
Darwin developed his theory of evolution
based on an analogy between selection by plant
and animal breeders of his day and what he
termed “natural selection,” or more generally “se-
lection.” “Natural selection” or “selection” for
Darwin included what biologists came to see as
being composed of (1) phenotypic selection of
individuals based on phenotypic differences, and,
when these are based on heritable genotypic
differences, (2) genetic response, or a change in
the genetic structure of a population between
generations resulting from a greater contribution
of the selected individuals, and which results over
generations in (3) evolution (cumulative, direc-
tional genetic response). Biologists’ and plant
breeders’ use of the terms “selection” and “natural
selection” continues to be influenced by an em-

phasis on evolution. They use a linguistic synec-
doche, where “selection” or “natural selection”
represents the whole process of evolution, reflect-
ing a prevailing assumption in the common use
of the term “selection” in biology and plant
breeding—that phenotypic selection is only bio-
logically significant when it results in evolution.
(Unless otherwise indicated, we use the terms “se-
lection” and “phenotypic selection” synony-
mously to refer to phenotypic selection with no
implication that it results in genetic response.)

Extending Darwin’s analogy of natural selection
with artificial selection by amateur plant and ani-
mal breeders to an analogy with traditional farm-
ers’ crop management illustrates how selection can
have important ecological and agronomic func-
tions when it does not result in any genetic re-
sponse, or can lead to short-term intergenera-
tional genetic change (genetic response), in
addition to longer-term directional change or evo-
lution. Evidence that farmers’ concepts of selec-
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tion can be different than those of biologists and
plant breeders, while at the same time useful to
farmers and scientifically interpretable, may en-
courage collaboration between farmers and plant
breeders that can facilitate improved selection effi-
ciency and crop genetic resource conservation.

Darwin’s Concept of Selection
Plant and animal breeding had an important

influence on the development of Darwin’s ideas
of evolution. For example, in his copy of a pam-
phlet titled The Art of Improving the Breeds of Do-
mestic Animals by the animal breeder John Se-
bright, Darwin wrote the following in pencil in
1838: “In plants man presents mixtures, varies
conditions and destroys the unfavourable kind—
could he do this last effectively and keep on the
same exact conditions for many generations he
would make species, which would be infertile
with other species” (quoted in Ruse 1975:347).

The first two chapters of The Origin of Species
by Means of Natural Selection were titled “Varia-
tion under Domestication” and “Variation under
Nature,” and Darwin elaborated at length on ar-
tificial selection in The Variation of Animals and
Plants under Domestication. Darwin’s concepts of
selection appear to have been influenced by plant
and animal breeders’ primary interest in selection
as a means of directional genetic change, i.e., to
create new, stable, heritable phenotypes.

“If it profit a plant to have its seeds more and
more widely disseminated by the wind, I can see no
greater difficulty in this being effected through natu-
ral selection, than in the cotton-planter increasing
and improving by selection the down in the pods of
his cotton trees” (Darwin 1859:86).

In the first edition of Origin Darwin used the
term “natural selection” as a synonym for the
“principle of preservation” in the “struggle for
life,” a process resulting in evolution, “the small
differences distinguishing varieties of these same
species, will steadily tend to increase till they
come to equal the greater differences between
species of the same genus, or even of distinct gen-
era” (Darwin 1859:128). The connections be-
tween selection, natural selection, and evolution
remained a central theme in Darwin’s thinking. In
Variation he wrote “Selection does nothing with-
out variability” (Darwin 1883 [1868]b:7), and the
“struggle for existence will determine that those
variations, however slight, which are favourable
shall be preserved or selected, and those which are
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unfavourable destroyed . . . This preservation . . .
I have called Natural Selection . . .” (Darwin 1883
[1868]b:6).

Thus, Darwin used the terms “selection” and
“natural selection” interchangeably to refer to the
process that results in evolution, and implying
evolution itself. Today these are known to be the
distinct processes of (1) phenotypic selection of
individuals based on phenotypic variation within
a population, (2) genetic response, or change in
the genetic structure of a population due to a
greater contribution of the selected individuals to
the next generation when individual differences
are heritable, and (3) cumulative, directional ge-
netic response over generations, i.e., evolution.
Though Darwin came to think of natural selec-
tion acting on individual differences which were
heritable (Provine 1971:1–10), or “inheritable
variations” (Darwin 1883 [1868]b:6), determin-
ing which variations were heritable remained a
major challenge for understanding evolution. The
difference between heritable and non-heritable
phenotypic traits is fundamental for understand-
ing the relationship between variation and evolu-
tion, and was a major theme in the early decades
after the rediscovery of Mendel’s research, in the
modern synthesis of the 1930s and 1940s, and it
remains so today (Wilson et al. 2006; Wilson
2004), for example, in research on Mayan mi-
grants from Guatemala to the US that showed
proportional leg length, once thought to be ge-
netically determined, to be a highly sensitive in-
dicator of the quality of the health environment
(Bogin et al. 2002).

