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Abstract Heterogeneous environments make it
diYcult to apply consistent selection pressure because
often it is diYcult to identify a single or a few supe-
rior genotypes across all sets of conditions. However,
when the target system is characterized by heteroge-
neity of environmental stress, varieties developed in
high-yielding conditions may fail to satisfy farmers’
needs. Although this type of system is often found in
marginal environments of developing countries, het-
erogeneous environmental conditions are also a fea-
ture of organic and low-external-input systems in
developed countries. To meet the needs of these sys-
tems, breeding programs must decentralize selection,
and although decentralized selection can be done in
formal breeding programs, it is more eYcient to
involve farmers in the selection and testing of early
generation materials. Breeding within these target
systems is challenging, both genetically and logisti-
cally, but can identify varieties that are adapted to
farming systems in marginal environments or that use
very few external inputs. A great deal has been pub-
lished in recent years on the need for local adaptation
and participatory plant breeding; this article reviews
and synthesizes that literature.
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Plant breeding for low-input systems

Plant varieties adapted to low-input systems are
needed in both developed and developing coun-
tries. Organic or low-external-input systems in
developed countries may resemble farming
systems in marginal environments of developing
countries because environmental stress is heteroge-
neous, there are few varieties that meet the diverse
needs of farmers in such systems and there is very
little interest from the commercial seed sector
(Desclaux 2005). Improving varietal performance
in such systems can help improve farmers’ liveli-
hoods in all parts of the world. In developing coun-
tries, access to inputs is often limited or non-existent,
and farmers need varieties that will perform well
when grown under severe stress. In developed
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countries, inputs are usually available, but many
farmers want to reduce there use for economic or
environmental reasons. Reducing the need for
oV-farm inputs increases commercial farmers’
proWt margin and subsistence farmers’ food security.
In addition, the total use of agricultural chemicals,
particularly nitrogen (N) fertilizer, will need to be
signiWcantly lowered if agriculture is to be sustain-
able.

It is often more diYcult to identify superior geno-
types or to apply consistent selection pressure under
low-input conditions because of environmental hetero-
geneity (Haugerud and Collinson 1990). When moving
from high to low yielding environments, the genetic
variance generally decreases while the error variance
may increase (Bänziger and Cooper 2001; Bertin and
Gallais 2000; Ud-Din et al. 2004; Brancourt-Hulmel
et al. 2005). Because the error variance does not usually
decrease as much as the genetic variance, experiments
in low-yielding conditions may have a lower chance of
detecting a statistically signiWcant diVerence among
lines (Bänziger et al. 1999). In cases where soil fertility
is low, variability in nutrient supply has a large impact
on crop performance. In other cases, low-input systems
may have high soil fertility and high-yields due to the
use of crop rotations, green manures and animal
manures. These systems are often called low-external-
input systems, and are much more complex in terms of
nutrient cycling than conventional agricultural systems,
so there is likely to be a good deal of variability in the
nutrient supply over space and time. Variability in soil
characteristics or nutrient availability complicates
experimental design and analysis, but it is possible to
overcome these obstacles and achieve genetic gains
when breeding crops for low-input systems.

Heritability and genotype by environment 
interactions

Because of the decrease in genetic variance in low-input
environments, many breeders prefer to conduct selection
in relatively high-input environments, assuming the
genetic gains will carry over to low-input conditions.
Selecting in favorable environments for performance in
marginal environments is a type of indirect selection, and
is justiWed if the heritability of traits is signiWcantly
higher in high-yielding environments (Ceccarelli 1994).
The eYciency of indirect selection depends not only on

the heritability, but also on the genetic correlation
coeYcient between the two environments. High genetic
correlation coeYcients between two environments
makes crossover G£E interactions less likely because
the environments are similar, but a low genetic correla-
tion coeYcient means that the lines that do best in each
environment will probably be diVerent. The eYciency of
selecting in environment x for performance in environ-
ment y is given by the equation: CRx/Rx = rg*hy/hx

where CRx is the correlated response in y to selection in
x, Rx is the response to selection in x, rg is the genetic
correlation coeYcient, hy and hx are the square roots of
heritability in y and x, respectively (Ceccarelli 1994).

With a low genetic correlation coeYcient, herita-
bility in environment x must be several times larger
than the heritability in y for indirect selection to be
useful. Also, if the genetic correlation coeYcient is
negative, the heritability is no longer relevant, as indi-
rect selection will be counterproductive (Ceccarelli
1994). Brancourt-Hulmel et al. (2005) showed that
indirect selection in maize under high N for perfor-
mance at low N became increasingly ineYcient as the
N stress increased. Similarly, a study of European
maize lines showed that the genetic correlation coeY-
cient decreased and became negative as N stress
increased (Presterl et al. 2003). In ICARDA’s barley
breeding program Ceccarelli (1994) calculated that it
was 28 times more eVective to conduct direct selec-
tion under farmers conditions with local germplasm
than to conduct selection in a high-yielding environ-
ment with introduced germplasm.

