the ESA directs the USFWS to identify and pro-
tect endangered and threatened species and their 
critical habitat and to provide a means to conserve 
their ecosystems (USFWS 2012). To this end, federal 
agencies are directed to use their authorities to con-
serve listed species and ensure that their actions are 
not likely to jeopardize continued existence of these 
species or destroy or adversely modify their critical 
habitat (USFWS 2012). Federal agencies are encour-
aged to do the same with respect to “candidate” spe-
cies that may be listed in the future.

The ESA was enacted during a period when nu-
merous bedrock environmental laws were passed in 
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The National Environmental Policy Act of 1969 
(NEPA; 42 U.S.C. § 4321 et seq) articulates a broad 
national environmental policy that requires federal 
agencies to analyze the environmental impacts of 
their actions and of alternatives for all major ac-
tions likely to have significant environmental ef-
fects (Council on Environmental Quality 2007). 
The act has had profound influence domestically in 
the United States, but also globally, as it has been 
the model for other environmental assessment leg-
islations, including European regulations (Busch 
and Jörgens 2005, Köppel et  al. 2012, Geißler 
2013). Several steps in the approval of any renew-
able energy project involving federal land trigger 
NEPA review, including Bureau of Land Manage-
ment approval of rights-of-way and, potentially, is-
suance of incidental take permits under the ESA 
(Morris and Owley 2014).

The Council on Environmental Quality has pro-
vided guidance to federal agencies and decision 
makers on the process, implementation, and legal 
requirements for NEPA (see Council on Environ-
mental Quality 2000, 2005, 2007). The Council on 
Environmental Quality regulations direct federal 
agencies to “use the NEPA process to identify and 
assess the reasonable alternatives to proposed ac-
tions that will avoid or minimize adverse effects of 
these actions” (40 CFR § 1500.2[e]; see 40 CFR § 
1500.2[f]). The NEPA process includes forecasting 
impacts of proposed action(s) and reasonable alter-
natives and identifying mitigation measures for 
those impacts prior to making decisions and taking 
action, and these analyses are documented and made 
available to the public (Council on Environmental 
Quality 2007).

Any renewable energy project proposed on federal 
public lands or connecting to a federal transmission 
grid triggers the NEPA process, requiring environ-
mental review in the form of an environmental 
impact statement or an environmental assess-
ment—a less-intensive review (Council on Environ-
mental Quality 2005, Morris and Owley 2014). An 
environmental impact statement not only evaluates 

under section  10(a)(1)(B) upon completion of a 
satisfactory habitat conservation plan for listed spe-
cies (USFWS 2012; also see https://www​.fws​.gov​
/endangered​/what​-we​-do​/hcp​-overview​.html). For 
example, the Midwest region of the USFWS and a co
alition of 8 states, the wind industry, and conserva-
tion groups are preparing a multispecies habitat con-
servation plan that will issue incidental take permits 
for listed species like the Indiana bat (Myotis sodalis) 
and Kirtland’s warbler (Setophaga kirtlandii; see 
https://www​.fws​.gov​/midwest​/endangered​/esday​
/wind2010​.html).

Federal Administrative Policies and 
Environmental Review

In addition to obtaining the necessary permits at lo-
cal (e.g., city or county) and state levels, renewable 
energy projects usually must undertake either state 
and/or federal environmental reviews and land-use 
planning processes. Unlike permitting processes, 
wherein project proponents are responsible for as-
sembling information and documents and comply-
ing with requirements, the public agencies are them-
selves responsible for environmental review (Morris 
and Owley 2014). State review and land-use plan-
ning processes vary widely, whereas federal ap-
proaches for public lands are established in statutes 
and administrative policy that transcend all federal 
public land ownership. The Congressional Review 
Service (2012), Government Accountability Office 
(2005), Geißler (2013), and Morris and Owley (2014) 
are examples of useful summaries of environmental 
review processes specific to the United States.

National Environmental Policy Act

It is the continuing policy of the Federal Government . . . ​
to use all practicable means and measures . . . ​to create 
and maintain conditions under which man and nature 
can exist in productive harmony, and fulfill the social, 
economic, and other requirements of present and 
future generations of Americans.

—National Environmental Policy Act of 1969
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tions for implementing NEPA (e.g., 43 CFR Part 46 
for US Department of the Interior/Bureau of Land 
Management), and applicable agency handbook and 
planning regulations. These processes are extensive, 
requiring considerable time and resources and often 
conflict with the timing for renewable project financ-
ing, tax credits, and other factors in the develop-
ment process.

The 94th Congress passed the Federal Land Pol-
icy and Management Act in 1976 (43 U.S.C. ch. 35 § 
1701 et seq) to establish public-land policy and guide-
lines for its administration and for the manage-
ment, protection, development, and enhancement of 
the public lands managed by the US Department of 
Interior, namely the Bureau of Land Management 
(US Department of the Interior/Bureau of Land 
Management 2016). The Federal Land Policy and 
Management Act addresses land-use planning, ad-
ministration of federal land, land acquisition, fees and 
payments, rights-of-ways, range management, and 
other management issues. Under the Federal Land 
Policy and Management Act, the secretary of the inte-
rior has authorization to grant rights-of-way on public 
lands for systems of generation, transmission, and dis-
tribution of electric energy (Federal Land Policy and 
Management Act, Section 501[a][4]). The Bureau 
of Land Management Land Use Planning Hand-
book (H-1601-1) requires that land-use planning 
efforts address existing and potential development 
areas for renewable energy projects (see H-1601-1, 
Appendix C, II, Resource Uses, Section E, Lands 
and Realty; BLM 2005a), consistent with the 
Energy Policy Act of 2005 and the Bureau of Land 
Management Energy and Mineral Policy implemented 
in 2008.

To address the expansion of renewable energy and 
desires to develop on federal lands, the Bureau of 
Land Management prepared programmatic environ-
mental impact statements for wind and solar energy 
in the western United States (BLM 2005b; http://
windeis​.anl​.gov​/; BLM 2012; http://solareis​.anl​.gov​/). 
In 2005, the Bureau of Land Management issued a 
Record of Decision to implement a comprehensive 

the environmental impacts of a proposed project 
(and its alternatives), but also outlines possible 
mitigation measures and assesses cumulative ef-
fects (Morris and Owley 2014). In contrast, an en-
vironmental assessment is a more concise docu-
ment prepared under NEPA to provide sufficient 
evidence and analysis to determine whether a pro-
posed agency action would require preparation of 
an environmental impact statement or a finding of 
no significant impact (FONSI).

Salter (2011) and other authors have argued that 
current law advances wildlife protection and land 
preservation interests too far at the expense of re-
newable energy development, owing to the manner 
in which NEPA commonly is interpreted and ap-
plied, favoring the status quo and disfavoring devel-
oping land for renewable energy projects. Part of 
Salter’s (2011) argument centers on the significant 
cost and time it takes to prepare an environmental 
impact statement, which he feels is inconsistent with 
policy-making consensus that the United States 
should be promoting the rapid development of re-
newable energy. There is no question that the NEPA 
process takes considerable time and could be stream-
lined to increase efficiency and reduce costs, but 
this policy is important for projects on public lands 
given the extent of known impacts and the need to 
consider those impacts in project planning, develop-
ment, and operation.

Land-Use Management Planning

Renewable energy projects proposed on federal pub-
lic lands are subject to either the Federal Land Pol-
icy and Management Act (if on Bureau of Land Man-
agement lands; see 43 U.S.C. ch. 35 § 1701 et seq) or 
the National Forest Management Act (if on US For-
est Service lands; see 16 U.S.C. §§1600-1687). Both 
federal land-use acts require agencies to follow pro
cesses in accordance with NEPA, the Council on En-
vironmental Quality’s regulations for implementing 
NEPA (Title 40, Parts 1500–1508 of the Code of Fed-
eral Regulations), Department of Interior regula-
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On US Forest Service public lands—either na-
tional forests or grasslands—renewable energy proj
ects are subjected to the National Forest Manage-
ment Act of 1976 and an amendment to the Forest 
and Rangeland Renewable Resources Planning Act 
of 1974 (https://www​.fs​.fed​.us​/emc​/nfma​/includes​
/NFMA1976​.pdf)​. The US Forest Service describes 
its renewable energy program and associated regu-
lations under “special uses,” and the direction for the 
agency is presented in its Strategic Energy Frame-
work (USFS 2011; https://www​.fs​.fed​.us​/specialuses​
/special​_energy​.shtml). The strategic framework and 
agency’s handbooks and manual set forth specific re-
quirements for project components similar to the 
Bureau of Land Management and in accordance with 
NEPA and the National Forest Management Act.

