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Switchgrass (Panicum virgatum L.) is a broadly adapted warm-season grass species native to
most of the central and eastern United States. Switchgrass has been identified as a potential
biofuel species because it is a native species that requires minimal management, and has
a large potential to sequester carbon underground. Since the 1990’s, switchgrass has been
bred to produce cultivars with increased biomass and feedstock quality. This review
addresses potential ecological consequences of widespread switchgrass cultivation for
biofuel production in the central United States. Specifically, this review address the
ecological implications of changing use of marginal and CRP land, impacts on wildlife,

Keywords:
Carbon sequestration
Crop rotation

CRP land potentials for disease and invasions, and changes in soil quality through reductions in
Landscape heterogeneity erosion, decomposition rates, and carbon sequestrations. A central theme of the review is
SOC the utility of maintaining landscape heterogeneity during switchgrass biofuel production.

This includes implementing harvest rotations, no till farming, and mixed species compo-
sition. If negative ecological consequences of switchgrass cultivation are minimized, biofuel

Marginal land

production using this species has economical and environmental benefits.
© 2011 Elsevier Ltd. All rights reserved.

1. Introduction (Fig. 1). In general, ecotypes of switchgrass are broadly divided

into two types: upland and lowland [6]. Upland ecotypes have

Panicum virgatum L. (switchgrass) is a common perennial C,
grass that is widely distributed across North America.
Ecologically, this species is a dominant plant in the central
Great Plains grasslands, with impacts on both the structure
and function of these ecosystems [1,2]. Considerable geno-
typic and phenotypic variability exists for switchgrass [3,4].
This variability contributes to the broad adaptation of this
species across a wide geographic and environmental range [5].
For example, switchgrass has a robust distribution across
North America, from 5 to 25 °C MAT and 300—1500 mm MAP

* Corresponding author. Tel.: +1 785 532 6615; fax: +1 785 532 6653.

a smaller size, and lower water and nitrogen requirements
than lowland ecotypes [6]. Additionally, upland ecotypes are
typically octoploid or hexaploid, whereas lowland ecotypes
are tetraploid [6,7].

Practically, switchgrass is an important forage crop in
pasture lands, and has been studied extensively over the
past two decades for its potential value as an alternative
energy source. In recent years, switchgrass has become
a model species for biofuel production [8]. Switchgrass was
chosen as a prospective biofuel for its ability to increase soil

E-mail addresses: jchartma@k-state.edu, jchartma@ksu.edu (J.C. Hartman), nippert@ksu.edu (J.B. Nippert), ro492097@sju.edu
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Fig. 1 — Climate distribution of switchgrass in the
conterminous United States. Each datapoint represents

a natural history collection for Panicum virgatum (n = 1689)
recorded in the Global Biodiversity Information Facility
(http://wrww.gbif.org/). The climate data associated with
each collection location was generated by WorldClim —
Global Climate Data (http://www.worldclim.org).

quality, sequester carbon, and its wide range of suitable
habitat [9]. While the potential economic benefits of imple-
menting switchgrass for biofuel production are enormous,
the environmental consequences of cultivation must be
considered [10]. Large amounts of land will be required for
cultivation, and this land will be transferred from previous
agricultural or conservation practices to switchgrass biofuel
production [11]. The environmental impacts of changing
land-use to biofuel production have yet to be adequately
assessed [12]. If switchgrass cultivation for biofuels is to be
successfully implemented in the Central Great Plains of the
United States, the potential ecological impacts must be
assessed in concert with economical impacts.

2. Cultivation in marginal or CRP lands

Marginal lands that are not currently used for agricultural
production may be suitable for switchgrass cultivation. The
use of marginal lands for biofuel production is desirable
because utilization of this land minimizes competition with
food crops produced on lands of higher agricultural value [13].
Switchgrass cultivation in marginal lands has great potential
value because this species produces high biomass across
a broad range of environments, requires low water and
nutrient inputs compared to agronomic species (e.g., corn),
and provides environmental benefits for degraded lands (e.g.,
reduced erosion, increased soil organic carbon) [14,15]. The
production potential of switchgrass on marginal lands is equal
to or greater than other potential herbaceous biofuels like
corn [16] and switchgrass cultivation in marginal lands
provides wildlife cover while promoting landscape heteroge-
neity and biodiversity compared to conventional corn-grain
production [12,17]. However, the positive biodiversity and
landscape heterogeneity benefits of switchgrass cultivation or

other perennial herbaceous energy crops for biofuels are
minimized when grown in monoculture [12].