A review of the experimental evidence shows that
heritability is not intrinsically lower in low-input or
marginal environments (Ceccarelli 1994). For exam-
ple, in CIMMYT maize lines, Agrama et al. (1999)
found equal heritability estimates at high and low N
for traits related to nitrogen use eYciency (NUE).
Most studies showing that heritability is lower in low-
input environments use genotypes originally selected
in favorable environments, which are then tested in
low-input environments. In a series of environments
with progressively higher stress levels, there will be a
point at which two genotypes change rank in perfor-
mance. At the crossover point, the heritabilities will
be lowest, as it is diYcult to discriminate between
genotypes. At the high and low ends of the spectrum,
heritabilities will be higher, so if the target environ-
ment is above the crossover point, selection in a high
yielding environment will produce the best results.
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If the target environment is below the crossover point,
selection in a low-yielding stress environment will be
best (Ceccarelli 1996a). When crossover interaction
occurs, the material from high-input selection will be
poorly adapted to the low-input conditions and calcu-
lations of heritability will be low (Ceccarelli 1994).

G£E interactions become more important as selec-
tion environment and target environment diverge
(Ceccarelli and Grando 1999), so selection for speciWc
adaptation becomes more important as yield diVer-
ences between high- and low-input environments
increase (Bänziger and LaWtte 1997). DiVerences in
system management, such as organic or conventional
practices, can also result in crossover G£E interac-
tions, and lines selected in one system and grown in
another will not be as optimal as lines selected in the
target system (Murphy et al. 2007). These crossover
G£E interactions can be exploited by breeding for
superior adaptation within the target environment
instead of looking for high average yields across loca-
tions and years. Selection for speciWc environments
involves a positive interpretation of G£E interaction,
where top performing lines are selected in each target
environment. A negative interpretation is more com-
mon, where G£E interaction is seen as a barrier to
achieving broad adaptation, and top performing lines
in particular environments may be thrown out in favor
of those that have the best average performance across
environments (Ceccarelli 1996b). Sometimes lines can
perform well under both high- and low-input condi-
tions in breeder-managed trials, but do not outperform
local varieties in farmers’ Welds (Berg 1997).

Broad versus speciWc adaptation and stress 
tolerance

Varieties that are thought to have broad adaptation
across environments may in fact be narrowly adapted
to environments that can be modiWed to be more simi-
lar to research station conditions through the use of fer-
tilizers and other inputs. This type of variety has been
mostly adopted in favorable environments, while in
many marginal areas, there is limited use of modern
varieties (Ceccarelli 1994). This could be due to lack of
access to seed, but even in regions where modern varie-
ties have been partially adopted, landraces are still
grown. There are many cases where landraces still
yield better than modern varieties in farmers’ Welds

(Ceccarelli and Grando 1999). Applications of fertilizer
may be considered too risky in marginal environments
where environmental constraints such as drought
severely limit crop yields or cause crop failures in
many years (Ceccarelli 1994). Marginal environments
include areas where environmental and socio-eco-
nomic conditions result in complex stresses and high
risks to agricultural production. Most of these areas are
too diVerent from more favorable production areas to
beneWt, even indirectly, from breeding in high-input
systems (Almekinders and Elings 2001).

Many farmers are most interested in minimizing
the amount of variation they observe over years, that
is, they prefer yield stability over time rather than
high potential yield in favorable years. In terms of
meeting social and economic needs, breeding for sta-
bility and minimizing crop failures is probably the
most important breeding objective (Ceccarelli 1994).
This is true in developed as well as developing coun-
tries. For example, the wheat breeding programs at
Washington State University work with farmers in the
driest areas (200–300 mm precipitation) of Eastern
Washington who would prefer a variety that yielded
40 bushels per acre (2.7 tons ha¡1) every year. They
would be willing to give up the few years where they
get 60 bushels (4 tons ha¡1) to avoid the years with 20
bushels (1.3 tons ha¡1) or less.