Mitigation

In the context of this chapter, mitigation means re-
ducing the negative impacts of a proposed renewable 
project. The mitigation hierarchy, which seeks to 
minimize impacts through the application of avoid-
ance, minimization, and compensation, is an essen-
tial tool for advancing fish, wildlife, and natural re-
sources conservation and balancing it with renewable 
energy development (Council on Environmental 
Quality 2000, Kiesecker et al. 2010). Comprehensive 
landscape planning that minimizes risks for develop-
ers and natural resource stakeholders should clearly 
define the following areas: (1) those to be avoided 
because of irreplaceable natural resource values; 
(2) those where development can occur with mini-
mal controversy; and (3) those where compensa-
tory mitigation should be carried out to best replace 
or enhance lost ecological function. Such planning 
efforts also reduce conflicts and communicate what 
is expected early in the process, thus reducing time 
and costs while better assuring effectiveness. Avoid-
ance, the first step in the hierarchy, is the best form 
of mitigation because a resource not yet affected 
yields the least cost and amount of work required to 
offset impacts.

wind energy development program in 11 western 
states, excluding Alaska, and to amend 52 Bureau of 
Land Management land-use plans to adopt the new 
program (BLM 2005b). The decision established pol-
icies and best management practices for the admin-
istration of wind energy development activities and 
established minimum requirements for mitigation 
measures (BLM 2005b). In 2012, the Bureau of Land 
Management issued a Record of Decision to imple-
ment utility-scale solar (>20 MW capacity) energy 
development on Bureau of Land Management–
administered lands in 6 states in the US Southwest 
(Arizona, California, Colorado, Nevada, New Mex-
ico, and Utah; BLM 2012). This Record of Decision 
described updated and revised Bureau of Land 
Management policies and procedures related to so-
lar energy development on public lands, providing 
internal administrative guidance to the Bureau of 
Land Management regarding the processing of 
rights-of-way applications for utility-scale solar en-
ergy projects (BLM 2012). The Bureau of Land 
Management Programmatic Solar Environmental 
Impact Statement established “solar energy zones” 
designed to accelerate development while mini-
mizing environmental impacts and avoiding sensi-
tive natural areas. This approach and upfront plan-
ning encouraged cross-agency collaboration and 
has reduced project permitting time by more than 
half (Krueger et al. 2017).

Importantly, neither the solar nor wind program-
matic environmental impact statement and Record 
of Decision authorize any development projects or 
eliminate the need for site-specific environmental re-
views for any future project. The Bureau of Land 
Management makes separate decisions as to whether 
or not to authorize individual renewable energy proj
ects in conformance with existing land-use plans, as 
amended by these Records of Decision (BLM 2005b, 
2012). Once a renewable energy project is proposed, 
the Bureau of Land Management completes a site-
specific environmental review of all projects and 
rights-of-way applications in accordance with NEPA 
prior to issuing an authorization.
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The Trump administration, notably the Depart-
ment of Interior, has questioned the legal authority 
of the Bureau of Land Management to, for example, 
require mitigation. While it is true that the Federal 
Land Policy and Management Act does not mandate 
the Bureau of Land Management to require applica-
tion of the full mitigation hierarchy, the agency cer-
tainly has ample discretion to use the full mitigation 
hierarchy as directed by the Council on Environmen-
tal Quality, Federal Land Policy and Management 
Act, and NEPA. Recently, the secretary of the inte-
rior issued Secretarial Order 3349 that directed the 
Department of Interior to review its mitigation poli-
cies, and on December 22, 2017, the Department of 
Interior issued Secretarial Order No. 3360 (https://
www​.eenews​.net​/assets​/2018​/01​/05​/document​_gw​
_04​.pdf) that rescinded 2 Bureau of Land Man-
agement mitigation policies: (1) Bureau of Land 
Management,  Manual Section  1794—Mitigation 
(December 22, 2016); and (2) Bureau of Land Man-
agement, Mitigation Handbook H-1794-1 (Decem-
ber 22, 2016). The order also directed the Bureau 
of Land Management to revise and reissue Instruc-
tion Memorandum No. 2008-204, “Offsite Mitiga-
tion” (https://www​.blm​.gov​/policy​/im​-2008​-204), 
within  30 days. Interestingly, the 2008 memoran-
dum notes that “the Bureau of Land Management’s 
authority to address the mitigation of impacts  on 
public lands associated with a use authorization 
issued  by the Bureau of Land Management de-
rives  from the Federal Land Policy and Manage-
ment Act.” The revised Instruction Memorandum 
ordered by the secretary of the interior has yet to be 
issued at the time of this writing.

The future of mitigation requirements on Depart-
ment of Interior lands remains unclear, creating 
confusion and uncertainty. Application of the full 
mitigation hierarchy, however, is seemingly an 
important tool for Bureau of Land Management in 
3 critical ways: (1) assisting Bureau of Land Manage-
ment in achieving land health standards, which are 
mandated under the Federal Land Policy and Man-

The Council on Environmental Quality regula-
tions direct federal agencies to “use the NEPA pro
cess to identify and assess the reasonable alternatives 
to proposed actions that will avoid or minimize ad-
verse effects of these actions” (see 40 CFR § 1500.2[e] 
and 40 CFR § 1500.2[f]). Under NEPA, mitigation 
(1) may be included in the proposed project design 
to minimize impacts (referred to as “design features”); 
(2) must be included in the range of alternatives and 
analyzed in the “Environmental Consequences” 
section of an environmental impact statement; 
and (3) may be analyzed in an environmental as-
sessment and support what is known as a “miti-
gated finding of no significant impact” (FONSI) 
(40 CFR §§ 1502.14[f] and 1502.16[h]; see 40 CFR 
§ 1508.25[b][3]). Frequently, a project as originally 
proposed will appear to have significant environmen-
tal effects, but during the assessment process, the 
agency will develop mitigation measures that render 
those effects insignificant in the final analysis, result-
ing in a mitigated FONSI. In such a case, a critical 
issue is whether the agency must prepare an environ-
mental impact statement or whether it can justify a 
FONSI, and thus a timelier and less expensive envi-
ronmental assessment, by adopting mitigation mea
sures. However, Council on Environmental Quality 
regulations only require that agencies discuss mitiga-
tion measures in a full environmental impact state-
ment, but do not discuss the issue of whether mitiga-
tion measures can justify a FONSI (Herson 1986). 
Indeed, the courts have interpreted NEPA to be a 
procedural statute, requiring completion of an envi-
ronmental review process, but without any sub-
stantive requirements regarding actions, alterna-
tives, or mitigation (Morris and Owley 2014). In 
the absence of clear statutory or regulatory re-
quirements, most federal appellate courts have al-
lowed agencies to justify FONSIs with mitigation 
measures that reduce impacts to less than signifi-
cant levels, thus providing agencies with time and 
cost incentives to mitigate a project’s significant 
environmental impacts (Herson 1986).
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more, some states have environmental laws that im-
pose requirements on many types of construction 
and development, including wind power, that state 
and local agencies must follow (Government Ac-
countability Office 2005). All states have their own 
threatened and endangered species lists, as well as 
laws prohibiting the killing of nongame animals. 
However, it does not appear that states readily en-
force these laws for the unintentional killing of bats 
or birds, for example, perhaps because of funding and 
personnel constraints, other enforcement priorities, 
or other factors.

It is apparent that most local jurisdictional entities 
lack experience in wildlife science and, unless they 
coordinate with their respective state wildlife or natu
ral resource agency, concerns about wildlife issues 
may fall by the wayside and never enter the discussion 
during decision making. Although most developers 
proactively coordinate with state wildlife agencies to 
address concerns, a gap remains between the decision-
making authority and those with expertise and juris-
diction over wildlife issues. Potential for miscommu-
nication or no communication at all is apparent, and 
while policies and regulations vary among states, it 
seems prudent to suggest that stronger coordination 
and perhaps even policy and regulation may be war-
ranted in many states, especially where wildlife agen-
cies have limited authority in such decision making. 
The intent, of course, should not be to increase pro
cess or extend timelines, but rather to ensure environ-
mental concerns are fully articulated and addressed 
throughout the permitting process. However, neither 
agencies nor local jurisdictional entities may have the 
financial wherewithal or resources necessary to act as 
an effective regulatory body. Merely having environ-
mental regulations in place to carry out their mis-
sion might sometimes make for untenable situations 
whereby renewable energy developers are forced to 
comply with the law without the agency achieving 
the conservation goals they desire or the ability to 
effectively manage permitting programs, which, in 
turn, can have negative impacts on business.

agement Act; (2) allowing Bureau of Land Manage-
ment to avoid “undue and unnecessary damage”; and 
(3) reducing proposed impacts so as to achieve a de-
fensible mitigated FONSI described above, result-
ing in much quicker permitting. For the Bureau of 
Land Management to achieve permitting efficiencies 
and better achieve its goals and mandates under the 
Federal Land Policy and Management Act, a well-
implemented mitigation hierarchy is advisable.