Selection in Population Genetics and
Evolutionary Biology

In the synthesis of Mendel’s discoveries, Dar-
winian evolutionary principles and quantitative
methods at the beginning of the 20th century,
there was an integration of practical and applied
work in which practical breeders and experimental
and theoretical biologists were actively involved
(Allard 1999; Provine 1971). For example, the bi-
ologist Bateson introduced Mendel’s ideas into
Britain, and was warmly received by plant breed-
ers in the U.S. (Allen 1975:51–52), and East and
Shull working with maize beginning in the 1900s
combined biological experiment and practical
plant breeding in transforming Mendelism into a
breeding method (Fitzgerald 1990:30–41).

Though the question of the heritability of
different traits is key to understanding selection, it



was not until the decade after the rediscovery of
Mendel’s work in 1900, in the early development
of genetics, that the difference between phenotype
and genotype in relation to trait heritability and
selection came to be more fully understood. In a
key paper published in 1903, the botanist Jo-
hannsen established this distinction for continu-
ously varying traits based on experimental work
with the common bean, and provided a
Mendelian explanation for their inheritance (Al-
lard 1999:71–76; Allen 1975). In experiments
with wheat, the plant breeder Nilsson-Ehle esta-
blished that qualitative traits can have effects nec-
essary to account for inheritance of continuous
variation (Allard 1999:76–77). De Vries, a
botanist, differentiated “internal causes . . . of a
historical nature” that he considered heritable,
and “external ones . . . defined as nourishment
and environment” which he considered non-
heritable (de Vries 1909:74).

As the distinction between heritable and non-
heritable phenotypic variation became better un-
derstood and widely accepted, heritable variation
became the main interest as part of the evolution-
ary process, and Darwin’s analogy with plant and
animal breeding was no longer needed to under-
stand natural selection and evolution. Today, the
standard text book accounts of selection in biology
(e.g., Falconer and Mackay 1996:184–189, May-
nard Smith 1989:93–113) clearly differentiate phe-
notypic selection from genetic response and evolu-
tion. Endler, for example, defines natural selection
as requiring three conditions: (a) phenotypic varia-
tion among individuals for a trait, (b) fitness varia-
tion for that trait, and (c) inheritance of that trait,
and evolution as consisting of three processes: (i)
phenotypic selection, (ii) genetic response (genera-
tional), and (iii) cumulative directional genetic
change (evolution) (Endler 1992:220, 223) (see
also Endler 1986:12–13).

The standard equation for genetic response is
R = h 2S, where

R = genetic response to selection in one genera-
tion, measured as the difference in mean pheno-
typic value for a given trait between the offspring
of the selected parents and the whole of the
parental generation before selection,

h2 = heritability in the narrow sense, = VA/VP,
and VP = VG + VE + VGxE , where VG = genetic vari-
ance, VA = additive VG, VP = total phenotypic vari-
ance, VE = environmental variance, and VGxE = the
interaction between genetic and environmental
variances,
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S = selection differential, measured as the dif-
ference in mean phenotypic value for a given trait
between the selected parents and all individuals
in the parental population before the parents
were selected, = i�, where i = selection intensity
which depends on proportion of parent popula-
tion selected, and � = phenotypic standard devia-
tion of parental population.

Thus, artificial phenotypic selection per se is a
process of identifying the individuals with speci-
fied phenotypic traits within a population that
will contribute genetic material to the next gener-
ation, and is distinct from the heritability of
those phenotypic traits. Phenotypic selection can
have four main outcomes (S ≈ 0, S � 0 and R ≈ 0,
R � 0 and E ≈ 0, and E � 0) depending on the
heritability of the traits involved, the selection in-
tensity, and the number of generations selection
is carried out (Soleri and Cleveland 2004) (Fig.
1). The extent to which the heritability of pheno-
typic traits will influence their inclusion in selec-
tion criteria will depend on many things includ-
ing the selector’s knowledge of that heritability.

However, the influence of Darwin’s analogy
appears to persist—the term “selection” continues
to be used by some as a synecdoche for intergen-
erational genetic response and for evolution.
First, selection is often used to refer to the re-
sponse or change in gene frequency between gen-
erations based on heritable phenotypic differ-
ences (R). For example, the “simplest form of
selection is to choose individuals on the basis of
their own phenotype,” and that the “basic effect

Table 1. Acronyms and abbreviations used.

Term Definition

E evolution, or cumulative directional genetic 
change over generations

FV farmer crop variety
h2 heritability in the narrow sense, = VA/VP
MV modern crop variety
PPB participatory plant breeding
R genetic response to selection in one

generation, = h2S
S selection differential, i.e., difference between 

mean of parental population and mean of indi-
viduals selected from 

VA additive genetic variance
VG genetic variance
VGxE the interaction between genetic and environmen-

tal variances
VP phenotypic variance



of selection is to change the array of gene fre-
quencies” (Falconer and Mackay 1996:184), and
“. . . for differential selection to occur in a popu-
lation there must be genetic variation in fitness”
(Hedrick 2005:133). In A Dictionary of Genetics,
“selection” is defined as “the process of determin-
ing the relative share allotted individuals of
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different genotypes in the propagation of a popula-
tion” (King and Stansfield 1990:286, emphasis
added), thus conflating phenotypic selection per
se and selection based on genotype, since there is
no entry in the dictionary for “phenotypic selec-
tion.” Michod states that only in special cases is it
useful to distinguish the effects of selection from