Temporal variation can be minimized by breeding
heterogeneous populations similar to landraces that
have speciWc adaptation to the target environment
(Ceccarelli et al. 2001). In a study of barley breeding,
groups of genotypes selected in stressful environments
generally had lower slopes and coeYcients of variation
in regression analyses than groups selected in high-
input environments, indicating better stability across
the range of locations tested (Ceccarelli 1994). Genetic
diversity for resistance and stress tolerance buVers
against abiotic and biotic stresses which may change
from year to year, giving more stability to the popula-
tion as a whole, even without signiWcant variation for
agronomic traits such as quality or maturity (Ceccarelli
1994; Sthapit and Jarvis 1999; Witcombe et al. 1996).
Farmer bred varieties often have large amounts of alle-
lic variation within the variety, and farmers may grow
multiple varieties within a Weld, which helps to reduce
phenotypic variation under stress (Cleveland et al.
1999). Breeders, however, often try to minimize the
amount of variation over space by breeding for broad
adaptation (Ceccarelli and Grando 1999). The focus on
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selecting for broad adaptation has replaced selection
for stability over time as modern breeding replaced
seed selection on-farms (Riley 2003). Involving farm-
ers in the selection process with breeders in the formal
sector tends to maintain more diversity in the region
because farmers look for genotypes with good tempo-
ral stability while breeders tend to focus on broader
adaptation (Ceccarelli et al. 2001).

It is possible that the traits required by farmers in
low-input environments are too diverse to be fully
addressed by a centralized breeding program, even
one focused on agriculture in marginal areas (Smith
et al. 2001). Many breeders may not be aware of the
wide range of traits farmers working with such sys-
tems desire (Desclaux 2005). For example, in observ-
ing the characteristics desired by farmers in very dry
production environments, breeders learned to select
for straw productivity and grain Wlling ability under
multiple stresses. Low-input, drought conditions
cause a reduction in plant height, so the best lines in
low-input conditions were tall plants with soft straw
when grown in high-input conditions. When faced
with the stress conditions, these genotypes become
short and stiVer, so that lodging is not a problem, but
the straw is still palatable to livestock. Superior geno-
types in these conditions would be the opposite of
what modern breeding programs would look for in a
high-potential environment (Ceccarelli 1996a). The
fact that some key traits for low-input conditions are
not apparent until selection and evaluation is done in
those environments is a strong argument for conduct-
ing breeding programs in the target environment.

Selection for tolerance to stress may reduce yields
when grown in favorable conditions compared with
cultivars selected in the favorable environments.
High grain yield in very divergent environments
appears to be controlled by diVerent sets of alleles
across many loci (Bänziger and LaWtte 1997;
Ceccarelli 1994). Therefore, varieties with adapta-
tion to severe stress are less likely to be selected
when tested in high-input environments (Ceccarelli
1996a). Data on the utility of using both stressful
and non-stressful environments for selection is con-
tradictory. Progress made by alternating breeding
nurseries between low- and high-input environments
may depend on the breeding strategy. It appears that
such alternation is successful with pedigree breeding
methods but detrimental with a bulk breeding strat-
egy (Van Ginkel et al. 2001). Since environmental

conditions in low-input systems rarely approach the
conditions on high-input research stations, the poten-
tially lower yields of lines selected in high stress
conditions when grown under optimal conditions is
unlikely to be a problem (Ceccarelli 1996a).

When stress factors vary over seasons, selecting in
diVerent nurseries may help subject breeding lines to
the multiple stresses that they could face in farmers’
Welds. An index of selection that weights performance
in multiple environments may be helpful in selecting
for stressful conditions. Ud-Din et al. (2004) found
that weighting performance in irrigated and drought
stressed environments allowed for faster progress
under dryland conditions than direct selection under
drought stress. This occurred even though the genetic
correlation coeYcient between the two environments
was not signiWcantly diVerent from zero. However,
alternating selection in high- and low-yield potential
environments could be ineVective because only lines
that do well in both are selected, rather than lines that
may do very well in one of the environments but not
in the other (Ceccarelli 1994).

If certain environmental factors predictably limit
yield, but are not always observed in farmers’ Welds,
managed stress nurseries may be useful (Atlin et al.
2001; Wade et al. 1996; Cooper et al. 1995, 1996).
An advantage of these nurseries is that thousands of
lines can be evaluated at once for their response to a
speciWc stress (Bänziger et al. 1999). Nurseries with
human-created stress factors, such as pathogen pres-
sure, are useful for screening for disease resistance,
but it is not clear whether they are eYcient for abiotic
stresses (Basford and Cooper 1998). In an Australian
wheat breeding study, there was generally a good
correlation between performance in managed stress
nurseries and on-farm, but some lines which did well
in the managed stress nurseries did poorly when
grown on-farm (Cooper et al. 1995, 1996) Because
low-input environments generally have multiple
interacting environmental stress factors, designing
managed stress environments that capture the key
elements limiting yield may be diYcult. It is chal-
lenging for both farmers and breeders to predict the
likelihood of certain types of interactions (Bänziger
et al. 1999), so the best way to guarantee breeding
progress is to consistently work in the target environ-
ment. This means decentralizing the selection envi-
ronments of a breeding program to include nurseries
in all target environments.
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Decentralized selection and participatory plant 
breeding

