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Abstract 

This paper proposes a preliminary conceptual framework designed to support strategic 
decisions about which crop populations-in a well-defined reference area within a crop's 
center of diversity-are suitable candidates for ex sítu and on-farm conservation. It is 
assumed that the reference area has already been identified based on prior beliefs about its 
relative importance among other potential conservation areas. The framework draws on 
aspects of characteristics models and on the theory of impure public goods. It enables us to 
begin answering questions about how breeding interventions and policy incentives affect 
farmers' variety choice and about how variety choice, seed flows, and seed selection affect 
genetic diversity. The framework can be appHed to the choice of conservation strategies in a 
reference region, using a utility index to represent value in current use and using genetic 
distance as a proxy for evolutionary potential. The appHcation of the framework can be 
directly interpreted in terms of the relative costs of altemative conservation strategies. To 
provide a more dynamic view of farmer management of diversity, the framework can also 
be used to investigate how changes in the exogenous technical, socioeconomic, and cultural 
parameters that condition farmers' decisions influence the array of varieties they maintain. 
The relative importance of factors measured at different scales can also be tested (e.g., 
variety characteristics, household characteristics). In this way, the framework can help 
develop policy recommendations to support on-farm conservation of genetic resources. 
Even so, it is important to recognize that in some cases changes in exogenous 
environmental and socioeconomic factors may be so overwhelming that farmers' incentives 
to maintain varieties will disappear, despite substantial efforts to make them attractive. 
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A Conceptual Framework for Valuing 
On-Farm Genetic Resources 

Mauricio R. Bellon and Melinda Smale 

Introduction 

For decades, in recognition of the critical importance of crop genetic resources to global 
society, conservationists have collected and stored seed of traditional varieties and crop 
relatives ex situ, in genebanks. Ex situ storage is a safe, efficient way of conserving orthodox 
seed, l and it has the advantage of making germplasm readily available for breeders to use 
and for other researchers to study (Ford-Lloyd and Jackson 1986). Ex situ conservation is 
static, aiming to preserve the genetic structure of the original population as dosely as 
possible (Guldager 1975). 

On-farm conservation of crop genetic resources is viewed increasingly as complementary to 
ex situ conservation (Altieri and Merrick 1987; Bellon, Pham, and Jackson 1997; IPGRI 1993). 
On-farm conservation is the continued cultivation and management by farmers of a diverse 
set of erop populations in the agroeeosystem where the cr op has evolved or in secondary 
centers of diversity (Bellon, Pham, and Jackson 1997). A dynamic form of conservation, on
farm conservation potentially allows crop populations to continue evolving in response to 
natural and human selection Oackson 1995; Pham, Bellon, and Jackson 1996). 

Farmers have a fundamental role in on-farm conservation because crop populations are the 
result of human selection and management as well as na tura I factors. Conservation is not a 
moral obligation of farming communities; farmers transform or abandon particular 
varieties to suit their own needs. If crop genetie resources are to be conserved on the farm, 
it must be advantageous to farmers to maintain crop populations and varieties. Farmers in 
any reference area must have an economic or cultural incentive to continue growing the 
crop populations that are identified as key genetic resources. 

Not aH crop populations will be conserved, and the criteria for determining which ones 
should be conserved are subject to debate. In the past, collectors selected their samples 
based on a fairly ad hoc vis ua I inspection of plants and their own hypotheses about the 
selection pressures affecting the erop populations grown in a given environment. This 
paper develops a general approach for identifying which crop populations to conserve on 
the farm and ex situ. The approach relates the choice of conservation strategy (ex situ, on
farm) to the biological characteristies of crop populations in a reference area and to their 
use value as recognized by the farmers who cultivate them. 

The conceptual framework proposed here is designed to support strategic decisions about 
which crop populations-in a well-defined reference area within a crop's center of 

1 Orthodox seed can be dried to a relatively low moisture content (±6%) and stored at subzero temperatures. Under these 
conditions, seed viability can be assured for decades, if not longer. 
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diversity-are suitable candidates for ex sítu and on-farm conservation. We assume that the 
reference area has already been selected based on prior beliefs about the likelihood of 
encountering potentially valuable genotypes. The framework is both preliminary and 
conceptual, and it should be seen as an heuristic tool to facilitate discussion. To implement 
it fully would require much more extensive development than is possible within this paper. 

Farmer Management of Diversity 

Components of Farmer Management of Diversity 

Farmers' varieties are crop populations that they identify and name as units, including 
landraces, modem varieties, and modem varieties that farmers have selected or mixed with 
their own landraces. The latter are sometimes referred to as "creolized," "rusticated," or 
"locally adapted" modem varieties.2 To design on-farm conservation strategies, we need to 
understand and be able to influence the process by which farmers select and manage their 
seed and their array of crop varieties. Bellon, Pham, and Jackson (1997) have identified 
three components of farmers' management of diversity: 

1. Seed fiaw is the process by which farmers obtain the physical unit of seed for a given 
variety. The seed a farmer plants may have been selected from his or her own cr op in 
the preceding season, exchanged or purchased from other farmers or institutions, or 
mixed from a combination of sources. 

