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The world’s farms are generating more food than ever

before. At the same time, many researchers agree that

agriculture is the “largest threat to biodiversity and eco-

system functions of any single human activity” (Clay 2004,

p. vii). To quote from the 2005 synthesis report of the United

Nations’ Millennium Ecosystem Assessment program,

“Cultivation often has a negative impact on provision of

[ecosystem] services. For example, cultivated systems tend to

use more water, increase water pollution and soil erosion, store

less carbon, emit more greenhouse gases, and support 

significantly less habitat and biodiversity than the ecosystems

they replace” (Cassman and Wood 2005, p. 749).

Jackson (1980) argued that agriculture’s two antithetical

roles—producer and depleter—find their common root not

in the day-to-day decisions of farmers, government officials,

agricultural scientists, corporate leaders, or consumers,

but in humanity’s 10,000-year-long reliance on the cropping

of annual plants. In this article, we examine the ecological 

impact of annual cropping and prospects for the development

of perennial grain crops, which will help resolve agriculture’s

central dilemma.

The need for diverse, perennial 
grain cropping systems
Since the advent of agriculture, more than one-fourth of

Earth’s land surface has been converted for agricultural 

purposes, with more land converted since 1950 than in the 

previous 150 years. This recent expansion of cropland has

been accompanied by an accelerated application of chemical

fertilizers and pesticides, which can significantly alter natural

nutrient cycles and decrease biodiversity at many scales

(Tilman et al. 2001, Cassman and Wood 2005).

The world’s natural terrestrial biomes comprise primarily

perennial plants in mixtures (Chiras and Reganold 2004),

whereas more than two-thirds of global cropland is sown to

monocultures of annual crops. Conversion from natural to

agricultural landscapes dramatically changes  the plant com-

munities that are integral to ecosystem processes.

Perennial plants are highly efficient and responsive micro-

managers of soil, nutrients, and water. In contrast, annual crops

require seedbed preparation, precisely timed inputs and man-

agement, and good weather during narrow time windows.

With shorter growing seasons and less extensive root sys-

tems (figure 1), annual crops provide less protection against

soil erosion, manage water and nutrients less effectively, store

less carbon below ground, and are less resilient to pests and

abiotic stresses than are perennial plant communities (Glover

2005).

The type of vegetation covering a landscape—annual 

versus perennial—is the most important factor governing soil

loss; in a Missouri field experiment monitored for over 100

years, perennial crop cover was more than 50 times more 

effective than annual crops in maintaining topsoil (Gantzer

et al. 1990). Conservation tillage (which leaves crop residue

on the soil surface) and no-till methods (in which crops are
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farmed with no tillage at all) reduce soil loss but do not re-

duce nutrient and water losses from annual crop fields (Ran-

dall and Mulla 2001). Global data for maize, rice, and wheat

indicate that only 18% to 49% of nitrogen applied as fertil-

izer is taken up by crops; the remainder is lost to runoff,

leaching, or volatilization (Cassman et al. 2002). Nitrogen

losses from annual crops may be 30 to 50 times higher than

those from perennial crops (Randall and Mulla 2001).

Perennial crops also store more carbon in the soil (320 to

440 kilograms [kg] per hectare [ha] per year) than do annual

crops (0 to 300 kg per ha per year) (Robertson et al. 2000).

Through greater carbon storage and lower needs for applied

chemicals, perennial crops could help restrain climate change.

Their net values for global warming potential are negative,

having been estimated at –200 to –1050 kg of carbon diox-

ide (CO
2
) equivalents per ha per year, as compared with pos-

itive potentials of 410 to 1140 kg per ha per year for annual

crops (Robertson et al. 2000).

Because annual crops are more sensitive than perennials to

conditions in the soil’s topmost layer and have a shorter

growing season in which to adapt to stresses, they are more

detrimentally affected by temperature increases of the mag-

nitude predicted by most climate-change models. Increases

of 3 to 8 degrees Celsius are predicted to increase yields of

switchgrass (Panicum virgatum), a perennial forage and en-

ergy crop, by 5000 kg per ha, whereas yields are predicted to

decline for the annual species maize (–1500 kg per ha), soy-

bean (–800 kg per ha), sorghum (–1000 kg per ha), and

wheat (–500 kg per ha) (Brown et al. 2000).

Some perennial crops are cur-

rently available for use by farm-

ers around the world. Perennial

hay, forage, and pasture crops

are attracting greater attention

in the United States as researchers

and farmers look for alternative

crops to improve soil and water

quality and farm profitability.

Federal policies such as those

promoted in the the Conserva-

tion Reserve Program have also

encouraged the use of perennial

vegetation on millions of hec-

tares across the United States. In

tropical regions, agroforestry,

alley cropping, and perennial for-

ages offer opportunities to re-

place erosion-prone annual crops

with perennials and are also im-

portant for maintaining the pro-

ductivity of marginal lands that

cannot support annual grain

crops for long periods (Cassman

et al. 2003).

However, the dietary require-

ments and preferences of a grow-

ing human population set a limit on the degree of ecological

restoration that can be achieved with currently available

perennial species.Approximately 69% of the planet’s cropland

is sown to cereal grains, food legumes, and oilseeds. Those

three broad groups of crops—all annuals—yield food prod-

ucts that contain energy and protein in concentrated form and

are easily stored and transported. They form the foundation

of the human diet in most of the world, whether they are eaten

directly or fed to livestock. In contrast, hay and pasture 

occupy only 15%, and perennial fruit, berry, and nut species

less than 4%, of global agricultural land. By developing peren-

nial grain crops, plant breeders could help dramatically en-

large that portion of the agricultural landscape that is kept

intact by perennial roots. To do so will require a massive, long-

term effort, because, with a few negligible exceptions, no

perennial cereal, pulse, or oilseed crops currently exist (Cox

TS et al. 2002).

Can perennials produce sufficient yields of grain?
Traditionally, the two traits of greatest interest in a grain

crop are yield of edible seed per unit of land area, which is the

basic measure of productivity, and size of individual seeds,

which affects ease of utilization and food quality. Seed yields

and seed sizes of wild herbaceous plants, annual or perennial,

are far smaller than those of annual grain crops, and, on 

average, wild perennials produce smaller seeds than do wild 

annuals. Perennial grain breeders are in a sense aiming to repli-

cate the achievements of the Neolithic peoples who domes-

ticated and improved the grain crops on which agriculture
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Figure 1. Root systems of annual wheat (on the left in each panel) and intermediate wheat-

grass, a perennial, at four times of the year. Although roughly 25% to 40% of the wheat-

grass root system dies off and must grow back each year, its longer growing season, and

consequently greater access to resources, results in greater above- and belowground 

productivity than its annual counterpart.
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depends today. Therefore, one yield comparison of interest is

that between the wild ancestors of annual grain crops and

those of perennial species that are currently or potentially the

subjects of domestication and breeding.

