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WWhen we thik about sustainable bioenergy 
feedstocks in the United States, we ask 
ourselves what we will grow, where we will 
grow it, and how much we will grow. We 
also must consider the local as well as the 

broad-scale implications. From the perspective of landscape 
ecology, we tend to look at the broader scales. � is is one of the 
big challenges of bioenergy, not just looking at what happens to 
the local farmer but thinking about broader implications. From 
a global perspective, we also need to ask the same questions, 
how much, what type, and where? 

We also need to understand what drives land-use change to 
determine how we can address causes of land-use change 
equitably in order to foster social benefi ts as well as economic 
and environmental benefi ts across the board. A number of 
reports on the topic of sustainable bioenergy are currently being 
published, which refl ects the increasing number of groups that 
are working on this issue of land-use change and equity. � is 
topic is an international issue and presents an opportunity for 
international cooperation. 

From Field to Fuel

� e sustainability implications of biofuels choices are large and 
complex. It is, therefore, crucial to identify what is known, what 
is not known, and where the uncertainties lie with hopes that 
over time some of those uncertainties can be reduced. Oppor-
tunities will arise to make biofuels choices that can optimize 
the socioeconomic and ecological benefi ts. Unlike historic 
conventional agriculture, with bioenergy there is an opportunity 
to design systems and put in place a landscape context so that 
benefi t can be achieved from all these aspects. To that end, it is 
useful to consider a suite of sustainability metrics. 

Getting feedstock from production to the downstream mar-
kets is a complex process involving growing and harvesting, 
transportation, conversion, fermentation production of ethanol 
and other chemicals, separation of these products, and fi nally 
delivery to the marketplace. It is critical to consider this whole 
system and how each part of the system is spatially positioned 
relative to the other parts. Biofuels feedstocks are heavy materi-
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als, and the transport issue will be very large. � ough our focus 
is primarily on feedstock production, we recognize that the big 
picture needs to be considered.

Sustainability Challenge

� e challenge of sustainability is broadening our perspective to 
take into account the infl uences and implications on the key 
components of the system. In addition, future feedstocks may 
come from a variety of sources, and thus the components of 
the system may diff er. In the United States, the focus now is 
on corn crop residues or stover. � ere is also much investiga-
tion into the production potential of perennial grasses such 
as switchgrass. Oak Ridge National Laboratory (ORNL) has 
treated switchgrass as a model crop, though not necessarily 
the only one. Researchers are also investigating the potential 
for other plants to serve as feedstocks, such as short rotation 
tree crops, like poplar. Dense, fi re -susceptible trees common 
to forests in the western United States can also fi gure into the 
mix. Many stands are too dense because of past management 
practices under which fi res were controlled in stands where fi re 
would naturally have served as a thinning and rejuvenation agent. 
Reducing the densities of these forests by using them as bioen-
ergy feedstocks can at the same time potentially reduce wildfi re 
hazard.  Another source of feedstocks is industrial waste. 

Each decision about bioenergy that is made presents a sustain-
ability challenge, not just in deciding what feedstock type we 
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will choose, but also in determining the location. Of the diverse 
environmental attributes, the original conditions of the land are 
important, whether it is agricultural land, pasture, forest, or key 
habitat for rare species. Management activities, likewise, aff ect 
the environmental attributes. � e amount of fertilizer, the type 
of fertilizer, and the timing of the harvesting can aff ect envi-
ronmental quality in a number of diff erent ways. 

Society, Economy, Environment

Social, economic, and environmental components of sustain-
ability also factor into our suite of metrics. Social issues such as 
food security, energy security, jobs, public perception, and land 
rights and displacement can complicate the decision-making 
process. Public perception can be especially problematic, and 
this issue has not always been well managed in the United 
States and Europe. Land rights and displacement are challeng-
ing social issues because the right to own land and use it in 
ways that can support the owner is an important social oppor-
tunity and/or cost. Economic aspects of rising food costs in-
clude prices, market conditions, trade, and costs, which are also 
part of bioenergy sustainability. � e environmental components 
are also complex. Environmental issues include soil condi-
tions, erosion and degradation, genetically modifi ed organisms, 

biodiversity and habitat, greenhouse gas emissions, air quality, 
land-use impacts, and water quality and quantity as well.  We 
need to look at all of these components of the environment as 
one integrated system.