2. Variety chaice is the process by which farmers decide which crop varieties to plant. 

3. Seed selectian and management is the process by which a farmer who keeps seed from his 
or her own crop (a) selects the specific part of the plant material to be used as seed and 
(b) handles the seed from harvest to planting. 

The three components can be conceptualized as the dependent or behavioral variables that 
we want to explain (and eventually to "nfluence) in a study of the bases of on-farm 
conservation (Figure 1). Their systematic (i.e., non-random) variation is caused by variation 
in a number of independent variables, such as the environmental, socioeconomic, and 
cultural factors that influence farmers' decisions. These factors also operate at different 
scales. Some are related to the characteristics of individual farmers, such as age, gender, 
education, and knowledge. Others are household characteristics that are fixed in the short 
term and may be interrelated, such as wealth or socioeconomic status, or access to land, 
labor, and capital. Other factors describe the institutions in the farmer' s community, 
including pattems of labor exchange, land tenure, social obligations, and ethnic identity. 
Some are regional or national features, such as the availability of physical infrastructure 
(irrigation, roads, telecommunications), the degree of market development, and 

2 A modem variety has been selected or bred for certain traits (such as high yield, short sta ture, or good response to fertilizer) 
using scientific methods. Landraces are populations or races that have become adapted to farmers' conditions through 
natural and artificial selection. In open-pollinated crops such as maize, "creolized" varieties are improved varieties that have 
mixed with landraces in farmers' fields for at least several years. 
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govemment policies. Finally, the community as a whole is situated within a biophysical 
environment that affects crop performance. This environment is defined by rainfall 
conditions, tempera ture, soils, and topography. 

Differences in management of diversity among farmers should translate into different 
genetic structures and levels of diversity, with consequences for the genetic diversity of the 
crop in a reference area. A1though farmers cannot directly observe the genetic structure of 
their crop, they gain knowledge through experience of the yield, functional, and 
morphological characteristics of the varieties they grow. This knowledge in tum is used in 
the decision-making process that defines their management of diversity. erop genetic 
structure is also shaped by environmental factors through natural selection. The genetic 
structure of the crop populations in a reference area evolves over time. In which ways it 
evolves, and within what time period, is unknown and cannot be predicted with certainty 
(see Maxted, Ford-Lloyd, and Hawkes 1997). 

Socieconomic Cultural Government Environmental 
factors factors policie s factors 

~ 

.. 
Farmers' decision-making --.... 

Farmers' management of diversity 

Farmers' knowledge 

Crop genetic structure .... .... 

~ 

~ 

Crop diversity 
~Ir 

Crop traits 

Figure 1. Conceptual model of factors that influence farmers' management of diversity. 
Source: Bellon, Pham, and Jackson (1997). 
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Farmers' Varieties as Bundles of Characteristics 

Researchers have documented that smal1-scale farmers in areas of crop diversity often plant 
several crop varieties in one season (Brush, Camey, and Huaman 1981; Dennis 1987; 
Richards 1986). Smal1-scale farmers usual1y have multiple interests or concems and 
confront numerous problems in attempting to address them. Because it is unlikely that one 
variety has all of the traits demanded by the farm household, and because desirable traits 
may be associated with undesirable ones, the choice of varieties can be seen as a process by 
which farmers assemble various bundles of traits to suit specific production conditions, 
consumption preferences, or marketing requirements (Bellon 1996). There are trade-offs in 
the selection of varieties, and the farmer can change the bundle of traits by changing the 
allocation of crop area among varieties. 

Economic Framework for Analyzing Farmers' Incentives to Maintain Diversity 

We can incorporate some of these concepts into an econornic framework that depicts 
farmers' incentives to grow varieties that are identified as key genetic resources. The 
approach outlined here draws on aspects of characteristics models (Lancaster 1966; Ladd 
and Suvannunt 1976; Adesina and Zinnah 1995) and on the theory of impure public goods 
(Comes and Sandler 1986). 

Characteristics models state that farmers or farm households maximize utility from the 
multiple attributes of the crop produced by their choice of varieties, rather than from the 
varieties themselves or from a single trait alone, such as grain output or yield. Farmers 
choose varieties based on the bundle of observable characteristics that each seed type 
embodies and produces. Each variety supplies or "yields" different amounts of each 
characteristic . 