State and Local Jurisdictions

Because development of renewable energy facilities 
has occurred primarily on nonfederal land, regulat-
ing such facilities is largely the responsibility of state 
and local governments (Government Accountability 
Office 2005). Each state may enforce its own laws for 
siting, permitting, and wildlife protection, in addi-
tion to any applicable federal statutes, making it an 
impossibility to cover all states, and multiple counties 
and local permitting authorities within each state, in 
this chapter. States also may establish cooperative ef-
forts to address renewable development and wildlife 
impacts. For example, the Pennsylvania Game Com-
mission (2007) developed a cooperative agreement 
with wind energy companies that allows for prosecu-
torial discretion by the Game Commission for the 
take of state-listed species when cooperating compa-
nies comply fully with conditions of the agreement.

The primary permitting jurisdiction for renew-
able energy projects in many instances is a local 
planning commission, zoning board, city council, or 
county board of supervisors or commissioners; typi-
cally, these local jurisdictional entities regulate wind 
projects, for instance, under zoning ordinances and 
building codes (Government Accountability Office 
2005), often without the basic knowledge needed to 
make informed environmental decisions. In some 
states, one or more state agencies play a role in reg-
ulating renewable energy development, such as natu
ral resource and environmental protection agencies, 
public utility commissions, or siting boards. Further-
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The World Bank issued its own guidance in 2011 
(Ledec et al. 2011) that identified best practices for 
managing key environmental and social issues asso-
ciated with wind power development and provided 
recommendations for addressing project planning, 
construction, and operation of wind facilities. Edu-
cating and engaging financial institutions regarding 
environmental risks associated with poorly designed 
and sited projects is critical to avoiding those risks 
and properly mitigating unforeseen impacts once 
projects are developed.

Research and guidance on siting and developing 
solar resources remains in its infancy, and few stud-
ies have addressed impacts empirically. However, a 
few authors have summarized either known or pos-
tulated impacts from solar development and offer 
suggestions for siting and mitigating impacts (e.g., 
Lovich and Ennen 2011, Cameron et al. 2012, Her-
nandez et al. 2014, Walston et al. 2016; this volume, 
Chapter 8, Boroski). From a habitat fragmentation 
and degradation perspective, the principles and guid-
ance for siting, avoidance, and mitigation of such 
impacts provided by Kiesecker et al. (2010, 2011), the 
USFWS (2012), and other sources provided in this 
chapter for wind are prudent for solar and geother-
mal projects. Cameron et al. (2012, 2017) and Her-
nandez et al. (2015) discussed approaches for devel-
opers of solar projects that could reduce impacts on 
areas of higher conservation value. These landscape-
scale approaches to planning have been effective in 
balancing the trade-offs between renewable energy 
development and conservation of biodiversity, at 
least in California, but can be effective anywhere 
(Cameron et al. 2017).

Regulations and Lack Thereof

Arnett (2012) discussed how lack of regulations can 
sometimes create unique challenges for responsible 
and scientifically credible development of wind en-
ergy projects—an issue that still occurs for most if 
not all renewable energy technologies today. Hypo-
thetically, a landscape that has reasonable commer-

Renewable Development Guidelines

Several countries have developed voluntary guide-
lines for siting, developing, and operating renew-
able energy facilities, especially for wind energy (e.g., 
Canada, Ontario Ministry of Natural Resources 2011; 
Ireland, Bat Conservation Ireland 2012; the Euro
pean Union, Rodrigues et  al. 2015). Methods and 
metrics are also well-established for studying impacts 
of wind energy development, for example, on wild-
life (e.g., Kunz et al. 2007, Strickland et al. 2011), 
that inform land-use planning, management, opera-
tions, mitigation, and policy decisions. The USFWS 
issued voluntary guidelines in 2003 that were later 
updated through recommendations from a federal 
advisory committee commissioned by the secretary 
of the interior (USFWS 2012). These guidelines are 
intended to (1) promote compliance with relevant 
wildlife laws and regulations; (2) encourage scientif-
ically rigorous survey, monitoring, assessment, and 
research designs proportionate to the risk to spe-
cies of concern; (3) produce potentially compara-
ble data across the nation; (4) mitigate for poten-
tial adverse effects on species of concern and their 
habitats; and (5) improve the ability to predict and 
resolve impacts at local, regional, and national scales 
(USFWS 2012).

As previously discussed, the Pennsylvania Game 
Commission (2007) developed an exemplary coop-
erative agreement with wind energy companies that 
includes a set of methods and metrics required by the 
agency. Entering into the agreement is voluntary, but 
cooperating companies must adhere to the guidance, 
methods, and analyses set forth by the Game Com-
mission. By doing so, participating companies are 
given prosecutorial discretion for the incidental take 
of state-listed species by the state agency.

Financing renewable projects that pose environ-
mental threats is risky for institutions and private 
investors hoping to make returns on those invest-
ments in a timely manner. Some financial institu-
tions have developed their own principles and guide-
lines for development of renewable energy sources. 
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eas and minimize or perhaps eliminate bad behavior, 
rather than reward it.

Arnett (2012) also discussed a scenario in which 
regulations create unique challenges centered on 
ethics. Let’s say, for example, there are 2 adjacent 
sites being developed by different companies that oc-
cur in an area occupied by a federally listed threat-
ened or endangered species. One company is proac-
tive and decides to conduct extensive surveys for the 
listed species on their proposed site, and they do so 
even though it is not legally required, but they be-
lieve it is the right thing to do. Meanwhile, a neigh-
boring developer chooses not to conduct such sur-
veys and proceeds with development. Upon finding 
the listed species occupying its site, the proactive 
company reports to the USFWS, as it should, but 
soon finds that the surveys and reporting now seri-
ously jeopardize their project. This company may 
need to complete an expensive and time-consuming 
habitat conservation plan and may never get to 
complete this project. While this is an appropriate 
course of action, the less conscientious company 
continues to develop unhindered without expendi-
ture on surveys or consultation with appropriate 
agencies. Their only risk would be to actually “take” 
a listed species and, though unlikely, be caught doing 
so. With no consistent requirements in place regard-
ing surveys for listed species, the proactive com
pany has been penalized for good behavior, and the 
less conscientious company is rewarded for bad be
havior. Hence, there is a need for further policy dis-
cussions and decisions to ensure a consistent envi-
ronmental process among all renewable energy 
companies. Creating incentives for responsible de-
velopment and rewarding companies that adhere to 
guidelines, mitigate impacts, implement voluntary 
efforts, and support research will be a critically 
important component for resolving potential threats 
to wildlife conservation from renewable energy in 
the future.

Another key issue is consistent application of reg-
ulations. In my discussions with wildlife profession-
als and industry developers, this appears to be an 

