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Abstract As demand for energy increases in the
United States, alternative energy sources are being
sought both domestically and abroad. Biofuels have
been promoted as a major source of alternative energy,
but sustainable supply of biomass still remains a major
challenge. Agroforestry offers a potential way to
integrate perennial woody bioenergy crops with
traditional agricultural crops to satisfy energy
demands without sacrificing food production in the
North Central Region of the United States. We suggest
shelterbelts, alley cropping and working riparian
buffer strips as ideal candidates for biomass produc-
tion in agroforestry settings in this region. In addition
to satisfying domestic energy demands, these systems
could also potentially increase water quality, sequester
carbon, improve aesthetics, and provide critical wild-
life habitat. However, obstacles to implementing
agroforestry systems for biomass production, such as
a competitive price structure and stable markets, must
be overcome before large-scale adoption by
landowners.
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Introduction

Heavy reliance on foreign fossil fuels has sparked an
interest in domestic renewable energy sources in the
United States. In 2003, the Biomass Research and
Development Technical Committee (BRDTC), estab-
lished by United States Congress in 2000, envisioned a
goal of a 30% replacement of United States petroleum
consumption with biofuels by 2030 (U.S. Department
of Energy (USDOE) 2003). The Energy Independence
and Security Act Renewable Fuels Standard 2 (EISA
2007) mandates that annual biofuels use nearly triple
from the current 12 billion to 36 billion gallons per
year (BGY) by 2022, with 21 BGY coming from
advanced biofuels. Currently, petroleum products
supply about 37% of United States energy consump-
tion, while biomass (including wood, ethanol, and
biodiesel) provides about 3% (Energy Information
Administration (EIA) 2009). A study conducted by the
United States Department of Energy and United States
Department of Agriculture concluded that achieving
this goal might be possible and suggested several ways
to increase productivity including, the utilization of
non-food residues (e.g. corn stover) for biofuel
production and expanding the use of perennial non-
food biomass crops on marginal lands (USDOE and
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U.S. Department of Agriculture (USDA) 2005).
However, these suggestions have some potentially
negative consequences. The use of non-food residual
biomass can decrease soil fertility, which decreases
grain production if too much material is removed on an
annual basis (Blanco-Canqui and Lal 2009). The
utilization of current agricultural land for non-food
crop production could reduce food production, poten-
tially driving up prices for consumers and reducing the
overall availability (Graham-Rowe 2011; Pimentel
et al. 2009). Agroforestry, the intentional integration
of annual and perennial crops on the farm, offers a way
to sustainably maintain grain production and provide a
source of biomass for energy as well. Of all of the
common North American agroforestry practices (Gar-
rett et al. 2009), shelterbelts, riparian buffer strips, and
alley cropping appear to be the most promising for
maximizing sustainable biomass production, without
sacrificing grain production, in the North Central
Region (defined as: Illinois, Indiana, Iowa, Kansas,
Michigan, Minnesota, Missouri, Nebraska, South
Dakota, Wisconsin). This region contains some of
the most productive farmland in the world and
production of biomass in this area is critical to
accomplishing the goal of the BRDTC. Although
none of these practices are currently widespread
throughout the region, small scale examples exist that
demonstrate potential biomass production benefits.
The objectives of this paper are to (1) examine the
biomass production potential of agroforestry systems,
(2) discuss which type of agroforestry systems are best
suited for biomass production, and (3) determine what
type of land should be targeted for implementation of
agroforestry for biomass production in the North
Central Region.

Biomass production potential in agroforestry
systems

Woody species grown for biomass typically include
fast growing, early successional species such as poplar
(Populus spp.), willow (Salix spp.), and silver maple
(Acer saccharinum) (Table 1). These species are
shade intolerant and have the ability to coppice when
harvested. Results from individual studies indicates
that biomass production is variable, ranging from 5.4
to 30 Mg ha™' year_l in the North Central Region
(Riemenschneider et al. 2001; Tufekcioglu et al. 2003;
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Geyer 2006; Goerndt and Mize 2008), but is compa-
rable to the production of annual grain-based biofuel
crops such as maize (7-9.7 Mg ha™' year™') and
sorghum (4.5 Mg ha™' year™') (Tollenaar and Lee
2002; USDA 2010a, b). Poplar, willow, and silver
maple can be established across a range of sites, but
site does play an important role in biomass yield.
Goerndt and Mize (2008) reported a strong site
influence in their study of woody biomass potential
on marginal farmlands in Iowa. Results indicated
greater estimated biomass production of poplar clones
“Crandon” (Populus grandidentada x Populus alba)
and “Eugenii” (Populus x canadensis) and silver
maple following 10 years of growth on upland sites
compared to sloped or bottomland sites, but predicted
yield was greater on bottomland sites until year 5 for
Eugenii and year 9 for Crandon. In a similar study,
utilizing the same three tree species on two site types
(upland and bottomland) in central Iowa, estimated
woody biomass was greater on bottomland sites
following four years of growth for all three species
(Delate et al. 2005).

