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Varietal data from 27 crop species from five continents were drawn
together to determine overall trends in crop varietal diversity on
farm. Measurements of richness, evenness, and divergence
showed that considerable crop genetic diversity continues to be
maintained on farm, in the form of traditional crop varieties. Major
staples had higher richness and evenness than nonstaples. Variety
richness for clonal species was much higher than that of other
breeding systems. A close linear relationship between traditional
variety richness and evenness (both transformed), empirically
derived from data spanning a wide range of crops and countries,
was found both at household and community levels. Fitting a
neutral “function” to traditional variety diversity relationships,
comparable to a species abundance distribution of “‘neutral ecol-
ogy,” provided a benchmark to assess the standing diversity on
farm. In some cases, high dominance occurred, with much of the
variety richness held at low frequencies. This suggested that
diversity may be maintained as an insurance to meet future
environmental changes or social and economic needs. In other
cases, a more even frequency distribution of varieties was found,
possibly implying that farmers are selecting varieties to service a
diversity of current needs and purposes. Divergence estimates,
measured as the proportion of community evenness displayed
among farmers, underscore the importance of a large number of
small farms adopting distinctly diverse varietal strategies as a
major force that maintains crop genetic diversity on farm.

conservation on farm | diversity estimates | traditional varieties

Crop genetic resources have long been crucial to agricultural
production, and the second half of the last century saw
considerable effort in collecting, characterizing, and conserving
this diversity in seed banks (ex situ conservation). Although these
efforts have led to a worldwide network of ex situ gene banks and
botanical gardens, these facilities cannot accommodate the full
range of useful diversity in economically useful plant species, nor
can they conserve the dynamic processes of crop evolution and
farmers’ knowledge of crop selection and management inherent
in the development and evolution of local cultivars (1, 2).
Over the last two decades, the conservation of genetic resources
on farm has received increasing attention (3, 4). In many parts of
the world, traditional crop varieties [“landraces” in the sense of
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Harlan (5)] are still grown in traditional farming systems (6, 7) and
constitute important elements of the production systems and of the
farmers’ livelihood strategies. Although an accurate gauge of the
diversity present on farms at a global scale is still lacking, there is
a consensus of the erosion of the genetic diversity that supports
world food production (8). The evidence for this comes largely from
individual short-term, single-country, or single-species studies (4),
and often diversity information is captured only as a list of variety
names. Furthermore, indices that could scale up or monitor these
studies over time and space are unformulated.

Richness and evenness are two key notions of biological diversity
(9, 10). Richness refers to the number of different kinds of
individuals regardless of their frequencies. Evenness, however,
measures how similar the frequencies of the different variants are,
with low evenness indicating dominance by one or a few types.
Applying these concepts at the scale of traditional varieties requires
prior determination of the identity of the varieties. These simple but
powerful concepts of diversity are often forgotten when small-scale
or single-crop studies are conducted.

Over the last 10 years, a coordinated global partnership of
researchers in eight countries and on five continents has measured
the amount and distribution of genetic diversity present in farmers’
fields of 27 crop species (11) (Fig. 1). Through this partnership,
countries worked together to collate biologically and culturally
diverse datasets into a small number of globally applicable diversity
indices to compare across farmer households and communities.
This paper: (i) synthesizes the total body of diversity data gathered
in the study, (ii) demonstrates that considerable crop genetic
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Fig. 1.

diversity is maintained on farm, (iii) provides evidence of broadly
based relationships between different measures of crop diversity,
and (iv) demonstrates that these measures provide a useful frame-
work for the conservation and management of diversity in farmers’
fields (on farm) and an appropriate basis for developing indicators
of on-farm diversity.