cial wind or solar energy potential, for instance, 
might have several different developers “prospect-
ing” in the area to secure landowner leases and be-
gin the permitting process. Several important wild-
life concerns may be brought to the attention of each 
developer independently through consultation with 
local, state, and federal wildlife agencies or academic 
and nongovernment experts. After reviewing the sit-
uation with the relevant agencies and their com
pany officials, each developer might decide that this 
landscape is too environmentally sensitive for devel-
opment and all might abandon their respective 
projects. This hypothetical landscape has now been 
unofficially deemed as a high-risk site for develop-
ment, but the question remains: “Is it now safe from 
future development of a wind or solar facility?” The 
answer is “no,” because there is no regulatory statute 
in any state that I am aware of that protects an area 
because a conscientious, proactive company (or com-
panies) walked away from a project because of envi-
ronmental concerns. Another developer can proceed 
with prospecting and, within the existing laws, per-
mit, build, and operate a facility right where others 
did not, and, in many instances, with no consequence 
or requirements to assess or monitor impacts (de-
pending on the state). Arnett (2012) also noted that 
any other industry or land-use developer could pur-
sue development of this hypothetical environmen-
tally sensitive landscape unless the land is put 
under, for example, a conservation easement, as the 
landowner has the right to realize the highest and 
best economic use of their lands within the limits of 
the law. This scenario, although having little to do 
with the biology or science of the matter, could have 
extensive implications for renewable energy (and 
other land-use development) and wildlife impacts. 
Situations like these are not well documented, and 
most never reach public dissemination, but they un-
doubtedly occur and threaten wildlife and all stake-
holders, including the renewable industry. Creating 
policy that is consistent within and across industries 
would “level the playing field” for all developers and 
their requirements for environmentally sensitive ar-
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mitigate impacts (i.e., there are only so many acres 
in any given landscape and not all can accommodate 
development and needed mitigation of impacts). Ar-
nett et  al. (2007) recommended that regional as-
sessments of existing and multiple forecasts of pos
sible land uses be conducted and that planning of 
regional conservation strategies among industries, 
agencies, and private landowners be implemented to 
reduce conflicts and increase options for mitigation 
and conservation. Evans and Kiesecker (2014) cor-
roborated these recommendations when they sug-
gested that cumulative impacts from any 1 or mul-
tiple sources of energy development pose the greatest 
challenge for achieving landscape-level conservation 
goals. They also pointed out that, unfortunately, as-
sessments of environmental impacts usually are 
made at the project scale rather than the landscape 
scale. Landscape-scale modeling of different scenar-
ios can allow regulators to examine the potential 
consequences of development objectives quickly and 
inexpensively (Evans and Kiesecker 2014). This will 
be an important next step for improving land-use 
planning and integrating with policy for renewable 
energy development and wildlife conservation in the 
future.

International treaties and existing or potentially 
needed regulations should be addressed, given that 
fatalities at wind and solar facilities, in particular, in-
volve migratory species of wildlife. Voigt et  al. 
(2012) reported that wind turbines kill bats not only 
of sedentary local populations but also of distant 
populations, potentially having a negative impact 
beyond political borders. They suggested that in-
ternational regulations for implementing mitiga-
tion measures to prevent large-scale detrimental 
effects on endangered bat populations are war-
ranted. The same is true globally for migratory 
wildlife, and countries sharing populations of mi-
gratory wildlife should heed this advice from Voigt 
et al. (2012).

Arnett (2012) summarized a number of issues sur-
rounding the interface of science, management, 
and policy that continue to plague renewable energy 

overarching problem with many federal agencies 
across the county. A state agency colleague con-
veyed to me that 4 different USFWS offices had dif
ferent interpretation and application of the ESA, 
given the same issue brought forth to each of them. 
This creates untenable situations, considerable un-
certainty, consternation, and lack of trust among 
stakeholders that seems completely unnecessary. 
Clear guidance and training would help improve 
consistency among professionals interpreting and 
implementing statutes, regulations, and adminis-
trative policies.

Closing Thoughts

Elliott (2013) pointed out that frequent changes of 
control of government by our political parties and 
the shifting policies that result are an impediment to 
having a successful national renewable energy pol-
icy. I would argue that the same is true for imple-
menting consistent policy for balancing wildlife 
conservation with renewable energy development. 
Indeed, recent changes to the MBTA, to mitigation 
requirements, and to other related policies by the De-
partment of Interior during the Trump administra-
tion may seem beneficial to proponents in the short 
term, but future administrations may swing the pro-
verbial pendulum back the other direction, per El-
liot’s (2013) observation. Lawmakers need to con-
sider long-term certainty and stability—financial, 
ecological, and social—as they decide to amend, 
abolish, or develop statutes and regulatory and ad-
ministrative policies for renewable energy, if we are 
to achieve balance with wildlife conservation.

Arnett et al. (2007a) speculated that given pro-
jected increases in multiple sources of energy devel-
opment, including biomass, wind, and oil and gas 
development, future conflicts surrounding land-use 
change, mitigation measures, and conservation strat-
egies should be anticipated. They noted that habitat 
mitigation options, for example, when developing 
wind in open prairie, may be compromised by devel-
opment of other energy sources and their needs to 
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developing renewable energy. Unless there is a 
government-based nexus, federal and/or state stat-
utes and administrative policies dictating develop-
ment standards, monitoring and research, siting, and 
mitigation efforts by energy developers and operat-
ing companies will be voluntary, likely without re-
gard for cumulative effects (Arnett 2012). Radzi 
and Droege (2014) identified a growing challenge 
with lack of coordination between central and 
local policies and between numerous entities with 
vested interest in renewable energy development. 
The likelihood of miscommunication or no 
communication—both within and among state and 
federal agencies, counties, and other local governing 
and permitting authorities—must be improved. 
Stronger coordination is essential, and perhaps pol-
icy revisions and regulation will be necessary, espe-
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energy that conserves wildlife and its habitats.
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fewer greenhouse gas emissions. Renewable energy 
development also provides an obvious and realizable 
answer to the lingering quandary of finite fossil fuel 
resources ultimately running out. Meanwhile, im-
plementation of renewable energy technologies 
throughout the landscapes of North America is out-
pacing our understanding of its effects on wildlife. 
Current knowledge already suggests that renewable 
energy development may act in conjunction with 
other global changes, including urbanization and cli-
mate change, to restrict land resources available to 
wildlife species. Additionally, some wildlife spe-
cies may be killed or displaced, for instance, by 
site-specific infrastructure and activities for re-
newable energy production. In light of this current 
situation, every wildlife professional and student 
should possess a firm understanding of the basic 
principles of renewable energy and wildlife con-
servation and a willingness to consider the future 
of wildlife conservation with respect to renewable 
energy development.

Principles of Renewable Energy and 
Wildlife Conservation

The chapters in this book consolidate important 
themes centered on renewable energy and wildlife 

Introduction

The progression of renewable energy enterprises and 
their physical manifestations (hereafter collectively 
referred to as “renewable energy development”) is a 
critical wildlife conservation issue. This book pro-
vides a foundation on which wildlife professionals 
and researchers can build their understanding of re-
newable energy and wildlife conservation in theory 
and practice. This concluding chapter synthesizes 
key principles and some trends in renewable energy 
and wildlife conservation and serves as a springboard 
for research and educational opportunities in the 
emerging field of renewable energy ecology. Indeed, 
the interface between renewable energy develop-
ment and wildlife conservation has created a new 
frontier in wildlife science, complete with the envi-
ronmental challenges associated with other con
temporary global changes like climate change.

Significant economic and industrial inertia of re-
newable energy development in North America, cou-
pled with growing social and political support, war-
rant the timely publication of this book and prudent 
consideration of interplays between renewable en-
ergy and wildlife conservation. Environmental con-
cerns regarding climate change continue to provide 
further impetus to develop renewable energy with 
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nomena related to wildlife mortality at renewable 
energy facilities.

Potential population-level effects of wildlife mor-
tality at renewable energy facilities likely vary by 
taxa, and more research linking disparate mortality 
estimates at individual facilities to population-level 
impact assessments certainly is needed. For highly 
abundant and fecund wildlife, like many migratory 
passerines, mortality associated with renewable en-
ergy infrastructure and activities likely causes minor 
population-level effects. Conversely, mortality asso-
ciated with renewable energy facilities may signifi-
cantly decrease populations of already rare birds of 
prey with slow reproductive rates. Of course, under-
standing the effects of wildlife mortality from renew-
able energy production on animal populations is 
predicated by previous knowledge of species popu-
lation levels. For wildlife like bats, this presents a for-
midable problem. Bats are nocturnal and can be 
small and migratory. As such, little is known about 
bat population numbers in general, making quanti-
fication of population-level, additive mortality via 
wind turbines, for instance, difficult to achieve. Sim-
ilar issues arise with invertebrates for many of the 
same reasons (Grodsky et al. 2015). Yet another chal-
lenge presented by wildlife mortality at renewable 
facilities is amalgamating mortality estimations from 
different studies that used different methods to gen-
erate regional estimates of wildlife mortality from 
renewable energy production.

Indirect effects of renewable energy development 
on wildlife are more numerous, linked to a greater 
diversity of wildlife, and more difficult to quantify 
than direct effects. Although indirect effects may 
lead to wildlife mortality, they typically are associated 
with nonlethal effects such as displacement. For ex-
ample, disturbances caused by the construction and 
operation of a wind facility may cause raptor species 
to leave the area (Garvin et al. 2011). Habitat altera-
tion is another indirect effect of renewable energy 
development. In industrial forests of the southeast-
ern United States, woody biomass harvesting for for-
est bioenergy reduces coarse woody debris, which, 

conservation that transcend effects of individual en-
ergy technologies on specific wildlife taxa. From 
these themes, we have synthesized the basic princi
ples of renewable energy and wildlife conservation:

1.	 Wildlife are likely to be directly (e.g., mortality) 
and/or indirectly (e.g., habitat loss) affected by re-
newable energy development, regardless of the 
type.