Within alley cropped agroforestry systems, woody
species are typically grown on a short rotation
(<10 years) to limit competition among other crops
as the trees mature (Reynolds et al. 2007). Rotation
age can significantly influence annual yields for
perennial woody biomass and should be taken under
careful consideration when designing an agroforestry
system. Unlike annual and herbaceous perennial
biomass, woody biomass does not need to be harvested
annually. Annual growth of woody biomass is usually
estimated by average yield at a given age, often
referred to as the mean annual increment (MAI).
Compared to the annual growth of grain based and
herbaceous perennial biomass, MAI of woody bio-
mass is not constant over time (Fig. 1). In a study of
poplar clone growth in Iowa, Minnesota, and Wis-
consin, Riemenschneider et al. (2001) reported that
MAI was still increasing at the time of harvest in year
six. Maximum biomass production occurs when
woody species are harvested at the peak of the MAI
(Fig. 1). Goerndt and Mize (2008) reported a culmi-
nation of MAI at nine years of growth for the poplar
clone Crandon (3.1 m x 1.8 m tree spacing), indicat-
ing a nine year harvest rotation would maximize
biomass production for that particular site.

Non-woody species such as miscanthus (Miscan-
thus x giganteus) and  switchgrass  (Panicum
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Table 1 Production of annual and perennial biomass species within the United States North Central Region

Species

Annual yield (Mg ha™') Rotation Location

Citation

Agricultural crop

Maize (Zea mays) grain 7-9
Maize grain 9.7
Sorghum (Sorghum bicolor) grain 4.5

Tree species

Black locust (Robinia pseudoacacia) 7.3
Cottonwood (Populus deltoides) 54
Honey locust (Gleditsia triacanthos) 6.1
Poplar (Populus) clones
7300501 16.8
80X00601 17.2
D121 6.8
Eugenii 17.0
Eugenii 54
Crandon 30.0
Silver maple (Acer saccharinum) 5.7
Silver maple 18.0
Silver maple 8.4
Willow (Salix) clones
SX67 18.3
9882-41 12.5
Grass
Miscanthus 29.6
(Miscanthus x giganteus)
Switchgrass (Panicum virgatum) 10.4
Switchgrass 9.4
Switchgrass 13.1-19.9
Giant cane (Arundinaria gigantea) 6.8

Annual  Illinois Tollenaar and Lee (2002)
Annual  United USDA (2010a, b)
States
Annual  United USDA (2010a, b)
States
Annual  Kansas Geyer (2006)
Annual  Kansas Geyer (2006)
Annual  Kansas Geyer (2006)

Riemenschneider et al. (2001)
Riemenschneider et al. (2001)
Riemenschneider et al. (2001)
Goerndt and Mize (2008)
Tufekcioglu et al. (2003)
Goerndt and Mize (2008)
Geyer (2006)

Goerndt and Mize (2008)
Schultz et al. (1995)

5 years Iowa
5 years  Wisconsin
5 years  Minnesota
10 years Iowa

7 years  lowa

10 years Iowa
Annual  Kansas
10 years Iowa

4 years lowa

2 years  Minnesota Thelemann et al. (2010)
2 years  Minnesota Thelemann et al. (2010)
Annual  Illinois Heaton et al. (2008)
Annual  Illinois Heaton et al. (2008)
Annual  Illinois Khanna et al. (2008)

Annual Iowa Tufekcioglu et al. (2003)

Schoonover, personal
communication

5 years  Illinois

virgatum) can also be used to produce biomass
(Table 1). Miscanthus x giganteus is a sterile hybrid
cross of M. sinensis and M. sacchariflorus, while
switchgrass (Panicum virgatum) is a tallgrass prairie
species native to North America. Both species are
perennial, C4-grasses that are well adapted to a variety
of sites in the region. Biomass yields of up to
29.6 Mg ha™' year™' have been reported for Miscan-
thus x giganteus in Illinois and up to 19.9 Mg ha™'
year™' for switchgrass in Towa (Heaton et al. 2008).
Similar to woody species, yield varies with soil type
and management practices. For example, Khanna et al.
(2008) reported switchgrass yield ranging from 3.4 to
15.1 Mg ha™' among several studies using different

agronomic practices across the Midwestern United
States, while Tufekcioglu et al. (2003) reported a
range from 13.1 to 19.9 Mg ha™' in Towa.