Fig. 1. Phenotypic selection classified according to outcome of selection. See Table 1 for key to symbols.
(Copyright 2007, D. Soleri, D. A. Cleveland, used with permission.)



heritability (1999:181), and defines selection as
change in frequencies based on a heritable prop-
erties (1999:164). His interest in selection only as
a component of evolution (Michod 1999:15–16)
eliminates by definition the possibility that phe-
notypic selection can be uncorrelated with geno-
typic frequencies. “Any attempt at a general for-
mulation of natural selection that begins by
partitioning phenotypic selection from heritabil-
ity seems fated from the beginning to be of lim-
ited generality” (Michod 1999:181). In contrast,
Endler says, “To say that natural selection is syn-
onymous with phenotypic selection is to trivialize
it—this is tantamount to saying that there are
differences among phenotypes, which can easily
lead to tautology” (Endler 1986:13).

Second, the terms selection or natural selection
are used as synecdoches for evolution (E). Fisher
felt compelled to state in the first sentence in his
preface to The Genetical Theory of Natural Selec-
tion, “Natural Selection is not Evolution,” because
“natural selection” was commonly and incorrectly
used as a “convenient abbreviation” for the theory
of evolution (1999 [1930]:vii). Evolutionary biol-
ogists and philosophers continue to equate the
term “selection” directly with evolution (Endler
1992:223), as in Hull’s definition of selection,
which has “organized the professional discussion
on units of selection ever since” it was first pro-
posed (Gould 2002:615). Hull distinguished
replicators (genes) and interactors (organismal
phenotypes) (Hull 1980), and defined “selection”
as “any process in which differential extinction
and proliferation of interactors causes the differ-
ential perpetuation of the replicators that pro-
duced them” (Hull 2001:22–23), and as “repeated
cycles of replication, variation, and environmental
interaction so structured that environmental in-
teraction causes replication to be differential” re-
sulting in “evolution” (Hull 2001:53, 60).

Because evolutionary biologists’ and popula-
tion geneticists’ main interest is evolution, they
see phenotypic selection not based on inherited
differences primarily as a problem, because it ob-
scures the extent of evolution, and much effort
has been expended on separating heritable and
non-heritable phenotypic variation (e.g., Winn
2004). Wilson is one of the few evolutionary bi-
ologists who has discussed non-heritable pheno-
typic selection as ecologically and evolutionarily
important (Wilson 1980; Wilson 2004).

Most philosophers dealing with evolution have
also tended to follow biologists in viewing pheno-
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typic selection as important only as a component
of evolution, so when they have dealt explicitly
with phenotypic selection as a distinct process, it
has been primarily to understand evolution (e.g.,
Hull 1980, Sober 1984). At least one philoso-
pher, however, has suggested that the lack of biol-
ogists’ interest in selection of non-heritable phe-
notypic variation is a result of research agendas,
and not an indication of its “importance in the
causal structure of nature,” and emphasized the
conceptual and scientific importance of not con-
flating phenotypic selection and evolution, so as
to encourage “the empirical investigation of evo-
lutionarily neutral but ecologically significant
processes” (Shanahan 1990:222, 224).

Selection in Plant Breeding
Just as early evolutionary biologists looked to

breeders for empirical demonstration of results of
selection that illuminated evolution, breeders looked
to farmers for their applied knowledge and practice
that produced practical results in the form of new
varieties, as in the early commercial development of
maize in the U.S. (Wallace and Brown 1988:87–
90). As the importance of formal science in plant
breeding increased in comparison with empirical
heuristics, and later as plant breeding moved from
the public to the private sector (Kloppenburg
1988), plant breeders began to eliminate farmers
from their work (e.g., Schneider 2002). Plant breed-
ers’ and farmers’ practice and concepts subsequently
developed independently of each other, effectively
separating the formal from the informal systems of
crop improvement and seed multiplication, with
plant breeders coming to dominate, “a trend that
has been at least locally apparent for 200 years”
(Simmonds and Smartt 1999:13). Plant breeders fo-
cused on modern varieties widely adapted to more
optimal, more intensively managed environments,
while many traditionally-based farmers in relatively
marginal environments continued to focus on tradi-
tional varieties for their diverse, more marginal
growing environments (Ceccarelli and Grando
2002; Cleveland 2001). When farmers are involved
by contemporary plant breeders in their work, it has
generally been limited to the stage of evaluating the
plant breeders’ populations or varieties in their fields
(Duvick 2002), i.e., choosing among different pop-
ulations or varieties, not selecting among different
plants to genetically change existing populations or
varieties.

