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Articles

Agriculture has a major effect on the status and integrity
of natural ecosystems. Improvements in agricultural

practices over the last century have increased productivity and
thus the footprint for land and resource use is smaller than
it otherwise would have been. However, modern agriculture
still adversely affects habitat conservation, water and air
quality, carbon sequestration in the soil, and soil fertility
(e.g., Foley et al. 2005).

To mitigate the environmental impacts caused by agri-
culture, the US federal government has developed and im-
plemented various land conservation programs, the most
prominent of which is the Conservation Reserve Program
(CRP; see, e.g., www.ncga.com/files/pdf/ConservingLand
FutureGenerations.pdf). The original purpose of the CRP, a
voluntary program that pays rent annually to landowners who
enroll their agricultural land and convert it to perennial
grasslands, was to support commodity prices, reduce soil
erosion, and improve water quality on highly erodible crop-
lands (FAPRI 2007). The CRP has also benefited wildlife
(e.g., Reynolds 2005, Herkert 2007, Niemuth et al. 2007,
Riffell et al. 2008), and the program has evolved over time to
more explicitly target benefits beyond soil erosion, including
the enhancement of wildlife habitat.

Biofuel production offers the potential to bolster energy
security, support rural economies, and reduce greenhouse gas
(GHG) emissions. However, biofuel production also has
potentially large land-use impacts. Greater demand for
biofuels has caused—and may continue to cause—retired
croplands to be put back into crop production (Secchi and
Babcock 2007, Searchinger et al. 2008). Current US law
mandates production of 136 billion liters of biofuel by 2022,
which is 740% more than was produced in 2006. High gas
prices also contribute to the demand for biofuel production,
but given current subsidies and mandates, expansion of
biofuel production is assured even if gas prices drop. That
expansion may threaten some of the gains the CRP and other
land conservation programs have made over the last two
decades in the conservation of wildlife, ecosystem services, and
biodiversity.

This article provides a framework for assessing the poten-
tial environmental impacts of existing and prospective meth-
ods of bioenergy production, with a focus on impacts on
wildlife. We focus on the effects of biofuel feedstock pro-
duction on wildlife, although we recognize that wildlife con-
servation is only one of the benefits that society derives from
its lands.We believe that ecosystem services, including wildlife
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production, require special consideration because these ser-
vices are typically external from market considerations and
incentives, making them vulnerable to loss from unintended
consequences of policy or shifts in market forces.

Although biofuel in the form of ethanol is the current
focus of bioenergy production in the United States, we use the
more inclusive term “bioenergy” to include all useful forms
of energy that can be extracted from biological crops, residues,
or wastes (i.e., liquid fuel, electricity, heating, cooling). Bio-
energy includes biodiesel made from fats and oils (e.g., soy oil
and canola oil), ethanol made from sugars and starches (e.g.,
corn grain and sugarcane), cellulosic ethanol (ethanol made
from plant biomass either through fermentation or thermo-
chemical processes), and bioelectricity and bioheat (e.g.,
from biomass burners or gasifiers). We consider the effects of
biomass production on both terrestrial and aquatic systems.
We define wildlife broadly to include all nondomesticated ani-
mals, although we focus primarily on birds because (a) they
are the primary species of management concern in grasslands
at risk of conversion to bioenergy crops, and (b) there are
limitations in the primary literature on potential impacts on
other species.

A continuum of effects on wildlife
Bioenergy can be produced using a variety of feed-
stocks and methods. If nonurban land use is classi-
fied along a continuum of intensity of use ranging
from intensive agriculture to nature preserves, bio-
energy can be produced across almost the entire con-
tinuum. At one end of the spectrum, bioenergy can
be produced with intensively managed mono-
cultures of annual food crops. This method of pro-
duction can have large environmental consequences,
including habitat loss and the off-field impacts of
fertilizer and pesticide runoff (e.g., Foley et al. 2005).
Toward the other end of the spectrum, bioenergy can
be produced by sustainably harvesting biomass
from systems with high plant diversity and low
agriculture input (Tilman et al. 2006).

The quality of habitat and the production of
ecosystem services on a landscape are affected by
several aspects of agricultural production (figure 1).
The value of an area as wildlife habitat is influenced
by the vegetation type, including plant diversity
and whether these plants are invasive; the timing and
frequency of harvest; stubble height; refugia; and
landscape context. Whether the bioenergy crop rep-
resents a net gain or loss of habitat depends on the
type of land that it is replacing. Agriculture pro-
duction in one area can affect habitat in another
through fertilizer runoff, pesticide drift, and sedi-
mentation of aquatic habitat. The value of the
ecosystem services produced on and around a bio-
energy crop field is influenced by the field’s pro-
ductivity, the interannual variability of productivity,
the nutrient uptake of crops, rates of carbon seques-

tration, and hunting leases, among other factors. Many of the
environmental impacts of bioenergy production on agri-
cultural fields can be minimized by low-input systems with
diverse native species. However, the major drawback of less-
intensive systems is that more land is generally required to gen-
erate a given amount of energy than would be required by
more-intensive systems that use fertilizer, pesticide, and
monocultures of high-yield cultivars to maximize productivity.
Here we consider a range of methods for producing bio-
energy, starting with corn and moving on to less-intensive
methods, and evaluate their observed and potential impacts
on wildlife.