Agroforestry practices with the greatest potential
for biomass production

Shelterbelts
Shelterbelt, or windbreak, systems require linear rows
of evenly-spaced trees, typically anywhere from 150

to 300 m apart, across a landscape (Brandle et al.
2009). Normally, three or more rows of fast-growing
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Fig. 1 Conceptual diagram of yield from a maize/grass species,
which are harvested annually, and is relatively consistent over
time and a tree species, which does not have to be harvested
annually. Tree species yield will be maximized over a series of
rotations if harvested at the peak of the yield curve

trees, and sometimes a row of shrubs as well, are
established within each shelterbelt. In order to be
effective, shelterbelts must be placed perpendicular to
the prevailing winds because the primary function of
shelterbelts is to reduce wind speed on the leeside.
Reduced winds create a favorable microclimate for
crop growth. Despite the loss of land required for the
shelterbelt, the placement of shelterbelts can result in
an overall increase in grain yield per hectare, partic-
ularly in years or locations where water is a limiting
factor for crop growth (Brandle et al. 2009). In a
shelterbelt study by Brandle et al. (1992), the authors
established three systems in which 4.0, 5.4, and 9.1%
of a 65 ha field was devoted to trees. In each system,
crop yields per hectare increased following shelterbelt
development, resulting in positive economic returns.
Despite the potential positive economic benefits,
the inclusion of shelterbelt systems within the United
States North Central Region is limited (Brandle et al.
2009). Nevertheless, this agroforestry practice should
be considered when evaluating ways to increase
perennial biomass production. In order for a shelter-
belt system to be effective in both biomass production
and increased crop yields, three to four tree rows
within each shelterbelt would be necessary. Since
shelterbelt effectiveness is a function of tree height,
increased crop yields per hectare would disappear if
the entire shelterbelt was harvested for biomass.
Therefore, as one or two rows are harvested for
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biomass, and then replanted or allowed to coppice, the
additional rows would be left in place as a shelterbelt
until the previously harvested rows are tall enough to
be an effective shelterbelt. Longer rotations would be
necessary to ensure adequate tree height; however, this
might actually increase perennial biomass production
as most short-rotations of woody biomass occur before
the culmination of the mean annual growth (Fig. 1;
Riemenschneider et al. 2001; Goerndt and Mize
2008).

Riparian buffer strips

Riparian buffer strips involve the placement of
perennial species between crop species and adjacent
waterways (Schultz et al. 2009). Vegetation within
buffer strips, typically 10-30 m in width, can include
grasses, shrubs and trees, and this vegetation can
significantly reduce nutrient and sediment runoff in
agricultural systems (Schultz et al. 1995; Lee et al.
2003; Schoonover et al. 2005). Because agricultural
runoff has been identified as a key contributor to
nonpoint source water pollution, including the
hypoxia in the Gulf of Mexico (Burkart and James
1999; Broussard and Turner 2009), riparian buffer
strips are the most common, albeit heavily subsidized,
agroforestry practice in the North Central Region.
Federal sponsored programs such as the Conservation
Reserve Program (CRP), Environmental Quality
Incentives Program (EQIP), Forest Stewardship Pro-
gram, Wetlands Reserve Program, and Wildlife Hab-
itat Incentives Program provide financial incentives to
take land within highly erodible or riparian areas and
plant perennial vegetation (riparian buffer strips) that
reduce nonpoint source pollution. Although land
within these programs is oftentimes used to grow
perennial biomass species, harvesting of these crops is
typically not allowed under some of these programs.
While in the past farmers have been hesitant to take
fertile agricultural land adjacent to waterways out of
production without financial incentives, increased
market values for woody biomass could potentially
increase voluntary participation for establishing ripar-
ian buffer strips that would not have the harvest
restriction of current government sponsored programs.
Establishment of additional riparian buffer strips
would take some land out of grain production, but
these areas would likely yield the greatest amounts of
perennial biomass given the fertile soils of riparian
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areas (Tufekcioglu et al. 2003; Goerndt and Mize
2008; Thelemann et al. 2010).