Experimental data on seed yields for wild progenitor

species are rare in the literature, because the wild plants’

small seeds, asynchronous ripening, and shattering (sponta-

neous shedding of seed before harvest) make full recovery of

seed difficult. Among yields that have been reported for wild

annuals, the highest by far are those produced by the ances-

tors of barley, durum wheat, and oat (table 1). The produc-

tivity of barley and durum wheat helps explain why these were

the first grain species to be domesticated by humans, more

than 10,000 years ago. The progenitors of sorghum, pearl mil-

let, and sunflower have more modest yields (table 1). Yields

of wild perennial species (table 1), including those that are the

subject of domestication efforts, have been lower than those

of wild barley, wheat, and oat, but within the range of other

annual crop progenitors. Individual seeds of perennials are also

much smaller than those of wild barley and wheat, but they

are comparable to those of other annual progenitors (see

the references in table 1; data are not shown).

The high yields of modern crops are the result of long-term,

intense selection for increased allocation of photosynthate to

the seed and decreased intraspecific competition. Conversely,

as argued by DeHaan and colleagues (2005), the relatively low

seed yields of wild perennial species result from natural se-

lection in highly competitive environments. The evolution-

ary fitness of a wild annual plant is heavily dependent on seed

production and dispersal, but the fitness of a wild perennial

depends more on the survival of vegetative structures than on

seed traits.

DeHaan and colleagues (2005) predicted that artificial 

selection in a properly managed agricultural environment

could increase seed yield while maintaining perenniality.

Artificial selection has the potential to generate perennial

grain crops with acceptable yields, if it is applied to agronomic

traits and perennial growth habit simultaneously. This is sug-

gested by four characteristics of perennial plants that differ-

entiate them from annual plants, as discussed below.

Better access to resources and a longer growing season.

Perennial plants grow over a longer season than do annuals,

so they can intecept sunlight, utilize rainwater, and absorb nu-

trients during parts of the year when cropland devoted to an-

nuals lies completely bare or is sparsely covered by small

seedlings with shallow roots. In the Land Institute’s breeding

nurseries in Kansas, shoots emerge from the rhizomes (under-

ground stems) of perennial sorghum in the spring at least one

month before shoots emerge from seeds of annual sorghum

sown on the standard date of approximately 15 May, and the

rhizome-derived shoots grow more rapidly. In Kansas, in-

termediate wheatgrass (a perennial cool-season grass) main-

tains a large, photosynthetically active leaf area between July

and September, a period during which annual wheat plants

are not growing at all. In Minnesota, the first cutting of alfalfa,

a perennial legume crop, is typically done in the second week

of June (Sheaffer et al. 2000). In contrast, the emergence of

annual soybean seedlings from the soil does not reach 85%

completion, on average, until 12 June in Minnesota, accord-
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Table 1. Grain yields of six annual wild progenitors of grain crops and their corresponding domesticates, and of four

perennial species and a group of perennial species that are candidates for domestication as grain crops.

Progenitor Domesticated

Progenitor grain yield grain yield

Growth Common Botanical (kilograms Domesticated (kilograms

habit name name per hectare) grain crop per hectare) Reference

Annual Wild emmer Triticum turgidum ssp. dicoccoides 2100a Durum wheat 4600 Beharav and Nevo 2004 

Wild barley Hordeum spontaneum 1860a Barley 2690a Vega and Frey 1980 

Wild oat Avena sterilis 1480a Oat 3720a Lawrence and Frey 1976

Wild sorghum Sorghum bicolor ssp. arundinaceum 710 Sorghum 4310 Cox TS and Frey 1984,
Cox TS et al. 1985

Wild millet Pennisetum glaucum ssp. monodii 470 Pearl millet 2820 Bramel-Cox et al. 1986 

Wild sunflower Helianthus annuus 200 Sunflower —b Cummings and Alexander 2002

Perennial Intermediate Thinopyrum intermedium 600a — — Wagoner 1990a
wheatgrass

Mean of 25 490a — — Wagoner 1990a
forage grasses

Illinois Desmanthus illinoensis 890 — — DeHaan et al. 2003
bundleflower

Alfalfa Medicago sativa 820 — — Bolanos-Aguilar et al. 2002 

Maximilian Helianthus maximiliani 410 — — Jackson and Jackson 1999
sunflower

Note: Each crop species was compared with its progenitor in a common experiment; different crops, progenitors, or prospective domesticates were 
evaluated in different studies. However, all evaluations were done in environments to which the species involved were well adapted, under experimental
small-plot conditions. All values are means across genotypes and environments, not values for unusually high-yielding genotypes.

a. Includes weight of hulls (adhering lemma and palea).

b. Data for seed yields of wild and domesticated annual sunflowers from a common experiment were unavailable.
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ing to US Department of Agriculture statistics. Therefore, by

the time a soybean crop has just begun to photosynthesize,

a field of alfalfa has already produced about 40% of the sea-

son’s production (Sheaffer et al. 2000).

More conservative use of nutrients. Perennial plants use 

nutrients more efficiently, resulting in a greater potential for

long-term sustainable harvests. Some native tallgrass prairie

meadows in Kansas have been harvested annually for 75 to 100

years with no substantial fertility inputs other than nutrients

from atmospheric deposition, weathering of parent material,

and biological nitrogen fixation. Comparisons of soil nutri-

ent contents maintained by five continuously cropped wheat

fields with those maintained by adjacent native hay meadows

on level bottomlands in north-central Kansas illustrate the

point. The wheat fields and native hay meadows, all har-

vested for approximately 75 years, currently yield similar

amounts of nitrogen in the form of grain or hay. The wheat

fields, however, have received approximately 70 kg of fertil-

izer nitrogen per ha per year for more than a decade, while

no fertilizer has been applied to the hay meadows. Despite sim-

ilar levels of nitrogen export and substantially different lev-

els of nitrogen inputs, the hay meadows maintain significantly

greater amounts of total soil nitrogen and carbon to a depth

of 1 meter than do the fields producing annual crops (table

2). Soil phosphorus and potassium are at similar levels for the

two production systems, even though fertilizer is added to the

wheat fields each year.

High biomass production. Perennials generally yield more

aboveground biomass than do annuals, and some of the 

carbon that goes into the biomass might be reallocated to 

grain production through breeding. Although those species

currently being domesticated as perennial grain crops have 

low seed yields, their total aboveground productivity is 

often higher than that of annual crops with long breeding 

histories (DeHaan et al. 2005). Piper and Kulakow (1994), for

example, reported a mean aboveground biomass for self-

pollinated progeny of annual X perennial sorghum hybrids

that was 62% higher than that of their annual parent. How-

ever, the hybrids’ mean harvest index (ratio of seed yield to

total aboveground biomass) was much lower than that of the

annual parent. The carbon allocated for excess vegetative

production (from a human point of view) in perennials is

available for reallocation through plant breeding. This kind

of increase in harvest index was largely responsible for yield

increases achieved in annual crops by the Green Revolution

(Evans 1998).