A farmer's choice of variety, in combination with how much seed of that variety is planted, 
jointly produces or "yields" characteristics of use to the farmer as well as a characteristic of 
public interest-a contribution to the diversity of genetic resources in the reference area. 
Seed is unique as a commodity in that it has characteristics that are private as well as public 
(Morris, Rusike, and Smale 1998). The private characteristics of seed are those that cannot 
be consumed by two farm households at once, such as the grain, fodder, and the amounts of 
characteristics that are produced in each farm household's crop. The public characteristics 
of seed are related to its genetic attributes, including its contribution to genetic diversity. 
While farmers can sell seed as a production input, the full value of the genetic resources 
embodied in seed is not realized in the seed price. 

We can view the decision more formally and generally as a model of decision-making in an 
agricultural household, using maize farrning in Mexico as an example. In each season, the 
household chooses a set of n seed lots for varieties (x) to combine with non-seed inputs 
(represented by an index Y) that maximizes the expected utility from a set of consumption 
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attributes (q). The household also chooses the amount it will consume (Q) from the maize 
outputs (X) produced by the inputs: 

(1) Max EU(qjn,Z) 
x,Q 

The set of parameters n represents socioeconomic, agroecological, and other exogenous 
factors that condition farmers' decisions. 

Consumption characteristics q = (q.l' ... q.j ) include ease of processing by hand or suitability 
for preparing particular foods. The q.j are the total quantities of the jth characteristic of 
maize output and qij is the quantity of the jth output characteristic produced by one unit of 
the ith of n maize types. The set of qij' which express input-output relationships, consists of 
technical coefficients that are fixed in the short term for the farmer but are amenable to 
change through crop improvement.3 There is no commercial market for characteristics, 
although the market for maize may value them indirectly. Farm households may sell or buy 
any or all of the maize varieties, so that (X-Q) is negative for a net consumer of maize and 
positive for those selling more than they consume, at prices p. 

The household faces the constraint that its expenditure on seed at prices or costs w and on 
non-seed inputs cannot exceed its exogenous income I (such as income from off-farm labor, 
income from other crops, or income from migration-eamed before planting) and its 
expected retums from sales of its maize varieties: 

(2) Y+w'x~I+p'(x-Q). 

The decision of the farm household is also constrained by the technology for jointly 
produced varieties: 

(3) F(X,zh jx,r, Y) = O. 

X is a vector of maize outputs for the i varieties grown,4 which in tum is a function of their 
production characteristics r = (rol' ... rOk)' the amount of seed planted, and non-seed inputs. 
Production characteristics include tolerance of abiotic and biotic stresses and performance 
on a specific type of soil. As defined above in the case of consumption attributes, r.k 
represents the total quantities of the kth production characteristic, and rik is the quantity of 
the kth production characteristic produced by one unit of the ith of n maize types. Features 
of the yield distribution might also be expressed in these characteristics. 

A seed lot is the physical unit of grain that is planted (Louette, Charrier, and Berthaud 
1997), and the household may obtain it from the previous season's harvest, other farmers, or 

3 Here, the marginal products of each seed variety with respect to each trait are assumed to be constant and equal to average 
products. Their expression in any given year is clearly affected by farmer management and climatic variation, so that Q is in 
reality stochastic. 

4 "Maize output" is defined as grain amounts produced from each seed lot. Output could also be defined as fodder or as grain 
and fodder. 
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the formal seed system. Choice of any set x generates not only maize outputs (X) but the 
farm household's individual contribution (zJz) to a public good, genetic diversity in the 
region (Z). If genetic diversity is defined over characteristics that are not observed by 
farmers (such as allele frequencies), the household's individual contribution to diversity 
may not be observable, and we would not expect the utility function to be defined over zll . 
Utility may be defined over Z when genetic diversity is observable as morpho-phenological 
variation, however, since Z could then be interpreted as the supply of characteristics in the 
farmer's reference area. 

As in Bellon, Pham, and Jackson's (1997) definition of farmer management of diversity, 
diversity in the maize grown by a farmer can be expressed as: 

where e and f3 are parameters related to seed flows and seed management practices. The 
choice of varieties also affects diversity at the farm level through a technical relationship x iz . 

Furthermore, since "diversity" is a public characteristic, it is affected by the decisions of all 
farmers in the region of reference, although nonlinearly and probably interactively: 

One analytical result of this kind of model is that farmers as a group may choose 
combinations of seed amounts and varieties that are less or more than socially optimal, 
because farmers do not take into account the interaction of their choices with the choices of 
other farmers. For example, if many farmers assume that others are growing a variety they 
have ceased to plant but this is not the case, the variety may be lost from the reference 
area.5 The interaction may create a social cost. For example, a large number of farmers may 
choose to grow one variety because it provides certain desirable characteristics, but a high 
degree of genetic uniformity in resistance genes will increase vulnerability to disease 
(Heisey et al. 1997). Whether the "diversity" that is generated by any seed choice is 
observable to farmers and affects their decisions is also a testable hypothesis. 