Alley cropping

Alley cropping involves planting rows of cultivated
crops in between rows of trees (Garrett et al. 2009). In
theory, greater yields can be gained by combining
multiple crops (e.g. trees and maize) on one hectare
than could be grown in separate monocultures on that
same hectare (Jose et al. 2004). Although somewhat
common in tropical regions, outside of research
demonstrations, alley cropping has had limited adop-
tion in the North Central Region. Most existing
examples have used primarily high timber value
species, such as black walnut (Juglans nigra).
Although high value timber species can potentially
provide greater long-term financial yields than tradi-
tional maize monocultures (Benjamin et al. 2000),
these tree species are unlikely to be used for biomass
production (Garrett et al. 2009). While there are
several studies that have investigated short-term yields
of annual crop and trees in alley cropping systems in
the North Central Region (Miller and Pallardy 2001;
Delate et al. 2005; Reynolds et al. 2007), review of
existing literature did not reveal any published crop/
biomass production estimates over a long-term period
(series of multiple rotations for annual crops and
biomass species) for these systems.

Limited research in temperate alley cropping
systems does suggest that grain yields decrease in
these systems as trees mature (Garrett et al. 2009). In a
black walnut and maize alley cropping system in
Indiana, the authors reported a 25% reduction in maize
yield in alley cropped rows compared to maize yield in
an adjacent monoculture in year 11 of the system
(Gillespie et al. 2000). However, barrier and trenching
treatments that physically separated maize rows from
tree rows could maintain maize yields for a longer
period (Gillespie et al. 2000; Miller and Pallardy
2001). Substitution of maize for cool season grasses or
legumes may also help maintain biomass yields.
Typically, cool season grasses and legumes species
utilizing C; photosynthesis, are more shade tolerant
than C4 species.

In a study of several cool season grasses including
orchardgrass (Dactylis glomerata), tall fescue (Fest-
uca arundinacea) and clover (Trifolium spp.) in
Missouri, Lin et al. (1999) reported minimal yield

reductions under 50% shade. In addition to the
potential decreased maize yields in alley cropped
systems, alley cropping can take a significant portion
of agricultural land out of maize production. In maize/
poplar alley cropping system in southern Canada
13-16% of available land area was lost to tree
production, while in a maize/silver maple alley
cropping system in Missouri, 35% of available land
area was used for trees (Miller and Pallardy 2001;
Reynolds et al. 2007). Although the loss of maize
production, from decreased yield due to tree compe-
tition and lost land area, could potentially be com-
pensated for by woody biomass production, further
research needs to be conducted across a broad range of
site conditions to see if greater annual biomass
production per hectare can be achieved in this system
in the North Central Region.

Targeting lands for implementing agroforestry
systems

Nearly 55% of the cropped area in the United States
lies within the North Central Region and the area
accounts for 85% of all maize production in the United
States (USDA 2010a; Fig. 2). Biologically, produc-
tion of perennial biomass within existing cropped
areas of this region is ideal, but incorporating an
agroforestry system for biomass production into the
traditional agricultural model in this region is a
challenging task that will require agricultural produc-
ers to overcome logistical, financial, and cultural
obstacles. Many producers are reluctant to plant trees,
and conversion to an agroforestry system is unlikely,
or even appropriate, for all farmland. Taking biolog-
ical and social constraints into consideration, we
suggest that riparian marginal land is an ideal candi-
date for biomass production in an agroforestry system
in this region. Oftentimes these areas retain water
during the spring months making them poorly suited
for annual agricultural production during wet years,
but ideal for tree establishment and development
(Groninger 2005; Thelemann et al. 2010). In addition,
currently many of these areas are out of production
because of participation in Federal programs such as
CRP and EQIP, and biomass could be produced in
these areas to meet the goals of the BRDTC and EISA
without taking additional agricultural land out of
production (Volk et al. 2004).

