
Perennial grain crops: A synthesis
of ecology and plant breeding

L.R. DeHaan*, D.L. Van Tassel, and T.S. Cox

The Land Institute, 2440 E. Water Well Road, Salina, KS 67401, USA.
*Corresponding author: dehaan@landinstitute.org

Accepted 29 November 2004 Review Article

Abstract
Perennial grain crops would address many agricultural problems, including soil erosion, nutrient loss and pesticide

contamination. Doubts about the possibility of perennial grain crops rest upon two assumptions: (1) that the relationship

between yield and longevity is a fixed function that cannot be influenced by selection, mutation or environmental changes;

and (2) that yield and longevity trade off in a bivariate manner to the exclusion of all other traits. These assumptions are

consistent with the phenotypic trade-off model, but recent research suggests that a quantitative genetic model is a more

appropriate approach to trade-offs. In the quantitative genetic model, environmental and genetic changes can result in

increases in two traits simultaneously even when a trade-off, or negative correlation, exists between the two traits. Empirical

evidence that the trade-off between perenniality and reproductive allocation is not fixed comes from wild, herbaceous

perennials that can produce more than 2000 kg seed ha -1 in the temperate zone, and herbaceous perennial crops that

produce on average 8900 kg fruit ha -1 in the tropics. Ecological literature suggests that most perennials produce small

amounts of seed relative to their vegetative growth not as a physiological absolute, but rather as a result of natural selection

in a stable, competitive environment favoring longevity. By selecting strongly for seed yield in a population of perennial

plants, the plant breeder can likely achieve that which is rare in nature—a high seed-yielding perennial plant. The same

general methodologies that have allowed annual grain breeders to increase grain yield and push many combinations of

negatively correlated traits to levels of expression not seen in nature are available to the perennial grain breeder. Perennial

grain breeders are integrating ecological principles and traditional plant breeding methods in their efforts to develop

perennial grain wheat (Triticum spp.), sorghum (Sorghum spp.), sunflower (Helianthus spp.), Illinois bundleflower

(Desmanthus illinoensis) and rice (Oryza spp.).
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Introduction

Perennial grain crops would provide significant benefits to

society and farmers1. New technologies and recent research

make success more likely, but the task of breeding

perennial grains remains formidable. Although strategies

have been developed2, plant breeders, working with other

scientists, now need to establish and expand perennial grain

breeding programs. The current structure of our public

research institutions and a misunderstanding of the eco-

logical and genetic principles that apply to perennial grain

development impede that goal.

Specialization of scientific disciplines contributes to the

problem. Ecologists and soil scientists have identified links

between annual grain agriculture and environmental prob-

lems3–7. However, in formulating solutions involving plant

breeding, they seldom look beyond a plant breeder’s ability

to increase the efficiency of existing systems3. Conversely,

public plant breeders traditionally focus on the immediate

needs of farmers, and allocate few resources to the longer-

term project of breeding perennial grain crops. Privately

funded or career-oriented plant geneticists are unlikely to

invest in relatively long-term projects such as new crop

development.

Attracting scientists to the field of perennial grain

breeding requires articulation of the ecological and genetic

principles central to the endeavor and securing funding

sources sufficient to carry through the 25- to 50-year

project required for developing a new crop. This paper

provides a framework in which to consider these principles

and describes their application in current efforts to breed

several perennial grain crops.
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Alternative Approaches to Trade-off
Theory

Supported by observations that wild annuals generally

have greater reproductive allocation than wild perennials8,

some researchers conclude that perennial grain crops will

be less productive than annual grains because of their

greater allocation of assimilated carbon to storage organs9.

Although we are unaware of any research that would rule

out development of perennial grains, it is appropriate that

we provide a theoretical foundation for their feasibility as

we launch new breeding programs.

Much of the misunderstanding about trade-off theory

has its roots in the phenotypic trade-off model. However,

the phenotypic model—the older of two fundamental

approaches to trade-off—has been shown to be inadequate,

if not misleading10,11. In this model, the relationship between

two traits is defined as a fixed function. Selection moves

the main trait value along a curve defined by the function,

but the function itself never changes. Only if trade-offs are

held to be static and bivariate can the phenotypic model be

applied to perennial grain breeding.