Finally, a farmer' s demand for a variety is determined by the characteristics it embodies, the 
importance of the characteristic in the goals of the farm household, the importance to the 
farmer of the supply of traits in the locality (altematively, "what everybody else does," or 
Z), real prices and costs of production (P, w, Y), and the exogenous factors Q that condition 
their production choices: 

Note that in the case of a commercial producer, utility is maximized over expected profits 
and a homogeneous output that is sold in its entirety. Consumption characteristics will not 
matter, but production characteristics may still affect decisions. 

The 1055 need not be absolute, particularly for outcrossing crops such as maize, but a variety may be planted in such small 
populations that its genetic integrity is considerably altered by outcrossing with surrounding varieties. 
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On-farm conservation requires that farmers have an incentive to continue growing the 
varieties identified as contributing to the diversity of genetic resources in their reference 
area. How can the application of this framework assist us in designing a strategy for on
farm conservation? First, it may guide us in the choice of which varieties to conserve on the 
farm or ex situ. Second, estimation of equation (6) provides information about the technical 
incentives that can be offered by breeding interventions (q,r) and about the potential effects 
of policies that influence the conditions under which farmers operate (Q). Similarly, 
estimation of equation (4) may indicate how technical interventions in seed flows and in 
seed selection and management practices might affect a crop's genetic diversity. The 
following sections describe these points in greater detail. 

Strategie Decisions in Collection and Conservation 

Choosing Populations to Conserve 

The framework can guide us in choosing which crop populations to conserve for a 
reference area that has already been identified based on prior expectations of its relative 
importance among other candidate conservation areas. The set of crop populations in the 
reference area can be analyzed by classifying them along two axes: (1) the probability that 
farmers will maintain the population and (2) the contribution of the population to the 
overall genetic diversity in the area (Figure 2). 

The probability that farmers will maintain a variety or crop population is clearly a function 
of its value to them. In our framework, the probability that a variety will be maintained 
reflects the number of production and consumption characteristics for which a variety 
ranks highly and the relative 
importance of these characteristics to 
farmers in meeting their objectives. 
Farmers' demand for a variety is 
commensurate with the variety's 
usefulness. All varieties or 
populations in a given reference area 
can be ranked according to their 
capacity to supply the characteristics 
demanded by farmers. When a 
variety' s value is only partially 
revealed in market prices, its utility 
rank represents its relative value in 
current use. 

Similarly, each crop population can 
be ranked according to its 
contribution to the genetic diversity 
of the crop populations in a reference 

* 

Populations oj I 

high private 
value and low 
public value 

* 

Populations oj 
low private and 
pllblic value 

* 
* 

Candidate poplllations 
Jor on-Jarm 
conservation 

* 
* 

Candidate populations 
Jor ex situ conservation 

* 
* 

* 

lncreasing contribution to genetic diversity in reference region 

Figure 2. Framework for choosing crop populations 
to conserve on-farm and ex situ, in a given reference 
area. 
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area. Let us define the collection of populations of interest in the reference area as a 
nzetapopulation, Le., a set of populations interconnected through migration6 (David 1992; 
Olivieri and Gouyon 1990). Within a metapopulation, some populations are more similar 
than others in terms of their alleles, allele frequencies, and agromorphological 
characteristics. Clearly, two populations that are very similar contribute less to the overall 
genetic diversity of the metapopulation than two that are different. The contribution of any 
population is relative, since it depends on the other constituent populations of the 
metapopulation in a reference area. 

Combined, the two indicators can be used to choose which population to conserve on the 
farm and which to conserve ex situ. Populations located in the upper right-hand quadrant of 
Figure 2 have high utility and contribute greatly to genetic diversity. They are prime 
candidates for on-farm conservation because they have both a high private value to farmers 
and a high public value as genetic resources. They are the "least-cost" populations to 
conserve on the farm, because farmers already value them highly. A population located in 
the lower right-hand quadrant of Figure 2 is a prime candidate for ex situ conservation; 
although it has great value as a contributor of genetic diversity, farmers themselves value it 
relatively little. Such a population would "cost" a lot to conserve on the farm in the sense 
that farmers would need to be encouraged to grow it. Populations in the left-hand 
quadrants can in essence be "ignored": those highly valued by farmers will be maintained 
by them, and those valued less may be discarded-but without major consequences for 
farmers or society in the reference area. Given a fixed conservation budget, spending 
money to conserve those populations by any means would seem relatively wasteful. 