@ Springer



310

Agroforest Syst (2012) 85:305-314
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This would be more appealing to agricultural
producers who may be reluctant to take land well-
suited for an agroforestry system, such as shelterbelts
on marginal uplands, given the current market for
grain prices. If additional lands are required to meet
production goals, riparian lands are also ideal because
they are easily identifiable on the landscape and
agroforestry systems for biomass production could be
concentrated so that they would not interfere with
traditional agricultural operations. For example, the
state of Illinois is approximately 14,600,000 ha in size
and nearly 77% of the area is classified as ‘agriculture’
(Fig. 3; IL NHS 2003). There are 131,700 km of
streams and shorelines within the state (IL DNR
2004). A GIS overlay analysis of the land classifica-
tion within a 100 m buffer of all streams and
shorelines in Illinois estimated 3,490,000 ha of buf-
fered land. Approximately 2,275,000 ha of this land
within the riparian buffers was classified as agricul-
ture, representing 20% of all available agriculture land
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that could potentially serve as a source of biomass.
Within riparian areas we suggest establishing an alley
cropping and working riparian buffer systems for
biomass production. These systems would integrate
rows of short rotation, high yielding woody crops with
alleys of perennial/annual grasses or maize and allows
for production of biomass without sacrificing grain
production (Fig. 4).

Additional benefits of agroforestry systems
established for biomass production

By targeting alley cropping and working riparian
buffer systems in riparian areas, biomass could be
generated while potentially providing additional ben-
efits such as reduction of nonpoint stream pollution
and sediment run off. In a long term study of water
quality in the Mississippi River Basin, Broussard and
Turner (2009) concluded that increased agricultural
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Illinois land use classification according to Landsat imagery (IL
NHS 2003).

Land Tllinois (ha) 100 m stream buffer
classification (ha)
Agriculture! 11,158,220 2,275,340
Forests 2,224,432 902,965
Urban® 944,829 156,097
Water 247,070 158,105
Total 14,574,551 3,492,507

' Agriculture — grain production and rural grasslands, *Forest — forests and
wetlands, *Urban — developed land

Fig. 3 Land use classification of Illinois according to Landsat imagery (IL NHS 2003). Table indicates the amount of agricultural land

within Illinois and 100 m of all streams and shorelines in Illinois

production has increased nitrate-N loading in hydro-
logic systems and that these levels could be reduced by
increasing perennial crop cover, which an agroforestry
system provides. This is supported by additional
studies in this region (Lee et al. 2003; Schoonover
et al. 2005). Schoonover et al. (2005) reported a 97%
reduction of dissolved nitrate—N and 74% reduction of
dissolved ammonium-N in surface runoff in a 10 m
riparian forested buffer in Illinois. Lee et al. (2003)
reported similar results of N reduction in a 16.3 m
switchgrass/woody buffer in Iowa, as well as, a 97%
reduction in sediment. One of the existing problems
with riparian buffers is that over time they lose some of
their effectiveness. Concentrated flow paths often
develop that decrease the ability of the riparian buffer
to filter surface runoff (Dosskey et al. 2002). Active
management in an agroforestry biomass production
system could prevent concentrated flowpaths from

forming, thereby increasing the long-term sustainabil-
ity of riparian buffers. Additional research is required,
however, to determine the effects of biomass harvest-
ing on other environmental benefits. It is unclear if the
periodic removal of biomass will have an effect on the
nutrient filtering capabilities of these systems. It is also
unclear if maize production within the alleys would
have an effect on the environmental benefits as well.

The Intergovernmental Panel on Climate Change
states that the utilization of woody products for
bioenergy is part of a global strategy to mitigate
climate change (IPCC 2007). Agroforestry systems
that incorporate perennial species have the ability to
sequester carbon at a much greater rate than traditional
agricultural crops (Schoeneberger 2009; Udawata and
Jose 2011). For example, Tufekcioglu et al. (2003)
reported significantly greater aboveground and below-
ground biomass for poplar and switchgrass compared
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Fig. 4 Silver maple (Acer saccharinum)/forage mixture alley cropping system in central lowa

to maize and soybeans (Glycine max) in central lowa.
Similar results were observed in southern Ontario tree-
based alley cropping system (Peichl et al. 2006).
Although the aboveground biomass in the proposed
system would be harvested and used to provide
energy, a reduction in overall CO, emissions would
still occur because woody biomass production is
considered C neutral (Heller et al. 2003) and displaces
the amount of fossil fuels used (Volk et al. 2004; Satori
et al. 2006).