Decentralization of selection environments is critical
to achieve good adaptation to marginal agricultural
environments. Although decentralized selection and
participatory plant breeding (PPB) are separate ideas,
in practice it is diYcult to separate the two (Ceccarelli
et al. 2001). Having broadly adapted varieties justiWes
salaries and research expenses in a centralized system
(Smith and Weltzien 2000). If breeding is to be
decentralized, the same amount of resources are not
available for each location. By enlisting the support
and expertise of farmers, decentralized selection
becomes possible. PPB is usually focused on making
productivity gains in marginal areas and non-com-
mercial crops, enhancing biodiversity and the conser-
vation of genetic resources, developing germplasm
for socially or economically disadvantaged groups
and making breeding programs more cost eVective
through decentralization (Sperling et al. 2001). This is
because of the contribution of farmers in terms of
management and because their expertise helps ensure
that breeding eVort is not wasted on lines that are
never adopted.

Farmers involved in PPB are researchers alongside
the plant breeders. They set priorities for the breeding
process, make crosses, screen germplasm, test selec-
tions in multiple environments and lead the seed mul-
tiplication and distribution process (Sperling et al.
2001). Certain farmers are known for their skill in
seed selection and saving and are especially good to
have on a participatory breeding team (Smith and
Weltzien 2000). Working with a few enthusiastic and
well trained farmers may improve the eYciency of a
participatory breeding program as farmer experts can
make selections for their entire community and
spread the beneWts of participatory plant breeding
through seed exchanges or community plots (Gyawali
et al. 2007; Sperling et al. 1993).

While the skill of farmers in selection and their
ability to handle distinct populations is often ques-
tioned, in many projects farmers have proved to be
extremely competent. In Syria, farmers were more
eVective than breeders at selecting superior barley
genotypes in their own Welds, and farmers were able
to handle large numbers of entries, including segre-
gating materials in early generations (Ceccarelli et al.
2001). Selection on-farm, using germplasm from

local landraces, produced pure lines that out-yielded
the landraces by 20% in farmers’ Welds (Ceccarelli
1996a). This was a productive short term strategy for
improving yields in stressed environments, and these
superior genotypes may eventually be used in crosses
or blended to form heterogeneous improved land-
races. It is important to consider the impact of select-
ing homogeneous lines from landraces on genetic
diversity, and to have a long-term breeding strategy
that maintains genetic diversity since this diversity is
one of the primary reasons that landraces have yield
stability (Ceccarelli 1996a). In the PPB program at
ICARDA, farmer skills increased over several seasons,
and they became active participants in suggesting new
crosses and selection criteria. Farmers were enthusias-
tic about the potential of making selections from
landraces and demanded that the program be extended
to other crops in addition to barley (Ceccarelli et al.
2001).

Similarly, in a participatory rice breeding program
in Nepal, farmers increased the eVort and time they
invested in breeding as the project started showing
results (Sthapit et al. 1996). Joint selection by farmers
and breeders have produced most of the successful
lines from this program. A simple bulk breeding strat-
egy is used, with bulk populations created by breeders
and then grown in large populations by interested
farmers. Lines selected by farmers have become pop-
ular and are spreading to other villages in the area
(Gyawali et al. 2007).

In Rwanda, farmers identiWed as bean experts
helped make selections on-station by ranking breed-
ing lines for traits of interest and then taking 2–3 of
these lines to grow in home gardens alongside their
traditional mixtures. The lines identiWed by local
farmers out-yielded the local mixtures 64–89% of the
time, with an average increase in yield of 38%. In
contrast, breeder selections out-yielded local mixtures
41–51% of the time on a national scale, with an aver-
age 8% increase in yield (Sperling et al. 1993). Six
seasons later, 71% of the farmer selected varieties
were still being grown; 32% were used to create new
mixtures and 35% were incorporated into existing
mixtures of farmer varieties. One of the most popular
varieties from the formal sector had a 61% chance of
still being grown six seasons later (Sperling et al.
1993). The farmers were aware of G£E interactions
and were fairly accurate at predicting how certain
lines would perform based on their observations on
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the research station. Sperling et al. (1993) found that
by working with farmers, promising lines were
selected earlier, more lines were selected and these
varieties were better adapted to local conditions as
shown by higher yields on-farm.

On-farm selection

Atlin et al. (2001) proposed three main strategies to
improve on-farm selection: increasing selection inten-
sity by using larger populations, increasing the
genetic correlation between the target and selection
environment by making sure the selection environ-
ment is highly representative of the target population
of environments, and increasing the heritability of the
traits of interest by improving the precision with
which genotypes are evaluated. Further work is still
needed to improve the precision of on-farm trials in
highly variable environments (Ceccarelli et al. 2001).