The alternative approach is the quantitative genetic

model, in which the trade-off is described by a bivariate

normal distribution10. In this approach, selection, drift and

mutation can produce changes in the slope and intercept

of the trade-off function. In this model, as in practical

plant breeding, trade-offs are dynamic rather than static

relationships, and multi-factorial rather than simply bi-

variate10.

Photosynthate Production and
Allocation

According to the phenotypic trade-off model, the exclusive

use of annuals as grain crops was inevitable. Even if

discussion is restricted to the allocation of a given amount

of carbon for either seed or perennating structures, a gram-

for-gram trade-off should exist only in the first year. After

perennial roots and crowns are built, they need not be fully

reconstructed in subsequent seasons (although portions

die, regrow and respire). New buds which develop each

year require energy, but energy is also present in the seed

of annual plants. Much of the carbon allocated to

perennation is not spent, because it is remobilized in the

following season.

Perennials, starting the growing season with an exten-

sive living root system, have the potential for greater

photosynthate production than annuals. Perennial root

systems better use water and nutrients in a greater

volume of soil than annual roots not yet fully devel-

oped or that have already senesced7. Perennial sorghum

(Sorghum spp.) plants in our Kansas nurseries emerge from

large, starchy and cold-tolerant rhizomes 4 weeks before

annual sorghum plants display their first leaves. Cool-

season perennial grasses, such as intermediate wheatgrass

(Thinopyrum intermedium) and perennial wheat (Triticum

spp.)12, also lengthen the growing season by tillering and

photosynthesizing after harvest, through late summer

and fall.

Plants can pay the energetic cost of perennation by

harvesting a much larger fraction of the seasonally avail-

able photosynthetic energy. Furthermore, in an agricultural

setting, the risk of poor establishment—frequently an issue

with annual crops—is avoided in the years when perennials

are regrowing. Stand thinning, which makes resowing

necessary in perennial forages like alfalfa (Medicago

sativa), may also limit the longevity of perennial grain

crops. However, rhizomatous perennial forages can be very

long lived13, indicating that rhizomatous perennial grains

may be a reasonable solution to the problem of stand

thinning.

Ecologically, the costs of being a perennial are offset

by the advantages. Globally, natural systems, primarily

dominated by perennials, had greater mean net primary

productivity than the anthropogenic systems that replaced

them14. Within the USA Corn Belt, comparing near-wild

perennials such as switchgrass (Panicum virgatum) to elite

maize (Zea mays) cultivars in a high-input system may

lead to the erroneous conclusion that perennials have

inherently lower yields than do annuals. Comparing the

productivity of domesticated crops within a family is

more appropriate. For example, across diverse environ-

ments in the USA, the perennial forage crop alfalfa con-

sistently produces more biomass than the annual soybean

(Glycine max) (Table 1). The comparison is appropriate

because both species are nitrogen-fixing legumes and

the biomass of both species contains approximately the

same level of crude protein15,16. Although at a disadvantage

during its establishment year, alfalfa produces greater

biomass yield than soybean, even when yields are averaged

over the entire four-year lifespan of the alfalfa stand

(Table 1).

If perennials can fix an adequate amount of carbon to

make them viable crops, the question becomes one of

harvest index rather than trade-off. The abundant seed yield

of some wild herbaceous perennials lends support to the

feasibility of perennial grain breeding. The perennial

legume Illinois bundleflower (Desmanthus illinoensis)

has had seed yields up to 1700 kg ha -1 in Kansas17 and

3000 kg ha -1 in Florida18. Senna marilandica, another

perennial legume, has had seed yields exceeding 2000 kg

ha -1 19. These plants have yet to be used as grains, due

to shattering and the need for extensive utilization

research, not because of a yield trade-off. Further evi-

dence comes from domesticated herbaceous perennials

such as bananas (Musa spp.) and strawberries (Fragaria ·
ananassa) that, in Central America, 1999–2003, had

an average annual reproductive allocation of 8900 and

2400 kg ha -1, respectively20. The annual grains, maize

(Zea mays), sorghum (Sorghum bicolor), rice (Oryza

sativa) and wheat (Triticum aestivum), yielded an average

of 2100, 2600, 3000 and 4200 kg ha -1, respectively, in the

same region and time period20.