Today, many modern plant breeders consider
themselves to be “applied evolutionists,” whose



goal is to develop plant varieties better adapted to
improved growing environments, with adaptation
measured primarily as increased yield (Allard
1999:49). Like evolutionary biologists, all breed-
ers agree on the theory of the relationship between
phenotypic selection, genetic response, and evolu-
tion (Cleveland et al. 2000), while in practice they
often use the term “selection” as a synecdoche for
genetic response and evolution because “only . . .
directional selection . . . is of practical concern”
(Simmonds and Smartt 1999:91–97). For ex-
ample, two of the most respected English lan-
guage plant breeding textbooks define “selection”
as “differential reproduction of genotypes in a
population so that gene frequencies change and,
with them, genotypic and phenotypic values of
the character being selected” (Simmonds and
Smartt 1999:91), and “Any nonrandom process
that causes individuals with different genotypes to
be represented unequally in subsequent genera-
tions” (Allard 1999:239). This makes sense given
the goals of scientific plant breeding. It also means
that plant breeders often view farmers’ selection of
seeds (or other propagules) for planting as a form
of mass selection for heritable traits, the process
which is assumed to account for crop domestica-
tion and for the ensuing proliferation of crop vari-
eties, and tend to judge the efficacy of farmer seed
saving in terms of applied evolution, i.e., the same
criteria they apply to their own work, and assume
that farmers use these criteria as well.

Collaboration between Farmers and
Scientific Plant Breeders

However, any differences in farmers’ and plant
breeders’ understanding or use of selection may
have important practical effects because they
could impede communication between farmers
and plant breeders. Such communication may be
critical for the success of collaborative or partici-
patory plant breeding (PPB), a process that is seen
by some as especially important for developing
crop varieties appropriate for farmers in marginal
growing environments who cannot afford external
inputs (Ceccarelli and Grando 2002; Cleveland
and Soleri 2002; Weltzien et al. 2003). Farmer-
scientist communication and collaboration is also
important for in situ conservation of crop genetic
resources by farmers (Perales et al. 2003).

However, even in PPB, farmer knowledge of se-
lection as understood by plant breeders has been
strongly influenced by breeders’ assumptions.
Farmer knowledge has most frequently been seen as
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descriptive, as in a major survey of 49 PPB projects
which found that the primary focus was soliciting
farmers’ descriptions and rankings of selection cri-
teria. For about two-thirds of these projects, “iden-
tifying, verifying, and testing of specific selection
criteria was the main aim of the research,” and
85% obtained farmers’ selection criteria for new va-
rieties (Weltzien et al. 2003:22, 60, 89). The main
impact on scientific plant breeding appears to have
been “better understanding of new ideotypes based
on farmers’ experiences, specific preferences and
needs” that will affect priorities of formal plant
breeding and the “process of formal variety devel-
opment” (Weltzien et al. 2003:89). More recently,
using farmer knowledge as a discriminatory tool
has become more common, with farmers asked to
choose among varieties or among segregating popu-
lations, or individual plants within segregating pop-
ulations (Soleri et al. 2002).

These approaches to understanding farmer
knowledge have made valuable contributions to
crop improvement for farmers’ conditions. Yet,
PPB projects may assume that farmers know little
about selection, because those projects are un-
aware that farmers have different definitions and
practices concerning selection, and rigorous com-
parisons with scientist knowledge have not been
carried out. Plant breeders’ assumptions about
farmer knowledge, in combination with those
about selection discussed above, often lead to a
further assumption that farmers’ goal for selection
within a crop population or variety is cumulative,
directional genetic change (E), and therefore, is
only successful when this is accomplished. These
untested assumptions can lead to an interpreta-
tion of farmers’ selection as inefficient (in terms of
genetic change achieved for the resources in-
vested), and PPB has focused on teaching farmers
the scientific basis of selection that results in E
and on methods to improve their selection effi-
ciency. For example, some maize PPB projects in
Mexico have attempted to teach farmers basic
maize reproductive biology and selection tech-
niques, because in-field plant selection can achieve
more rapid progress toward evolutionary goals
than the traditional method of selection of ears
post-harvest (CIMMYT 2000; Rice et al. 1998).

Preliminary results from one project with
Mexican maize farmers showed that with stratifi-
cation within fields to increase heritability,
simple mass selection by breeders without polli-
nation control resulted in significant yield gains
over three generations (Smith et al. 2001). The



researchers emphasized the importance of further
research to compare the yield benefit with costs
to farmers for the extra time involved, from
farmers’ perspectives. Using farmer estimates of
maximum, normal (modal), and minimum
yields in their farming experience documented in
research with over 470 farmers in six countries
(Soleri et al. 2005; Soleri et al. 2002), coeffi-
cients of variation for yield averaged 30%, sug-
gesting that for farmers to be able to discern pos-
itive returns to the extra investment for in-field
selection, annual gains would have to be sub-
stantial and sustained.

To the extent that farmers’ goals for selection
other than evolutionary change are not considered,
the important and innovative steps in PPB toward
reintegrating farmer and scientific breeding may not
realize the full potential of farmer-scientist collabo-
ration. The PPB review mentioned earlier has em-
phasized the need to understand farmers’ concepts
of selection (Weltzien et al. 2003:109), because “op-
portunities rarely develop for interaction between
breeders and farmers beyond the survey . . . (thus)
discussions are driven by the breeders’ concepts of
the present situation, making it difficult for farmers
to express their views in the context of their reality”
(Weltzien et al. 2003:60). However, without careful
research, it may be difficult for farmers to commu-
nicate to breeders and other outsiders their concep-
tual or theoretical knowledge of selection that goes
beyond description or discrimination (Soleri and
Cleveland 2005).

When farmers’ knowledge and practice fail to
conform to conventional, untested assumptions
about selection, it may not indicate failure to un-
derstand selection or practice it effectively. In-
stead, farmers’ knowledge and practice have to be
understood in the context of the environments
and genotypes they work with (Ceccarelli and
Grando 2002).