Farmers often make selections after harvest, which
excludes selection on plant traits such as decreased
barrenness and improved stay-green characteristics
under drought stress. For example, in a survey of
Ecuadorian farmers, over 90% selected seeds for the
next season after harvest based on ear and kernel
appearance, without considering plant traits in the
Weld (Almekinders et al. 2007). Field stratiWcation
and gridded selection where farmers select a certain
percentage of plants and ears from each part of the
Weld avoids this problem and increases gains from
selection (Smith et al. 2001). Improved experimental
designs, appropriate for farmer’s conditions, can
make it possible for farmers to achieve greater
response to selection. These designs increase the abil-
ity of farmers to make selections based on genotypic
diVerences without using complex statistical models
(Bänziger et al. 1999; Cleveland et al. 1999). This
includes training in methods of selection for corre-
lated traits such as index selection (Riley 2003).

It is often diYcult to get enough seed to distribute
to several farmers for participatory selection from
early segregating generations. Farmers can help to
select promising line on-station in early generations,
then selection can move to farmers’ Welds when
enough seed is available (Witcombe et al. 1996). Net-
works of farmers evaluating the same lines could
serve as replicates in a multilocational trial. With
more locations, it is possible to identify promising

entries in earlier generations when seed supplies are
still limited (Witcombe et al. 2005b). Genotype by
year by location interactions are often the largest
component of variation, and this is best dealt with by
replicating over locations and years (Atlin et al.
2001). Because of large genotype by year by location
interactions, programs that combine the results of
several farmers are more likely to be eVective than
selections by individual farmers (Bänziger et al.
1999). As the genes desired occur with greater fre-
quency in the population, the phenotypic variance
decreases, so visual selection is less eVective and
more replications are necessary. Products that come
from programs with adequate replication and selec-
tion intensity tend to perform well across areas with
similar environmental conditions (Atlin et al. 2001).

Formal breeding programs usually make many
crosses, and only advance a small population of prog-
eny from each cross for selection in later generations.
In PPB, a more eYcient strategy may be to carefully
choose parents based on important characteristics,
make a few crosses with these parents, and then
increase the progeny population size for on-farm
selection (Witcombe and Virk 2001). An unadapted
parent might be used from a breeding program in
another region or in a high-input system which has
good disease and pest resistance, good quality or
high-yield potential, but most of the parental germ-
plasm should posses good adaptation to the target
environment. In this way PPB can beneWt from exist-
ing formal breeding programs and the potential wide
adaptation of their products (Witcombe and Virk
2001), as well as the speciWc adaptation of landraces
or varieties popular with local farmers.

Suneson (1956) proposed an evolutionary breeding
method where diverse parent material was crossed
and the resulting population was allowed to evolve
through natural selection in cropping environments.
Although initial yields were very low, 15 cycles of
natural selection produced a population that was
fairly high-yielding, with excellent yield stability and
disease resistance. Improvements in yield related
traits were most apparent in populations that were
always grown either in favorable environments or in
unfavorable environments so that directional natural
selection was consistent (Allard 1999). Suneson
stated that this method would produce new varieties
at minimum cost with assurance of adaptability, and
could be used to develop either superior populations
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or pure lines, through selection of individuals out of
the population. The primary drawbacks to this method
are the length of time required due to low selection
intensity, and the inability to select for quality traits
that do not confer a Wtness advantage. Combined nat-
ural and artiWcial selection within a local environment
may be a highly eVective selection method, combin-
ing evolutionary and directional selection strategies
(Murphy et al. 2005).

High selection intensity can be achieved through
mass selection with large populations (Atlin et al.
2001). Farmers can use mass selection by walking
through a population and removing plants they do not
like, and/or selecting superior individuals and bulking
the seed from these for the next generation. In a self-
pollinated population, using multiple parents with
diverse genetic backgrounds would increase the
amount of genetic variation within the population.
After several generations, individual plants in a bulk
population would reach homozygosity, but the popu-
lation would still be heterogeneous. Farmers could
then select individual plants and produce pure lines of
superior genotypes. The most successful pure lines
could be bulked and grown as a blend, which would
meet end-use marketing standards but still be capable
of adaptation (Murphy et al. 2005). The choice of
high end-use quality parents is particularly important
for this method, as quality is diYcult for farmers to
asses if they grow a crop for the commercial market,
and is not necessarily improved by natural selection
(Murphy et al. 2005).