Results

Basic Richness Units. Twenty-seven major food subsistence crop
species were surveyed. For each crop, Table 1 lists the relationship
between farmer-named varieties and the “basic diversity units”
used to measure richness as one of three kinds: (A) the farmer-
named varieties coincided with the basic richness units, (B) the
variety names underestimated the units farmers were using to
manage diversity, or (C) the variety names overestimated (different
names for the same variety) for at least some varieties but under-
estimated (same name for different varieties) for other varieties.
The basic diversity units for categories B and C resulted from
discussions with farmers to define subclasses or morphotypes that
were recognizable [see supporting information (SI) for supporting
literature for the establishment of basic diversity units by country
and project crop]. In cases where farmers’ classification of tradi-
tional varieties of a single crop included more than one species, the
species were grouped by crop to calculate richness and evenness
(Table 1).

Overall Diversity Estimates. Table 2 lists, for each crop, the total land
areas and averages of the diversity statistics at both the farm and
community levels. Overall, the study encompassed an area of 63,600
ha planted with the target crops. Traditional varieties dominated
the planting at most of the sites (from 80% to 100% of the total crop
area). The exception was rice, where the range was from 7% to
100% across the six sites (see SI). Across all crops, farmers on
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Map showing location of study areas for the crops included (site details are presented in SI).

average grew more than one traditional variety, because the overall
average richness per farm was 1.82. The on-farm richness of
traditional varieties ranged from 1.38 to 4.25 per household. At the
community level, the richness indices indicated that communities
harbored a large number of varieties. The mean number of varieties
per community ranged from 4 (durum wheat) to 60 (cassava). The
number of varieties differed significantly within and among coun-
tries (estimates for individual countries and crops are given in SI).
For example, rice richness in Vietnam varied from 9 to 74 varieties
per community.

There was appreciable evenness at the farm level and particularly
at the community level. In general, farm evenness statistics indi-
cated that farm diversity is not made up of one dominant and other
very rare varieties. Instead, any two samples drawn at random at the
farm level differed in varietal source in 25% of the cases. Evenness
at the community level was impressively high, with a mean of 0.70.
The last column in Table 2 lists the estimates of divergence. This
measure reflects the potential of any two randomly chosen house-
holds within the same community to grow different varieties and
ranged from 0.25 to 0.81, depending on the crop.

Patterns Among Categories of Crop Species. The 27 crops species
were grouped into four broad categories of breeding system and two
of crop use (Table 1). Table 3 gives the averages of the diversity
measures for these categories. At the farm level, the categories did
not differ significantly for diversity. However, at the community
level, significant differences in community richness were found,
with variety richness for clonal species much higher than the other
systems (Table 3). The major staples had higher richness and
evenness than the nonstaples, a difference significant at the com-
munity level. No significant differences were found in divergence
among either breeding systems or use types. Clonally propagated
crops had high richness for a given evenness, whereas outcrossing
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Table 1. Rational and procedure defining units of diversity in 27 crops species by eight countries

Variety name - units of

diversity relationship Breeding system Major starch

Crop Country (A, B, O)* cl, In, Po, Oc* source
Barley (Hordeum vulgare) Nepal A In Yes
Rice (Oryza sativa) Nepal, Vietnam A In Yes
Finger millet (Eleusine coracana) Nepal A In
Bean* (Phaseolus vulgaris, Phaseolus lunatis, Vigna Burkina Faso, A In

unguiculata) Mexico, Peru
Peanut (Arachis hypogaea) Burkina Faso, Peru A In
Okra (Abelmoschus esculentus) Burkina Faso A Oc
Squash (Cucurbita maxima, Cucurbita mixta, Cucurbita Mexico, Nepal$ A Oc

moschata, Cucurbita pepo, Luffa cylindrica)
Chili (Capsicum annuum, Cucurbita chinense, Peru*, Mexico A Po