Sustainable production on marginal lands. Because of grow-

ing population pressure in many parts of the world, landscapes

especially vulnerable to damage from annual cropping, such

as those with steep slopes or thin topsoil, are becoming in-

creasingly important sources of food and income. Cassman

and colleagues (2003) wrote that for large areas in poor re-

gions of the world, “annual cereal cropping...is not likely to

be sustainable over the longer term because of severe erosion

risk. Perennial crops and agroforestry systems are better

suited to these environments”(p. 319). Some perennial crops,

such as perennial forages, are available now for these land-

scapes, but increased global demands for grain will most

likely pressure farmers to plant grains (all of which are cur-

rently annual crops), not forages. Perennial grain crops, once

developed, will have the potential to satisfy demand for grains

while protecting soil, even when grown on erosion-prone

land.

Two complementary approaches 
to breeding perennial grains
Although impediments to the development of perennial

grains are not insurmountable, they will not be overcome

quickly or easily. There are two possible approaches to breed-

ing perennial grains, each of which involves serious chal-

lenges (Cox TS et al. 2002). When both approaches are

possible in a given group of species or genera, it may be ad-

visable to pursue them in parallel because of their comple-

mentary strengths and weaknesses.

Direct domestication. The first approach, direct domestica-

tion, starts with identification of perennial species that have

high and consistent seed production (in comparison with wild

species in general) and other traits that might add to their util-

ity as grain crops. That is followed by selection within those

species to increase the frequency of genes for traits of do-

mestication such as synchronous flowering and maturity,

large seeds that do not shatter but can be threshed mechan-

ically, and high yield of seed per unit of land.

Domestication of annual grains occurred under many and

varied genetic conditions. Doebley and Stec (1993) showed

that the dramatic morphological difference between maize and

its wild ancestor teosinte can be accounted for by changes in

as few as five relatively small genomic regions. They argued

that such large-effect mutations may facilitate adaptation to

drastically new environments, including those encountered

during domestication. But when Burke and colleagues (2002)

found a large number of small-effect genes governing do-

mestication in sunflower, they concluded that “domestication

may have occurred much more readily than if it had required

the fortuitous occurrence of multiple major mutations.”
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Table 2. Soil nutrient contents, to a depth of 1 meter,

of adjacent wheat fields and native hay meadows in

north-central Kansas.

Wheat fields Hay meadows

(kilograms (kilograms

Nutrient per hectare) per hectare)

Total nitrogen 9630a 12,520b
Total carbon 126,700a 179,300b
Total phosphorus 4677a 4280a
Exchangeable potassium 3499a 3317a

Note: Values within a row followed by different letters are signifi-
cantly different at the 0.05 level of probability.

http://www.biosciencemag.org


Centuries of experience have shown that once any seed-

bearing species has been domesticated, its seed yield and

other traits can be improved through phenotypic selection.

Furthermore, because the direct domesticator is working

within a species in which plants are, for the most part, sex-

ually compatible, the entire range of genetic diversity in that

species is available at any time for incorporation into the

breeder’s gene pool.

With the advantages of genetic knowledge and tech-

nology, today’s perennial grain breeders can make more

rapid progress than did ancient domesticators of annual

plants; however, the gap to be traversed between current

and desired yields is formidable. For example, suppose we

were to improve the yield of intermediate wheatgrass—a

perennial relative of wheat currently targeted for domes-

tication and breeding as a grain crop—from its current 600

kg per ha (table 1) to 2300 kg per ha, which would be a

modest but typical yield for annual wheat in Kansas. If we

could increase yield at either an exponential rate of 10%

per generation of selection or a linear rate of 110 kg per

ha per generation (either of which would be an impressive

achievement relative to typical estimates of selection

progress in established crop species), it would require 16

generations, or 48 years, at the fastest possible turnover rate

of three years per generation, to reach a yield of 2300 kg

per ha.

Wide hybridization. The second approach to perennial grain

breeding, wide hybridization, is a way of short-cutting the 

domestication process by taking advantage of useful genetic

variation already established in high-yielding crop cultivars.

Proponents of this approach hope that artificial selection in

populations derived from interspecific or intergeneric hybrids

will be able to produce a widely grown and consumed crop

more quickly than could be accomplished by direct domes-

tication. Of the world’s 13 most widely grown grain or oilseed

crops, 10 are capable of being hybridized with perennial rel-

atives (table 3). Currently, such interspecific and intergeneric

hybrids are being used by a handful of breeding programs as

a base from which to develop perennial grain-producing

crops (Cox TS et al. 2002).

Annual crops can supply genes that promote domestica-

tion as well as genes for high grain yield. In the ancestors of

annual crops, mutant plants with characters such as reduc-

tion of the hard fruitcase in teosinte plants or nonshattering

in the wild cereals of the Middle East were usually rare, as they

are likely to be in wild perennials as well. Identifying and in-

creasing the frequency of such genes in a species undergoing

direct domestication would most likely require substantial time

and resources. Managed gene flow from cultivated species

could be a faster way of obtaining genes important for do-

mestication, along with the complex genetic systems under-

lying high grain yield and large seeds (DeHaan et al. 2005).

The useful genes acquired through hybridization come at

a cost, however. When most crops—including wheat, rice,

barley, rye, maize, sorghum, pearl millet, soybean, and 

sunflower—are crossed with perennial relatives, differences

in chromosome number, lack of chromosome homology, or

other factors can cause moderate to complete sterility and re-

strict genetic recombination in the progeny (Cox TS et al.

2002). The plant breeder working with such crosses must

struggle with genomic disruptions while selecting to im-

prove multiple traits simultaneously. The history of plant

breeding shows that progress in such situations is often

achieved slowly and only through extraordinary efforts.

To reduce the number of traits that must be improved si-

multaneously, breeders could use annual parents that have

perennial “tendencies.” For example, some tropical cultivars

of annual sorghum and rice are well adapted to ratoon crop-

ping; that is, they are able after harvest to produce new tillers

that, given favorable conditions, can produce a second crop.

Crosses with such parents might produce a higher frequency

of perennial progeny than would crosses with more strictly

annual parents.

In the taxa studied to date, plants derived from inter-

specific hybrids tend to be perennial only when 50% or more

of their total genome is derived from a perennial parent (Cox

TS et al. 2002). Traits like perenniality that involve complex

genetic control and interact with the environment are not 

susceptible to improvement through manipulation of indi-

vidual genes. Therefore, there is little chance that transgenic

technology can dramatically speed up the development of

perennial grains from annual Xperennial hybrid populations.

On the other hand, analytical techniques such as genome

mapping hold considerable promise. To date, the rice genome
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Table 3. The world’s 13 most commonly grown grain crops and

examples of perennial species with which 10 of them have been

hybridized.