In addition to improved water quality and carbon
sequestration, alley cropping and working riparian
bufferstrip systems also improve aesthetics and pro-
vide critical wildlife habitat in an otherwise oftentimes
homogenous agricultural landscape. Recent research
indicates a preference among rural residents for
riparian tree buffers in Midwestern agricultural land-
scapes (Sullivan et al. 2004, Kenwick et al. 2009). In a
study of riparian buffers, row crop fields, and pastures
in central Iowa, Berges et al. (2010) found greater
avian abundance, richness, and diversity in riparian
buffer strips. These agroforestry systems can also
provide critical wildlife corridors that can connect
fragmented habitats on the landscape thereby helping
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area-sensitive faunal species. Increased wildlife abun-
dance also provides additional opportunities for gen-
erating revenue through hunting leases for upland
game that are more likely to utilize these areas (Grala
et al. 2009).

Obstacles to implementation of agroforestry
systems for biomass production

Agroforestry offers the opportunity to integrate annual
and perennial biomass species on farms and within a
landscape, increasing biomass production potential
compared to single species production systems. It can
also ensure the availability of biomass year-round by
harvesting trees and crops at different times of the
year. Currently, one of the major constraints to
implementing agroforestry systems in the North
Central Region is the increased complexity involved
with trying to grow multiple species on the same tract
of land. Thorough consideration must be given to the
design and operation of these systems. Information is
needed on site specific management practices (e.g.
appropriate species combinations, optimal rotation
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lengths, width of alleys, etc.) that will maximize
biomass production in these systems. Other con-
straints include lack of stable markets and a compet-
itive price structure for perennial biomass crops. It is
unlikely for agroforestry practices to become widely
adopted unless agricultural producers can obtain a
financial return for establishing and maintaining these
systems that is at least similar to the value they can
obtain from utilizing traditional agriculture practices
(Matthews et al. 1993; Secchi et al. 2008). Currently,
maize grain yields $145 Mg, but pulpwood yields
are significantly lower, $4-26 Mg~' in Illinois
(USDA 2010a; IL DNR 2009). While most likely
long-term biomass production would be greater using
perennial crops in riparian buffer strips (Table 1),
value for maize more than offsets greater production
of perennial biomass at current prices. Until the
market values for perennial biomass increase, conver-
sion of annual crops to perennial crops is unlikely,
despite potential greater biomass production (Mat-
thews et al. 1993). Even then, government incentives/
assistance will most likely be necessary to overcome
the risk and cost of establishing perennial species and
encourage wide-spread transition to an agroforestry
system. It is possible that funding could come from
current government programs such as CRP that
provide cost share assistance to establish perennial
species and rental payments once the land is taken out
of traditional production, but do not currently allow
harvesting. In our proposed alley cropping and work-
ing riparian buffer systems, cost share assistance could
be used to establish the perennial species, but rental
payments could be eliminated over time because the
land is kept in production, providing food, biomass,
and environmental benefits in a working landscape.

References

Benjamin TJ, Hoover WL, Seifert JR, Gillespie AR (2000)
Defining competition vectors in a temperate alley cropping
system in the midwestern USA—4. The economic return of
ecological knowledge. Agroforest Syst 48:79-93

Berges SA, Moore LAS, Isenhart TM, Schultz RC (2010) Bird
species diversity in riparian buffers, row crop fields, and
grazed pastures within agriculturally dominated water-
sheds. Agroforest Syst 79:97-110

Blanco-Canqui H, Lal R (2009) Corn stover removal for
expanded uses reduces soil fertility and structural stability.
Soil Sci Soc Am J 73:418-426

Brandle JR, Johnson BB, Akeson T (1992) Field windbreaks:
are they economical? J Prod Agric 5:393-398

Brandle JR, Hodges L, Tyndall J, Sudmeyer RA (2009) Wind-
break practices. In: Garrett HE (ed) North American
agroforestry: an integrated science and practice, 2nd edn.
American Society of Agronomy, Madison, pp 75-104

Broussard W, Turner RE (2009) A century of changing land-use
and water-quality relationships in the continental US. Front
Ecol Environ 6:302-307

Burkart MR, James DE (1999) Agricultural-nitrogen contribu-
tions to hypoxia in the Gulf of Mexico. J Environ Qual
28:850-859

Delate K, Holzmueller E, Mize C, Frederick D, Brummer C
(2005) Tree establishment and growth using forage ground
covers in an alley-cropped system. Agroforest Syst
65:43-52

Dosskey MG, Helmers MJ, Eisenhauer DE, Franti TG, Hoa-
gland KD (2002) Assessment of concentrated flow through
riparian buffers. J Soil Water Cons 57:336-343

EISA (2007) The Energy Independence and Security Act. http://
frwebgate.access.gpo.gov/cgi-bin/getdoc.cgi?dbname=
110_cong_bills&docid=f:h6enr.txt.pdf. Accessed on July
20, 2010