Measuring the Usefulness of Varieties 

The mathematical assumptions underlying the fuli development of the economic model 
described earlier can be restrictive, and there is considerable theoretical debate over the 
advantages and disadvantages of various methods for eliciting preferences (see Mackenzie 
1993). In practice, some fairly simple methods for eliciting rankings and compHing utility 
indices for varieties ha ve been developed (see Chambers 1988; Sall, Norman, and 
Featherstone 1997). When a farmer ranks the varieties he or she grows with respect to their 
characteristics and can state the relative importance of the characteristics in his ar her 
farming objectives, a preference ordering or utility index is "revealed."7 

Farmers usually have good knowledge of the performance of the varieties they grow and 
can rank them for a set of characteristics. This ranking, combined with information on the 

6 The fact that we focus on metapopulations indicates that this framework may apply only to crops for which migration and 
recombination between differentially adapted populations allow the interchange of alleles, as occurs in open-pollinated crops 
such as maize and sorghum. The framework may be of more limited value for self-pollinated crops such as wheat or rice, 
although even in these crops a low rate of outcrossing can permit significant interchanges of alleles over time. This may not 
be true for clonally propagated crops such as potato. 

7 For an ordering to be consistent with economic principles, two minimum conditions mu st be satisfied: (1) farmers must know 
how to rank the varieties according to the desirability of their characteristics, and (2) if farmers rank A over Band B over e, 
they also rank A over C. The first principle is called completeness and irnplies that individuals are not "paralyzed by 
indecision"-either A is preferred to B, B to A, or A=B. The second principle is called transitiI'ity and irnplies that individuals 
do not contradict themselves (Deaton and Muellbauer 1980). Neither condition seems very restrictive, although each irnplies 
that researchers should be careful and thorough in eliciting rankings. Utility is an ordinal rather than a cardinal concept. 
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relative importance of the characteristics to target farmers, can be used to predict which 
varieties farmers are likely to maintain and which they are likely to abandon. For example, 
several varieties will be maintained if each one ranks highest for a different subset of 
characteristics of importance. For characteristics of comparable importance: (1) one variety 
displaces another if it ranks higher for at least one characteristic and equal for all others; 
and (2) a variety is included in the set but does not displace another variety if it ran ks 
higher than the others for a subset of characteristics but ran ks lower on the remainder 
(Bellon 1996). If a farmer grows only one variety but has access to many or has tried others, 
we may conclude that the variety dominates all other available varieties with respect to the 
attributes that matter to that farmer. A variety with a high ranking for many relatively 
important characteristics may be more likely to be maintained than one that ranks high for 
only one characteristic and low for the remainder. Superior performance for a single 
characteristic of great importance to the farm household may compensate, however, for 
inferior rank for other, less important characteristics. 

Measuring a Variety's Contribution to Genetic Diversity in a Reference Area 

On-farm conservation aims to maintain the evolutionary processes that have shaped crop 
populations for generations. Hs underlying principle is that when crop populations 
(varieties) are managed by farmers in their own biophysical environments, these 
populations will continue to evolve in the future, as they have in the past, by adapting to 
new and changing circumstances. The value of any variety to on-farm conservation 
therefore lies in its evolutionary potential. Two possible indicators of this potential are 
genetic polymorphism and breadth of adaptation. 

Polymorphism is defined as the simultaneous and regular occurrence, in the same 
population, of two or more discontinuous variants or genotypes in frequencies that cannot 
be explained by recurrent mutation (Ford 1940). Selection pressures, environmental and 
human, act upon these populations by discarding less adapted genotypes and maintaining 
the more adapted ones. The rate at which this process occurs is open to question. Al1ele 
frequencies across varieties are affected by selection and by three additional factors: (1) rare 
mutation events, (2) migration from other varieties, and (3) genetic drift, the random 
process of allele loss that depends particularly on population size. 

The Hrst two factors may increase polymorphism, although generally the importance of 
mutations is very small compared to the effects of the migration factor over a few cropping 
seasons. The third factor, genetic drift, exerts pressures in the opposite direction. The 
methods for measuring genetic diversity that are relevant for on-farm conservation focus on 
assessing polymorphism within and among varieties and on the genetic structure of a 
population in a given reference area or potential conservation site. 

Currently, a number of procedures are used to estimate genetic diversity at the biochemical 
and molecular (DNA) levels. The use of biochemical or molecular markers can determine 
whether two populations are very similar or not, indicating the contribution of each of the 
constituent populations to the overall genetic diversity of the metapopulation. 
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Electrophoresis, which is the separation and visualization of allozymes, has been used most 
frequently because it is widely applicable, cost-effective, and relatively rapid (Hamrick and 
Godt 1997). Recent advances in biotechnology are providing more sophisticated molecular 
methods for detecting genetic variation at the DNA level, such as restriction fragment 
length polymorphism (RFLP) markers and markers based on polymerase chain reactions 
(peR) (Szmidt 1995). Although such methods are increasingly popular, allozymes are still 
commonly used, and a great deal of knowledge has accumulated regarding their use. Table 
1 shows several genetic parameters that are used with allozyme markers to assess genetic 
diversity and its structure. Good examples of how they have been used to estimate genetic 
variation are found in Hamrick and Godt (1997) for different crops and in Doebley, 
Goodman, and Stauber (1985) for maize in Mexico. 