Annual crop

Common name Species Perennial relatives

Barley Hordeum vulgare Hordeum jubatum

Chickpea Cicer arietinum Cicer anatolicum
Cicer songaricum

Common bean Phaseolus vulgaris —

Maize Zea mays Zea mays ssp. diploperennis
Tripsacum dactyloides

Oat Avena sativa Avena macrostachya

Peanut Arachis hypogea —

Pearl millet Pennisetum glaucum Pennisetum purpureum

Rape Brassica campestris —

Rice Oryza sativa Oryza rufipogon
Oryza longistaminata

Sorghum Sorghum bicolor Sorghum propinquum
Sorghum halepense

Soybean Glycine max Glycine tomentella

Sunflower Helianthus annuus Helianthus maximiliani
Helianthus rigidus
Helianthus tuberosus

Wheat Triticum spp. Thinpoyrum spp.
Elymus spp.
Leymus spp.
Agropyron spp.

Source: Data on global grain production are adapted from an FAO database
(FAO 2005).
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is the most thoroughly mapped and sequenced of any grain-

crop genome, and a national effort to sequence the sorghum

genome is under way. As part of this effort, a cross between

cultivated sorghum and the perennial grass Sorghum propin-

quum has been used to map the genes coding for rhizome

(underground stem) development (Paterson et al. 1995).

Rhizomes are an essential basis of perenniality in some species.

Molecular-marker-assisted selection could help accelerate

the simultaneous improvement of perenniality, fertility, and

grain production in rice, sorghum, and other species.

A pair of unlinked genes for rhizome formation in Oryza

longistaminata, a perennial relative of rice, have been mapped

to the same chromosomal regions as two markers associated

with rhizomatousness in the sorghum relative S. propin-

quum. However, the two rice genes appeared also to interact

with other genes as yet to be identified, and the correspond-

ing genomic regions in sorghum together account for only

12% of the total variation for rhizomatousness and less than

4% of the variation for regrowth from rhizomes (Paterson et

al. 1995). Chromosomal segments affecting rhizome presence,

abundance, and growth were found on 8 of rice’s 12 chro-

mosome pairs and on 9 of 10 pairs in sorghum (Hu et al.

2003). Furthermore, genetically complex as it is, rhizome

production in rice or sorghum is only one piece of the 

perenniality puzzle—a necessary but not sufficient condition

for long-term persistence of the perennial growth habit.

Other genetic technologies of relatively recent origin offer

valuable analytical tools, permitting breeders to identify, for

example, the genomic origin of each of the chromosomes in

progeny of hybrids between wheat and its perennial rela-

tives. Using genetic stocks of wheat to which individual

chromosomes of the perennial grass Thinopyrum elongatum

have been added, Lammer and colleagues (2004) determined

that T. elongatum chromosome 4E confers post-sexual-cycle

regrowth. Current studies are locating the gene or genes on

4E that govern the trait.

However, regrowth in wheat, like rhizome development in

rice or sorghum, indicates the capacity to remain alive after

maturity and harvest but does not in itself guarantee peren-

niality. For example, the tissues of a perennial wheat plant that

survives after summer harvest must also be able to remain in

or return to a vegetative state (to avoid flowering out of sea-

son, which could be fatal), maintain a robust root system, stay

alive through hot or dry conditions during late summer, sur-

vive freezing temperatures (if in the temperate zone), and then

initiate reproductive growth at the appropriate time the fol-

lowing spring (Lammer et al. 2004). These complex envi-

ronmental responses are affected by many genes.

Perennial grains, like annual crops, cannot succeed if they

are highly susceptible to diseases, insects, or other pests.

Whereas genetic erosion has reduced genetic variation for 

disease resistance in many annual crops, their wild perennial

relatives are important sources of resistances. For many

decades, interspecific and intergeneric hybrids have been

used to transfer pest-resistance genes from perennial species

into crops such as wheat. Now, similar hybrids derived from

crosses with the wheatgrass genus Thinopyrum have demon-

strated resistance to a multitude of economically important

wheat pests and diseases such as leaf and stem rust (caused

by Puccinia triticina and Puccinia graminis, respectively),

wheat streak mosaic (caused by wheat streak mosaic virus),

the wheat curl mite (Aceria tosichella), barley yellow dwarf

(caused by barley yellow dwarf virus), Cephalosporium stripe

(caused by Cephalosporium gramineum), eyespot (caused by

Tapesia yallundae and anamorph Pseudocercosporella her-

potrichoides var. herpotrichoides), and tan spot (caused by

Pyrenophora tritici-repentis) (Friebe et al. 1996, Cox CM et al.

2002, 2005a).

Genetic resistance to all pests is not usually present in a 

single cultivar, and genetic monocultures often exert selection

pressure that increases the frequency of insect, fungus, or

other pest genotypes that are unaffected by the genetic resis-

tance of crops. Some cultural practices that manage pests in

annual crops, such as annual tillage and short-term crop 

rotation, will not be suitable for stationary, long-lived peren-

nial grain crops. To manage pests in perennial systems, it

will be necessary to deploy greater genetic diversity both

among and within crop species, improve our understanding

of host and microbial diversity effects on pests over different

landscapes and timescales, and employ cultural practices

such as field burning and long-term rotations (Cox CM et al.

2005b).

Examples of current research
Current work on intermediate wheatgrass exemplifies direct

domestication, and breeding programs in perennial wheat,

sorghum, and sunflower illustrate the wide hybridization

approach.

Intermediate wheatgrass. Among the many perennial mem-

bers of the grass family’s Triticeae tribe—which also includes

the annual crops wheat, barley, and rye—intermediate wheat-

grass has received the most attention from both breeders of

annual wheat and breeders interested in developing a new

perennial grain crop.

Intermediate wheatgrass propagates via production of

tillers (aboveground stems), rhizomes, and seed. Its seed yield

is close to the typical seed yield of other forage grasses (table

1). Forage crops represent a precedent, albeit a limited one,

for breeders attempting to increase the grain yield of peren-

nial species. The traits of greatest interest in perennial forages

are biomass yield and quality, but economic considerations

have prompted breeders to select for seed yield as well (Wilkins

and Humphreys 2003).

Moore and colleagues (1995) concluded that existing 

forage cultivars of intermediate wheatgrass have not been 

genetically narrowed; each contains enough genetic variation

to fuel continued breeding progress. Knowles (1977) used mass

selection to double the seed yield of an intermediate wheat-

grass population. Significantly, he also found that breeding ex-

clusively for seed yield did not lead to a reduction in forage

yield. In another study, identification of higher-yielding
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strains, followed by intermating and two cycles of mass 

selection, improved seed yield at a rate of approximately

20% per cycle (Wagoner et al. 1996).

After evaluating 100 species, Wagoner (1990a) identified

intermediate wheatgrass as the most promising perennial

cool-season grass for development as a grain crop. It came the

closest to meeting the following criteria for a perennial,

mechanically harvested grain: hardy persistence; stiff, erect

culm; synchronous seedset; resistance to shattering; rapid

dry-down at maturity; easy threshing; relatively large seed; and

good seed flavor. Although it cannot be used alone to make

leavened bread, intermediate wheatgrass has a nutritional

value similar to or better than that of wheat (Becker et al.