Selection in Traditionally-Based
Agricultural Systems

Traditionally-based agricultural systems (here-
after “traditional agriculture”) are different than
industrial systems in several important ways that
affect the goals and results of selection. First, they
are often dominated by farmers’ varieties (FVs),
which include landraces, traditional varieties se-
lected by farmers, MVs (modern varieties) which
have been adapted to farmers’ environments by
farmer and natural selection (sometimes referred
to as “creolized” or “degenerated” MVs), and
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progeny from crosses between landraces and
MVs. Overall, the genetic variation within and
among FVs in traditional agriculture is much
greater than in industrial agriculture (Frankel et
al. 1995:57 ff.). Second, growing environments
are often more variable in space and time, which
contributes to increased phenotypic variation for
many crop traits, including most yield-related
traits, reducing proportion of phenotypic vari-
ance that is additive genetic variance and thereby
reducing heritability (Ceccarelli et al. 1992).
Third, traditional agriculture is characterized by
the integration within the household or commu-
nity of production, consumption, crop improve-
ment, seed multiplication, and conservation of
genetic diversity, whereas in industrial agriculture
each of these functions are spatially and struc-
turally separated and specialized (Fig. 2).

Therefore, farmers may value FVs not only for
agronomic traits, such as drought or pest resis-
tance or photoperiod sensitivity, but also for traits
contributing to storage qualities, food prepara-
tion, taste, appearance, the potential for develop-
ing new varieties, and longer-term conservation of
crop genetic diversity (Berthaud et al. 2001). This
combination of high levels of genetic and environ-
mental variance, low heritability, and integrated
multiple functions affecting selection goals means
that farmers’ selection is likely to be different in
many ways than that of plant breeders. However,
this does not necessarily mean that their under-
standing of the basic relationships underlying se-
lection are different than those of biologists and
plant breeders; in fact, they can be quite similar.
For example, farmers appear to understand GxE
as the basis for some phenotypic differences (e.g.,
Sperling et al. 1993), and heritability as the basis
for selection for R or E. Farmers can also distin-
guish between high and low-heritability traits and,
especially in cross pollinating crops, consciously
select for the former to create populations which
express these new traits across a range of environ-
ments, while considering it not worthwhile, or
even possible, to create similar populations when
selecting for low-heritability traits (Soleri and
Cleveland 2001; Soleri et al. 2002).

The agents of phenotypic crop selection in tradi-
tional agriculture are environmental factors not
controlled by farmers (natural selection), farmer-
managed growing environments (artificial indirect
selection), or farmers themselves (artificial direct se-
lection) (Fig. 3). Most often, these three types of se-
lection occur simultaneously. Artificial direct selec-
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Fig. 2. Components of agricultural systems in traditionally-based small-scale and industrial large-scale agricul-
ture. (Copyright 2007, D. Soleri, D. A. Cleveland, used with permission.) a. Traditionally-based agricultural sys-
tem: Functions integrated in households and communities. b. Industrial agricultural systems: Functions separated,
specialized, many institutionalized.



tion can be further classified in terms of whether
the farmer has conscious goals (intentional selec-
tion) or does not have conscious goals (uninten-
tional selection) (a distinction made by Darwin,
1883 [1868]a:4), and intentional selection can be
further classified according to farmers’ goals.

In the following sections we describe pheno-
typic selection by farmers organized in terms of
these possible goals—longer-term genetic change
or evolution (E), intergenerational genetic change
or response (R), and within generation phenotypic
differentiation (S, selection differential) (Fig. 3).
We emphasize farmer goals, but also describe ex-
amples where farmer intentions are not docu-
mented, since many studies of farmer selection
that document genetic or agronomic effects do not
document farmers’ knowledge (and vice versa).
Note that regardless of goals, the results of farmer
selection can be varied, as depicted in Fig. 1.

Selection for Evolution
The mass selection carried out over millennia

which resulted in the thousands of varieties of do-
mesticated crops is often assumed to have resulted
from the full range of agents and farmer goals
(Harlan 1992). Some plant breeders emphasize
intentional selection for evolution—“The consen-
sus is that even the earliest farmers were compe-
tent biologists who carefully selected as parents
those individuals . . . with the ability to live and
reproduce in the local environment, as well as
with superior usefulness to local consumers” (Al-
lard 1999:29) (see also Harlan 1992:127), al-
though others emphasize “unconscious and indi-
rect” selection (Evans 1993:94, 116).

Whether intentional or not, results of molecu-
lar analysis support the hypothesis that farmers’
selection has been successful in achieving evolu-
tionary change for traits in the domestication syn-
drome (e.g., in maize, Wright et al. 2005). There
is also evidence that farmer selection has been a
powerful evolutionary force based on other prefer-
ences as well. For example, three major genes in-
volved in starch metabolism were found to have
significantly lower genetic diversity in the alloga-
mous crop maize as compared to its closest wild
relative (teosinte, Zea mays ssp. parviglumis) than
would be predicted by models of natural selec-
tion—evidence of strong selection for specific
grain yield and processing qualities important for
human use, including ongoing selection for starch
quality best for tortilla preparation, a major form
of maize consumption in its regions of origin and
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diversity (Whitt et al. 2002). In addition, three
other loci contributing to sweet maize phenotypes
showed low diversity (resulting from strong selec-
tion) in only certain varieties in particular loca-
tions, evidence of further specialization in the
nonagronomic selection pressures farmers have ex-
erted on maize (Whitt et al. 2002). Similarly, ge-
netic analysis of the stickiness trait in the autoga-
mous crop Asian rice also suggests strong selection
for E by farmers during domestication and early
diversification, perhaps as an adaptation for eating
with chopsticks (Olsen et al. 2006).