6 L.R. DeHaan et al.

https://doi.org/10.1079/RAF200496 Published online by Cambridge University Press

https://doi.org/10.1079/RAF200496


Natural Versus Human-directed
Selection

Most perennials produce small amounts of seed relative

to their vegetative growth not because of inherent

physiological constraints, but rather as a result of natural

selection. The evolutionary concept that predicts higher

average seed yield in annuals has been described as

r-selection21. Wild annuals are typically found in less

competitive (often disturbed), resource-rich, hazardous or

changing environments. They typically evolve to use

resources quickly and produce abundant seed that is widely

dispersed and remains dormant until abundant resources are

again available22.

In a stable, undisturbed environment, competition results

in resource limitation. Annuals are then mostly displaced

by comparatively K-selected perennials, which have greater

competitive ability and often dominate more resource-

limited environments21. (To clarify, competition can result

in resource limitation despite fertile soil and abundant

rainfall.) To survive and reproduce in such a habitat, a

perennial plant may develop a deep, spreading, long-lived

root system. In order to shade its neighbors, a plant may

grow tall and have horizontal leaves. Its leaves may contain

more lignified tissues to increase leaf persistence23. In order

to live in one place for many years, a plant must have

robust mechanisms to fend off or tolerate herbivores and

pathogens. Natural selection may have produced adapta-

tions that allow the perennial plant to live through periods

of extreme heat, drought or flooding.

Instead of producing seeds as its primary mode of

dissemination, a perennial plant may instead invest in

rhizomes that result in vegetative spread into favorable

environments24. In response to stress, a perennial plant may

shift allocation from seed production in a single season to

rhizome production that increases the odds of survival25.

Generally, low levels of dormancy in the seeds of peren-

nials compared to annuals26, combined with the scarcity of

long-lived grass seeds found in seed banks22, leads to the

conclusion that seeds of perennials are used more for

dispersal than for survival through time27. Seed production

is only one of many traits important to the perennial plant’s

overall fitness under natural selection. If natural selection is

not acting strongly for seed yield relative to the aggregate

of many other traits in a perennial plant, low seed yield is

expected. Indeed, there is evidence that fitness in perennial

plants tends to depend more heavily upon survivorship than

on fecundity28.

Because r- and K-selection are comparative terms21,

their use in separating species into neat categories is a

misapplication. Even wild plant species cannot be segre-

gated in such a way, and with artificial selection in agri-

cultural fields, a much wider range of trait combinations

is possible. For example, annual types of wild rice (Oryza

spp.) typically produce more seed than related perennial

types, because of their long history of r-selection29.

Annuals produce more seed in response to selection for a

greater rate of population increase, while perennials ‘show

greater vegetative allocation which helps them maintain

themselves in crowded habitats’29. Allocating a larger

proportion of resources to seed and less to vegetation would

be one avenue for obtaining a high-yielding perennial grain

in an environment where less vegetative growth is needed.

Much of the yield gain in annual grains has come by

reducing intra-specific competition, increasing tolerance to

crowding stress, increasing responsiveness to high inputs,

reducing height and/or increasing harvest index30–32.

Modern grain plants have a narrow plant profile that

reduces competitiveness, and they are often short, in order

not to waste resources on vegetative biomass or lodge when

nitrogen fertilizer is applied (Fig. 1). In contrast, most wild

perennials are extremely competitive. Perennial grain

plants should be selected to expend less energy on com-

petition and more on seed production. The goal is a

perennial grain crop with deep, durable roots with an

above-ground structure that resembles that of annual grain

crops more closely than it does that of wild prairie plants

(Fig. 1).

Table 1. Comparison of alfalfa and soybean biomass yields and standard deviations (SD) obtained in diverse environments.