1991).

Since 2002, the Land Institute has established several 

breeding populations of intermediate wheatgrass for direct

domestication (DeHaan et al. 2005), employing bulk breed-

ing and mass selection. In a wheatgrass population serving as

the base for mass selection, there was high  variability for all

traits evaluated. Estimates of broad-sense heritability (the

proportion of variation attributable to genetic causes) were

moderate to high for almost all traits, including 0.59 for seed

yield per spike, 0.64 for 100-seed weight, and 0.62 for pro-

portion of free-threshing seed. Such heritability levels indi-

cate that selection will be capable of increasing the frequency

of genes conferring desirable traits in the population.

Wheat. As discussed earlier, breeding of high-grain-yielding

intermediate wheatgrass cultivars could require half a century.

However, it and other perennial species can also be hybridized

with either durum or common wheat, and such hybrids have

long been looked to as possible gateways to development of

a perennial wheat. The chromosomes of wheat and wheatgrass

do not pair during meiosis in hybrids. The sterile hybrids

sometimes undergo spontaneous doubling of their chro-

mosome number (producing a plant known as an amphi-

ploid), but more often are backcrossed to one or the other

parent; both routes have the potential to produce fertile

plants.

To date, most plants referred to as “perennial wheat” have

been partial amphiploids; that is, their genomes contain the

complete or near-complete genome of durum or common

wheat plus a substantial portion of the genome of one or 

another perennial species of the genus Thinopyrum. Wagoner

(1990b) gave a thorough account of early programs to breed

perennial wheat, including a decades-long effort in the Soviet

Union that was finally abandoned in the 1960s because of per-

sistent problems with sterility, inconsistent perenniality, and

undesirable agronomic characteristics. Little or no germplasm

survives from the Soviet program.

Efforts in the United States have made better but still mod-

est progress. Suneson and colleagues (1963) reported that 25

years of work with perennial wheat in California had produced

lines whose first-year grain yields fell “within the range of the

lowest yielding commercial wheat varieties”of the time, with

a rapid yield decline in the second and third years, when

plants regrew as perennials. The perennial, weakly rhizoma-

tous strain MT-2, derived from a hybrid of durum wheat and

intermediate wheatgrass, was released as a germplasm line by

the Montana Agricultural Experiment Station. Eight lines

derived from complex wheat X Thinopyrum hybrids and 

selected for regrowth ability in eastern Washington State 

produced between 1600 and 5800 kg per ha in field trials that

also included a popular wheat cultivar yielding almost 9000

kg per ha (Scheinost et al. 2001).

In North America’s hard winter wheat belt, centered on the

state of Kansas, no researchers have ever reported survival of

perennial wheat beyond the first year of growth. In six years

of testing at the Land Institute in central Kansas, perennial

wheat strains developed by programs in other states have

invariably died at some point between the first-year harvest

in early July and the arrival of cool weather in September. No

research has been done to explain why currently available

perennial wheat strains always die while intermediate wheat-

grass plants easily survive the summer in Kansas. It is clear that

perennial wheat development in Kansas will require the 

exploration of new gene pools.

Until recently, perennial wheat breeding rested on a 

narrow genetic base. To improve the chances of identifying

plants that are perennial in a wider range of environments,

hybridization among a much more diverse range of par-

ents is necessary. Since 2000, perennial wheat researchers at

Washington State University and the Land Institute have

been hybridizing plants belonging to several Thinopyrum

species with annual crop species, including durum wheat,

common wheat, and triticale (an amphiploid of durum

wheat and rye). More than 1500 such hybrids have been

produced at the Land Institute (DeHaan et al. 2005), and

thousands of fertile backcross progenies are currently being

screened for perenniality.

Backcrossing produces plants that vary widely in chro-

mosome number and genomic composition. This results in

a gene pool that is difficult for a perennial wheat breeder to

manage, because crossing two plants with different chromo-

somal complements often produces sterile progenies. There-

fore, when fertile, perennial plants are identified, it will be

important to determine the genomic origin of each of their

chromosomes. The perennial parent’s chromosomes can be

distinguished from those of wheat through genomic in situ

hybridization, which separates them by color fluorescence (fig-

ure 2), and allows detection of chromosomal abnormalities

such as translocations. Two other cytogenetic techniques,

fluorescent in situ hybridization and C-banding, facilitate

differentiation of chromosomes from the same parent.

Sorghum. Sorghum bicolor is a staple food crop in many parts

of Africa and Asia and a major feed grain in the United States.

An annual species domesticated in the tropics of Africa,

sorghum is a diploid with 10 pairs of chromosomes. The

perennial species Sorghum halepense is a tetraploid with 

20 pairs of chromosomes, 10 of them similar to those of S.

bicolor and 10 similar to those of the diploid perennial S.
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propinquum (Paterson et al. 1995). Sorgum halepense has 

migrated throughout much of the United States and into

Canada as a highly successful, rhizomatous weed known as

johnsongrass.

There appear to have been no attempts to domesticate S.

halepense directly, and the only known program to develop

perennial grain sorghum through S. bicolor X S. halepense

hybridization was initiated by the Land Institute in the 1980s

(Piper and Kulakow 1994). Because the two species differ in

chromosome number, those early hybrids were produced

using artificially chromosome-doubled (tetraploid) S.

bicolor plants as female parents. The tetraploid F
1

hybrids were

fertile, and 50 F
2

plants derived by self-pollination of the 

hybrids varied widely in rhizome production. A majority of

those plants were perennial; that is, after harvest, their rhizomes

survived through the winter to produce new shoots the 

following spring.

The mean seed yield of the F
2

plants was 1720 kg per ha

(Piper and Kulakow 1994), which compares favorably with

wild progenitors of annual crops and perennial domesticates

(table 1). However, no plants had short stature, stiff stalks,

synchronous maturity, relatively compact panicles, large

seeds, or other characteristics of domesticated sorghum.

When hybrids were backcrossed to the S. bicolor parent to re-

cover genes governing those traits, perenniality was largely lost

(Piper and Kulakow 1994).

Perennial sorghum seed from the hybrids produced by

Piper and Kulakow (1994) was maintained and regenerated

through the 1990s. In 2001, the Land Institute initiated a

new effort to introgress genetic variability into the perennial

gene pool from diploid, male-sterile S. bicolor plants, rather

than from tetraploid plants. Male sterility in sorghum can be

caused by any of a series of recessive nuclear genes or by in-

teraction between cytoplasmic and nuclear genes. Through

rare meiotic errors, male sterile plants produce a small num-

ber of unreduced female gametes that, when they unite with

male gametes from tetraploid sorghum plants, produce

tetraploid progeny (Hadley 1958).