Cucurbita baccatum, Cucurbita pubescens,

Cucurbita frutescens)
Taro (Colocasia esculenta, Xanthosoma spp.) Nepal, Vietnam A cl
Barley (Hordeum vulgare) Ethiopia, Morocco B In Yes
Durum wheat (Triticum durum) Morocco B In Yes
Pearl millet (Pennisetum glaucum) Burkina Faso B Oc Yes
Bean (Phaseolus vulgaris) Hungary$ B In
Maize (Zea mays) Mexico, Peru C Oc Yes
Sorghum (Sorgum bicolor) Burkina Faso C Po Yes
Faba bean (Vicia faba) Morocco C Po
Cassava (Manihot esculenta) Peru C cl Yes

*A, variety names (names used direction as the units farmers manage); B, variety names underestimate the units farmers are using to manage diversity; C, variety
names both overestimated (different names for the same variety) for some varieties and underestimated (same name for different varieties) for other varieties.
See Sadiki et al. (14) and Sl for further details of variety names and units of diversity relationships.

*Cl, clonal; In, inbreeding; Po, partially outcrossing; Oc, outcrossing.

*Beans (common bean, lima bean, and cowpea), chili, squash. and taro are managed as crop complexes. Each of these crop complexes occupy the same ecological
and cultural niche, respectively, and are considered by farmers as a single crop types.
SAverage household area planted to traditional varieties of the crop is <50 mZ (i.e., crop managed as few plants in home gardens).

and partially outcrossing crops tended to have more even frequen-
cies across communities.

Relationships Among Diversity Measures. Table 4 summarizes the
relationships among the three measures of diversity (richness,
evenness, and divergence) inter se and their relationship with crop
area. Figs. 2—-4 display three of these relationships. Richness and
evenness were highly correlated at both the farm and community
levels (Table 4; Figs. 2 and 3). Over the whole study, the correlation
between farm richness and evenness accounted for ~94% of the
variance, although it was closer at the farm than at the community
level. The richness—evenness relationship was also mirrored in the
Spearman rank correlation coefficients (12), computed for the
overall data, for among and within the 26 combinations of individ-
ual crops in each country. Figs. 2 and 3 plot the regression of
richness on evenness at the farm and community levels, both
variables transformed to a logarithm scale. The fit is linear (P <
0.0001 and P < 0.1000, respectively). The implications of this major
result are discussed below.

Fig. 2 graphs the data points coded whether the crop is typed as
a staple or nonstaple species (Table 1). A contingency y? test
revealed that staples were significantly (P = 0.0012) more often
located above the line (i.e., had excess richness for a given Simpson
value) compared with nonstaple crops. There was no such pattern
among breeding systems at the farm level. In contrast, Fig. 3
displays the data points according to breeding system. Crops with
an open breeding system (partial to complete outcrossing) were
significantly (P = 0.028) more often located below the line than
inbreeders and clonals, implying the latter crops had higher richness
for a given Simpson index. At the community level, there was no
significant effect on use type.

Field-Size Effects. In biodiversity assessment in general, area vari-

ables have been proposed as surrogate indicators of diversity (13).
Table 4 gives the overall correlations between the area growing a
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particular crop on a farm and the diversity measures. Although
larger fields tended on average to have higher varietal diversity, the
relationship between area and divergence was negative (Fig. 4).
Communities having smaller farm-field areas showed more differ-
entiation in varietal composition than those with larger areas. Fig.
4 codes the data points for breeding systems and shows the trend
for field size to be larger for crops with more open breeding. As well,
staples were significantly (P = 0.024) more likely to lie above the
fitted regression of richness on area.

Discussion

Landrace Diversity on Farm. This study is based on a wide range of
crops species growing in traditional agroecosystems. The farms
were sampled to represent a broad picture of the varietal diversity
on ~63,600 ha. Perhaps the most remarkable finding is that farmers
who chose to grow traditional varieties more often than not are
growing more than one variety of crop, presumably a deliberate
choice for diversity. Moreover, the average Simpson index diversity
at the farm level is 0.26, equivalent in a two-varietal system to a
frequency for the dominant type of <0.85. In addition, community
richness (omitting cassava) is 8-fold that of farm richness, a result
that underscores the importance of the divergence between farms
within the local community.