Some breeders claim that participatory breeding
projects involve too much risk for farmers, however,
farmers often have sophisticated risk management
systems. Farmers use genetic variation to reduce their
risks, planting both multiple varieties of the same
crop and several diVerent crops. They usually try new
material on their worst land, thus any new variety Wrst
must grow in the poorest conditions. If a variety does
well in the most marginal spot, it may be planted on
more productive land. This contrasts with the ten-
dency of researchers to put experimental plots on the
best and most uniform ground (Sthapit et al. 1996).
There is a greater risk that, through breeding for high-
input systems, formal breeding programs will produce
varieties that are seldom adopted because they do not
work in marginal farming areas (Witcombe 1996).
This has occurred in many areas because landraces
either out-yield or have greater stability than modern

varieties released by formal breeding programs. How-
ever, because farmers may exchange seeds fre-
quently, and often do not have consistent strategies
for selection, landrace germplasm may not have been
subjected to continuous directional selection. A more
conscious eVort is needed to make full use of local
knowledge and germplasm (Berg 1997).

An integrated system of plant breeding could use
aspects of both formal and participatory breeding.
Plant breeders would enhance useful germplasm, both
from local landraces and promising introductions.
Local communities do not always have access to the
resources preserved in germplasm collections and
genebanks, especially in developing countries. Estab-
lishing partnerships with plant breeders at public
institutions is a potential mechanism for returning this
germplasm to farm communities, and for making use
of germplasm that has useful traits but is not local
(Berg 1997). It would be more useful if this germ-
plasm was Wrst crossed to local materials, making
enhanced populations which would then be released
to farmers and selected on-farm (Berg 1997). Selec-
tion and evaluation would be done with or by farmers,
with continued exchange of information and ideas
(Riley 2003). On-station screening is still important in
participatory projects, particularly for disease resis-
tance and for traits which are diYcult for farmers to
assess (Smith and Weltzien 2000; Witcombe 1996).
Breeders contribute their knowledge of genetics and
statistics and farmers contribute their knowledge of
the speciWc challenges of their farming system and of
plant traits needed to overcome these challenges.
When landraces are used as parents along with more
modern varieties and there is maximal farmer input,
the breeding strategy can complement in situ conser-
vation by conserving favorable alleles in landraces
that have been selected in that particular environment.
PPB conserves and creates genetic resources in farm-
ers’ Welds (Witcombe et al. 1996). It also increases
the eYciency of selection by raising farmer’s aware-
ness and knowledge of genetic processes.

Participatory plant breeding in high-input 
environments

The relevance of participatory plant breeding to
developed agricultural systems is often questioned.
In such systems, the use of high-yielding modern
123



150 Euphytica (2008) 160:143–154
varieties is the norm, and little if any of the farm out-
put is for the farmers’ own consumption. The use of
oV-farm inputs such as fertilizer and pesticides
makes the growing conditions similar from farm to
farm and region to region, so a few varieties may per-
form well over a wide spectrum of environmental
conditions. However, there is concern over the
increasing cost of inputs and growing interest in pre-
cision farming and sustainable agriculture. Organic
and low-external-input farmers choose to limit their
inputs and rely on biological processes for many
reasons, including economic and environmental con-
cerns. A growing number of these farmers are
interested in participatory approaches to plant breed-
ing (Desclaux and Hédont 2006). Highly productive
areas have the potential for greater diversity in crop
species and varietal diversity within species (Witcombe
1999). Breeding crops adapted to speciWc farming
systems and ecological zones is important for these
systems, and will require decentralized breeding
programs that can address the needs of a diverse
landscape.

For this to be successful, it is essential to have farm-
ers actively participating in the research process.
Farmer participation can take many forms, from help-
ing to set research priorities and breeding goals, to
selecting from diverse plant populations on their farms,
to evaluating nearly Wnished varieties and giving feed-
back on varieties that have been released. Farmers in
developed countries are as diverse in their interests and
needs as farmers in developing countries, and there
should be options for involvement at all stages of the
breeding process. Many PPB projects are initiated in
intermediate stress zones, and there are also examples
of projects in low-stress environments where end-user
preferences are fairly well deWned. This is often to help
farmers gain greater control of their seed supply, or to
expand varietal diversity in areas which are predomi-
nantly monocultures (Sperling et al. 2001)

Farmers in industrialized agriculture rely largely
on the private sector for the seed they plant each year,
and to a lesser extent on public plant breeding pro-
grams. Wheat is one of the few species where the
public sector is still the major source of new varieties.
The process of relinquishing control of the seed sup-
ply began in the early twentieth century with the
advent of hybrid corn. The process of creating hybrid
corn is relatively simple, but the vast number of
crosses and the record keeping required to keep track

of them shut most farmers out of the process. After
the professional Weld of plant breeding began to
develop, breeders only worked with farmers if they
needed more land for nurseries, and questioned
whether farmers were capable of making crosses and
keeping track of progeny lines (Fitzgerald 1993).
Seed companies also pressured the USDA to stop
encouraging farmers to save seed, claiming that farm-
ers did not have the knowledge to save high quality
seed or to work on breeding their own varieties
(Fitzgerald 1993). Both traditional agricultural prac-
tices and modern participatory plant breeding projects
have shown otherwise.