In 2001, 2003, and 2004, Land Institute researchers 

hybridized improved male-sterile grain sorghum plants with

perennial sorghum plants descended from Piper and 

Kulakow’s tetraploid S. bicolor X S. halepense populations.

Almost 300 tetraploid F
1

hybrid plants representing more than

90 parental combinations were produced. Thousands of

families derived by self-pollinating those hybrids are currently

undergoing field evaluation for rhizome production, peren-

niality, seed yield, seed size, and other agronomic characters.

In the Land Institute’s perennial sorghum populations, there

appear to be no serious obstacles to the recovery of new

trait combinations from segregating progenies. For example,

short, relatively croplike plants with long rhizomes (figure 3)

arise rarely but consistently in tetraploid F
3

populations

from crosses between male-sterile S. bicolor and tetraploid

perennials.

In a temperate climate, production of rhizomes does not

guarantee that a sorghum plant will regrow the following

spring; rhizomes buried in the soil through the winter must

have the capacity either to survive periods of exposure to freez-

ing temperatures or to grow deeply enough to escape freez-

ing. Although the rhizomatous sorghum plants evaluated at

the Land Institute have exhibited a high degree of diversity for

aboveground traits, from johnsongrass-like to croplike, none

of the winter-hardy rhizomatous plants identified to date

have had short stature, thick culms, compact panicles, or

large seeds.

In April and May, 2006, researchers at the Land Institute 

selected more than 300 perennial F
4

plants that emerged

from overwintering rhizomes. The F
3
-derived families to

which those plants belonged had significantly higher grain

yields than did families with no perennial members. The

newly selected F
4

plants, given further self- and cross-

pollination and adequate genetic recombination, can be ex-

pected to give rise to some perennial progeny with improved

agronomic characteristics.

Sunflower. Maximilian sunflower, a perennial native to North

America, has potential as an oilseed or food-grain crop (Jack-

son and Jackson 1999). The Land Institute has initiated a do-

mestication program to develop nonshattering populations

of this species with high yield and larger seed. A wide range

of perennial species, including Maximilian sunflower, can

be hybridized directly with domesticated sunflower if embryo

rescue is used. The fertility of hybrids is very low, but back-

crossing to the annual parent is done routinely (Jan 1997).

Fertility of similar interspecific hybrids has been increased 

using chromosome doubling to create amphiploids (Jan and

Chandler 1989).
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Figure 2. A single mitotic cell of a 56-chromosome peren-

nial wheat plant (Triticum aestivum � Thinopyrum

spp.). Chromosomes from wheatgrass and common wheat

have been made to glow green and red, respectively, by 

genomic in situ hybridization (GISH). GISH technology

allows the identification of genomic affinity to whole 

or partial chromosomes within a single plant using 

fluorescent-labeled total genomic DNA as a probe 

from the donor species.
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The hexaploid perennial sunflower Helianthus tuberosus,

commonly known as Jerusalem artichoke, crosses readily

with many diploid annual and perennial species (Rogers et

al. 1982), enabling it to serve as a genetic bridge. Tetraploid 

hybrids resulting from crosses between annual sunflower

and Jerusalem artichoke have acceptable fertility (Jan 1997).

More than 40 F
1

plants from crosses between cultivated sun-

flower (as male) and hexaploid plants belonging to several

strains of Jerusalem artichoke and Helianthus rigidus survived

the winter of 2005–2006 in Land Institute field plots. F
1

plants from crosses among Jan and Chandler’s crop X wild

perennial amphiploids (Jan and Chandler 1986) survived

that winter as well. Complex hybrids among all of these

tetraploids will constitute a gene pool for the development of

a perennial sunflower at the Land Institute.

Other possible perennial grain crops. Illinois bundleflower,

a perennial legume with a vast native range across North

America, is among the highest seed-yielding herbaceous

perennial species known (table 1; DeHaan et al. 2003).As with

intermediate wheatgrass and Maximilian sunflower, the Land

Institute is domesticating Illinois bundleflower for grain pro-

duction. This effort will require development of new food uses.

Whereas the species has been studied and used as a forage, its

seed has never been utilized for food or livestock feed.

Another legume with potential for high seed production

is alfalfa (table 1). There are no current efforts to breed alfalfa

as a grain crop, but as a domesticated forage, it has enjoyed

a long history of extraordinary success under a wide range of

conditions (Russelle 2001). Alfalfa might well be considered

a candidate for domestication as a grain.

The International Rice Research Institute achieved signif-

icant progress toward breeding a perennial upland rice from

crosses between the domesticate Oryza sativa and a wild

progenitor, Oryza rufipogon (Sacks et al. 2003). However, the

project was terminated in 2001 because of budgetary cutbacks.

T. S. Cox and colleagues (2002) reviewed a wide range of

taxa with potential for the development of perennial grains,

but for which no breeding programs currently exist. The taxa

included pearl millet, oat, maize, soybean, and chickpea, as 

well as the wild perennial species Leymus arenarius, Leymus

racemosus, Tripsacum dactyloides, Oryzopsis hymenoides, and

Senna marilandica.

The future
The superior capacity of perennial plants to store carbon, man-

age resources, and stop soil erosion is widely recognized

among ecologists and soil scientists, yet in 2006 only a hand-

ful of plant breeders are working to develop perennial grain

crops.

Even with expanded efforts, the road leading to perennial

grains will be long, and it may often be rough; however, the

time required should be put in context. Had large programs

to breed perennial grains been initiated alongside the Green

Revolution programs a half-century ago, farmers might well

have had seed of perennial varieties in their hands today. As
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Figure 3. A relatively short sorghum plant with a rela-

tively compact panicle (seed head) showing emergence of

shoots from underground rhizomes in October 2005. This

plant was excavated from a field experiment designed to

evaluate families derived by self-pollination from hybrids

between male-sterile grain sorghum and perennial

sorghum. A meter stick is shown in the photograph. Fall

emergence of rhizome shoots is not a desirable trait in 

itself, because such shoots will die with the first freeze.

The ability to produce rhizomes is necessary for sorghum

perenniality, however, and plants in which fall rhizome

emergence is observed are more likely also to produce

winter-hardy rhizomes that emerge the following spring.

More than 300 plants in the population to which this

plant belongs did emerge in spring 2006.

http://www.biosciencemag.org


it is, the burden of feeding humanity into the second half of

this century will fall on conventional agriculture, enhanced

by improved conservation practices. Meanwhile, a growing

body of evidence is demonstrating that the breeding of peren-

nial grains is both necessary and feasible.

Acknowledgments

We are grateful to Land Institute president Wes Jackson for

developing the vision of mixed perennial grain cropping and

to former Land Institute scientists Peter Kulakow, Walter

Pickett, and Jon Piper for initiating some of the breeding

populations that helped form the genetic foundation for cur-

rent programs.

References cited
Becker R, Wagoner P, Hanners GD, Saunders RM. 1991. Compositional,

nutritional and functional evaluation of intermediate wheatgrass

(Thinopyrum intermedium). Journal of Food Processing and Preservation

15: 63–77.