The clearest evidence for contemporary farmer
selection for evolution is in species which are nor-
mally propagated clonally. For example, some
Andean potato farmers search their fields for vol-
unteer seedlings resulting from spontaneous hy-
bridization as a way to diversify their production
(Zimmerer 1996:201). Indigenous South Ameri-
can farmers intentionally incorporate cassava
seedlings into recognized varieties, resulting in in-
creased heterogeneity within varieties (Elias et al.
2001; Pujol et al. 2005). Farmers also select the
largest volunteer seedlings, which results in in-
creased heterozygosity as a result of the most het-
erozygous plants also being the largest and there-
fore the least likely to be eliminated during early
weedings, although farmers’ goals for this selec-
tion are unclear (Pujol et al. 2005).

In seed-propagated species that are predomi-
nantly autogamous, compared with allogamous
species, it is relatively easy to make and maintain
evolutionary changes by selecting from among
the segregating F1 plants or those of later genera-
tions, resulting from limited spontaneous cross-
pollination. Experimental evidence from Syria
shows that farmers can efficiently select among
over 200 barley entries (fixed lines and segregat-
ing populations), with results in terms of yield
potential that equalled, and in one case exceeded,
selections by plant breeders in the same environ-
ments (Ceccarelli et al. 2000). These findings in-
dicate that farmers have developed selection crite-
ria for identifying high-yielding phenotypes that
are just as effective as those used by breeders, and
more effective in the growing environments typi-
cal of farmers’ fields.

It is much more difficult to affect evolutionary
change in predominantly allogamous, seed propa-
gated species, especially for quantitative traits with
low heritability. However, farmers can discriminate
between low and high-heritability traits, and use
this as a basis for decisions about selection (Soleri et
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Fig. 3. Phenotypic selection classified according to the agent of selection, and farmers’ goals when the farmers
are the agents, applied to traditional agricultural systems. See Table 1 for key to symbols. (Copyright 2007, D. So-
leri, D. A. Cleveland, used with permission.)



al. 2002). Farmers in Oaxaca often select maize
seed with the goal of changing or creating popula-
tions with preferred, highly heritable traits, like ker-
nel, tassel, and husk colors, for culinary and aes-
thetic reasons (e.g., maize varieties grown for purple
husks used in tamale production) (Soleri and
Cleveland 2001), while the majority of these same
farmers see no possibility of changing the key trait
of yield which has low heritability, as discussed
below (Soleri and Cleveland 2001). There is evi-
dence that farmers in central Mexico have selected
for and maintained a new landrace, based on seed
and ear morphology, among segregating popula-
tions resulting from the hybridization of two exist-
ing landraces (Perales et al. 2003). There is evidence
based on research with pearl millet in Rajasthan,
India, that farmers use mass selection for low-
heritability traits in allogamous species with the
goal of making directional change in their varieties
(Christinck 2002:126; Vom Brocke et al. 2002).
This research also documented intentional intro-
gression of modern with traditional varieties of
pearl millet, and subsequent selection, resulting in
increased genetic variation and directional change
(evolution) in selected traits, e.g., growing period
(Christinck 2002:123; vom Brocke et al. 2003a).

However, although it is clear that farmers can
understand the principle of phenotypic selection
and use it to achieve goals of evolutionary change
with different crops, this may not always, or even
usually, be their goal, or the result.

Selection for Genetic Response but
Not Evolution

Farmers also select with the goal of eliminating
changes in phenotypic traits resulting from gene
flow or natural or indirect phenotypic selection,
i.e., to achieve R but not E. Best documented are
farmers’ attempts to maintain varietal ideotypes
based on quantitative or qualitative phenotypic
traits over time in the face of gene flow (Berthaud
et al. 2001). Plant breeders can control unwanted
gene flow much more effectively in their experi-
mental plots than farmers can in their fields, and
in industrial agriculture farmers often buy new
seed every year, especially for allogamous crops
like maize, eliminating most concerns regarding
gene flow.

This type of farmer selection to eliminate
changes contrasts with maintenance (stabilizing)
selection by plant breeders, which usually has the
goal of maintaining yield in the face of changing
environments by incorporating new alleles or
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changing allele frequencies, and may result in new
varieties (i.e., the goal is E) (Evans 1993:313–
314). Like plant breeders (Cooper et al. 2001),
farmers also encourage gene flow under some con-
ditions, for example mixing seed from different
sources, planting different populations contigu-
ously or in same plot, and by making crosses, as a
way of increasing the variation on which to select.