The assumption is that formal plant breeding pro-
grams serve high-yielding environments well,
because many of the environmental risks and
constraints of marginal environments are absent in
more favorable environments or can be overcome with
the application of agrochemicals such as fertilizers
(Witcombe 1999). Many modern agricultural systems
in high-yielding areas have adopted a monoculture of
one or a few crops. This is often to simplify manage-
ment and to increase proWtability, both for farmers
and breeding companies. Larger breeding programs
can invest in larger testing nurseries and small-scale
programs have limited ability to compete. Smaller
testing networks have lower power to detect superior
lines, so small-scale breeding programs have diY-
culty staying in business. This results in the consoli-
dation of breeding programs and an economic
incentive to release fewer, broadly adapted lines
(Atlin et al. 2001). However, because of economic
forces such as increased costs of inputs, including
seeds, and stagnant or falling crop prices, many farm-
ers are looking for alternatives to the commodity sys-
tem. Diversity can provide buVering capacity for the
system and for farm incomes, so many farmers are
now looking to re-diversify and grow a range of
higher-value products. For farmers growing for the
commercial market, it is important to also involve
processors and end-users in the process, and the
development and distribution of varieties through
PPB should be linked with market opportunities
(Almekinders et al. 2007).

Some public sector programs are already highly
participatory because they are funded by commodity
commissions where farmers fund the research pro-
jects they feel are most relevant (Witcombe et al.
2005b). Breeders usually use varieties that have been
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widely adopted by farmers as parents in formal breed-
ing programs, which is an established feedback mech-
anism where the popularity of a variety indicates
farmer preference for that combination of traits
(Witcombe et al. 2005b). However, in under-served
environments, farmers may not have access to varie-
ties that truly meet their needs and therefore they
grow varieties that are not ideal. Using these varieties
as parents might not address the true needs of the
farmers growing them. In general, participatory plant
breeding is most useful where meeting end-user
quality concerns is challenging. In high productivity
environments, the risk of a mismatch between envi-
ronmental conditions on the breeding station and
those in farmers Weld is less, but still exists when
breeders use the recommended “best agronomic prac-
tices” which may not be feasible for farmers due to
economic cost or other constraints (Witcombe et al.
2005b).

Distribution of varieties from participatory plant 
breeding

Even though most PPB projects are based on single
farms or small communities of farmers, the resulting
varieties may be useful to a much larger group of
farmers who have similar environmental conditions
on their farms. Although the varieties developed
through PPB will have speciWc adaptation to certain
environmental conditions, it is likely that they will
also perform well on-farms that share similar cli-
mates and soil types. It is unlikely that they will
spread as far as varieties speciWcally targeted to have
wide adaptation in higher input systems (Morris and
Bellon 2004), but it is possible that they will beneWt
many farmers in neighboring areas. Genetically vari-
able materials such as multilines, mixtures, open
pollinated varieties and synthetics make it more
likely that they will be useful to farmers in environ-
ments that diVer from the original selection environ-
ment (Smith et al. 2001). This is because the existing
genetic diversity in these materials buVers perfor-
mance when exposed to new environmental condi-
tions and in the case of outcrossing they can
continue to evolve. Farmers may distribute heteroge-
neous materials through the informal seed sector and
these can continue to diversify and evolve (Berg
1997).

Local germplasm is still the primary, and some-
times the only, source of seed in developing countries
(Almekinders and Elings 2001). Strengthening the
seed exchange system and helping farmers distribute
disease and weed-free seeds helps to make the prod-
ucts of plant breeding more widely available (Riley
2003). Establishing links with local NGOs or farm
groups that know how best to distribute seed can help
with more widespread distribution of a promising
variety to farmers who have similar environmental
constraints and production systems (Witcombe 1996).
Using the informal seed sector and PPB instead of a
formal approach to variety testing and release may
put the products of plant breeding into farmers Welds
5–6 years earlier. The informal seed sector can work
equally well in high-input environments, as there is
usually extra seed farmers can distribute (Witcombe
1999).

Formally releasing a variety can make the results
of PPB available to many farmers outside the imme-
diate area in which it was developed. If it were possi-
ble to release heterogeneous varieties, i.e., modern
landraces, through the formal seed sector, the beneWts
of PPB could have an even greater impact. Unfortu-
nately, many developing countries have variety
release requirements similar to those in developed
countries, which are designed to release a few widely
adapted cultivars for intensive agricultural systems
that can be made uniform through management prac-
tices (Witcombe 1996). This is often not appropriate
for the diverse cropping systems and environmental
stresses found in low-input agriculture, in either
developed or developing countries. Genetic unifor-
mity is usually not demanded by farmers, although
the variety release process may require it.