Beharav A, Nevo E. 2004. Variation in agronomically important traits in 

natural populations of wild emmer wheat, Triticum dicoccoides, in Israel.

Plant Genetic Resources 2: 81–84.

Bolanos-Aguilar E, Hughye C, Ecalle C, Hacquet J, Julier B. 2002. Effect of

cultivar and environment on seed yield in alfalfa. Crop Science 42:

45–50.

Bramel-Cox PJ, Andrews DJ, Frey KJ. 1986. Exotic germplasm for improv-

ing grain yield and growth rate in pearl millet. Crop Science 26: 687–690.

Brown R, Rosenberg N, Hays C, Easterling W, Mearns L. 2000. Potential pro-

duction and environmental effects of switchgrass and traditional crops

under current and greenhouse-altered climate in the central United

States: A simulation study. Agriculture, Ecosystems and Environment 78:

31–47.

Burke JM, Tang S, Knapp SJ, Rieseberg LH. 2002. Genetic analysis of sunflower

domestication. Genetics 161: 1257–1267.

Cassman KG, Wood S. 2005. Cultivated systems. Pages 741–876 in Millen-

nium Ecosystem Assessment. Ecosystems and Human Well-being:

Synthesis. Washington (DC): Island Press.

Cassman KG, Dobermann A, Walters D. 2002. Agroecosystems, nitrogen-use

efficiency, and nitrogen management. Ambio 31: 132–140.

Cassman KG, Dobermann A, Walters DT, Yang H. 2003. Meeting cereal de-

mand while protecting natural resources and improving environmen-

tal quality. Annual Review of Environment and Resources 28: 315–358.

Chiras DD, Reganold JP. 2004. Natural Resource Conservation: Management

for a Sustainable Future. 9th ed. Upper Saddle River (NJ): Prentice Hall.

Clay J. 2004. World Agriculture and the Environment. Washington (DC):

Island Press.

Cox CM, Murray TD, Jones SS. 2002. Perennial wheat germ plasm lines 

resistant to eyespot, Cephalosporium stripe, and wheat streak mosaic.

Plant Disease 86: 1043–1048.

Cox CM, Garrett KA, Cox TS, Bockus WW, Peters T. 2005a. Reactions of

perennial grain accessions to four major cereal pathogens of the Great

Plains. Plant Disease 89: 1235–1240.

Cox CM, Garrett KA, Bockus WW. 2005b. Meeting the challenge of disease

management in perennial grain cropping systems. Renewable Agricul-

ture and Food Systems 20: 15–24.

Cox TS, Frey KJ. 1984. Genetic variation for grain yield and related traits in

sorghum introgression populations. Theoretical and Applied Genetics

68: 145–153.

Cox TS, House LR, Frey KJ. 1985. Trait associations in introgressed popula-

tions of Sorghum bicolor. Zeitschrift für Pflanzenzüchtung 94: 265–277.

Cox TS, Bender MH, Picone C, Van Tassel DL, Holland JH, Brummer EC,

Zoeller BE, Paterson AH, Jackson W. 2002. Breeding perennial grain

crops. Critical Reviews in Plant Sciences 21: 59–91.

Cummings LC, Alexander HM. 2002. Population ecology of wild sunflowers:

Effects of seed density and post-dispersal vertebrate seed predators.

Oecologia 130: 274–280.

DeHaan LR, Ehlke NJ, Sheaffer CC, DeHaan RL, Wyse DL. 2003. Evaluation

and diversity among and within accessions of Illinois bundleflower.

Crop Science 43: 1528–1537.

DeHaan LR,Van Tassel DL, Cox TS. 2005. Perennial grain crops: A synthesis

of ecology and plant breeding. Renewable Agriculture and Food Systems

20: 5–14.

Doebley J, Stec A. 1993. Inheritance of the morphological differences between

maize and teosinte: Comparison of results for two F
2

populations.

Genetics 134: 559–570.

Evans LT. 1998. Feeding the Ten Billion: Plants and Population Growth.

Cambridge (United Kingdom): Cambridge University Press.

[FAO] Food and Agriculture Organization of the United Nations. 2005.

Agricultural Data. (23 May 2006; http://faostat.fao.org/faostat/)

Friebe B, Jiang J, Raupp WJ, McIntosh RA, Gill BS. 1996. Characterization

of wheat-alien translocations conferring resistance to diseases and pests:

Current status. Euphytica 91: 59–87.

Gantzer CJ, Anderson SH, Thompson AL, Brown JR. 1990. Estimating soil

erosion after 100 years of cropping on Sanborn Field. Journal of Soil and

Water Conservation 45: 641–644.

Glover J. 2005. The necessity and possibility of perennial grain crops.

Renewable Agriculture and Food Systems 20: 1–4.

Hadley HH. 1958. Chromosome numbers, fertility and rhizome expression

of hybrids between grain sorghum and johnsongrass. Agronomy 

Journal 50: 278–282.

Hu FY, et al. 2003. Convergent evolution of perenniality in rice and sorghum.

Proceedings of the National Academy of Sciences 100: 4050–4054.

Jackson W. 1980. New Roots for Agriculture. San Francisco: Friends of

the Earth.

Jackson W, Jackson LL. 1999. Developing high seed-yielding perennial poly-

cultures as a mimic of mid-grass prairie. Pages 1–37 in Lefroy EC, Hobbs

RJ, O’Connor MH, Pate JS, eds. Agriculture as a Mimic of Natural Sys-

tems. Dordrecht (The Netherlands): Kluwer Academic.

Jan CC. 1997. Cytology and interspecific hybridization. Pages 497–558 in

Schneiter AA, ed. Sunflower Technology and Production. Madison (WI):

American Society of Agronomy, Crop Science Society of America, and

Soil Science Society of America.

Jan CC, Chandler JM. 1989. Sunflower interspecific hybrids and amphiploids

of Helianthus annuus X H. bolanderi. Crop Science 29: 643–646.

Knowles RP. 1977. Recurrent mass selection for improved seed yields in 

intermediate wheatgrass. Crop Science 17: 51–54.

Lammer D, Cai XW, Arterburn M, Chatelain J, Murray T, Jones S. 2004. A

single chromosome addition from Thinopyrum elongatum confers a

polycarpic, perennial habit to annual wheat. Journal of Experimental

Botany 55: 1715–1720.

Lawrence PK, Frey KJ. 1976. Backcross variability for grain yield in oat

species crosses (Avena sativa L. X A. sterilis L.). Egyptian Journal of

Genetics and Cytology 5: 400–409.

Moore KJ, Vogel KP, Klopfenstein TJ, Masters RA, Anderson BE. 1995.

Evaluation of four intermediate wheatgrass populations under grazing.

Agronomy Journal 87: 744–747.