Alfalfa Soybean4

Location Average SD Average SD

------------------------ kg ha -1 yr -1 ------------------------

Urbana, Illinois, research station 2001–20031 14,672 10,619

Central Minnesota research station 2001–20032 12,343 10,045

Central Illinois on-farm production 1993–20033 9,682 671 8,626 655

East-central Oklahoma on-farm production 1993–20033 7,557 1,372 4,411 1,058

Northwest Minnesota on-farm production 1993–20033 6,829 577 5,494 534

Average 10,216 7,839

1 Data from the University of Illinois Variety Testing Program, http://vt.cropsci.uiuc.edu/index.html. Alfalfa yields include an
establishment year.
2 Data from Minnesota Agricultural Experiment Station, http://www.maes.umn.edu/maespubs/vartrial/vt-cntnt.html. Alfalfa yields
include an establishment year.
3 Data from the United States Department of Agriculture National Agricultural Statistics Service, http://www.usda.gov/nass/
4 Calculated based on a harvest index of 0.40.
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Anticipated Difficulties

Because perenniality33 and yield are both polygenic traits,

we do not expect that a ‘yield gene’ can be inserted into a

wild perennial, or a ‘perenniality gene’ into an annual crop

plant. Rather, perennial grain breeders are pursuing two

parallel strategies: domesticating promising wild perennials

and hybridizing annual crops with perennial relatives.

In either case, one of the major obstacles we face is the

anticipated negative correlation (or trade-off, properly

understood) between yield and longevity.

In most cases, multiple traits associated with fitness are

expected to be negatively correlated. This is because alleles

conferring a positive effect on multiple fitness traits have

been largely fixed within a population, leaving those

responsible for negative correlations at more intermediate

frequencies34. Therefore, we fully expect seed yield and

longevity to be negatively correlated in perennial grain

populations. Selecting to increase seed yield and longevity

simultaneously will be slower than selection for either yield

or longevity alone. Plant breeders are familiar with the

challenge of selecting against negative correlations, as

when they attempt to improve concentrations of oil or

protein in the seed35,36 without reducing grain yield.

Despite negative correlations, breeding has increased seed

yield in perennial forage species37, while simultaneously

increasing forage yield38. (The typically small increases in

forage and seed yield observed in perennial forages are due

to unique challenges in the forage industry39 that should not

be generalized to the breeding of perennial grains.)

Hybridization between annual crops and wild perennials,

with the goal of perennial grain development, is made more

difficult by genetic and cytological divergence of the

parents. Wide hybridization often produces highly sterile

progeny. Restoring fertility can be a lengthy process, or

even end in failure. Whether or not fertility is restored

by chromosomes doubling, lack of pairing between

chromosomes derived from different parents can mean that

(a)

(d) (e)

(b) (c)

Figure 1. Archetypal morphology of (a) wild annuals; (b) early annual grain crops; (c) modern annual grain crops; (d) wild

perennials; and (e) future perennial grain crops.
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linkages between genes conferring perenniality and genes

that limit yield are difficult or impossible to break.

An Integrated Conceptual Framework

Even as we make the case that breeding perennial grain

crops is a realistic objective, the relationship between

perennial grain development and ecological trade-off

theory remains unsettled. Plant breeding literature gener-

ally assumes a human-modified environment and artificial

selection. Ecological literature has often focused on a single

natural ecosystem, seldom considering the role of artificial

selection. In an effort to explain perennial grain breeding in

a manner that is equally satisfying to ecologists and plant

breeders, we have developed a framework that integrates

plant breeding and ecology through the quantitative genetic

approach to trade-off theory.

The context of a stable environment, in which natural

selection acts in a constant way, provides a useful starting

point for discussion. Assuming no mutations, selection will

eventually exhaust additive genetic variance for fitness,

and fitness will no longer increase. At that point, the popu-

lation is said to be at equilibrium. Falconer and Mackay

state that:

Since the array of gene frequencies in an equilibrium

population is the best, in the circumstances, for maxi-

mizing fitness, it follows that if selection is applied to

any metric character that is not fitness itself, the gene

frequencies at loci affecting the character must change if

there is a response. Fitness must therefore be reduced as

a correlated response, unless the character selected is

controlled entirely by genes with no effect on fitness.34

In other words, natural selection will, in a stable environ-

ment, result in the optimal allocation of resources. By

definition, the highest value of any character that is not

fitness itself will not result in the highest fitness.34

A brief note on the terms ‘fitness’ and ‘stability’ is

appropriate at this point. In natural systems, fitness inte-

grates virtually all plant traits. On an agricultural research

station, the plant breeder selects certain individuals or

families based on any character or combination of charac-

ters, thereby defining fitness. And, of course, no environ-

ment is truly stable. The adaptive landscape model of

selection deals with this fact40. However, making the

assumption of a stable environment allows easy con-

ceptual consideration of the quantitative genetic principles

involved in trade-off theory.