2.	 Wildlife response to renewable energy develop-
ment varies both spatially and temporally.

3.	 Some wildlife species may be negatively affected 
by renewable energy development, whereas other 
wildlife species may benefit from it.

Direct and Indirect Effects

The technology of today’s renewable energy infra-
structure does not yet preclude wildlife mortality. 
Such mortality may invoke emotional responses from 
concerned citizens and scientists alike, proliferated 
by images of decapitated eagles at wind facilities and 
visions of songbirds bursting into flames at solar fa-
cilities. In an age of increased environmental aware-
ness and scarcity of undeveloped lands, wildlife 
mortality at renewable energy facilities may be 
scrutinized far more than wildlife fatalities caused by 
comparatively older, conventional energy technolo-
gies (e.g., oil and coal). The Deepwater Horizon oil 
spill in the Gulf of Mexico serves as a recent reminder 
that conventional energy technologies kill wildlife, 
often in large numbers. Yet, when considering the 
scope of avian mortality from renewable energy pro-
duction, fatality comparisons often are made to 
other anthropogenic factors such as feral house cats 
(Felis catus), roads, glass windows, and communica-
tion towers. Such comparisons of wildlife mortality 
can be a red herring for prioritizing conservation 
goals and values related to renewable energy devel-
opment. Specifically, lumping wildlife species into a 
common taxonomic representation like “birds” and 
generalizing wildlife mortality over varied landscapes 
often fail to capture site- and species-specific phe-
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this case timber production and agriculture. Each 
milestone along the timeline of renewable energy 
development—siting, construction, operation and 
maintenance, and decommissioning—may have dif
ferent effects on wildlife. For example, disturbance 
from construction and decommissioning of some re-
newable energy facilities may be more severe than 
that which occurs during operation and mainte-
nance, leading to variable wildlife response through-
out the life cycle of a renewable energy facility. For 
many wildlife species, their susceptibility to effects 
from renewable energy development varies season-
ally in relation to life history events (e.g., breeding, 
migration).

We currently know little about wildlife adaptation 
to renewable energy production over time, mostly 
because of a lack of long-term studies. Local wildlife 
populations that are negatively affected by renewable 
energy development may recover over time. Con-
versely, some wildlife species may not possess the 
adaptive capacity to recover from disturbance asso-
ciated with renewable energy development, and 
hence these species may be locally extirpated around 
energy development projects. Ongoing research on 
the adaptive capacity of species to climate change 
provides a conceptual framework to guide similar 
studies involving species adaption to renewable en-
ergy development.

Concomitant with time, the effects of renewable 
energy development on wildlife vary over space, and 
the cumulative space occupied by renewable energy 
facilities is increasingly vast. Siting of renewable en-
ergy facilities on the landscape may be a major 
driver of wildlife response to renewable energy de-
velopment. For example, renewable energy facilities 
sited along migration routes or within or near pro-
tected natural areas likely cause greater negative ef-
fects on wildlife than those sited on marginalized 
lands or within urban environments. Spatial proxim-
ity of individual renewable energy facilities also 
influences effects on wildlife. As the density of 
facilities increases across the landscape, habitat 
fragmentation and impedance to animal migrations 

in turn, provides essential food and cover resources 
for some invertebrates (Grodsky et al. 2018a). In 
aquatic systems, river flow altered by dams for hydro-
power generation often has negative effects on mi-
gratory fish and aquatic invertebrate habitat. Indirect 
effects of renewable energy development on spread 
of disturbance-dependent, invasive species are 
largely unknown. Anthropogenic disturbance asso-
ciated with renewable energy development (e.g., dis-
turbed soils) can facilitate the spread of invasive spe-
cies, particularly plants and invertebrates, which 
colonize newly disturbed areas (e.g., red imported fire 
ants, Solenopsis invicta; Grodsky et  al. 2018b). The 
ecological ramifications of these species invasions fa-
cilitated by renewable energy development may be 
exacerbated in areas with endemic flora and fauna 
that are maladapted to novel disturbances and unable 
to compete with rapidly colonizing invasive species.

Temporal and Spatial Variation

Effects of renewable energy development on wildlife 
may vary temporally, and questions regarding adap-
tive capacity of species to respond to the long-term 
ecological effects of renewable energy development 
remain largely unanswered. Land cover—defined 
here as the biophysical capacity of a defined geo-
graphic area—may change over time owing to al-
terations to the environment and human land-use 
history. Abrupt anthropogenic changes along this 
timeline, such as conversion of natural areas to re-
newable energy production, are likely to have notice-
able effects on wildlife communities. On the other 
hand, areas suitable for coproduction of renewable 
energy, like industrial forests (e.g., use of low-value 
wood products for bioenergy) and agricultural lands 
(e.g., siting wind turbines in active crop fields), were 
converted from natural lands for timber and crop 
production, respectively, well prior to renewable en-
ergy development. Wildlife response to renewable 
energy development in these pre-converted areas 
must be teased apart from their response to effects 
of concurrent and temporally variable land uses, in 
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cies, which, in turn, brings to light pertinent wild-
life management and policy considerations. 
Classification of “generalist” and “specialist” species 
may be a helpful exercise for categorizing interac-
tions between wildlife and renewable energy devel-
opment. However, other classifications based on 
morphology, taxonomy, and especially habitat se
lection may be important for identifying the “win-
ning” and “losing” species of a particular energy de-
velopment endeavor; yet, use and application of 
these prospective types of classifications have not 
been fully explored.

Trends in Renewable Energy  
and Wildlife Conservation

Beyond the basic principles outlined above, several 
noteworthy trends revealed by the chapters of this 
book may shed light on future research and manage-
ment directions of renewable energy and wildlife 
conservation. Although each renewable energy tech-
nology has its own subset of potential effects on 
wildlife, management and mitigation implications, 
geographic extent, and policies, generalizations from 
the current state of knowledge of effects of renew-
able energy development on wildlife may provide a 
more holistic understanding of cumulative, current, 
and future wildlife impacts. Similarly, reviewing 
some trends in renewable energy and wildlife con-
servation can help identify research needs moving 
forward.

Geographic Spread of Renewable Energy

The geographic distribution of renewable energy de-
velopment may directly influence the degree to 
which wildlife populations are affected, yet the cu-
mulative spread of renewables across land and water 
is naturally predictable in some cases and unintuitive 
in many others. The predictability of renewable 
energy development is linked to renewable re-
source availability on the landscape. For example, 
hydropower is predictably developed along rivers, 

may restrict animal movement and increase wildlife 
mortality. For example, migratory birds and bats may 
encounter a series of individual wind energy facili-
ties sited along their migration routes, which, in 
turn, may lead to high cumulative mortality risk at 
the landscape level. Local-scale responses of wildlife 
to renewable energy development may differ from 
those that occur at the landscape level and vice versa. 
Similarly, the spatial scale at which wildlife respond 
to renewable energy development may vary among 
taxa, depending on life history, behavior, and distri-
bution. Large, mobile species and migratory species 
(e.g., bats, birds) may respond to renewable energy 
development across large areas, whereas smaller and 
less motile species like invertebrates and some her-
petofauna may exhibit more local-scale responses 
(Fritts et al. 2015).

“Winners” and “Losers”

Similar to disturbances associated with agricultural 
expansion and urbanization, disturbances associated 
with renewable energy development may benefit 
generalist species but may be detrimental to special-
ist species. Basic principles of disturbance ecology 
suggest that generalist species with plastic habitat re-
quirements are better adapted to persist through 
and thrive on disturbance than are specialist species 
that occupy narrower niches and are tightly linked 
to specific habitat requirements. For example, solar 
energy development in desert ecosystems may be a 
boon for generalist species like coyotes (Canis la-
trans) and ravens (Corvus corax), whereas desert 
specialists such as the desert tortoise (Gopherus agas-
sizii) and Gila monster (Heloderma suspectum) may 
be negatively affected by disturbance caused by facil
ity construction and by the increased abundance of 
their aforementioned predators (Moore-O’Leary 
et al. 2017). Given their restricted ranges and suscep-
tibility to disturbance, specialist species often are 
designated as species of conservation concern. As 
such, disturbance related to renewable energy devel-
opment may affect threatened or endangered spe-
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Understanding the effects of current and projected 
geographic distribution of renewable energy devel-
opment on wildlife may become progressively impor
tant as the number of facilities continues to increase 
across the landscapes of North America.