Farmers can be successful in maintaining vari-
etal ideotypes through direct, intentional selection
for key traits, especially for highly heritable pheno-
typic traits, like ones that define a variety. This
type of selection is probably most important for al-
logamous crops, such as pearl millet and maize dis-
cussed below, since it is much more difficult to
maintain populations in these compared with
clonally propagated and autogamous crops. In
eastern Rajasthan, AFLP analysis showed that
farmers maintained the ideotypes of distinct intro-
duced pearl millet FVs, even though they have the
same name as local FVs, via intentional selection
of panicles for their unique phenotypes (vom
Brocke et al. 2003b). In contrast, farmers in
Jalisco, Mexico, regularly mix maize varieties to-
gether by classifying seed obtained from diverse
sources as the same variety based on ear or kernel
morphology and color, which, together with plant-
ing patterns, leads to a 1–2% level of gene flow be-
tween maize varieties during one crop cycle (Lou-
ette et al. 1997). A controlled experiment found
that, compared with random selection, farmer se-
lection diminished the impact of gene flow on one
FV from contrasting FVs for key varietal traits
(kernel rows per ear, kernel width, and kernel
color), but did not have any effect on allelic fre-
quencies at nine polymorphic loci coding for traits
invisible or unimportant to farmers (Louette and
Smale 2000). Farmers stated that they were not in-
terested in changing their varieties, but in main-
taining varietal ideotypes, and appeared to be
achieving their goal. Research in Oaxaca, Mexico,
using microsatellite data, supported this finding in
terms of the results of farmer selection, although
farmers’ goals were not investigated—extensive
gene flow and little molecular genetic structure
were observed, but the maintenance of signifi-
cantly different maize populations based on mor-
phophenological traits of interest to farmers per-
sisted (Pressoir and Berthaud 2004).

A study in Chiapas found that cultural diver-
sity, as measured by ethnolinguistic groups, was
not reflected in maize diversity as measured by
isozyme variation, but was reflected in some mor-



phological traits (Perales et al. 2005). The differ-
ences observed may have been due to unidenti-
fied culturally-based networks or practices that
structured these maize populations based on
farmer selection for a few critical traits against a
background of ongoing gene flow (Perales et al.
2005), as was found in the study in the Central
Valleys of Oaxaca (Pressoir and Berthaud 2004),
although neither study appears to have investi-
gated farmer goals in detail.

Selection for Intrageneration
Phenotypic Difference

Although farmers are capable of phenotypic se-
lection that is effective in achieving goals of evo-
lution and genetic response, perhaps the most
common goal of farmer selection is not genetic,
but solely phenotypic, because most of the time
farmers’ primary goal in selecting seed is to ob-
tain good planting material. Selection with this
goal is also conducted as part of MV seed pro-
duction (Simmonds and Smartt 1999:215).
When environmental conditions change, farmers
may often choose different varieties or even crop
species rather than attempt to change important,
low-heritability traits in existing ones (Berthaud
et al. 2001; Lacy et al. 2006). While plant breed-
ers also carry out this type of selection, for ex-
ample removing small seed, they do this to de-
crease the contribution of VE to VP to increase
heritability with the goal of E.

Research on non-heritable phenotypic differ-
ences shows these can have important intragener-
ational effects in terms of ecology and agronomy.
Even in species with high heritability for seed
polymorphisms, environment may be an impor-
tant determinant of seed size and shape, and seed
polymorphism can be a significant determinant
of differential survival via influence on survivor-
ship and adult plant size (Baskin and Baskin
2001:208–214). In maize, for example, larger
seed size was found to provide significant advan-
tages in the early stages of plant growth (from
germination until stem elongation) (Bockstaller
and Girardin 1994), and was correlated with bet-
ter early vigor, greater leaf area throughout life,
and more rapid development from time of emer-
gence to flowering (Pommel 1990; Revilla et al.
1999).

When the goal of selection is intragenerational
phenotypic differentiation, the result may not be
genetic gain or evolution, especially for low-
heritability traits in allogamous crops. This hy-
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pothesis was supported by results of maize seed
selection exercises with farmers in two communi-
ties in Oaxaca, Mexico. Exercises were done on
ears post harvest, which is the way these farmers
and most others in Mexico select maize seed.
Their selections resulted in high S values for a
number of ear and kernel traits, including those
(ear length, ear weight, 100 kernel weight) re-
flecting (through correlation coefficients ranging
from 0.4–0.7, Soleri 1999) selection criteria ex-
plicitly identified by farmers (ear and kernel size)
(Soleri et al. 2000). However, R ≈ 0 for these as
well as other morphophenological traits, mea-
sured for each generation over three generations,
and did not differ from randomly selected seed
from the same lot. Large seed size was a key selec-
tion criterion, and reasons given by farmers for
selecting large seed included seed quality and pu-
rity, but not maintaining or changing (i.e., “im-
proving”) a variety. Some farmers said large seed
resulted in higher germination, larger seedlings,
early vigor, and higher yields; however, most
farmers attributed their preference for large seed
to “custom.”