Current and projected ethanol production
and land requirements
In the United States, growing demand for corn ethanol,
largely fueled by production subsidies and gasoline blending
mandates, has led to an increase in the amount of land used
to produce corn (figure 2b, 2c). Most of the recent expansion
in corn area has come at the expense of land previously used
for other crops, especially soybeans (figure 2c). Some land that
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Figure 1. Factors influencing wildlife habitat value, wildlife impacts,
and ecosystem services of bioenergy crops. For each factor, the qualities
associated with greater wildlife or ecosystem service benefit (or less
impact) are listed on the right side of the figure, and the qualities that
are associated with less wildlife or ecosystem service benefit (or greater
impact) are listed on the left side of the figure.



had previously been planted alternately with corn and soy-
beans now is planted continuously with corn. This practice
lowers yields and increases nutrient additions and emissions,
as discussed below. Also, some land that is now used to pro-
duce corn was under perennial vegetation, primarily grasses,
just several years ago.

Data on exactly how much grassland has been converted
to corn production are not available. However, several lines
of evidence indicate that grassland has been and will be con-
verted to crop production as a result of the higher demand
for corn.

First, the amount of land enrolled in the CRP peaked at 14.9
million hectares (ha) in September 2007. In October 2007,
CRP lands had declined by 931,000 ha (USDA 2007). Of
those lands no longer in the program, 850,000 ha were grass-

lands, and the remainder had been enrolled to promote tree
or wetlands conservation practices. Second, the Food, Con-
servation, and Energy Act of 2008 reduced the total area that
may be enrolled in the CRP to 12.9 million ha by 2010, which
ensures that the trend of expiring CRP acres and declining en-
rollments will continue. This mandate reduces the ceiling of
allowable area, but it does not provide a floor of required area,
so it is unclear how deep the loss of CRP-enrolled lands will
ultimately be. The US Department of Agriculture has projected
that CRP area will bottom out at 12.2 million ha in 2013
before rebounding to 12.9 million ha in 2017 (USDA 2009).
Economic analyses, however, suggest the potential for deeper
losses. Secchi and Babcock (2007) estimated that 49% to
61% of the land enrolled in the CRP in Iowa would eventu-
ally be converted back to cropland if corn prices were fixed
at $3 or $4 per bushel, respectively, for an extended period.
Given that corn prices ranged from $3 to $7 per bushel in 2008
and are projected to remain greater than $3.65 until 2018
(USDA 2009), a significant drop in CRP area in Iowa is likely
to occur. As a final piece of evidence of CRP losses, the Farm
Service Agency indicates that more than 345,000 ha of the 3.2
million ha of CRP land in the prairie pothole region of the
Northern Great Plains expired in 2007. Another 1.4 million
ha will expire from 2008 to 2012 unless new opportunities to
reenroll in CRP become available (figure 3).

Not all of the grassland being converted to cropland has
been cropped in the past. Some of the land currently being
converted to cropland is native prairie that has been pas-
tured but never plowed. This land is vulnerable to conversion
as a result of both higher crop prices and profits, and chal-
lenging grazing economics. For example, cropland conversion
totaled more than 203,000 ha of native prairie in North
Dakota, South Dakota, and Montana between 2002 and 2007
(Scott Stephens, Director of Conservation Planning and
Programs, Ducks Unlimited, Bismarck, North Dakota, per-
sonal communication, 30 March 2009), and 5.2% (36,540 ha)
of remaining native grassland in the Missouri Coteau of
North Dakota and South Dakota was lost from 1984 to 2003
(Stephens et al. 2008).

Significant investment in the ethanol industry over the
past few years, buoyed by renewable fuel mandates and
industry subsidies, means that corn-ethanol production ca-
pacity in this country will continue to grow strongly.As of late
2008, the United States had a 42-billion-liter annual capac-
ity (RFA 2008). Ongoing construction (including new plants
and expansion of existing plants) will result in a production
capacity of about 50 billion liters. Capacity would have to go
even higher to meet goals in the renewable fuels standard of
the Energy Independence and Security Act of 2007 (EISA;
Sissine 2007), which mandates production of 57 billion liters
of biofuel by 2015, all of which are expected to be made
from corn grain. Assuming an industrywide conversion rate
of 10.6 liters of ethanol per bushel of corn (current conver-
sion rates are about 10.4 liters per bushel; FAPRI 2008), an
average annual corn yield of 417 bushels per ha (current
yields are 380 bushels per ha; USDA 2009), and that 98% of
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Figure 2. US ethanol production (RFA 2008), land de-
mand for ethanol production, and area planted for corn
and soybeans (USDA 2009). Land demand for ethanol
production is based on each year’s actual yields, area
planted, and area harvested (USDA 2009).



planted hectares are harvested (historic rate), meeting the
57-billion-liter mandate with corn ethanol would require
about 13.1 million ha of planted corn, or about 6.7 million
more ha of corn than was planted for ethanol production in
2006. The net increase in demand for cropland will be less
than this, because corn ethanol production also yields the
coproduct “distiller’s grain,” which is used as animal feed
and displaces corn and soybean meal (e.g., Klopfenstein et al.
2008), but the land-use impact of this displacement is poorly
quantified. We expect that some of the expansion of corn
ethanol production will come at the expense of perennial
grassland conversion, judging from the analyses and ob-
served losses discussed above.