As Lack41, the father of trade-off theory, was careful to

state, a trade-off must hold only in a specific environ-

ment41,42, and Falconer and Mackay34 further stipulate that

the concept of an equilibrium population includes the

assumption that mutation does not occur. But environments

fluctuate and mutations do occur, so trade-offs are never

absolute.

The conceptual model depends upon an understanding

of annuality and perenniality as quantitative traits that

respond to selection in the same manner as more commonly

considered quantitative traits, such as seed yield or seed

protein content. Thomas et al.43 have made a strong argu-

ment that although perennials and annuals may appear to

be dramatically different, vastly different life histories can

occur as the result of minor quantitative changes. They

conclude that ‘annuality and perenniality are traits that

recur time and again across the taxonomic range and that,

with the right selection pressure, the propensity to generate

either form of phenotype can be realized without the need

for large-scale genetic innovation’43.

Domestication and the Breeding of
Annual Grains

For greater clarification of a topic that spans several

disciplines, our conceptual model can be used to examine

how trade-off theory applies to wild and domestic forms

of annual and perennial plants (Fig. 2). The model is not

quantitative, and the steps in the model are not inevit-

abilities. Rather, the model is intended to provide a frame-

work in which to consider what is possible and, perhaps,

likely due to natural and artificial selection.

The model assumes that carbon allocation is completely

partitioned among five types of organs and functions: (1)

seeds, (2) storage organs, (3) defense structures and com-

pounds, (4) leaves and stems, and (5) roots. The metric used

is the average annual carbon irreversibly allocated for

each function, averaged over the life of the plant. This

allocation includes the carbon used for respiration in that

organ or function, averaged over the life of the plant, but

not carbon that is remobilized for a different function.

Carbon allocation is assumed to represent allocation trade-

offs accurately. Where equilibrium populations are con-

sidered, we also assume that environments are completely

stable and that there is no mutation.

The starting population (Fig. 2a) is one of short-lived

perennial plants (with ‘short-lived’ defined relative to other

populations in the model) in an environment with mod-

erate disturbance and resource availability. Through natural

selection the population has achieved maximum fitness

within the constraints of its genetic variation by allocating

nearly equal amounts of carbon to roots, leaves and stems,

defense and storage, and a small amount to seed. Therefore,

it is considered to be in equilibrium.

Water, light and nutrients are more abundant in an

agricultural field than in the starting environment (Fig. 2b),

due to regular disturbance and a variety of inputs. If a short-

lived perennial population invades the field and is able to

avoid cultivation during the growing season, the greater

resource availability will cause an increase in growth in

all structures except roots, which typically do not grow

as large relative to above-ground biomass in nutrient-rich

environments44,45. Because natural selection has not yet
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acted to maximize fitness, the population is now in

disequilibrium.

Given time and natural selection pressure, the population

may reach a new equilibrium, becoming an annual weed

(Fig. 2c). Plants in disturbed habitats typically allocate

reduced amounts of carbon to roots, storage organs and

defense, because these are generally less important to a

fast-growing annual plant experiencing low competi-

tion22,46,47. Carbon allocation to stems and leaves increases

under selection pressure, to take advantage of the available

resources47, and finally, allocation to seeds typically

increases because of the critical importance of seed to

fitness in an annual plant22 in a frequently disturbed (i.e.,

hazardous) environment.

Next, consider an annual weed that is to be domesticated

as a new grain crop. Its morphology is initially unchanged,

because environmental conditions are similar. But it is no

longer an equilibrium population (Fig. 2d), because fitness

_

_ _

_

≠

Leaves
and

stems

Storage

X

+

++

+

_ _

+

+
+

+++

_

+++

_

++

+

+++

+++

+++

+++
_  _ _

_ _ +

++++

_

_ _

_ _ _ _ _

Seeds

Defense

Roots

=

=

=

=

≠

=

+

≠

≠

≠

(a)

(b)

(c)

(d)

(e)

(h)

(i)

(j)

(g)

(f)

Figure 2. Relative increases (+) and decreases (-) in carbon allocation among seeds, storage, defense structures and compounds

(Defense), leaves and stems, and roots due to environmental changes (solid arrows), selection (dashed arrows) and hybridization

(dotted arrows) in the hypothetical domestication of annuals and perennials. Populations are in equilibrium ( = ) or disequilibrium ( 6¼).