Paterson AH, Schertz KF, Lin YR, Liu SC, Chang YL. 1995. The weediness of

wild plants: Molecular analysis of genes influencing dispersal and 

persistence of johnsongrass, Sorghum halepense (L.) Pers. Proceedings of

the National Academy of Sciences 92: 6127–6131.

Piper JK, Kulakow PA. 1994. Seed yield and biomass allocation in Sorghum

bicolor and F
1

and backcross generations of S. bicolor X S. halepense

hybrids. Canadian Journal of Botany 72: 468–474.

Randall GW, Mulla D. 2001. Nitrate nitrogen in surface waters as influ-

enced by climatic conditions and agricultural practices. Journal of

Environmental Quality 30: 337–344.

Robertson GP, Paul E, Harwood R. 2000. Greenhouse gases in intensive

agriculture: Contributions of individual gases to the radiative forcing of

the atmosphere. Science 289: 1922–1925.

Rogers CE, Thompson TE, Seiler GJ. 1982. Sunflower Species of the United

States. Bismarck (ND): National Sunflower Association.

Articles

658 BioScience  •  August 2006 / Vol. 56 No. 8 www.biosciencemag.org

http://www.ingentaconnect.com/content/external-references?article=0145-8892()15L.63[aid=7418989]
http://www.ingentaconnect.com/content/external-references?article=0145-8892()15L.63[aid=7418989]
http://www.ingentaconnect.com/content/external-references?article=1479-2621()2L.81[aid=7418988]
http://www.ingentaconnect.com/content/external-references?article=0011-183X()42L.45[aid=7418987]
http://www.ingentaconnect.com/content/external-references?article=0011-183X()42L.45[aid=7418987]
http://www.ingentaconnect.com/content/external-references?article=0167-8809()78L.31[aid=7418985]
http://www.ingentaconnect.com/content/external-references?article=0167-8809()78L.31[aid=7418985]
http://www.ingentaconnect.com/content/external-references?article=0016-6731()161L.1257[aid=7418984]
http://www.ingentaconnect.com/content/external-references?article=0044-7447()31L.132[aid=4842742]
http://www.ingentaconnect.com/content/external-references?article=1742-1705()20L.15[aid=7418980]
http://www.ingentaconnect.com/content/external-references?article=1742-1705()20L.15[aid=7418980]
http://www.ingentaconnect.com/content/external-references?article=0040-5752()68L.145[aid=7418979]
http://www.ingentaconnect.com/content/external-references?article=0040-5752()68L.145[aid=7418979]
http://www.ingentaconnect.com/content/external-references?article=0735-2689()21L.59[aid=7418978]
http://www.ingentaconnect.com/content/external-references?article=0029-8549()130L.274[aid=7418977]
http://www.ingentaconnect.com/content/external-references?article=1742-1705()20L.5[aid=7418975]
http://www.ingentaconnect.com/content/external-references?article=1742-1705()20L.5[aid=7418975]
http://www.ingentaconnect.com/content/external-references?article=0014-2336()91L.59[aid=6931686]
http://www.ingentaconnect.com/content/external-references?article=0016-6731()134L.559[aid=6331881]
http://www.ingentaconnect.com/content/external-references?article=1742-1705()20L.1[aid=7418973]
http://www.ingentaconnect.com/content/external-references?article=1742-1705()20L.1[aid=7418973]
http://www.ingentaconnect.com/content/external-references?article=0027-8424()100L.4050[aid=7350667]
http://www.ingentaconnect.com/content/external-references?article=0027-8424()100L.4050[aid=7350667]
http://www.ingentaconnect.com/content/external-references?article=0011-183X()29L.643[aid=7418971]
http://www.ingentaconnect.com/content/external-references?article=0022-0957()55L.1715[aid=7418969]
http://www.ingentaconnect.com/content/external-references?article=0022-0957()55L.1715[aid=7418969]
http://www.ingentaconnect.com/content/external-references?article=0027-8424()92L.6127[aid=7418966]
http://www.ingentaconnect.com/content/external-references?article=0027-8424()92L.6127[aid=7418966]
http://www.ingentaconnect.com/content/external-references?article=0047-2425()30L.337[aid=7418964]
http://www.ingentaconnect.com/content/external-references?article=0047-2425()30L.337[aid=7418964]
http://www.ingentaconnect.com/content/external-references?article=0036-8075()289L.1922[aid=2819542]
http://faostat.fao.org/faostat/
http://faostat.fao.org/faostat/
http://www.biosciencemag.org


Russelle MP. 2001. Alfalfa. American Scientist 89: 252–261.

Sacks EJ, Roxas JP, Sta. Cruz MT. 2003. Developing perennial upland rice I:

Field performance of Oryza sativa/O. rufipogon F
1
, F

4
and BC

1
F

4
prog-

eny. Crop Science 43: 120–128.

Scheinost PL, Lammer DL, Cai X, Murray TD, Jones SS. 2001. Perennial wheat:

The development of a sustainable cropping system for the U.S. Pacific

Northwest. American Journal of Alternative Agriculture 16: 147–151.

Sheaffer CC, Martin NP, Lamb JAFS, Cuomo GR, Jewett JG, Quering SR. 2000.

Leaf and stem properties of alfalfa entries.Agronomy Journal 92: 733–739.

Suneson CA, El Sharkaway A, Hall WE. 1963. Progress in 25 years of

perennial wheat development. Crop Science 3: 437–438.

Tilman D, Fargione J,Wolff B, D’Antonio C, Dobson A, Howarth R, Schindler

D, Schlesinger WH, Simberloff D, Swackhamer D. 2001. Forecasting

agriculturally driven global environmental change. Science 292: 281–284.

Vega U, Frey KJ. 1980. Transgressive segregation in inter- and intraspecific

crosses of barley. Euphytica 29: 585–594.

Wagoner P. 1990a. Perennial grain development: Past efforts and potential

for the future. Critical Reviews in Plant Sciences 9: 381–409.

———. 1990b. Perennial grain: New use for intermediate wheatgrass.

Journal of Soil and Water Conservation 45: 81–82.

Wagoner P, van der Grinten M, Drinkwater LE. 1996. Breeding intermediate

wheatgrass (Thinopyrum intermedium) for use as a perennial grain.

Paper presented at the 88th Annual Meeting of the American Society of

Agronomy, Crop Science Society of America, and Soil Science Society of

America; 3–9 November 1996, Indianapolis, Indiana.

Wilkins PW, Humphreys MO. 2003. Progress in breeding perennial forage

grasses for temperate agriculture. Journal of Agricultural Science 140:

129–150.

Articles

www.biosciencemag.org August 2006 / Vol. 56 No. 8 •  BioScience 659

http://www.ingentaconnect.com/content/external-references?article=0036-8075()292L.281[aid=1946741]
http://www.ingentaconnect.com/content/external-references?article=0021-8596()140L.129[aid=7418990]
http://www.ingentaconnect.com/content/external-references?article=0021-8596()140L.129[aid=7418990]
http://www.biosciencemag.org