Potential impacts of corn ethanol
on wildlife and fisheries
The conversion of CRP land to cropland has potentially
significant impacts on grassland wildlife such as nesting birds
and mammals (Reynolds 2005, Herkert 2007, Niemuth et al.
2007). For example, Herkert (2007) showed that population
trends for the Henslow’s sparrow (Ammodramus henslowii)
in Illinois counties were related to the amount of CRP land,
and attributed the recovery of this species primarily to the
increase in perennial grasslands created by the CRP. Results
from a study on the value of CRP to grassland birds in North
and South Dakota indicated that almost two million birds of
five grassland nesting species would be lost without the CRP
in those two states (Niemuth et al. 2007). Reynolds (2005)
estimated that CRP habitat in the prairie pothole region adds
an additional 2.1 million ducks annually to the fall flight.

To meet the greater demand for corn, many farmers have
planted corn in the same field continuously from year to
year. Compared with the more common corn and soybean
rotation, continuous corn planting requires more fertilizer
inputs (Katsvairo and Cox 2000), results in greater nitrogen
leaching, is more susceptible to buildups of soil pathogens, and
lowers annual yields by about 14% (Pikul et al. 2005). Lower
yields from continuous corn mean that, in a given year, more
land is required to meet the same demand, thus increasing
competition with wildlife for land. Corn also requires more
fertilizer than soybeans do, especially when it does not follow
soybeans in a crop rotation (soybeans increase soil fertility
because they fix atmospheric nitrogen). Moreover, it is more
difficult to use conservation tillage on continuous corn
because the buildup of residue leads to lower yields in
subsequent years (Wilhelm and Wortmann 2004). Thus,
continuous corn planting may reduce the amount of land in
conservation tillage and intensify soil erosion.

Conversion of grassland to corn has significant impacts
on freshwater ecosystems. Intact grasslands retain soil and
nitrogen—for example, the amount of nitrate leaving tile-
drained CRP grasslands was 98% lower than the amount
leaving continuous corn (Randall et al. 1997). Sediment in-
creases turbidity, raising temperatures and degrading habi-
tat for coldwater fish such as trout. Nitrates are carried
through freshwater systems, leading to algal blooms and
hypoxia, creating “dead zones” such as the one in the Gulf of
Mexico. In 2007, the dead zone in the Gulf of Mexico was 65%
larger than average (1990–2006), and in 2008 it reached its
second-largest size ever at 20,689 square kilometers (km2)
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Figure 3. Projected loss of Conservation Reserve Program (CRP) acres across the prairie pothole region from 2007 to 2012.
This is calculated as the sum of the acres whose contracts expire in these years and whose owners have declined or were not
offered the chance to reenroll in CRP.



(NOAA 2007, 2008). Producing the mandated 57 billion
liters of corn ethanol will make it practically impossible to meet
the federal goal of reducing the dead zone to less than 5000
km2, according to Donner and Kucharik (2008).

Ethanol production requires substantial water use. Ethanol
factories use 3 to 5 liters of water to produce 1 liter of ethanol
(Keeney and Muller 2006). However, water usage in ethanol
production is dwarfed by the amount of water needed to
grow corn. Irrigated corn requires about 785 liters of irriga-
tion water for every liter of ethanol produced (Aden 2007).
About 19% of US corn comes from irrigated land (figures on
area irrigated are from USDA [2004]; irrigated yields data are
from Aden [2007]). This means that ethanol, on average,
requires about 147 liters of irrigation water for every liter of
ethanol produced.About 70% of this water is lost in crop pro-
duction (primarily through transpiration and evaporation),
and about 30% is returned to the surface and groundwater
through runoff and infiltration (Mubako and Lant 2008).
Although water may be used sustainably, in some places it is
being removed at unsustainable rates from aquifers or it
competes with other uses of surface waters, including the
maintenance of aquatic biodiversity (Roberts et al. 2007).

Potential bioenergy sources
There are other possible options for future bioenergy sources,
many of which would quite likely replace wildlife habitat
with bioenergy crops and negatively affect wildlife. How-
ever, at least two ways of producing bioenergy may be com-
patible with wildlife. The first is to use biomass sources that
do not require additional land, and thus do not increase the
footprint of agriculture. The second is to produce biomass with
land-use practices that are compatible with wildlife. Biomass
sources that do not require additional land include wastes such
as agricultural residues, cover crops, and, potentially, algae.
Practices that are compatible with wildlife may include a
variety of perennial biomass crops. Whether a particular
project has effects that are negative, neutral, or positive for
wildlife will depend on explicit consideration of wildlife
impacts in the project-planning stages, and on actions taken
to avoid incompatible land uses and management practices.