lndices constructed as shown in Table 1 capture different types of genetic variation. The 
genetic variation in a single variety or a group of varieties, and particularly in landraces, 
can occur as a large number of alleles at a single locus, as variation in the frequency of 
alleles among the populations of the same or distinct varieties, or as a high level of 
heterozygosity. The way diversity is structured within and between populations depends 
on the crop's reproductive mechanism (Hamrick and Godt 1997). Even where diversity of 
individual varieties is low in terms of allele numbers or heterozygosity, the alleles they 
contain may be unique to the different varieties (Hodgkin, Rao, and Riley 1993). 

Although polymorphism is regarded as an indicator of the potential to evolve, and 
a1though it appears to be the best indicator available, it is an imperfect one. Extensive 
polymorphism at the DNA or isozyme level does not necessarily imply a high degree of 
adaptive or evolutionary potentia1; nor does the absence of polymorphism at the molecular 
level necessarily imply a lack of adaptive or evolutionary potential. 

The breadth oj adaptation of a variety is another possible indicator of evolutionary potentia1.8 

Breadth of adaptation refers to the performance of a variety under different environments 
or management conditions. A broadly adapted variety performs well in many different 
environments, whereas a narrowly adapted variety performs well in only one or a few. 
Although there is not necessarily a correlation between molecular polymorphism and 
breath of adaptation, it is likely that given similar levels of polymorphism, a population 
that is broadly adapted will have a greater capacity to evolve under new conditions than a 
variety that is narrowly adapted. However, even a narrowly adapted population with a 
more limited capacity to evolve may be of interest for on-farm conservation if it contributes 
unique alleles to the metapopulation in the reference area. 

8 Breadth of adaptation is not always a good indicator of evolutionary potential. For example, a broadly adapted population 
may ha ve less capacity to evolve if it is adapted through phenotypic plasticity~ which will buffer the genotype against 
selection. The breadth of adaptation also has implications for farmers' willingness to maintain a variety. A broadly adapted 
variety may be of interest to more farmers than a narrowly adapted one, increasing the chances that farmers will maintain the 
broadly adapted variety. However, a population with broad adaptation to environmental conditions or management patterns 
is not automatically of interest to farmers, if other characteristics such as taste or storage quality are unacceptable. A narrowly 
adapted variety may be more difficult to maintain if the conditions under which it is attractive to farmers are more lirnited. 
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Tahle 1. Common parameters used to assess genetic diversity 

Parameter Definition 

Percent polymorphic loci Number of polymorphic loci/number of studied loci 

(a population is polymorphic at the locus n if the most frequent 
allele is less than 95%, but other limits may be defined) 

Mean number of alleles per 1 L 
polymorphic locus TLni 
(mean allelic richness) i=l 

ni = number of alleles at locus i 
L = number of polymorphic loci 

Genetic diversity at a single locus n 
(H = expected heterozygosity H= l-L(P)2, 
on basis of Hardy-Weinberg) i=l 

11 = number of alleles at the locus 
Pi = frequency of the allele i 

Mean diversity within populations H=L(H)/N 

11 = a set of 11 loci 
Hi = Hardy-Weinberg expected heterozygosity at locus i 

Proportion of genetic diversity Gst= (Ht-Hs)/Ht 
residing between populations 

Hs = mean (for all varieties) of the set of the within-variety 
genetic diversity 
Ht = genetic diversity (total) of the set of varieties considered 
as a unique population 

Nei's genetic distance (O) O = -Log (I) 
where 
1= Jxy /( Jxx * Jyy)ll2 

Jxy = LPi qi 

1= normalized identity I for the locus 
J xy = probability that two alleles are identical when one allele is 
cnosen from population X and the other from population Y 
Pi and qi = frequencies of the allele i in the populations X and Y, 
respectively 

H, on scientific grounds, one accepts that genetic diversity is better assessed at the 
biochemical and molecular levels than at the morphologicallevel, the fact remains that 
while farmers can observe morphological traits and their variation, they cannot detect 
polymorphism at a molecular level. As a consequence, what may be of interest to those who 
seek to promote on-farm conservation may be of no concem to farmers. The challenge of 
on-farm conservation is to identify the varieties that are attractive to farmers and contribute 
most to the future flexibility of the genetic resource system, as represented by the 
polymorphism in the crop populations of the reference area. 
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Farmers' Responses to Economic Change 