The cultivation of switchgrass as a perennial energy crop
has also been considered for marginal lands currently in the
Conservation Reserve Program (CRP). This program, developed
in 1985 as part of the Food Security Act, provides compensation
for landowners to rest their land from continual agricultural
production. A byproduct of removing the land from agricul-
tural production is the establishment of permanent grass
cover. As of 2008, there were 34.7 million acres enrolled in the
Conservation Reserve Program [18]. The CRP program has
successfully advanced conservation practices, with estimated
decreases in soil erosion of 220 million tons/year, and native
bird populations have increased by 2—52% [19,20]. The 2008
Farm Bill allowed for 32 million acres to be enrolled, so a large
amount of land was not renewed, and is available for switch-
grass cultivation [18]. While CRP lands can be cultivated, the
economic value for food production is often considerably
lower. Some scenarios for switchgrass cultivation on CRP lands
have been estimated at 3.3 to 5.2 million hectares of CRP land
being converted [21]. Within the Central Great Plains region,
a large amount of agricultural land is enrolled as CRP land
(Fig. 2). Thoselands to be converted would notinclude CRP land
that is used as buffer zones, wetlands, or critical habitats [21].

N

Kilometers

Fig. 2 — Distribution of Conservation Reserve Program (CRP)
land in the Central Great Plains. Total CRP land amounted
to 11.1 million acres (4.5 million ha). For each county,
percent CRP lands were derived from total croplands. Data
source from the Farm Service Agency (http://content.fsa.
usda.gov/crpstorpt/rmepeii_r1/rimepeii.htm).



BIOMASS AND BIOENERGY 35 (2011) 3415—3421

3417

Thus, switchgrass cultivation would not be appropriate in all
CRP lands, and more research is necessary to assess the
biodiversity and wildlife habitat consequences of converting
some CRP lands to biofuel production. Ultimately, the appli-
cability of using marginal lands or CRP lands for switchgrass
production requires effective harvesting techniques that
maximize yield while minimizing land degradation and
impacts on native plants and wildlife. To manage the trade off
between productivity, long-term sustainability and habitat
heterogeneity, a proportion of converted CRP land would likely
need to remain unharvested in the establishment year.
Schmer and colleagues estimated that switchgrass on CRPland
requires 40% stand establishment of the initial switchgrass
planting, for subsequent annual harvests [22]. However, these
authors estimate 25% stand establishment is sufficient if the
stand is harvested every few years [22].

3. Potential for disease, insect outbreaks, &
invasive species

Historically, biofuel production has been planned and imple-
mented similar to production agriculture, in monoculture
ecosystems [23]. This technique is advantageous because
monocultures are selected and cultivated for species and
populations with the highest yield [23]. However, monoculture
production can have negative ecological consequences. For
example, biofuel crops selected for high productivity have
increased vulnerability to plant pathogens and pests due to
decreases in genetic diversity and heterogeneity [23,24]. For
switchgrass in particular, increased susceptibility to some
strains of the yellow barley dwarf virus occurs when grown in
large monocultures [5]. Monocultures accelerate the spread of
pests and pathogens because the suitable host has high
abundance and distribution across the landscape. For
switchgrass, pests and pathogens include insects, fungi, water
molds, bacteria, mollicutes, protozoa, nematodes, and
viruses. In 2009, Crouch and colleagues identified a new fungal
species, Colletotrichum navitas, which is the cause of switch-
grass anthracnose [25]. Previously, anthracnose had been
thought to be caused by a different fungal species, Colleto-
trichum graminacola, C. navitas displayed many characteristics
of close relatives such as decreased plant vigor which led to
necrotic tissue eventually covering much of the plants
affected. However, C. navitas also displayed a few unique traits
such as host association and many fixed molecular characters
[25]. These pests and pathogens can negatively impact
switchgrass in numerous ways, including physical and phys-
iological damage through excessive herbivory [24]. Herbivory
can result in reduced physiological functioning via toxin
production which reduces cellular physiological functioning
and ultimately leads to cell death of the infected tissue [24].
The fall armyworm, Spodoptera frugiperda has been shown
capable of developing on switchgrass. In laboratory tests, the
larval form showed a strong preference for feeding on the leaf
tissues of young switchgrass stands [26]. These physical and
physiological impacts reduce photosynthetic rates and ulti-
mately decrease biomass production. Therefore, it is vitally
important to understand the interactions between host and
pathogen and minimize the potential for disease or insect

outbreaks by using diverse genotypes or multi-species
assemblages within the area cultivated for biofuel production.