Wastes can be used to create bioenergy (fuel, heat, elec-
tricity) without requiring additional land. Potential sources
include wastes from agricultural, municipal, animal, food
industry, and forestry sources. Depending on how much cel-
lulosic ethanol efficiencies can be improved, it would require
199 million to 282 million metric tons of biomass to meet the
current renewable fuels standard of 79 billion liters of ad-
vanced biofuel by 2022 (mandated in addition to the 57 bil-
lion liters that can be supplied by corn ethanol). The US
Department of Energy and the Department of Agriculture
(Perlack et al. 2005) estimated that with 25% increases in yield,
annual supplies of crop residues could provide 244 million
metric tons (however, maintaining soil organic carbon may
limit potential residue removal; Wilhelm et al. 2007), process
residues could provide 36 million metric tons, and manure
could provide 40 million metric tons (Perlack et al. 2005) of

material suitable for bioenergy production. Animal waste
from concentrated feeding operations can produce methane
that can be burned to produce electricity. Forestry waste is
available from logging and sawmills, forest thinning (e.g.,
for fuel-load reduction), packaging and durable good wastes,
and from storm- or pest-damaged trees. However, the reten-
tion of fine and coarse woody debris after logging is essential
to maintain the wildlife value of forests (Pedlar et al. 2002).
To avoid unintended consequences, plans to increase the re-
moval of woody biomass from logged sites need to be care-
fully evaluated for their potential impacts on wildlife.Although
the use of mill waste does not carry such risks, the potential
to expand that use is relatively small since most mill waste is
already used for energy or other coproducts. The unexploited
capacity of forestry waste residues for bioenergy production
is estimated at 70 million metric tons annually in the United
States, with an additional potential of 54 million metric tons
annually from fuel-load reductions (Perlack et al. 2005).

The most commonly discussed agricultural by-product is
corn stover (leaves and stalks remaining in a field after har-
vest). Corn stover is produced in large quantities, may be rel-
atively inexpensive, and is a uniform feedstock. However, the
use of corn stover raises environmental concerns because of
increased soil erosion (Graham et al. 2007) and further de-
pletion of soil organic carbon stocks (Wilhelm et al. 2007).
If concerns about wind and soil erosion are addressed, some
54 million metric tons of stover could be collected annually
(Graham et al. 2007). However, this does not take into account
concerns about depleting organic soil carbon stocks, which
not only would increase carbon dioxide emissions, and
thus contribute to climate change, but also may reduce yields
(Wilhelm et al. 2007). Promisingly, long-term research sug-
gests stover removal may be sustainable in terms of yields, soil
quality, and soil carbon if practiced in combination with no-
till farming (Moebius-Clune et al. 2008). The use of stover or
other agricultural residues or cover crops could reduce the
amount of habitat converted to bioenergy production because
it can be supplied from land currently planted in corn. Con-
versely, if corn stover boosts the profits associated with corn
production, this could lead to increased corn production
and greater conversion of habitat to corn. The use of corncobs
in cellulosic ethanol production would increase the amount
of ethanol produced per ha by about 25% over the use of corn
alone, without raising concerns over reductions in soil carbon.

Algae, which do not require soil for growth, have also been
proposed as a source of bioenergy (Sheehan et al. 1998).
Algae can be grown in freshwater or saltwater, and thus
conflicts with wildlife can be avoided more readily than is the
case with other bioenergy crops. Algae can also have ex-
tremely high yields (45 metric tons per ha per year). From an
aquatic wildlife perspective, however, there could be un-
intended impacts on habitat quality (e.g., the release of mod-
ified algae could invade natural ecosystems).

Several energy crops have been proposed, including native
species such as switchgrass (Panicum virgatum) and big
bluestem (Andropogon gerardii), and exotic species such as Mis-
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canthus (Miscanthus giganteus), common reed (Phragmites
australis), reed canary (Phalaris arundinacea), hybrid poplar
(Populus spp.), and camelina (Camelina sativa). Often, the
introduction of exotic plant species produces undesirable
consequences for native habitats and native wildlife species.
Native wildlife species have not evolved with monocultures
of exotic plants, and they may not be able to use such mono-
cultures as habitat. For example, Miscanthus produces nine-
foot-tall thickets (similar to bamboo) that are unlike the
plant communities with which native North American species
have evolved. Proposals to plant woody crops in areas typi-
cally dominated by grasslands raise similar concerns about
wildlife impacts.

In general, the net effect of crops on wildlife will depend
on the land use that they are replacing. Perennial energy
crops are likely to provide better habitat than annual crops.
For example, compared with corn, monocultures of switch-
grass benefit some bird species of management concern,
while other bird species have shown no benefit (Murray et al.
2003). Similarly, Miscanthus may provide better habitat than
annual crops, although this may be a transient response
associated with greater weed abundance in recently established
Miscanthus fields (Bellamy et al. 2009). However, perennial
crops can be grown in places not suited to existing crops, such
as some existing grassland, thus potentially posing a broader
threat of conversion to wildlife habitat than existing biofuel
crops.