The populations presented are: (a) a short-lived perennial in an environment with moderate resource availability and competition; (b)

a weak perennial in an agricultural field; (c) an annual weed in an agricultural field; (d) a wild annual placed in a plant breeding

nursery; (e) a domestic annual grain crop; (f ) a weak perennial in a competitive environment; (g) a strong perennial in a competitive

environment: (h) a wild perennial placed in a plant breeding nursery; (i) a domestic perennial grain crop; and ( j) a hybrid between a

wild perennial and a domestic annual, placed in a plant breeding nursery.
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is now defined by the plant breeder, who favors plants or

families that produce maximum seed yields under high

density.

The plant breeder’s definition of fitness results in

selection that produces an equilibrium population with

high seed yield, adequate defense allocation and reduced

allocation to stems and leaves (Fig. 2e). This population

will avoid intense intraspecific competition48, enabling it to

be grown at a high density, as most modern annual crops

are grown (Fig. 1c). Some allocation to vegetative storage

is likely to remain as a means to tolerate stress31.

Because modern varieties can have higher yields than

landraces, even in low-fertility environments49, plant

breeders may be tempted to conclude that the trade-off

concept does not apply to artificial selection. Modern wheat

varieties seem to be a case in point, but they have the

benefit of newly introduced yield, dwarfing and disease

resistance genes that were not present in the original

landrace equilibrium population. The expansion of avail-

able genetic diversity has allowed plant breeders to increase

yield without producing readily identifiable trade-offs.

Even though the high-yielding crop in this model is

an equilibrium population, future yield increases are not

precluded. If the environment is changed via improved

management, selection can once again be used to increase

seed yield. Furthermore, additional genetic variation can

arise from mutation or hybridization with other high-

yielding varieties, landraces or related species.

Domestication and Breeding of
Perennial Grains

There are two possible scenarios for the development of a

perennial grain crop. First, we consider the evolution of

a long-lived perennial. If the short-lived perennial starting

population (Fig. 2a) is subjected to reduced resource

availability due to increasing competition (Fig. 2f), its total

growth is likely to be reduced. When nutrient availability is

low (perhaps due to root competition), total carbon fixation

is often reduced, and roots now require a greater proportion

of available carbohydrate (Fig. 3) to obtain the limiting

nutrients44,45,50. In this instance, resource scarcity refers

to available rather than total resources. For example, soils

can have high organic nitrogen content but little nitrogen

available for plant growth.

Through natural selection, the population becomes

adapted to its stable, highly competitive environment and

is able to increase total carbon fixation relative to its

unadapted condition (Fig. 2g). Under low resource avail-

ability, selection is expected to reduce allocation to seeds

and increase allocation to structures that will increase

competitive ability21, such as roots, stems, defense and

storage. A resource allocation strategy that improves the

plant’s survivorship will be likely to maximize its fitness

in a competitive resource-scarce environment28. Although

allocation to seed is reduced, this does not mean that

seeds are of little value to the perennial. Rather, fitness is

maximized by sustained production of smaller numbers of

seeds per year.

A long-lived prairie plant placed in a plant breeding

nursery would be likely to greatly increase growth and

allocation to storage, defense, leaves and stems (Fig. 2h).

Allocation to seed may increase only slightly, because the

plant is genetically programmed for longevity rather than

seed production in a single year. This pattern of greatly

increased growth and above-ground allocation was ob-

served when the perennial Bromus madritensis was grown

on fertile compared to poor soil (Fig. 3).