Another negative trade off associated with monocultures is
the punctuated seasonal tempo of growth and productivity,
leaving large periods of time with gaps in standing biomass.
Fluctuations in insect diversity and abundance mimic these
fluctuations in productivity [23]. Productivity gaps affect the
plant—herbivore interactions within the monoculture [23].
Changing the interaction between predators and prey has the
potential to enhance the vulnerability of biofuels such as
switchgrass especially if genetic diversity within the pop-
ulation is low. While the topic of disease potential in biofuel
monocultures has been discussed initially, this is a topic
requiring considerable future research, with a specific studies
focused on key biofuel species, including switchgrass [25].
Specifically, outbreaks, spread, and consequences of the
pests, pathogens, and diseases on monoculture switchgrass
cultivation remain to be evaluated.

Pathogens and pests have the potential to negatively impact
establishment, biomass productivity, and stand survival in
perennial herbaceous crops grown for biofuels [24]. The impacts
of rust fungi on switchgrass have been assessed in several
studies. In 1941, Cornelius and Johnston [27] examined 34
accessions of switchgrass from South Dakota, Nebraska, Okla-
homa, and Texas and found that collections from South Dakota
and Nebraska were more susceptible to the rust Uromyces gra-
minicola, than those from Oklahoma and Texas. In 1967, Barnett
and Carver [28] reported lowland ecotypes were more rust
resistant than upland ecotypes due to coarser stems. Moreover,
Gustafson and colleagues examined theimpacts of another rust
species, Puccinia emaculata [29]. Their results showed variation
within and among populations of switchgrass at two different
sites in South Dakota. These results suggest selection of culti-
vars for biomass production should consider populations with
appropriate pest resistance as well as appropriate environ-
mental tolerance (e.g., winter hardy) [29].

Monocultures of switchgrass and other biofuel crops
increase the potential for future invasion of non-native
species. Reduced landscape heterogeneity increases the
susceptibility of an area to new invasive species [23,24]. Sim-
berloff in 2008 [30] states that many invasive species remain
restricted or dormant for decades until such a time when
environmental conditions change in favor of their growth and
subsequent spread. The potential for the release from envi-
ronmental restriction for invasive species increases as more
land is allocated to monoculture biofuel production. Addi-
tionally, many of the species chosen for biofuel cultivation
share similar characteristics with invasive species including
phenological characteristics such as perennial lifespans and
rapid spring growth, as well as physiological characteristics
such as the C4 photosynthetic pathway and high water-use
efficiency [31]. These types of potential biofuel species may
be candidate species for undesirable spread from their natural
or agricultural areas. For example, native species have the
potential to become invasive as grazing or fire suppression is
increased [30], or as climate change expands the potential
habitat of the species [11]. The invasive risk from biofuel
species can also increase as different genotypes are engineered
and introduced across the landscape. For switchgrass, this
threat is already eminent and worthy of future consideration.
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Barney and DiTomaso (2008) [32] relate the extensive bioengi-
neering of switchgrass cultivars and varieties to invasion
potential in introduced regions in California and the Pacific
Northwest, where switchgrass cultivation trials with engi-
neered genotypes are currently being conducted. Although
their evaluations concluded switchgrass was not likely to
become an extensive invader under current climate condi-
tions, an altered future climate could shift the invasive capa-
bility of switchgrass in these regions. This potential invasive
capability under climatic changes needs to be studied experi-
mentally in the future.

4, Impacts on wildlife

Switchgrass cultivation in marginal farming lands and CRP
land can provide needed habitat for bird and insect pop-
ulations if landscape heterogeneity is maintained via mixed
species assemblages and rotational harvests [33]. By retaining
the structural (grassy) composition of CRP land or marginal
land when converted to biofuel production, native grassland
wildlife species are supported by a habitat more closely
resembling their native grassland communities [34]. The
maintenance of vertical and horizontal habitat structure
supports multiple ecological niches for insect, bird, reptile and
mammal populations [35]. One way to decrease the impact on
wildlife biodiversity would be through crop rotation. Milder
et al. (2008) [35] suggested that short rotations with both
perennial grass and fast-growing woody species would
maintain biodiversity. McCoy and colleagues (2001) [36] sug-
gested CRP land-conversion should focus on a combination of
warm and cool season grasses to maximize the potential
benefits to wildlife rather than single species plantings of
warm-season grasses, such as switchgrass. This strategy
provides wildlife populations a shifting mosaic of available
habitats. Semere and Slater (2007) [37] showed that the
diversity of invertebrates increase indirectly through the
abundance of mixed species composition within biomass crop
fields. The consequence of reduced landscape heterogeneity
and viable habitat is reduced wildlife biodiversity.