Assessing potential impacts on wildlife
Biomass crops may provide habitat if they are similar to
native ecosystems, depending on the harvest management of
the crops. In addition, biomass crops may pose a risk of off-
field negative impacts if they become invasive and spread
beyond field borders. Similarity to native ecosystems, harvest
management, and invasive potential are reviewed below.

Risk of invasiveness. Biomass crops may pose a risk of
becoming invasive if exotic crop species are used, if exotic or
native species are modified through breeding or genetic
engineering, or if species native to the United States are used
outside their home range (Raghu et al. 2006, Barney and
Ditomaso 2008). If native species are bred to increase yield,
they may differ significantly from unmodified cultivars.
Native or exotic species may be genetically modified to pro-
mote cultivation, yield, or other characteristics affecting
bioenergy usage. Breeding and genetic modification of species
may make species more likely to become invasive, as desirable
agronomic traits such as a fast growth rate and high estab-
lishment success are also associated with successful invasive
species (CAST 2007). Because biomass crops are typically
harvested after they have set seed, there is opportunity for
propagule spread before harvest or during transport. This
increases the risk of invasion, which rises with greater pro-
pagule pressure (the number of seeds that are released to the
environment). Miscanthus giganteus is a naturally occurring
hybrid with sterile seed, which reduces its risk of becoming

invasive. However, M. giganteus still poses a risk of invasion
through rhizomes; further, continued sterility is not guaran-
teed, and any variety with viable seed could spread rapidly
(Raghu et al. 2006).

Similarity to native ecosystems. The diverse prairie ecosystem
has been proposed as a bioenergy source with unique bene-
fits for wildlife and carbon sequestration (Tilman et al. 2006).
Diverse prairie is dominated by perennials, obviating the soil
erosion, energetic, and financial costs associated with annual
planting. When cropland is planted to perennial plants, soil
carbon increases (FAPRI 2007). Diverse prairie communities
have higher rates of carbon sequestration than do monocul-
tures or low-diversity prairie (Tilman et al. 2006). In partic-
ular, seed mixes that include legumes, which fix nitrogen, result
in dramatically increased rates of carbon storage compared
with the mixes of several warm-season grasses commonly used
in conservation practices (Fornara and Tilman 2008). The risk
of invasion is greatly reduced when using native species of
local ecotype. Because these communities are relatively self-
sustaining, few fertilizers or herbicides are needed (at least
after initial establishment), reducing the environmental and
energetic costs associated with these inputs. Thus, even though
perennial monocultures tend to require lower inputs than do
annual crops, diverse prairie grasses require even fewer inputs.

Diverse communities also benefit wildlife. Experimental
manipulations of biodiversity show that insect diversity is pos-
itively correlated with plant diversity (Haddad et al. 2001). The
nectar produced by forbs in grasslands supports insects that
can benefit insect-pollinated crops in nearby fields (Ockinger
and Smith 2007). The benefit of plant diversity to wildlife also
appears to hold higher up the food chain—for example, a sur-
vey of Wisconsin grasslands found that the diversity of birds
was positively correlated with plant diversity (Sample 1989).
Thus, although perennial monocultures and perennial poly-
cultures both provide more wildlife benefits than corn does,
diverse mixtures provide the most.

Harvest management. Without periodic management to reduce
the litter layer and encourage new growth, grasslands produce
less biomass (Knapp and Seastedt 1986) and lose their habi-
tat value for many wildlife species (e.g., Roth et al. 2005). This
highlights the potential for biomass harvests to increase the
wildlife value of grasslands, but that potential will be realized
only if wildlife values and landscape context are taken into con-
sideration in harvest planning.

Harvest management of biomass fields will play a large role
in determining vegetation structure, and thus the fields’ value
for wildlife habitat. Harvest management considerations
include the seasonal timing of harvest, the height at which veg-
etation is harvested, and the proportion of available grassland
that is harvested. Grassland bird species are adapted to par-
ticular ranges of habitat conditions (e.g., Sample and Moss-
man 1997). For example, some species prefer short stubble,
which allows them to detect predators, and other species
prefer long stubble, which allows them to avoid detection by
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predators (Whittingham et al. 2006). Extensive harvest of
vegetation will very likely favor grassland birds requiring
short, sparse vegetation (e.g., grasshopper sparrow [Am-
modramus savannarum] and Savannah sparrow [Passerculus
sandwichensis]) and negatively affect those requiring tall,
dense vegetation (e.g., sedge wren [Cistothorus platensis] and
Henslow’s sparrow). The best harvest scenario is likely to be
one that produces a mosaic of harvested and unharvested
patches, but further research is needed to determine the ap-
propriate scale of these patches. Small habitat patches may suf-
fer higher predation rates, making these patches population
sinks rather than sources.