When farmers' adaptation to economic change causes them to abandon crop popu1ations 
that are key contributors to genetic diversity, incentives will be needed for on-farm 
conservation. Through app1ying the framework described previous1y, we can investigate 
how changes in the exogenous techno10gica1, socioeconornic, and cultura1 parameters that 
condition farmers' decisions (Q) influence the array of varieties they maintain, and we can 
gain a more dynamic view of farmer management of diversity. Some of the factors included 
in Q, as wel1 as Pand w, can be influenced by policies. The re1ative importance of factors 
measured at different sca1es can a1so be tested, such as variety characteristics, househo1d 
characteristics, characteristics of the environment in which the crop is produced, or the 
extent of market deve10pment. In this way, the framework can he1p us to deve10p po1icy 
recommendations to support on-farm conservation of genetic resources. 

In a more dynamic view of farmer management of diversity, we are most concemed about 
how changes in exogenous factors modify: (1) the set of characteristics of importance to 
farmers; (2) the distribution of traits among avai1ab1e varieties; and (3) the re1ative 
performance of a variety with respect to a particu1ar trait. 

We can think of a change in the number of characteristics over which a farm fami1y defines 
its goa1s and objectives as a change in the dimension of their utility space. As the re1ative 
importance of charaeteristics changes, so do the trade-offs among them. Market integration 
and the availabi1ity of techno10gies provide new ways of solving old prob1ems, create new 
goa1s and new prob1ems, and cause other goa1s and problems to become irrelevant. For 
example, work that is done off of the farm generates income that is not corre1ated with 
agricultural income, providing a means other than crop diversity of managing risk. On the 
other hand, when marketing infrastructure is improved and costs of marketing decrease, 
subsistence farmers may begin to market their crop, choosing to growing higher yie1ding 
varieties a10ngside the 10wer yielding 10eal varieties they prefer for home consumption. 

The distribution of traits among varieties changes when a variety that "packs" more traits is 
introduced, 1eading to a reduction in the farmer' s array of varieties because fewer varieties 
are needed to fulfil1 the same farming objectives. Since modem plant breeding can "pack" 
many traits into a single variety, it is not surprising that the introduction of modem 
varieties into a farming system often has been associated with the 10ss of other varieties. 
This does not imply a 10ss of diversity in the traits of interest to the farmer. The third type of 
change-the re1ative performance of a variety with respect to a particular trait-is the 
simplest and is most frequently (but perhaps inaccurately) used to explain the 10ss of crop 
diversity: farmers or forma1 seed systems introduce a variety that performs better with 
respect to a single characteristic such as yie1d. 

These three types of changes are not mutually exclusive and may occur simultaneous1y. 
Most like1y the 10ss of crop diversity that has occurred worldwide resu1ts from a 
combination of them; in genera1, the range of characteristics that matter to farmers has 
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contracted while new varieties have been introduced that farmers rank more highly with 
respect to the remaining traits. The forces of economic change have limits, however. Market 
imperfections are common throughout the developing world (de Janvry, Fafchamps, and 
Sadoulet 1991), constraining farmers' ability to substitute diversity through market 
transactions (Brush, Taylor, and Bellon 1992). Plant breeders cannot always break the 
linkages among certain desirable and undesirable traits. In addition, they may not be able to 
ta ke into consideration the panoply of characteristics in which farmers express an interest. 

Economic changes that affect the private incentives for growing an array of varieties also 
influence the public good: crop genetic diversity in the reference region. The level of genetic 
diversity in a region can drop if farmers choose to specialize in a few varieties that are 
genetically simi1ar. If many farmers assume that somebody else is keeping the varieties they 
are discarding, there is the danger that none will keep them and they will be lost from the 
reference area. 

We may incorrectly deduce from Figure 2 that no interventions are required to encourage 
farmers to continue growing the crop populations in the upper right-hand quadrant. In fact, 
changes in the exogenous parameters Q may alter the usefulness of these crop populations 
to farmers and hence the probability that they will be maintained-shifting them to the 
lower right-hand quadrant. One option to counteract this process may be to enhance the 
desirable traits in the populations under the new conditions. 

For example, in the Philippines, Bellon et al. (1998) used multidisciplinary methods to 
identify a cluster of rice varieties that were both genetically diverse and highly valued by 
farmers for their consumption characteristics and tolerance to biotic and abiotic stresses. 
Although still cultivated in the rainfed rice production system, the varieties were no longer 
grown in the irrigated system. In the irrigated system, varieties with shorter duration could 
be grown and two crops produced. High opportunity costs were associated with growing 
the older, preferred varieties, which had longer growing cycles. A breeding intervention 
aimed at reducing the growing cycle of the old varieties could enhance their desirability in 
the irrigated production system. 