� e rising cost of food has recently become an issue of interna-
tional concern. As of summer 2008, global food prices had in-
creased by as much as 43 percent, mainly due to energy factors. 

� e use of fertilizer at that time comprised about 45 percent of 
the cost increase, and the use of fuel about 37 percent. Other 
contributing factors included drought in food-exporting coun-
tries such as Australia, increased demand for food in emerging 
economies, cutoff s in grain exports by major suppliers, market-
distorting subsidies, a tumbling U.S. dollar, and speculation 
in commodity prices. Yet the popular media have singled out 
corn ethanol as the primary culprit for higher food prices, 
even though only about 1.5 percent of global food costs have 
increased due to corn prices. � is presents a real opportunity 
for science, which is often absent from public discussion, to 
contribute to the public debate. Research is often years ahead of 
actual agricultural practices that are implemented on the farm, 
but now is the time for relevant research products on appropri-
ate landscape deigns for bioenergy crops.
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Environmental Sustainability

In order to measure sustainability, it is necessary to defi ne some 
indicators of what is meant by sustainability. To ease imple-
mentation of collection of these indicators, the metrics need 
to be useful to all parts of the integrated production systems 
and able to be collected in a cost-eff ective fashion. Metrics of 
environmental sustainability are aff ected by the underlying 
conditions, and the metrics vary across scales, large and small. 
Measurable landscape conditions range from land cover to air 
quality. Aquatic conditions and soil conditions are included in 
the metrics. � ese conditions can also change along a geologic 
scale that sets the initial soil conditions, along a gradient of 
land-use practices, and under varied economic and social condi-
tions. We need to consider the diff erent axes along which each 
of these metrics can change and view them in that broader 
context. 

Between 1993 and 2003, ORNL performed a number of fi eld 
experiments in a variety of environmental conditions and dif-
ferent bioenergy crop options across the United States. � is re-
search examined measures of environmental conditions such as 
carbon, soil characterization, biodiversity, chemical and nutrient 
fate, and water. � e landscape design experiments considered 
the geographic distribution of potential biomass crops selected 
from more than 140 trial species.

We concluded that the environmental benefi ts of perennial 
energy crops are most positive when we replace annual crops or 
pastures, not forests; when we use minimal tillage and cover-
crop management activities; when nutrient and chemical appli-
cations for those perennial crops are less than for annual crops; 
when native or noninvasive species are used; when harvesting 
considers things like the timing of bird nesting and other char-
acteristics of organisms that may naturally exist in the system; 
and when perennials are used as buff ers between annual crops 
and water. 

Cellulosic biofuel crops could be a win/win scenario for 
hydrology and water quality, but that would depend on which 
lands are converted. Using stream hydrology metrics, we have 
documented the negative eff ects of using corn for bioen-
ergy. Streams draining agricultural watersheds can have large 
agricultural response factors such as sediment runoff . After a 
rain event, there is a greater runoff  from agricultural lands as a 
fraction of the precipitation and total stream fl ow than occurs 
in other systems such as forests. If corn acreage is expanded 
to marginal or conservation lands, this change could increase 
the stream hydrological response to those storms, with higher 
storm water fl ow and lower base fl ows. 

� e irrigation demands of corn might actually reduce the aqui-
fer water levels and stream base fl ows in some regions. If you 
compare the fl ashy stream hydrology, nitrogen export, erosion 
and sediment export, and pesticide export of corn compared 
to analogous eff ects of woody vegetation or intensive forestry 
bioenergy, woody vegetation is associated with fewer adverse 
eff ects on stream hydrology or the nitrogen export erosion. 
� ere is, however, a potential for herbicide export. 