The proper time to harvest depends on the species of man-
agement concern, whether those species are migratory or
resident, and the timing of the life-cycle events that have
the greatest impact on populations (nesting, brood rearing,
winter, etc.). Harvest should not occur during the established
primary nesting season (PNS) (figure 4). Biomass could be
harvested either before or after PNS. From a wildlife per-
spective, having multiple harvest times (early fall, postfrost,
early spring) could provide a mosaic of habitat conditions
suiting a wider range of species, as well as provide feedstocks
to a biomass facility at different times of the year. However,
depending on the species of management concern, either
fall or spring harvests may be preferred. Harvesting in early
spring would collect less biomass because of lodging (i.e.,
plants falling over) during the winter, but may be beneficial
if biomass storage space is lim-
ited, and would benefit wildlife
that require winter or residual
cover, such as harriers (Circus
cyaneus), pheasants (Phasianus
colchicus), sedge wren, and Hens-
low’s sparrow (George et al.
1979, Evrard and Bacon 1998,
Roth et al. 2005). Early spring
harvests must occur before the
established PNS for each state
to minimize impacts on grass-
land birds. Fall harvests typically
occur after the first killing frost,
well after the PNS for grassland
birds. Earlier harvests, timed to
coincide with the end of the
nesting season, may benefit
wildlife by allowing sufficient
regrowth to provide winter cover
and spring nesting. However, the
effects of earlier harvest on the
productivity and composition
of the biomass crop are not well
known and should be moni-
tored to avoid unintended shifts
in composition.

Residual cover (i.e., stubble) is
of paramount importance to

nesting ducks and other birds, particularly early nesting
species such as mallard (Anas platyrhynchos) and northern pin-
tail (Anas acuta) that arrive on northerly breeding grounds
before the onset of the growing season (e.g., Jarvis and Har-
ris 1971). Nest success for grassland nesting ducks increases
with the height, structure, and amount of residual cover on
the landscape. However, because it is unclear what stubble
height would allow both sufficient nesting habitat for ducks
and reasonable biomass yield, research is needed to understand
the trade-offs between leaving stubble for ground-nesting
birds and other wildlife and harvesting stubble for increased
biomass yields.

Stubble may also benefit soils and yields. Stubble may
reduce soil erosion caused by wind, particularly in northern
climates that experience snowfall. The presence of stubble will
help catch and maintain snow cover, which can improve
spring soil moisture and may boost yields of desired peren-
nial grasses. Research is needed to determine whether there
is a relationship between stubble height and subsequent
yields, and if so, what minimum and maximum stubble
heights will produce the desired benefits.

The ideal proportion or configuration of unharvested to
harvested land to maximize the wildlife benefit is not yet
known. For example, would it be better to leave 20% of each
field unharvested, or to let one out of five fields go unharvested,
to serve as refuges? Research on nesting waterfowl in the
prairie pothole region clearly indicates that nesting success
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Figure 4. Established ending dates for primary nesting season for the purposes of manage-
ment on Conservation Reserve Program (CRP) lands (USFSA 2008). These dates are
established by National Resources Conservation Service rulemaking under federal law,
and any management that occurs on CRP land, such as emergency haying or mid-
contract management, must occur outside of primary nesting season.



increases with the amount of perennial cover, as measured
across a range of scales. Species abundance of grassland birds
is highly dependent on landscape context (e.g., Cunning-
ham and Johnson 2006). Larger blocks of grassland are more
likely to provide nesting and winter cover for a wide range of
bird species (e.g., Winter et al. 2006). Wildlife-friendly bio-
energy crops are most likely to achieve the most wildlife ben-
efit if they are components of landscapes that already contain
a large portion of grasslands, rather than isolated fragments
among cropland. This could be especially beneficial for area-
sensitive, grassland wildlife species such as prairie chickens and
Henslow’s sparrows. Bioenergy facilities will also benefit from
being located in landscapes with high perennial biomass
production. Thus, if bioenergy demand is met with biomass
production that is compatible with wildlife, the location of
bioenergy facilities near grassland habitat could benefit both
wildlife and the bioenergy industry.

Even grasslands primarily managed for wildlife could
provide biomass for bioenergy. Biomass on these lands could
periodically be harvested as part of normal establishment
and management practices aimed at, for example, controlling
invasive weeds such as Canada thistle (Cirsium arvense) and
leafy spurge (Euphorbia esula); providing an alternative to
burning to control woody encroachment or litter buildup; and
supplying short, sparse vegetation for species requiring this
structure.

Assessing the feasibility of wildlife-friendly
bioenergy crops
Although it is possible to produce biomass in ways that are
compatible with wildlife, there are several open questions
about its feasibility. Specifically, native perennial crops need
to be feasible from the standpoints of economic, agronomic,
and technological considerations, and of land and seed avail-
ability, if they are to become a significant portion of the en-
ergy portfolio.