Participatory plant breeding, or any breeding system that enhances the varieties that 
farmers demand, may be a way of providing incentives for farmers to maintain crop 
populations that are identified as key genetic resources. In the terms of our model, breeding 
offers the opportunity to enhance the output of a variety per unit of seed in terms of an 
observable characteristic of value to farmers. Farmers' demand for the variety will increase, 
and if the variety also contributes to the genetic diversity of the reference population, both 
private and public goals will be addressed. 
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Further Issues 

Identifying which crop population is worth conserving in a given reference area is only part 
of the operational problem of on-farm conservation. The approach we have presented here 
also leads to the hypothesis that the management of maize diversity (in terms of its 
components of varietal choice, seed flows, and seed management) is not homogeneous 
within a region and that distinct types of management may be associated with different 
kinds of farmers. In severallocations in Mexico and for traditional and modem varieties, 
researchers using different methods have found that some farmers save their seed for 
successive generations, some replace their seed frequently, and others deliberately mix seed 
lots of the same varieties (Aguirre 1998; Louette, Charrier, and Berthaud 1997). Each 
management practice requires a unique approach to on-farm conservation. 

In addition to identifying which crop populations farmers are most hkely to maintain, we 
need to identify which farmers are most likely to maintain them. Farmers who face more 
heterogeneous agroecological conditions, who are located in more isolated areas, or who 
have cultural preferences for certain products may be more interested than others in 
maintaining a large array of varieties. Aguirre (1998) found that households in isolated 
areas maintained greater levels of varietal diversity than households in areas that were 
more integrated into the marketing system. Even within a community there may be 
differences. Among Turkish wheat farmers, Meng, Taylor, and Brush (1998) found that the 
probability of planting a landrace in a plot was influenced by household characteristics such 
as avaHability of famHy labor, education, and livestock ownership. Brush and Meng (1998) 
used information on household characteristics and the probability that a household would 
grow landraces to identify potential participants in on-farm conservation programs. 
Another challenge lies in finding the appropriate sodal mechanisms through which to work 
with farmers and encourage the diffusion of new techniques, information, and seed among 
them (Sperling, Scheidegger, and Buruchara 1996; Ashby et al. 1996). 

This framework may also be useful for managing ex situ collections of genetic resources. 
Different management strategies may be required for the populations in each quadrant in 
Figure 2. It may be useful to evaluate samples of populations in the upper right-hand 
quadrant more thoroughly and to isolate spedfic traits of value that could then be placed in 
other materials. Small samples of populations located in the lower left-hand quadrant may 
be stored over the long term in deep cold storage and may not need to be grown out in the 
field. Samples of populations in the upper right-hand quadrant may be stored in the 
genebank as a backup. Samples of populations in the lower right-hand quadrant may form 
part of the active collection (i.e., that part of the collection used frequently by breeders and 
other researchers) (Wilkes, personal communication). 

Finally, the application of this framework in a spedfic reference area may require a baseline 
study and periodic follow-up studie s to monitor whether the targeted populations are 
maintained and to tra ce the evolutionary changes that may occur in them and in the overall 
metapopulation in the reference area. 
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Conclusions 

Farmers' role in on-farm conservation is fundamental, because farmers will bear much of 
the cost of on-farm conservation strategies, although the benefits will be shared globally. 
Socioeconomic research can help us to better understand, analyze, and predict the ways in 
which farmers manage their genetic resources. Socioeconomic research can also help to 
identify least-cost methods or strategies for enhancing genetic resource management and 
conservation. 

Seed has private and public characteristics, and the feasibi1ity of on-farm conservation 
depends on whether farmers can benefit from conservation at the same time that genetic 
diversity is enhanced in the reference area. The framework described in this paper enables 
us to begin answering questions about how breeding interventions and policy incentives 
affect variety choice and about how variety choice, seed f1ows, and seed selection affect 
genetic diversity. We can also apply the framework to the choice of conservation strategies 
in a reference region, using a utility index to represent value in current use and using 
genetic distance as a proxy for evolutionary potential. 

The application of the framework can be directly interpreted in terms of the relative costs of 
altemative conservation strategies. Crop populations that are highly valued by farmers will 
cost less to conserve on the farm then those with low private value, for both farmers and 
society as a whole. Crop populations with high public value and low private value are best 
conserved in genebanks, because it would be more costly to induce farmers to maintain 
them. Society should not invest in crop populations that have both a low public and low 
private value. 

Although this framework may help identify which crop populations to conserve on the 
farm and ex situ, we should recognize that in some cases changes in exogenous 
environmental and socioeconomic factors may be so overwhelming that farmers' incentives 
to maintain varieties will disappear, despite substantial efforts to make them attractive. Put 
simply, the opportunity cost of growing the varieties may be too high. We should not, 
therefore, overestimate our ability to promote on-farm conservation. 
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