A Model Perennial

When a perennial grass like switchgrass is planted on land that 
once was in agriculture, there are fewer adverse eff ects com-
pared to unmanaged lands including forests and pastures, and 
there are several environmental benefi ts. Switchgrass was se-
lected as a model perennial crop for study, and much informa-
tion is now available about it. A native, warm-season perennial, 
switchgrass can be grown on marginal lands or rotated with 
other crops. It provides excellent nesting habitat for vertebrates 
and is also important habitat for invertebrates. Its root mass 
can reach quite deeply, which provides a carbon sink. � is 
deep rooting system also provides system benefi ts in terms of 
retention of nutrients in the system. Switchgrass also has lower 
fertilizer applications than annual crops such as corn, and it al-
lows greater infi ltration and less erosion from surface fl ow. It is 
a large plant, which helps protect soil from wind erosion due to 
decreased wind fl ow and evapotranspiration. 

Unfertilized switchgrass is commonly used as vegetative fi lter 
strips and riparian buff ers in agricultural watersheds. Results 
from a number of watershed studies of switchgrass fi nd sedi-
ment export reductions of 50 to 95 percent, nitrogen export 
reductions ranging from 25 to 90 percent, phosphorus export 
reductions from 20 to 85 percent. � e percentage of retention 
is positively related to the width of the buff er along riparian 
corridors. 

Bioenergy represents a great global opportunity, but it requires 
some scrutiny. Eventually some kind of certifi cation schemes 
to ensure sustainable use of the land will be required. Overall, 
however, we see switchgrass and other native perennials grasses 
and trees as a win-win situation for emissions, energy security, 
food security, and development. 
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Land Use Change

Current models of land-use change and lifecycle assessments, 
are inadequate to address some of the issues of sustainable pro-
duction of biofuels. Most models are highly sensitive to land 
cover and use assumptions. � e initial land cover on the site 
can greatly infl uence what lifecycle analyses estimate. Econo-
mists often build from baseline projections based on remote 
sensing imagery. Yet it is very hard to know what crop is actu-
ally grown on the ground from these remote sensors or to mea-
sure how land use has changed. When land–cover observations 
are recorded from space, what is measured is the refl ectance 
from these diff erent land-cover types such as grassy vegeta-
tion or forest vegetation, but it cannot be determined how the 
land is used, what the fertilizer applications are, or even what 
specifi c crops are planted. Furthermore, to understand changes 
that occur on the land over time requires ground-truthing, 
actual fi eld sampling of vegetative type or soil type. 

In addition, changes that occur in land-use practices over time 
are not always documented in the satellite imagery. � ere may 
be a several year interval between those satellite images, and 
land practices are quite dynamic in some of the developing 
world. � ere is a great need for land-use change data better 
suited for global projections. 

Land-use change and its interactions with carbon emissions 
are also complex. Land-use decisions are driven by integration 
among several forces, including cultural decisions, technological 
decisions—whether you have a shovel or a tractor—biophysical 
conditions like the original soils, political decisions, economic 
decisions, and demographic decisions. In any one area, you may 
fi nd a complexity of factors that determines what is going to 
happen. An economic decision based on the price of a par-
ticular crop, for example, is just one factor and is often not the 
driving factor. It is essential to consider each site on a case by 
case basis to gain a broader perspective.

Consider the eff ect of changing land use on carbon emissions 
and associated carbon storage. Hundreds of studies of land-use 
practices in developing countries around the world have found 
that access for the extraction of a natural product is the fi rst 
step in land clearing. Whether the resources are the trees them-
selves or oil or any other resource, the key to gaining access is 
putting in a road or going up a river. 