One concern associated with the use of low-input, native
prairie grasses is their yield relative to that of other proposed
bioenergy crops (Schmer et al. 2008). Because there are no
direct comparisons of native prairie grasses with other po-
tential biomass crops using the same site, soils, and climate,
it is premature to draw firm conclusions about yield differ-
ences. Comparisons of yields from different biomass crops at
different sites, often with different rates of fertilization or
other management practices, are problematic because farm
trials generally occur on high-yielding cropland, whereas
prairie yields are often measured on low-yielding lands that
are unsuitable for farming. In farm trials, yields of fertilized
switchgrass in North Dakota, South Dakota, and Nebraska av-
eraged between 5.2 and 11.1 metric tons per ha (Schmer et
al. 2008). In those same states, unfertilized prairie yields
ranged from 3.4 to 5.7 metric tons per ha (Risser et al. 1981).
Miscanthus is among the highest-yielding biomass crops,
with fertilized yields in Europe averaging 22 metric tons per
ha (Heaton et al. 2004). Miscanthus has high water demands,
and this yield average included irrigated field trials (Heaton

et al. 2004). Yields of unfertilized native prairie grasses of up
to 13.7 metric tons per ha have been reported from Illinois
(Oesterheld et al. 1999). These examples illustrate high-yield
potential from prairie grasses but also reveal a gap between
reported yields for prairies and fertilized bioenergy crops.
Direct comparisons of different potential biomass crops and
native prairie on similar soils and under similar fertilization
and irrigation regimes are needed to accurately quantify yield
differences on a given site. It may also be possible to
fertilize native prairie in a way that increases its yields while
maintaining its wildlife value. Although fertilization typi-
cally reduces the diversity of plant communities, it may be
possible to maintain plant diversity in communities that are
both fertilized and harvested (Collins et al. 1998).

Establishing diverse mixtures of native perennial vegetation
is expensive at present, in part because of high seed costs, which
may initially hinder the large-scale establishment of diverse
prairie grasses for bioenergy production. To encourage the use
of diverse mixtures and their associated wildlife benefits, the
government, bioenergy industry, and conservation commu-
nity would need to work together to increase supply and
lower seed prices or otherwise offset the higher cost of seeds.
Cost-share programs could share establishment costs for
projects resulting in quantifiable benefits for targeted wildlife
populations or for projects allowing public access for recre-
ation. Federal, state, and nongovernmental wildlife organi-
zations could help provide the technical expertise needed
for successfully establishing native grasslands, reducing costs
associated with poor establishment.

Production costs of native grasses are estimated at $39 to
$61 per metric ton, including land rental rates (Tiffany et al.
2006). This would be reduced to $22 to $33 per metric ton if
land rental rates were excluded (cost estimates do not include
any capital or hired labor costs). Transportation costs vary
greatly depending on the size of the source area (Tiffany et al.
2006), and average costs increase from about $3.48 to $12.08
per metric ton as the source radius increases from 16 to 80 km.
Community-scale projects with modest biomass require-
ments or higher-yielding crops would allow smaller source
areas for biomass production, significantly reducing trans-
portation costs.

It is unclear whether biomass fermentation processes cur-
rently under development will call for uniform feedstocks,
which could limit the use of diverse prairie in ethanol pro-
duction. However, diverse plantings can be burned to produce
heat and electricity, or gasified to produce heat and electric-
ity, or gasified to produce syngas, which is converted through
the Fischer-Tropsch or other catalytic processes to gasoline,
diesel, or ethanol (McKendry 2002). Cogeneration, the pro-
duction of both heat and electricity, can be an extremely
efficient way to extract energy from biomass through either
burning or gasification (McKendry 2002).

Recent global analyses suggest that approximately 385
million to 472 million ha of abandoned farmland could be
used to produce approximately 1.4 billion to 2.1 billion
metric tons of biomass annually (Campbell et al. 2008). In the
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United States, CRP contracts allow haying and grazing man-
agement, if that is written into the CRP contract with the
landowner. However, harvest should follow the management
guidelines in the contract, and some lands should not be
eligible for harvest because of their slope; the presence of
wetlands; or their importance to wildlife species of local,
state, or national concern. Additional research is needed to
identify where suitable lands occur in sufficient densities to
support bioenergy facilities.

Landscape and adaptive management
considerations
Whether bioenergy production is beneficial to wildlife or
not will depend on many factors in addition to the compo-
sition of the crops. Most important, it will depend on the land-
scape context in which the bioenergy crops are planted. To deal
with these external factors, managers should have explicit
objectives, defined at the correct scale, and use adaptive man-
agement to tailor practices to local and changing conditions.

Management for wildlife could focus on overall biodiver-
sity, on particular species groups, or on specific species. Man-
aging for specific species is often the easiest task, especially
when the ecological needs of the species are well understood.
The US Fish and Wildlife Service has developed a series of
habitat evaluation tools that help land managers evaluate
impacts on fish and wildlife habitat resulting from changes in
water or land use, as well as assess the suitability of habitat for
fish and wildlife species (USFWS 1980). Species-specific habi-
tat suitability index (HSI) models (USFWS 1981) use quan-
titative relationships between environmental variables and
habitat suitability to arrive at a numerical index of habitat suit-
ability (USFWS 1981). There are currently HSI models for 157
species, many of which use prairie or grassland habitats
(USGS 2008).