For the formal varietal release process to work for
participatory plant breeding, data on farmer percep-
tions and demand for seed need to be considered by
varietal release committees, rather than almost total
reliance on yield data from scientiWcally managed tri-
als (Witcombe et al. 1996). Authorities may not feel
that data based on farmer-managed trials is as precise
or relevant as data produced on research stations,
however, projects involving farmer assessment of
varieties shows remarkable consistency in farmer
rankings. In an example of participatory selection of
rice in India, farmers ranked varieties similarly, even
for traits such as tillering and panicle length that are
harder to measure than yield, maturity and height.
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This information was more relevant than the multi-
locational trial data which was primarily measuring
yield and had signiWcant G£E interaction (Joshi and
Witcombe 1996). Farmers agreed with each other and
breeders on superior varieties, probably because
farmers selected to participate had good seed selec-
tion skills, and breeders were aware of what traits
were important to farmers (Sthapit et al. 1996).

If superior varieties are identiWed through PPB that
are suitable for similar low-input farming systems and
environments across a broader geographic range,
intellectual property rights (IPR) may become an
issue (Smith et al. 2001). The exchange of varieties
between countries is often restricted because of the
belief that IPR must be defended, but in most cases
there are no plant breeders’ rights in the countries
involved (Joshi and Witcombe 1996). Farmers do not
receive any royalties, although they do receive an
indirect beneWt through investment in further research
and breeding and by recognition of the role of farmers
in germplasm conservation and improvement (Sthapit
and Jarvis 1999). The improved varieties themselves
are generally the most useful compensation to the
farmers. In some cases, it is possible to compensate
farmers for their time, and to purchase the seed grown
for the breeding program if the farmer does not want
to keep it. Most public sector plant breeders do not get
royalties or any Wnancial gains from the development
of their varieties, so there are no proWts to be shared.
PPB schemes would be problematic for private com-
panies, because proWts would need to be divided, and
companies might worry about competitors taking
varieties from Welds if they were freely distributed.
This is a major reason why public sector plant breed-
ing programs are vitally important in underserved and
marginal areas (Witcombe 1996).

ScientiWc relevance of participatory plant 
breeding

The perception exists that farmer participation in
research interferes with objectivity, precision, control
and repeatability of experiments so participatory
methods may not generate predictive theories (Van de
Fliert and Braun 2002). This perception discourages
researchers from using participatory methods, even if
examples of successful participatory projects exist
(Morris and Bellon 2004). Reasons for not including

farmers are often based on the assumptions that
breeders have training that gives them an advantage
in conducting selection and that complex systems of
selection and thousands of entries are needed, which
farmers are not equipped to handle (Witcombe et al.
2005b). Breeders may also feel that they require spe-
cial training in participatory breeding methods, and
such training is not usually part of a plant breeding
training program (Morris and Bellon 2004). Using
farmers’ practices may complicate the experimental
design and analysis (Haugerud and Collinson 1990).

However, breeders and farmers have complemen-
tary skills that can contribute equally to successful
varietal development in complex environments.
Breeders have training in selection theory and experi-
mental design; farmers have valuable knowledge
about environmental conditions, the performance of
varieties on diVerent parts of their farm and the char-
acteristics that make a variety successful in their
region. Participatory research does not have to
compromise the scientiWc contribution of research
when appropriate experimental designs and selection
strategies are used. The choice of strategy depends on
the logistical capabilities and end goals of both the
breeding programs and the farmers. Many farmers
already do their own kind of research in testing and
adapting new ideas and technologies (Conroy et al.
1999). Involving farmers in the selection phase of
plant breeding is not always essential, but in
certain situations it becomes critical to have farmer
input during selection. These situations include those
where farmers trade-oV multiple traits against each
other and if desirable end-user qualities cannot easily
be assessed with laboratory methods (Witcombe et al.
2005a).

Conclusion

The need to reduce external inputs in agricultural
systems throughout the world is a challenge for both
plant breeders and farmers. Including farmers in the
research and breeding process will help to meet this
challenge by developing varieties that are well suited
to particular cropping systems and environments.
Participatory plant breeding can beneWt farmers in
marginal environments in both developed and devel-
oping countries, and also those farmers who are seek-
ing to lower their synthetic inputs for environmental
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or economic reasons. Because low-input systems are
highly heterogeneous, there will need to be decen-
tralization of the breeding process for it to be suc-
cessful. The most eYcient way to decentralize
selection is to have breeding nurseries or populations
on-farms in the target environment, and to recruit
interested farmers to help set priorities, evaluate
breeding lines or select promising types in early gen-
erations. While these methods do not compromise
scientiWc integrity, it will take a shift in priorities and
perspectives at many institutions. Many researchers
in developing countries are already doing participa-
tory research, but much more can be done to reach
the full potential for this research in developed agri-
cultural systems.
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