Under the new environmental conditions of the breeding

nursery, the population is now in disequilibrium and being

selected for increased seed yield and longevity. After many

selection cycles, the population attains equilibrium, with

an average seed yield approaching that of annual crops

(compare Fig. 2e and i). Compared with annual crops,

however, there will be greater allocation to defense struc-

tures and compounds, because a long-lived perennial plant

must be able to tolerate environmental extremes and defend

itself against herbivores and pathogens, populations of

which can build up over time. Although we expect the

perennial grain to have a much larger root system than

the annual grain (Fig. 1), proportional allocation to roots

may not need to be much larger after the first year. For this

to be true, annual respiration and root turnover in the

perennial root system must not exceed the cost of building a

complete root system in an annual. According to Weaver,

root turnover in prairies is about 40% annually51 and

respiration can easily equal 50% of root mass annually

(Fig. 3). Therefore, allocation below ground level will ex-

ceed that of annual crops unless the root systems of peren-

nial grain crops are somewhat smaller (Fig. 1) or more

efficient than in wild perennials. Net allocation to storage

is modest because much of the stored photosynthate and

nutrients can be remobilized in the following year. The

resources stored by perennials can enable them to sustain

seed production even in stressful conditions52.

24
25

Figure 3. Estimated annual net carbon assimilation in26

(Bromus madritensis) and perennial (B. erectus) spe27

southern France based on a model using 14C labelin28

pointing bars indicate below-ground distributions, a29

percentage of net assimilated carbon. The perennial f30

imates a second-year plant. Data are from Warembourg and Estelrich45.
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partitioning of carbon assimilates in annual and perennial grain

plants (data from Warembourg and Estelrich45).
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If a wild perennial has low seed yield, the time required

for domestication will likely be long. If the species can be

hybridized with a related domestic annual, interspecific

crossing may speed perennial grain development. The

hybrid is expected to have a resource allocation pattern that

is intermediate to the two parents (Fig. 2j) because hybrids

are generally intermediate in longevity, seed yield and

allocation patterns12,53. Furthermore, the genetic variance

for traits affecting both seed yield and longevity will

increase over either parent, allowing more rapid progress

in selection for yield and longevity simultaneously. The

large genetic variance is beneficial because it is due to the

presence of useful ‘domestication alleles’ from the crop and

‘perenniality alleles’ from the wild plant.

The development of a perennial grain crop should not

be viewed as simple modification of an annual grain crop

(Fig. 1c). The latter is fixing as much carbon as possible

during its short lifespan and allocating as much of

that carbon as possible to harvestable seed. Therefore, it

cannot be expected to maintain the level of durable

defense against pathogens and pests that is common in

perennials, let alone store enough carbon to regrow in the

following season. The high-yielding annual grain crop is

an equilibrium population resulting from selection for

seed yield. Because negative correlations between fitness

components are the rule in equilibrium populations, selec-

tion for any other trait, including those that could increase

longevity, must necessarily come at the cost of reduced

seed yield.

Crossing the annual crop with a perennial species

changes the genetic constitution, so that the progeny com-

prise a disequilibrium population, in which trade-offs are

not necessarily fixed. A hybrid between the perennial and

the annual crop may be able to acquire water and nutrients

from greater depth throughout the year, and harvest light

energy earlier in the spring and later in the fall. As a result,

the perennial plant is able to fix more total carbon (Table 1,

Fig. 3), which can be allocated to storage, below-ground

allocation and defense. The trade-off of carbon among

various functions is avoided if the total pool is increased in

the more efficient perennial plant.

The framework also explains how high-seed-yielding

herbaceous perennials could be developed through selec-

tion, despite their rarity in natural ecosystems. In their

native, resource-scarce environments, where perennials

have a competitive advantage over annuals, plants max-

imize fitness via allocation to roots, storage, leaves, stems

and defense/tolerance. This allocation pattern increases

competitive ability and longevity to maximize fitness. In

contrast, a plant breeder can develop a perennial plant with

reduced competitive ability by selecting for shorter stature,

a less spreading root system, reduced tillering and more

erect leaves.

It is important to remember that the allocation patterns

arrived at in equilibrium populations (Fig. 2) are not

necessarily the optimal allocation imaginable, but rather the

optimal allocation possible for the population under

consideration. If additive genetic variance for a trait, such

as seed yield, is low, other traits that increase breeder-

defined fitness may show a greater response to selection.

Furthermore, strong negative correlations between traits

can limit the ability of selection to increase fitness

components simultaneously.