Fueled by Technology

Renewable energy and an understanding of its effects 
on wildlife are inherently linked to technology. In-
deed, technological advancement is the primary ef-
fector responsible for the rapid expansion of renew-
able energy development. The size and capacity of 
renewable energy infrastructure may have direct 
effects on wildlife, and these factors continuously 
change as technology develops. For example, wind 
turbines are becoming larger and taller, and these 
turbines may affect birds and bats differently than 
their historically smaller predecessors. Concentrat-
ing solar energy using mirrors may require vast acre-
ages for suitable energy production, albeit with 
potentially low-intensity site preparation (e.g., 
mowing), whereas photovoltaic solar technologies 
may require slightly less land area but high-intensity 
site preparation like bulldozing (Murphy-Mariscal 
et al. 2018). Of course, technological advancements 
in genetic engineering may create more viable or 
totally new bioenergy crops, each having variable 
potential effects on wildlife and wildlife-habitat 
relationships.

In addition to technology associated with opera-
tional renewable energy, wildlife studies and mitiga-
tion at renewable energy facilities require advanced 
technology and innovation. Whereas most wildlife 
studies are enhanced by technology, to some degree, 
renewable energy development presents specific 
challenges and unique situations that call for tech-
nological innovation; oftentimes, these innovations 
must be installed or implemented among or within 
existing renewable energy infrastructure. For exam-
ple, acoustic deterrents may be installed on top of 
wind turbines to mitigate bat mortality at wind en-
ergy facilities. More recently, bat researchers initiated 

whereas forest bioenergy production naturally oc-
curs in areas with abundant forest resources. Bioen-
ergy production from agricultural crops, for instance, 
commonly occurs in areas that support soil resources 
compatible to agricultural production, such as the 
US Great Plains area. For renewable energy technol-
ogies like wind energy and photovoltaic solar en-
ergy, development may occur in a variety of ecosys-
tems and thereby affect various species throughout 
North America or affect the same species differently 
in various regions of North America.

The unintuitive nature of renewable energy devel-
opment is derived from the fact that more than just 
renewable resource availability affects the geographic 
distribution of renewable energy. For example, the 
political and economic environment of individual 
states in the United States, as represented by state-
level renewable portfolio standards, may influence 
the type and intensity of local or regional renewable 
energy development. As an example of such unintu-
itive distribution of energy sectors, North Carolina, 
which is predominantly made up of forested or ur-
ban land cover, ranks among the top US states for so-
lar energy development, with production greater 
than several western states that would appear to have 
greater opportunity for industrial-scale solar energy. 
Renewable energy development in the built environ-
ment or on marginalized lands (e.g., Hoffacker et al. 
2017) may be an intuitive solution to mitigate ad-
verse effects of renewable energy on wildlife by re-
placing renewable energy development in more sen-
sitive environments. Yet, industrial-scale renewable 
energy production has yet to follow the trail of many 
other industry players (e.g., manufacturing, technol-
ogy) and center development in urban landscapes.

Whether the geography of renewable energy de-
velopment is intuitive or not, renewables certainly 
are spreading throughout most landscapes of North 
America at a rapid rate. Resultant land-use and land-
cover changes from renewable energy development 
may significantly reduce wildlife habitat and biodi-
versity because of habitat conversion and competi-
tion for finite land resources to support conservation. 
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with the pace and intensity of development of renew-
able energy sectors. In general, wind energy and 
wildlife conservation has been the most researched 
topic, with studies published on birds and wind en-
ergy beginning in the 1990s. However, we still do not 
know the reason for high bat mortality at wind facili-
ties, for example, and potential effects of offshore 
wind energy development on wildlife in North Amer
ica are largely unknown. And as evidenced by the 
chapters of this book on wind energy and wildlife, 
wind energy–wildlife research has predominantly fo-
cused on birds (Chapter 5, Dohm and Drake) and 
bats (Chapter 6, Hein and Hale), whereas effects on 
other wildlife remain mostly unknown (but see 
Chapter 7, Korfanta and Zero). Although hydropower 
still is the most used renewable energy resource in 
North America, there exists a mismatch between the 
longevity of hydropower production and a paucity of 
published wildlife-hydropower studies (but see 
Chapter 9, Jager and Wickman). Although the con-
cept of burning wood for fuel is that it’s “so easy a 
caveman can do it,” studies on effects of forest bio-
energy on wildlife have only recently started to ap-
pear in the literature at the time of this writing (but 
see Chapter  1, Greene, Martin, and Wigley, and 
Chapter 2, Homyack and Verschuyl). While we can 
borrow, to a certain degree, from the well-established 
literature on effects of agricultural production on 
wildlife, research on explicit effects of actual bioen-
ergy production on wildlife is lacking (but see Chap-
ter 3, Otto, and Chapter 4, Rupp and Ribic). With 
advances in technology, solar energy is quickly 
becoming a predominant renewable energy tech-
nology; apart from scattered studies throughout 
the last few decades, research on effects of solar 
energy development (both concentrating solar and 
photovoltaic) is woefully lacking (but see Chapter 8, 
Boroski).

In short, there is much applied research needed 
explicitly centered on understanding effects of indi-
vidual renewable energy technologies and cumula-
tive renewable energy development on wildlife 
globally. In the meantime, policy decisions regarding 

an experiment to test the viability of repainting sur-
faces of wind turbine monopoles with a textured 
paint to reduce bat mortality at wind facilities (Fig-
ure 11.1). Importantly, successful mitigation of neg-
ative wildlife impacts and effective wildlife conser-
vation at renewable energy facilities is predicated by 
a sound working knowledge of how different renew-
able energy technologies are deployed and the socio-
economic drivers of deployment regionally and 
throughout North America.

Tip of the Iceberg

Renewable energy technologies have received vari-
able attention from wildlife researchers to date, and 
these research efforts have not necessarily aligned 

Figure 11.1  ​Texture coating being applied to the 
monopole of a wind turbine at the Wolf Ridge wind 
energy facility, Texas, US; this textured coating may help 
mitigate bat mortality at wind energy facilities by 
deterring bats from interacting with smooth tower sur-
faces. Photo credit: Amanda Hale.
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Renewable energy ecology goes beyond documen-
tation of wildlife response to renewable energy—it 
is solutions-oriented to match the urgency of the exi-
gent sustainability issues of today. We can explore 
exciting opportunities to expand studies beyond re-
newable energy effects on a single wildlife taxon or 
groups of wildlife taxa through interdisciplinary 
studies of ecosystem response, including ecological 
and trophic interactions among soils, plants, and ani-
mals. Techno-ecological synergies (i.e., mutually 
beneficial relationships across technological and eco-
logical systems) exist that may facilitate wildlife 
conservation through protection of habitat for spe-
cies and maintenance of genetic diversity (e.g., 
ground-mounted solar energy generation coupled 
with ecological restoration on degraded lands). Glob-
ally relevant issues like land sparing are especially 
applicable to renewable energy ecology, as competi-
tion for land resources for energy, food production, 
housing of people, and conservation stiffens. Addi-
tionally, we would do current and future wildlife pro-
fessionals a disservice if we did not provide con
temporary educational resources on ecological effects 
of renewable energy development because renewable 
energy is already woven into the fabric of modern-
day life throughout most of human-inhabited North 
America, and its proliferation across both human-
dominated and undeveloped landscapes is likely to 
increase. In the sections below, we elaborate on 
some opportunities in renewable energy ecology 
that can collectively lead to more informed wild-
life conservation efforts in the face of renewable 
energy development.

Interdisciplinary and Applied Research

The interface between renewable energy develop-
ment and wildlife conservation offers rich opportu-
nities for interdisciplinary research. Understanding 
renewable energy technologies and policies that 
guide their sustainable development is paramount to 
designing and executing wildlife studies that gener-
ate results with real-world applications. For example, 

renewable energy and wildlife conservation may 
be informed by the growing number of peer-reviewed 
publications on renewable energy and wildlife 
conservation (Chapter  10, Arnett). Additionally, 
policy may be influenced by proactive expert opinion 
and involvement, as empirical evidence continues 
to amass.