When managing to maximize overall biodiversity, it may
be possible to choose umbrella species to represent the habi-
tat needs of other groups (e.g., Mac Nally and Fleishman
2004). Generally, a diverse array of native plants provides
food for a diversity of native herbivores and nectivores,
particularly insects, which in turn can provide food for a
diversity of birds (Sample 1989, Haddad et al. 2001).

It is not possible to know a priori the exact management
practices and species combinations that will simultaneously
optimize bioenergy production and benefit wildlife under all
conditions over time. Therefore, in parallel with an emerging
bioenergy industry, both ongoing monitoring and experiments
are important to provide site-specific information and allow
the industry to adapt as learning occurs, technologies emerge,
and conditions change.Adaptive management includes clearly
defined and measurable management objectives, monitoring
or experiments to assess progress toward objectives, and
adjustment in response to measured outcomes (e.g., Wil-
here 2002). Inclusion of such adaptive management ex-
periments in major bioenergy projects offers the best chance
of creating projects that provide both bioenergy and wildlife
benefits.

Policy and carbon emissions
US policy promoting biofuels has been driven primarily by
interest in energy independence, rural economic develop-
ment, and reducing GHG emissions. Given the large land-use
implications of biofuels policy, the wildlife conservation im-
plications of policy also merit consideration. Production of
biofuel crops that leads to direct or indirect clearing of nat-
ural habitats will harm wildlife and, when the full costs of pro-
duction and use are considered, are likely to increase carbon
emissions (Fargione et al. 2008, Searchinger et al. 2008).
Thus, policies requiring biofuels to meet carbon emission
standards (now being discussed in the implementation and
interpretation of EISA and various state policies) are likely to
benefit wildlife by discouraging some types of conversion of
natural habitat resulting from biofuel production. The estab-
lishment of carbon markets that provide economic incentives
to reduce carbon emissions from natural ecosystems will
also benefit wildlife. Maintaining or increasing terrestrially
stored carbon, however, is not enough to guarantee wildlife
benefits. For example, growing Miscanthus for bioenergy and
converting native grassland to do so would most likely have
negative impacts on wildlife even though it would probably
reduce carbon emissions from petroleum use. This indicates
a need for policy that goes beyond carbon considerations
to explicitly address sustainability standards for biomass
production, including the impacts on wildlife.

Summary and conclusions
The area in the United States devoted to corn crops is in-
creasing, partially at the expense of perennial grasslands,
with negative effects on wildlife and water quality. The recent
corn ethanol boom has already been associated with the loss
of more than 850,000 ha of set-aside grassland in the United
States and with a 4.9-million-ha increase in corn cropland used
for ethanol between 2005 and 2008. Evidence for current
and future impacts on grasslands includes data on declining
CRP enrollment, increasing corn area, conversion of virgin
prairies, and economic analyses of future CRP enrollment. The
increase in land area in grasslands from CRP starting in 1986
has had clear wildlife benefits for birds, fish, and other taxa,
and for freshwater stream ecosystems in general. These ben-
efits will erode, and wildlife populations and water quality will
decline, as CRP land is lost. Thus, increased corn production
for ethanol threatens wildlife and ecosystem services.

New conservation strategies are needed to protect grassland
wildlife habitat. Increases in conservation payments, while
needed, may reduce only a relatively small portion of ex-
pected habitat loss. Using new markets for biomass offers the
tantalizing prospect of maximizing the amount of perennial
grassland, land that could benefit wildlife, provide income to
farmers, and contribute to domestic renewable energy pro-
duction. By incorporating wildlife, water quality, carbon se-
questration, and other ecosystem services in the up-front
planning and consideration of biomass feedstocks, incen-
tives could be used to encourage farmers to grow and harvest
biomass for bioenergy using practices that simultaneously
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provide society with multiple benefits. Opportunities to
harvest native perennial plants may provide incentives to
keep land in current conservation programs. However, ad-
ditional incentives or regulations would be required to ensure
that planting and management decisions made on the basis
of short-term biomass yield, or yield and carbon sequestra-
tion, also benefit wildlife.

We have suggested several important research directions
that would help bioenergy fulfill its promise of sustainable en-
ergy production. These include bettering our understanding
of the effects of conversion of natural habitat to bioenergy pro-
duction; researching the effects of crop or plant community
composition, annual harvests, refugia, stubble height, and
minimal fertilization on sustainable yield and wildlife and
plant diversity; and investigating the possibility of using
biomass sources that do not require a bigger agricultural
footprint, such as from agricultural and other wastes. Natural
resource managers and environmental scientists are well
positioned to inform the policies and practices of bioenergy
production. Providing society with the multiple benefits of
sustainable energy and a sustainable environment will require
increased partnership between natural resource managers
and the bioenergy industry.
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