Energy Information Administration (EIA) (2009) Annual
energy review 2008

Garrett HE, McGraw RL, Walter WE (2009) Alley cropping
practices. In: Garrett HE (ed) North American agrofor-
estry: an integrated science and practice 2nd edn. American
Society of Agronomy, Madison, pp 133-162

Geyer WA (2006) Biomass production in the Central Great
Plains USA under various coppice regimes. Biomass Bio-
energ 30:778-783

Gillespie AR, Jose S, Mengel DB, Hoover WL, Pope PE, Seifert
JR, Biehle DJ, Stall T, Benjamin TJ (2000) Defining
competition vectors in a temperate alley cropping system in
the midwestern USA—1. Production physiology. Agro-
forest Syst 48:25-40

Goerndt ME, Mize CW (2008) Short-rotation woody biomass as
a crop on marginal lands in lowa. North J Appl For
25:82-86

Graham-Rowe D (2011) Agriculture: beyond food versus fuel.
Nature 474:S6-S8

Grala RK, Colletti JP, Mize CW (2009) Willingness of Iowa
agricultural landowners to allow fee hunting associated
with in-field shelterbelts. Agroforet Syst 76:207-218

Groninger JW (2005) Increasing the impact of bottomland
hardwood afforestation. J Forest 103:184-188

Heaton EA, Dohleman FG, Long SP (2008) Meeting US biofuel
goals with less land: the potential of Miscanthus. Glob
Change Biol 14:2000-2014

Heller MC, Keoleian GA, Volk TA (2003) Life cycle assess-
ment of a willow biomass cropping system. Biomass Bio-
energ 25:147-165

Illinois Department of Natural Resources (IL DNR) (2004)
Streams and shorelines in Illinois. http://www.isgs.
illinois.edu

Illinois Department of Natural Resources (IL DNR) (2009)
Illinois timber prices

Illinois Natural History Survey (IL NHS) (2003) Illinois natural
history survey ‘s 1999-2000 1:100,000 scale illinois gap

@ Springer


http://frwebgate.access.gpo.gov/cgi-bin/getdoc.cgi?dbname=110_cong_bills&docid=f:h6enr.txt.pdf
http://frwebgate.access.gpo.gov/cgi-bin/getdoc.cgi?dbname=110_cong_bills&docid=f:h6enr.txt.pdf
http://frwebgate.access.gpo.gov/cgi-bin/getdoc.cgi?dbname=110_cong_bills&docid=f:h6enr.txt.pdf
http://www.isgs.illinois.edu
http://www.isgs.illinois.edu

314

Agroforest Syst (2012) 85:305-314

analysis land cover classification, raster digital data, ver-
sion 2.0

Intergovernmental Panel on Climate Change (IPCC) (2007)
IPCC fourth assessment report: climate change 2007

Jose S, Gillespie AR, Pallardy SG (2004) Interspecific interac-
tions in temperate agroforestry. Agroforest Syst 61:
237-255

Kenwick RA, Mr Shammin, Sullivan WC (2009) Preferences
for riparian buffers. Landsc Urb Plan 91:88-96

Khanna M, Dhungana B, Clifton-Brown J (2008) Costs of
producing miscanthus and switchgrass for bioenergy in
Illinois. Biomass Bioenerg 32:484-493

Lee KH, Isenhart TM, Schultz RC (2003) Sediment and nutrient
removal in an established multi-species riparian buffer.
J Soil Water Cons 58:1-8

Lin CH, McGraw RL, George MF, Garrett HE (1999) Shade
effects on forage crops with potential in temperate agro-
forestry practices. Agroforest Syst 44:109—-119

Matthews S, Pease SM, Gordon AM, Williams PA (1993)
Landowner perceptions and the adoption of agroforestry
practices in southern Ontario, Canada. Agroforest Syst 21:
159-168

Miller AW, Pallardy SG (2001) Resource competition across the
crop-tree interface in a maize-silver maple temperate alley
cropping stand in Missouri. Agroforest Syst 53:247-259

Peichl M, Thevathasan N, Gordon AM, Huss J, Abohassan RA
(2006) Carbon sequestration potentials in temperate tree-
based intercropping systems, southern Ontario, Canada.
Agroforest Syst 66:243-257