Opportunities in Renewable Energy 
Ecology

Through time, wildlife professionals have witnessed 
(and hopefully experienced) a variety of advance-
ments and refinements in wildlife science necessi-
tated by global change. Once Aldo Leopold shivered 
with delight at the sound of a Canada goose (Branta 
canadensis) passing overhead, and urban ecology was 
an abstraction. Now, Canada geese are permanent 
fixtures of mini-malls across America; they’d rather 
inhabit a drainage pond next to Home Depot than 
migrate. Technological developments have facili-
tated integration of fields like landscape ecology 
and molecular ecology into wildlife studies, 
strengthening our ability to more holistically un-
derstand wildlife ecology and management. In-
deed, failure to adapt as a wildlife professional may 
ultimately lead to the same fate as that of some 
other species—extinction!

Renewable energy ecology is an emerging field of 
study integral to the evolution of modern wildlife sci-
ence. Nearly every wildlife professional and every 
wildlife study uses energy, specifically electricity, and 
generation of electricity has ecological ramifications. 
As global changes continue to affect wildlife at accel-
erated rates, failure to acknowledge and study ef-
fects of renewable energy development on wildlife 
would be a major conservation oversight. Fortu-
nately, renewable energy ecology presents a myriad 
of opportunities for wildlife professionals to cre-
atively apply their expertise and inform sustainable 
renewable energy development because it is an in-
herently interdisciplinary and collaborative field of 
study (e.g., Moore-O’Leary et al. 2017).
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thus, interregional collaborations among academia, 
agencies, and industry could be developed to better 
understand landscape-level effects of wide-ranging 
renewable energy expansion.

Ecological and Trophic Interactions

Renewable energy development ultimately affects 
entire ecosystems, thus effective conservation in and 
near renewable energy facilities requires comprehen-
sive, ecosystem-based management approaches in-
formed by species-species and species-process inter-
actions (Grodsky et al. 2017). To date, research on 
renewable energy and wildlife conservation has fo-
cused primarily on direct (e.g., mortality) or indirect 
(e.g., displacement) effects of renewable energy sys-
tems on a single taxon. Although these research ef-
forts may effectively guide management for certain 
taxa and may cumulatively inform conservation ef-
forts for wildlife communities, they do not necessar-
ily grow our understanding of the ecological mecha-
nisms responsible for ecosystem-level responses 
to renewable energy development. In contrast, an 
ecosystem-based approach may elucidate effects of 
renewable energy development on biota by focusing 
on “bottom-up” or trophic interactions among soils, 
plants, and animals and energy production, which 
may, in turn, subsequently reveal mechanisms 
behind ecological responses to renewable energy-
associated disturbance and environmental change 
(Figure 11.2).

Land Sparing for Wildlife-Friendly 
Renewable Energy Development

Development of novel, low-carbon sources of fuel 
and electricity for human use has engendered a shift 
in global resource use, in both type and magnitude, 
from that associated with fossil fuel production. 
However, one common resource required for the 
production of all energy types is physical space—
either on terrestrial or aquatic surfaces (hereafter 
called “land,” for simplicity). Land-use intensity (i.e., 

empirical work conducted by Walker et al. (2007) 
showed that current lease stipulations that prohibit 
development of coal-bed natural gas near greater 
sage-grouse (Centrocercus urophasianus) habitat im-
posed by regulatory agencies in Wyoming and Mon-
tana did not meet minimum spatial restrictions to 
preclude negative impacts on the species. Similar 
studies could be conducted to inform sustainable re-
newable energy development. Further, a great di-
versity of wildlife taxa may be affected by renewable 
energy development, leaving room for every “ologist” 
to contribute to and collaborate within renewable 
energy ecology. For example, invertebrates are ex-
cellent ecological indicators that may be used in 
renewable energy and wildlife studies to elucidate 
trends that may be otherwise unrevealed through 
the study of vertebrate species alone. Recently, off-
shore wind energy development has opened doors 
for marine biologists to conduct research on re-
newable energy and marine wildlife (including 
fish) conservation. As renewable energy develop-
ment continues to expand into novel landscapes, 
ecologists with specific taxonomic foci won’t need 
to look far for opportunities to contribute to re-
newable energy ecology.

Renewable energy ecology is, by nature, a field 
foundationally based in applied research facilitated 
by interdisciplinary and interinstitutional collabora-
tion. For example, well-curated and well-maintained 
collaborations among wildlife researchers, renew-
able energy industry partners, and agency land 
managers offer great opportunities to apply scientific 
results to on-the-ground wildlife management at re-
newable energy sites. Technological innovations im-
plemented by the renewable energy industry may 
have explicit and identifiable effects on wildlife, both 
in terms of potential negative effects and mitigation 
of those effects. As such, clear communication be-
tween wildlife researchers and industry technolo-
gists could increase the likelihood of minimizing 
negative effects of renewable energy on wildlife mov-
ing forward. Effects of specific renewable technolo-
gies on particular wildlife taxa may vary regionally; 
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Figure 11.2  ​(A) Conceptual model of the Milkweed-Danaus Trophic System, including potential interactions among a 
concentrating solar power plant, soils, plants, and animals in the US Mojave Desert; (B ) List of interdisciplinary measure
ments to examine trophic interactions in the Milkweed-Danaus Trophic System. Figure by Steven M. Grodsky.
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nearby obstructions often associated with renewable 
energy development (e.g., roads, transmission lines), 
may be a better predictor of species richness than 
habitat area (Eigenbrod et al. 2008). Lastly, recent 
studies have shown that intact protected areas for 
wildlife may defend against habitat loss from renew-
able energy development; however, land-use and 
land-cover changes within 5, 25, and 75 km beyond 
the perimeter of protected areas can still elicit nega-
tive ecological impacts (Hernandez et al. 2015).

Considering the habitat sensitivities of some wild-
life, efforts to use space within areas that have al-
ready been developed by humans (i.e., biophysical 
capacity already lost) is a key approach toward sus-
tainable, wildlife-friendly renewable energy develop-
ment. For example, a developer who decides, on 
behalf of her company, to site a photovoltaic solar 
energy installation over a company-owned commer-
cial building and associated parking lots is sparing 
land under the counterfactual scenario that land sup-
porting an equivalent energy capacity would be de-
veloped in an undeveloped or agricultural landscape 
used by wildlife. Under appropriate assumptions of 
this counterfactual scenario, the amount of land 
spared from land conversion for renewable energy 
development elsewhere can be enumerated and 
serve as a valuable sustainability metric (i.e., land 
sparing or habitat sparing) for all stakeholders of re-
newable energy.

Techno-Ecological Synergies of  
Renewable Energy

Land sparing is one of several potential synergistic 
outcomes when renewable energy industry and eco-
logical goals align. Techno-ecological synergy is a 
systems-based approach to sustainable development. 
When applied to renewable energy technologies, 
techno-ecological synergies produce synergistic out-
comes favorable for both technology (e.g., photovol-
taic module efficiency) and support of ecological sys-
tems, including habitat for wildlife species (Bakshi 
et al. 2015). Synergies (and their ecological-centric 

the amount of land needed to generate a finite quan-
tity of energy) varies across renewable energy types 
(Lovering et al. forthcoming). For example, dedi-
cated biomass for renewable energy generation re-
quires more land per unit of electricity generation 
(60,000 ha/TWh/y) than all other renewable (and 
carbon-intensive) sources of electricity for human 
use, some by several orders of magnitude. Hydroelec-
tric and wind power (including spacing between 
turbine footprints) are approximately 6 times greater 
(11,000 and 12,000 ha/TWh/y, respectively) in land-
use intensity than ground-mounted solar energy. 
Residue biomass, geothermal, nuclear, and inte-
grated solar energy have the lowest (in decreasing 
order) land-use intensity across renewables.

Indeed, land is a commonly overlooked albeit in-
tegral resource for production of renewable energy, 
owing to the diffuse nature of the sun’s radiation for 
solar energy, the dispersed nature of kinetic energy 
from moving water for tidal and hydropower, the 
geographically constrained nature of wind and geo-
thermal resources, and the proliferation of soil used 
as a growing medium for bioenergy crops. Operation 
and transmission require human accessibility and 
passageways for electricity flows, respectively; thus, 
construction of roads and transmission corridors as-
sociated with renewable energy facilities requires ad-
ditional land. In an era of looming land scarcity, 
space allocations for infrastructure and activities as-
sociated with renewable energy may be an unin-
tended driver of habitat destruction and fragmenta-
tion (Lambin and Meyfroidt 2011).