Appropriate harvest rotations have the potential to
increase the stability of grassland bird populations [37—39].
When switchgrass was cultivated in CRP land in Iowa, nest
cover was available early in the year, reducing the impact of
harvests that occur later in the fall [38]. As long as the CRP
fields were a mix of harvested and non-harvested fields, stable
breeding habitat would still be available for those species that
breed later in the year. For example, fields not harvested in the
fall provide much needed over-wintering cover and forage
sites for bird species that feed on invertebrates and seeds [37].
Similarly, when CRP land is converted to switchgrass culti-
vation, the diversity of local grassland bird populations
increases only when there is a mixture of harvested and
unharvested fields. Harvested fields showed increased diver-
sity in shortgrass bird species, while unharvested fields
increased in tallgrass bird species diversity [40]. To date, most
research has been conducted over the short-term, so further
monitoring of bird populations and assessments of habitat
availability and suitability must be continued as more land is
converted to switchgrass production [41—43].

5. Changes in soil quality
5.1. Soil type

The broad distribution of suitable habitat for switchgrass in
the United States spans a range of soil types. The direct
impacts of soil type on switchgrass productivity may be less
than other grasses [44]. Soil type effects on distribution are
likely indirectly related via rainfall patterns. Evers and
Parsons (2003) [45] report that rainfall every 7—10 days is
required for switchgrass to survive in sandy soils, but less
frequent rainfall is required in clay soils. Therefore, climate is
likely to exert a greater influence on switchgrass survival and
productivity across suitable habitat, rather than differences in
soil type. Switchgrass is tolerant of both extreme soil moisture
conditions for short periods of time, from flooded soils to low
levels of soil moisture [46]. This broad soil moisture tolerance
is a direct contributor to the broad habitat distribution in the
United States for flooded and drought conditions. Future
predictions for suitable switchgrass habitat include most of
the eastern and midwestern regions of the United States, with
habitat boundaries shifting northward toward the end of the
century as the average air temperature increases [11].

5.2. Decomposition

Rates of decomposition affect soil quality, driven largely by
changes in precipitation, temperature, soil factors, and litter
quality [47]. For the Great Plains region, annual precipitation is
predicted to increase slightly over the next century with
a greater increase in annual temperature [48]. The impact of
high temperature to increase decomposition rates is present
only when precipitation is not limiting. Since precipitation is
limiting grassland productivity across most of this region [49],
increased temperature would decrease root decomposition,
and therefore increase the carbon storage of grasslands [50].
Another component of decomposition is the litter quality,
which is affected by the allocation of nutrients by the plant.
Plants that allocate large amounts of carbon to structural
components, like lignin, generally have low quality litter. This
low quality litter decomposes slowly which adds more carbon
to the soil [51]. Litter quality has been found to be related to
precipitation, in that increased precipitation leads to lower
litter quality [50,51]. Therefore, switchgrass cultivars with
increased lignin content in the litter produced may lead to
higher carbon additions to the soil.

5.3. Soil erosion and SOC

Erosion and land degradation are accentuated through losses
of soil organic carbon (SOC) [52]. The loss of the SOC pool is
due primarily to three factors: (1) the reduction in plant roots
(2) the increase in biological activity as soil aeration is
increased by cultivation and soil temperature, and (3) increase
in soil erosion that removes carbon-rich materials. To mini-
mize negative ecological impacts of switchgrass biofuel
production, SOC losses must be minimized. No till farming
has been shown to slow erosion and build SOC matter when
residue inputs are sufficient [53]. These residue inputs reduce
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SOC loss and provide for the maintenance of soil structure and
resistance from soil erosion [12]. Land maintenance has
important consequences because degraded soil structure and
the loss of SOC increases the greenhouse gas carbon dioxide
and accelerates soil erosion losses [54,55].

Rehabilitation of degraded soil can be accomplished using
appropriate bioenergy crops to improve soil productivity and
restore the SOC pool. Switchgrass can restore the SOC in
surface soils (0—30 cm) and stabilize the soil with its deep root
system (>1 m) [52]. The root system of switchgrass has the
potential to lower soil erosion rates 30 times in the estab-
lishment year, and 600 times in the second and third years
compared to annual crop production [12,56]. Decreases in soil
erosion rates result from a well-developed litter layer and
increases of other carpet grasses such as fescue or smooth
brome [57]. For this reason, bioenergy crops can be grown on
marginal soils with low productivity to rehabilitate this
degraded land. Recent estimates suggest great potential for
increasing the SOC pool using biofuels. Estimates suggest up
to 3 T-ha-yr* of soil carbon can be sequestered under
perennial grass biofuels like switchgrass [17,52]. There are
10.8 Mha of severely eroded soils in the United States that may
benefit from growing bioenergy crops and adoption of
conservation-effective practices [52].