However, it is also possible that intentional
simple mass selection for intragenerational phe-
notypic differences could result in R or E even if
these are not farmer goals. As mentioned above,
it is not clear what importance this had during
domestication and subsequent diversification of
crops vs. intentional selection for R or E. For ex-
ample, farmers in Uganda and Tanzania, like
those in Mexico, were reported to select large,
clean kernels from large ears for seed, apparently
because they believed that these germinated well
and produced high-yielding plants (Gibson et al.
2005). This practice appeared to result in de-
creased resistance to maize streak virus, since re-
sistant plants had smaller ears, and plants with
large ears appeared to be nonresistant escapes.

As part of a comparative five-country study of
farmer and plant breeder knowledge (Soleri et al.
2004; Soleri et al. 2002), we interviewed Mexi-
can maize farmers from two different communi-
ties in Oaxaca. Based on the previous research
with Oaxacan maize farmers, we hypothesized
that heritability and farmer understanding of her-
itability are important determinants of farmers’
goals for selection, and that a goal of S only
would be more likely for low-heritability traits
when farmers understand the relative heritability
of traits of interest. We first asked farmers to tell
us their expectations of progeny phenotype for a



high-heritability trait (tassel color) and a low-
heritability trait (ear length) when seed is planted
in a typical, highly variable environment, and in
a hypothetical uniform, optimal environment.
We rejected the null hypothesis of no difference
in farmer responses for low and high-heritability
traits—a significant majority of farmers expected
parent and progeny phenotypes for ear length,
but not for tassel color, to differ in the two envi-
ronments. Therefore, we concluded that these
farmers understand the difference between high
and low-heritability traits in terms of their inter-
action with environments.

Farmers were then presented a hypothetical
scenario asking them to compare random with
intentional selection for 10 cycles in a typical
field in populations with phenotypic variation for
ear length and grain yield, low-heritability traits
they used as major selection criteria. The null hy-
pothesis was that farmers did not differ from
plant breeders, i.e., that they would all consider
intentional selection to be more effective than
random selection for improving or at least main-
taining this trait. Only 50.9% (86/169) re-
sponded that intentional selection had greater ef-
fect on increasing yield (p = 0.00000). Therefore,
we accepted the alternative hypothesis: a signifi-
cant number of farmers differed from plant
breeders and anticipated no difference between
random and intentional selection for improving
these traits over generations (E).

The results suggest that farmers who see an ad-
vantage of intentional over random selection see
phenotypic selection as resulting either in S or R,
or in E. To discriminate between these possibili-
ties, and with the same null hypothesis as out-
lined above, those farmers responding to the first
selection question that intentional selection re-
sulted in greater yield were asked to compare ran-
dom selection for 10 cycles followed by one cycle
of intentional selection, with 11 consecutive cy-
cles of intentional selection. Results were signifi-
cantly different than the null hypothesis. Among
these farmers, only 23.2% (20/86) saw 11 years
of intentional selection as superior. These results
suggests that among those favoring intentional
selection, only a minority of farmers see it as pro-
viding cumulative intergenerational change (E),
while the primary selection goal of the other
farmers who saw an advantage to intentional se-
lection for low-heritability yield-related traits is
either eliminating changes between generations
(R) or a nongenetic advantage they believe is fully
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achieved within one year (S). The large number
of farmers who see no advantage to intentional
selection, but who, like other farmers, select for
large seed from large, clean ears, probably do so
because of “custom,” as did the majority of farm-
ers in the selection experiment described above.

Conclusions
Words and their implicit cultural meanings

can have important effects on our understanding
of basic biological processes, emphasizing some
aspects at the expense of others, as Keller argues
forcefully for the term “gene” (Keller 2000). This
appears to also be the case with Darwin’s analogy
of natural with artificial selection, which made
the assumption that phenotypic selection was
only important as part of the evolutionary pro-
cess, an assumption which continues in evolu-
tionary biology and plant breeding today. Al-
though the process of phenotypic selection and
its relationship to trait heritability, genetic re-
sponse, and evolution became well understood,
an emphasis on evolution in biology and plant
breeding led to the common assumption that
phenotypic selection that does not result in evo-
lutionary change is not interesting or important.
This assumption has influenced the way in which
plant breeders understand farmer selection, espe-
cially important in PPB programs, where com-
munication between farmers and plant breeders is
key.

Extending Darwin’s analogy of natural selec-
tion with selection by amateur plant and animal
breeders to selection by traditional farmers sup-
ports a broader view of the role of phenotypic se-
lection. Farmers in traditional agriculture carry
out phenotypic selection for goals of within-
generation phenotypic differentiation, between-
generation maintenance of important population
traits, as well as multigeneration change or evolu-
tion, though the actual results may differ from
those intended. Better understanding by plant
breeders of farmers’ selection knowledge and
practice may facilitate viewing farmers’ selection
as successful, even when it doesn’t result in evolu-
tion. There is a need for researchers studying the
genetic structure of farmer-managed crop popu-
lations to document not only farmer practices
and the genetic and agronomic results, but also
farmer knowledge of selection, including their
goals. This could help to locate professional and
farmer selection within the same scientific con-
text, and could contribute to creating a link be-



tween plant breeders’ focus on evolution and
farmers’ focus on production and consumption.
This in turn could contribute to the success of
collaboration between farmers and plant breeders
to meet farmers’ needs, including improvement
of selection practices for both intragenerational
and multigenerational goals, and crop genetic re-
source conservation.
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