Promising Perennial Grain Programs

At the Land Institute, four perennial taxa are being

domesticated and selected for grain production: intermedi-

ate wheatgrass, Illinois bundleflower, Maximilian sun-

flower (Helianthus maximiliani) and Silphium spp.2,54. A

recurrent selection program to improve kernel size, yield

per unit area and threshability of intermediate wheatgrass

is under way. Hybridization methods for Illinois bundle-

flower, a species with no human-directed breeding history,

are being developed in order to begin recurrent and

pedigree selection. The sunflower and Silphium programs

are at the initial germplasm evaluation stage.

With some of these and other species, there is an

opportunity to combine grain production with perenniality

through interspecific and intergeneric hybridization2,54.

Work with amphiploids and backcrosses derived from

crossing wheat (Triticum aestivum and T. turgidum) and

triticale ( · triticosecale) with three wheatgrass species

(Thinopyrum elongatum, Th. intermedium and Th. ponti-

cum) is under way, and initial crosses with members of

the genera Elymus, Leymus and Agropyron are being made.

By 2002, 1500 intergeneric hybrids between annual small

grains and wild perennial relatives had been made, and

by 2003 more than 600 progeny had been obtained by

backcrossing or chromosome doubling to restore fertility.

The wheat breeding program at Washington State Uni-

versity is evaluating more advanced perennial wheat

germplasm12.

The Land Institute’s first hybridization project was to

develop perennial sorghum from crosses between grain

sorghum (Sorghum bicolor) and johnsongrass (S. hale-

pense). Since 2001, we have been broadening the base of

that perennial gene pool by crossing with newly released

grain sorghum germplasm having superior grain quality.

Crosses are also being made between annual, culti-

vated sunflower (H. annuus) and Maximilian sunflower

(H. maximiliani), Jerusalem artichoke (H. tuberosus) and

other perennial sunflower species with the intent to produce

a perennial grain sunflower.

Development of perennial grains from the species and

hybrids listed above will take several decades. A promis-

ing, shorter-term prospect for tropical regions may have

been the International Rice Research Institute’s (IRRI)

perennial rice breeding program, which ran from 1995 to

2001. Yields of many of the hybrids were large, indicating

good potential for perennial rice to exceed yields of

1000–2000 kg ha -1 in South-East Asian upland con-

ditions55. Some of the most strongly perennial families

had the highest grain yields, and there was not a negative

12 L.R. DeHaan et al.
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correlation (trade-off) between yield and survival. Particu-

larly promising was the ability of the perennial hybrids

to produce a dry-season crop, which could be extremely

important to the welfare of farmers in South-East Asia.

Researchers concluded that ‘Breeding perennial cultivated

rice should be feasible but it will likely take five to ten

more years’55. Despite excellent prospects, the program

was discontinued, primarily due to priorities within IRRI

and lack of funds (Erik Sacks, personal communication,

2004).

Conclusions

The primary issue addressed in this paper is whether there

exists solid evidence or theory demonstrating that an

inevitable trade-off between perenniality and seed pro-

duction precludes the breeding of perennial grain crops.

The answer to this question is clear. Trade-off theory, when

approached from a quantitative genetic perspective, does

not rule out perennial grains.

Because perennial plants can be inherently more efficient

and productive than annuals, resources may well be

available for both grain production and perennation. The

larger question of whether specific perennial grains such as

sorghum, sunflower or wheat can be developed remains

unanswered. This question depends upon a host of genetic

factors and can be answered only by attempting to breed

these perennial crops.

The potential benefits of perennial grains, in terms of

soil conservation, reduced agricultural inputs and improved

wildlife habitat are great, while the risks are comparatively

modest. For example, breeding programs in numerous

perennial grain species could be conducted using only a

small fraction of the United States Department of Agri-

culture’s annual budget. Indeed, several perennial grain

breeding programs have been initiated and are progress-

ing well. If progress is sustained and funding expanded,

perennial grains could be widely available within decades.

For maximum benefit, perennial grain programs must be

expanded and initiated in the immediate future. The process

of breeding perennial grains will itself generate data crucial

to the debate about a trade-off between yield and the

perennial habit. A call for further theoretical discussion is

therefore an argument for accelerating rather than post-

poning serious breeding efforts.
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