Previous studies showed that preventing habitat 
loss is more important to curtailing species popula-
tion extinction events than preventing fragmenta-
tion, the latter of which, by definition, can actually 
decrease when habitat patches are “removed” (de-
stroyed) from the landscape (i.e., fewer patches 
overall; Fahrig 1997). Although habitat area is easily 
calculated with geospatial data used by wildlife ecol-
ogists, at least for some species, it can be a poor pre-
dictor of species richness. Instead, habitat accessibil-
ity, including both habitat area and configuration of 
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future wildlife science applications that are accessi-
ble to current wildlife students. Indeed, modern 
wildlife science education has the opportunity to 
broaden its scope through the study of renewable en-
ergy and wildlife conservation. For example, most 
college curricula for wildlife ecology majors involve 
learning historical wildlife laws and acts, but mod-
ern applications of policy are not always included. 
Thus, there is a need for focused discussions on new 
policy issues related to renewable energy develop-
ment relevant to today’s conservation concerns. 
Case studies centered on wildlife conservation and 
renewable energy may illustrate many modern appli-
cations of policies, including the Farm Bill, Migra-
tory Bird Treaty Act, Endangered Species Act, Bald 
and Golden Eagle Protection Act, and the National 
Environmental Policy Act (Chapter 10, Arnett). For 
example, classroom discussions regarding recent 
changes to the interpretation of “take” at renewable 
energy facilities under the Migratory Bird Treaty Act 
could help students realize the role of politics and 
regulation in wildlife conservation, motivating stu-
dents to get involved in more holistic conversations 
about sustainable renewable energy development.

Wildlife conservation in the context of renewable 
energy development includes a wide range of human 
behaviors affecting energy policy that illustrate 

outcomes germane to wildlife) may include the fol-
lowing (from Hernandez et al. forthcoming):

•	 Using severely degraded and contaminated land 
for renewable energy development (potential 
benefits: climate regulation; land sparing).

•	 Coupling renewable energy development with 
ecological restoration (potential benefits: carbon 
sequestration and storage; climate regulation; 
erosion prevention and/or maintenance of soil 
fertility; habitat for species; maintenance of ge
netic diversity, pollination, and water quality; 
Figure 11.3).

•	 Co-locating renewable energy systems (potential 
benefit: land sparing).

•	 Utilizing surfaces within the built environment 
(e.g., parking lots) for solar energy or other re-
newable energy systems (potential benefit: land 
sparing).

•	 Using residential and commercial rooftop sur-
faces for solar energy production (potential ben-
efit: land sparing).

Education

Renewable energy and wildlife conservation issues 
provide contemporary case studies of present and 

Figure 11.3  ​Pollinator habitat 
planted and managed by Prairie 
Restorations, Inc., at a Connexus 
Energy photovoltaic solar power 
facility in Ramsey, Minnesota, 
US. Photo credit: Rob Davis.
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land sparing for biodiversity or the food versus fuel 
debate and its impacts on wildlife. Ultimately, pre
sent and future wildlife students should be prepared 
to effectively communicate with stakeholders, 
persuade people to care about wildlife conserva-
tion, and find real-world solutions to today’s wild-
life issues, including renewable energy and wildlife 
conservation.

In turn, we challenge wildlife students to actively 
educate themselves about the sustainability of re-
newable energy development in relation to wildlife 
conservation. Students may enter the wildlife profes-
sion with the idea that wildlife sustainability is 
centered on preservation. In the philosophy of con-
servation, students should learn to balance envi-
ronmental considerations with those of real-world 
societal needs like energy. Further, they can learn to 
collaboratively resolve wildlife issues encountered 
during renewable energy development. By using re-
newable energy and wildlife conservation as a case 
study, students may enhance their communication 
and problem-solving skills and conflict-resolution 
abilities. Students—take charge and be active in 
learning contemporary wildlife ecology and man-
agement skills, such as those accessed by studying 
renewable energy ecology!

Academia is not solely responsible for providing 
educational opportunities to future wildlife biolo-
gists; industry also can play an active role. Increased 
institutional engagement between academia and the 
renewable energy industry could facilitate educa-
tional opportunities that better prepare students for 
real-world wildlife issues. These educational oppor-
tunities could help students develop abilities that 
broaden their employability, like problem-solving 
skills specific to environmental issues faced by the 
renewable energy industry. Representatives from the 
renewable energy industry may have a vested inter-
est in training and developing future renewable en-
ergy ecologists and wildlife managers. Incorporating 
a diversity of guest speakers and lecturers from re-
newable energy business and industry may be a good 
first step for integration of the renewable energy in-

current applications of human dimensions of wild-
life. Environmental concerns regarding the sustain-
ability of renewable energy are generated at the 
nexus of economics, politics, technology, and biology. 
Wildlife undergraduate (and often graduate) stu-
dents may consider wildlife conservation in the ab-
sence of societal and/or economic factors. Renewable 
energy ecology brings to light the complex interplay 
between conservation and practical effectors like in-
dustry and economy. The complexity of most issues 
facing wildlife today, including anthropogenic distur-
bance from renewable energy development, requires 
adeptness in human dimensions and educated com-
munication with various stakeholders. The increase 
in human dimension specialist positions in univer-
sity wildlife programs and state agencies across the 
United States is evidence that incorporating human-
dimensions training into curricula is vital to success-
ful wildlife management education. We encourage 
continued and advanced training from a diversity of 
programs to apply wildlife conservation in the con-
text of renewable energy development.

We challenge professors in wildlife programs to 
stay current and implement new courses that incor-
porate renewable energy ecology. Students will then 
be better prepared for a wildlife career for having 
taken courses that focused on current events in wild-
life conservation, including sustainable renewable 
energy development, thereby developing novel 
problem-solving skills and knowledge applicable to 
modern-day wildlife conservation and management. 
For example, incorporating renewable energy ecol
ogy in wildlife education may involve corresponding 
with federal and/or state agencies to prioritize chal-
lenges, such as bat and bird mortality at wind facili-
ties and aquifer depletion through biocrop irrigation. 
After identifying these challenges, students can under
take projects that address modern issues in renew-
able energy ecology. Another example of a class-
room activity to integrate renewable energy and 
wildlife conservation is asking students to write a 1- 
or 3-minute elevator speech that informs the public 
of the magnitude and scope of specific issues like 
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servation and provides a platform for future wildlife 
research in the burgeoning field of renewable energy 
ecology. Although wildlife professionals have made 
progress toward better understanding and mitigating 
effects of renewable energy development on wildlife, 
we have only uncovered the tip of the iceberg! We 
are presented with great opportunities to further de-
velop our knowledge of renewable energy ecology 
during a period of unprecedented renewable energy 
development in North America and beyond. We 
hope this book serves not only as a reference, but also 
as a creative springboard for building renewable en-
ergy ecology to conserve wildlife into the future.
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dustry into academia. Meanwhile, the renewable 
energy industry can support site visits or provide 
paid internships for students to show them real-
world applications of the concepts discussed in the 
classroom. To promote applied learning opportuni-
ties, wildlife programs could facilitate internships, 
undergraduate projects, and theses with renewable 
energy industry partners for course credit.

Professional Development

Professional development opportunities specifically 
related to renewable energy and wildlife conserva-
tion are lacking, with a few exceptions. For exam-
ple, the Association of Fish and Wildlife Agencies, 
Bat Conservation International, American Wind 
Wildlife Institute, and the National Renewable En-
ergy Laboratory sponsor an in-person professional 
development workshop on wind energy and wildlife 
conservation. The Wildlife Society has published 
publicly available technical reviews on effects of bio-
energy production on wildlife (Rupp et  al. 2012) 
and impacts of wind energy facilities on wildlife (Ar-
nett et al. 2007). Wind energy–wildlife interactions 
also have been addressed by the National Wind Co-
ordinating Collaborative (Strickland et al. 2011) and 
the National Wind and Wildlife Research Plan 
(American Wind Wildlife Institute 2017). Profes-
sional development in the form of on-the-job train-
ing may occur, but such training is often biased 
regionally or by the organizations providing it. We 
strongly recommend that the Wildlife Society and 
other similar groups invest in professional develop-
ment opportunities centered on renewable energy 
and wildlife conservation. The Wildlife Society sup-
ports a Renewable Energy Working Group; we en-
courage readers to join and energize this important 
working group.

Conclusion

This book serves as a collection of the current state 
of knowledge for renewable energy and wildlife con-
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53–54; glyphosate-resistant soybeans, 
55–56; grassland birds and, 44–45, 
48–52; US rate, 42, 43

sparrows, 19, 45, 47, 48–52
specialist species, 33, 35, 36, 250
squirrels, 17, 187
stable isotope ratio analysis, 132–33, 136
state agencies, 239
states: endangered species in, 178; 

renewable energy development 
regulations, 239; wind energy policy, 
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