Pimentel D, Marklein A, Toth MA, Karpoff MN, Paul GS,
McCormack R, Kyriazis J, Krueger T (2009) Food versus
biofuels: environmental and economic cost. Hum Ecol
37:1-12

Reynolds PE, Simpson JA, Thevathasan NV, Gordon, AM
(2007) Effects of tree competition on corn and soybean
photosynthesis, growth, and yield in a temperate tree-based
agroforestry intercropping system in southern Ontario,
Canada. Ecol Eng 29:362-371

Riemenschneider DE, Berguson WE, Dickmann DI, Hall RB,
Isebrands JG, Mohn CA, Stanosz GR, Tuskan GA (2001)
Poplar breeding and testing strategies in the north-central
U.S.: demonstration of potential yield and consideration of
future research needs. Forest Chron 77:245-253

Satori F, Lal R, Ebinger MH, Parrish DJ (2006) Potential soil
carbon sequestration and CO, offset by dedicated energy
crops in the USA. Crit Rev Plant Sci 25:441-472

Schoeneberger MM (2009) Agroforestry: working trees for
sequestering carbon on agricultural lands. Agroforest Syst
75:27-37

@ Springer

Schoonover JE, Williard KWJ, Zaczek JJ, Mangun JC, Carver
AD (2005) Nutrient attenuation in agricultural surface
runoff by riparian buffer zones in southern Illinois, USA.
Agroforest Syst 64:169-180

Schultz RC, Colletti JP, Isenhart TM, Simpkins WW, Mize CW,
Thompson ML (1995) Design and placement of a multi-
species riparian buffer strip system. Agroforest Syst
29:201-226

Schultz RC, Isenhart TM, Colletti JP, Simpkins WW, Udawatta
RP, Schultz PL (2009) Riparain buffer and upland buffer
practices. In: Garrett HE (ed) North American agrofor-
estry: an integrated science and practice, 2nd edn. Ameri-
can Society of Agronomy, Madison, pp 163-218

Secchi S, Tyndall J, Schulte LA, Asbjornsen H (2008) High crop
prices and conservation: raising the stakes. J Soil Water
Conserv 63(3):68-75

Sullivan WC, Anderson OM, Lovell ST (2004) Agricultural
buffers at the rural-urban fringe: an examination of
approval by farmers, residents, and academics in the mid-
west United States. Landsc Urban Plan 69:299-313

Thelemann R, Johnson G, Sheaffer C, Banerjee S, Cai HW,
Wyse D (2010) The effect of landscape position on bio-
mass crop yield. Agron J 102:513-522

Tollenaar M, Lee EA (2002) Yield potential, yield stability and
stress tolerance in maize. Field Crop Res 75:161-169

Tufekcioglu A, Raich JW, Isenhart TM, Schultz RC (2003)
Biomass, carbon, and nitrogen dynamics of multi-species
riparian buffers within an agricultural watershed in Iowa,
USA. Agroforet Syst 57:187-198

Udawata RP, Jose S (2011) Carbon sequestration potential of
agroforestry systems: opportunities and challenges. In:
Kumar BM, PKR Nair (eds) advances in agroforestry, vol
8. Springer, New York, pp 17-42

U.S. Department of Agriculture (USDA) (2010a) National
agricultural statistics service. http://www.nass.usda.gov/

U.S. Department of Agriculture (USDA) (2010b) Economic
research service. http://www.ers.usda.gov/

U.S. Department of Energy (USDOE) (2003) Roadmap for
agriculture biomass feedstock supply in the United States.
DOE/NE-ID-1129. U.S. Department of Energy

U.S. Department of Energy (USDOE), U.S. Department of
Agriculture (USDA) (2005) Biomass as feedstock for a
bioenergy and bioproducts industry: the technical feasi-
bility of a billion-ton annual supply

Volk TA, Verwijst T, Tharakan PJ, Abrahamson LP, White EH
(2004) Growing fuel: a sustainability assessment of willow
biomass crops. Front Ecol Environ 2:411-418


http://www.nass.usda.gov/
http://www.ers.usda.gov/

	Biomass production for biofuels using agroforestry: potential for the North Central Region of the United States
	Abstract
	Introduction
	Biomass production potential in agroforestry systems
	Agroforestry practices with the greatest potential for biomass production
	Shelterbelts
	Riparian buffer strips
	Alley cropping

	Targeting lands for implementing agroforestry systems
	Additional benefits of agroforestry systems established for biomass production
	Obstacles to implementation of agroforestry systems for biomass production
	References