Once the land is accessible, people move in along that access 
route and subsequently may try to carve out a living. In devel-
oping countries, this often means slash-and-burn agriculture, 
which obviously contributes to carbon emissions. Of the 100 to 
160 million hectares (250 to 400 million acres) of land burned 
each year around the world, the majority occurs on agricultural 
frontiers, mostly in relatively poor areas. From 80 to 95 percent 
of all fi res around the world may be intentionally caused by 
humans, and concerns are rising about the growing frequency 
and intensity of such burning in developing nations.  Reduction 
of slash-and-burn agriculture can reduce carbon emissions. In 
many developing countries, however, people don’t have title to 

the land they use. By burning the land, they produce what they 
call pasture, but the land does not support high numbers of 
livestock, and often the animals are in poor condition.  Never-
theless, people burn the land to lay claim to it. 

Available Suitable Land 

To fulfi ll the future demand for biofuel, only 10.8 million 
hectares (27 million acres) may be needed globally. Biofuels of-
fer employment opportunities and can help establish economic 
stability.  In addition, establishing a perennial biofuel crop on 
these lands could reduce the recurring use of fi re on previously 
cleared land and minimize pressure to clear more land.  � is 
may be an option in some places.

Land to be used for biofuels can focus on underutilized, “avail-
able suitable”, agricultural land. A 2008 study by Searchinger et 
al. showed that agricultural land use due to biofuels is projected 
to increase by 108,000 square kilometers (42,700 square miles).  
A study by the United Nations’ Food and Agriculture Orga-
nization, however, showed that there were 30 to 40 million 
square kilometers (12 million to 15 million square miles) of 
underutilized, frequently burned, non-forest “available suit-
able” land that would not need to be irrigated in order to grow 
some of these perennial crops, so there is a lot of available land 
worldwide compared to what is needed for bioenergy crops. 
� e challenge is to fi nd the land in the right place.  Much land 
is available for agricultural expansion without clearing new 
forests, yet forest clearing continues throughout the world with 
its associated numerous environmental impacts. 

� e bottom line is that these land-use changes are complex, 
dynamic processes largely independent of the crop markets and 
more a function of the local forces.

One factor that has not been adequately considered is the 
infl uence of soil carbon sequestration. Much of the developing 
world has been cleared for pasture, but this land is often fairly 
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low in productivity. A recent study in South America estimated 
that if you plant a deep-rooted, perennial biofuel crop on 
cleared lands, you could increase soil carbon storage by 0.5 to 1 
metric ton per hectare per year, so there is also a real opportu-
nity for carbon storage as well as reduction in carbon emissions. 

Many strategies are being proposed to address biodiversity 
loss and tropical deforestation, including bioenergy strategies. 
Solutions involve support for sustainable production that can 
improve rural livelihood while reducing fi re hazard, land-use 
and management plans to replace haphazard development, land 
tenure issues, increased  capacity of governments and commu-
nities in terms of decision making and enforcement, and better 
inventories and identifi cation of key areas that need protection.

We think these alternative land-change conclusions are pos-
sible where biofuels can reduce the recurring use of fi re and 
greenhouse gas emissions, reduce pressure to clear more land, 
and improve soil carbon. But this must be done sustainably. 
Certifi cation schemes may work. � ose certifi cation schemes 
that have worked around the country off er three lessons. First, 
they have to be simple. If they are too complex, they will not be 
implemented. Second, they have to be low cost. Some countries 

simply do not have suffi  cient resources. � ird, they have to be 
reliable. 

Overall, diff erent places and diff erent goals have unique solu-
tions. � e scheme that we have laid out is a global one in which 
we maximize opportunities for biofuels to meet our sustainabil-
ity goals with an approach tailored for diff erent regions. Some 
areas will grow trees, some will support grasses, and some will 
not grow bioenergy crops at all but rather food. We must learn 
from past experiences, develop partnerships, and develop and 
use a suite of sustainability metrics to characterize the eff ects of 
land management practices.
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