5.4. Carbon sequestration

The high productivity of grassland perennials like switchgrass
increases the amount of carbon sequestered in degraded soils
from the extensive root systems and large amounts of leaf
litter [5,58—61]. The belowground biomass of switchgrass is
four to five times greater than that of corn, with the potential
to input 2.2 Mg C ha™* yr~* into soils [52,62]. Switchgrass root
systems increase the amount of SOC due to the size of the root
systems, slow decomposition rates of root biomass [59,63],
and root secretion of organic compounds bind soil particles
and stabilize the SOC [59,64]. However, as with any productive
grass population, switchgrass stands are a large carbon source
due to the respiration from the extensive root systems and
associated microbial communities. The microbial CO, emis-
sions depend on the amount of labile carbon available in the
form of leaf litter and crop residue [59,65,66]. For example,
Al-Kaisi and Grote (2007) [59] reported annually harvested
switchgrass crop systems exhibited higher soil CO, emissions
than switchgrass crop systems harvested at five year intervals
[59]. Al-Kaisi and Grote suggest difference in CO, emissions
between the two harvesting techniques may be due to larger
root biomass of individuals in the annually harvested treat-
ment and higher microbial biomass carbon content [59].
Despite CO, emissions from grasslands and biofuel cropping
systems from microbial and root respiration, these systems
are generally viewed as net carbon sinks [58,67—70].

The degree to which switchgrass or any other biofuel can
act as an agent for carbon sequestration depends on the soil
environment. The soil environment includes soil quality, soil
type, soil moisture, soil temperature, and the carbon to
nitrogen ratio of the substrate (leaf litter and residue) [50]. For
instances, the initial SOC and soil type determine how quickly
switchgrass stands can sequester carbon [71]. In addition,
management practices, climate, and cultivar selection may

influence carbon sequestration [5]. The research of Lee et al.
(2007) [61] showed that carbon sequestered at depths of
30 cm—90 cm increased when manure was applied as the N
source for switchgrass grown on CRP land. Frank et al. (2004)
[58] reported that seasonal changes in temperature and soil
moisture were the primary determinants of soil CO, flux in
switchgrass cultivation. CO, flux throughout the season cor-
responded with changes in temperature and lower CO, fluxes
were associated with decreased soil moisture [58]. Moreover,
Al-Kaisi and Grote (2007) [59] suggest switchgrass cropping
systems can potentially contribute more to soil carbon
sequestration than corn-soybean rotations due to the more
extensive root system of switchgrass. Furthermore, a study
conducted by Tilman et al. (2006) [17] argues that low-input
high diversity (LIHD) biofuels have the greatest potential for
carbon sequestration compared to monocultures. LIHD bio-
fuels are carbon-negative because the net carbon sequestra-
tion is much greater than the CO, released during the biofuel
production [17]. Biofuel crops will continue to sequester
greater amounts of soil carbon until the system reaches
equilibrium. At equilibrium, any biofuel cropping system (i.e.,
switchgrass) becomes a carbon reservoir [5]. It is estimated
that switchgrass cropping systems have the potential to reach
equilibrium around fifty years after establishment [52].

6. Conclusion

As consideration of switchgrass as a biofuel resource
continues to develop in the future, the potential ecological
implications of cultivating this crop across large sections of
the central United States must be considered. These impacts
can be measured by the abundance and diversity of wildlife,
potential for disease and invasions, changes in soil quality,
erosion, and carbon sequestration. To date, the greatest
ecological consideration of the impacts of widespread
switchgrass cultivation has been focused on the ability of
switchgrass to sequester carbon. However, the other consid-
erations discussed (e.g., the effects on wildlife, changing land
use, disease, invasive potential, and soil quality) should also
be considered when evaluating the consequences of switch-
grass as a biofuels [52,72]. One of the central tenets associated
with maximizing the structural and functional characteristics
of grassland ecosystems following switchgrass cultivation is
the maintenance of landscape heterogeneity. Landscape
heterogeneity is maximized by altered harvest rotations, no
till farming, and mixed species composition. Increased
structural diversity facilitates greater species abundance and
species diversity because more habitat is available. Addition-
ally, landscape heterogeneity increases the quality of the soil,
and provides greater genetic variation within the community.
To date, most research investigating the ecological impacts of
switchgrass cultivation has been short-term, emphasizing the
need for long-term assessment of impacts and consequences
[42,43]. Regardless of the species and technique, biofuel
production in agricultural lands, marginal lands, and grass-
lands has ecosystem consequences that must be considered,
but current research suggests that low-input switchgrass
cultivation across a heterogeneous landscape can increase
ecosystem services as well as provide economic value.
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