There has been serious debate about the variety names as a basis
for arriving at estimates at variety numbers and richness values (4,
14). In part, the issues resemble the problems associated with using
species occurrences and density in conservation decisions for
natural communities (15). Two issues are that the reliability of
names as indicators of population ancestry is likely to decrease as
the geographic scale of sampling increases, and that pairs of
populations of a crop differing in name are not equally divergent
genetically. The hierarchical approach adopted here (i.e., surveying
farms within communities) gives a framework for testing the
correspondence between named varieties and actual genetic diver-
gence for specific crop—country situations (16). Yet, apart from
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Table 3. Overall trends for categories of crops classified by breeding systems and use

Classification No. of crops Nt Farm richness Farm evenness Community richness Community evenness Divergence
Breeding system
Outcrossing 4 17 1.73 0.28 9.4 0.70 0.60
Partially outcrossing 3 1" 2.26 0.33 10.9 0.75 0.59
Inbreeding 6 35 1.75 0.23 12.8 0.66 0.64
Clonal 2 8 1.70 0.20 334 0.77 0.76
Mann-Whitney test NS NS i NS NS
Use
Main staple 7 29 2.1 0.29 20.5 0.73 0.62
Others 8 42 1.65 0.23 9.5 0.67 0.65
Mann-Whitney test NS NS * * NS

*, P <0.05; **, P < 0.01; ***, P < 0.001.
*Number of communities.

evenness diversity are significantly correlated with farmer area.
Although only a small amount of the variance in genetic diversity
is explained by these two predictors, the relationship arose from the
broad sweep of data in the study and suggests that the use of area
of a crop grown by farmers may be useful as an indicator of diversity.
This suggests it may be important to monitor changes of farm size
over time.

Divergence. Measured as the proportion of community evenness
displayed between farms or households, is an indicator of the extent
to which two farms have diverged by adopting different varietal
strategies. High divergence implies the community is maintaining
genetic diversity among farms. A functional interpretation of our
results is that local habitats or smaller field areas are heterogeneous,
requiring neighboring farmers to grow different varieties, particu-
larly for the communities’ staple crops (Fig. 4). However, the
apportionment measure of divergence has at least one serious
disadvantage. It refers only to the diversity actually present, and it
can take misleadingly high values when there is only a small amount
of diversity. For example, if all farms except one are growing one
variety, and the exceptional farm has just a few plants of another
variety, then the divergence estimate is maximal at 100%. Never-
theless, our estimates underscore the importance of a large number
of small farms adopting distinctly different varietal strategies as a
major force in retaining crop genetic diversity on farm. If this
inference is well founded, it means that well intentioned interven-
tion that unifies landscapes genetically may threaten such diversity
in the long term.

Materials and Methods

Study Sites. Research was carried out from 1998 to 2005 in Burkina Faso, Ethiopia,
Hungary, Mexico, Morocco, Nepal, Peru, and Vietnam, through the collaboration

of national research and education institutes with local nongovernment agencies
and farmer communities. Twenty-five communities were involved in the work
across eight countries. The communities consisted of groups of villages that
shared (to varying degrees) agroecological regions, common markets, and plant-
ing materials.” These communities were selected to encompass environmental,
cultural, technological, and economic differences. Fig. 1 shows the location of
sites and target crop species (site details are presented in SI). Site elevations
ranged from sea level in the Yucatan Peninsula, Mexico, to >3,000 m in the Nepal
highlands. The environments included arid and semiarid climates in Burkina Faso
and Morocco, temperate areas in Hungary and Nepal; tropical highlands in
Ethiopia; and tropical and subtropical lowlands in Mexico, Amazonian Peru, and
Vietnam. The farming systems were either rain-fed, irrigated, or shifting cultiva-
tion. Economic development ranged from less-developed economies, such as
Ethiopia and Nepal, to more-developed economies, such as Hungary (20).

Sampling on Farms and in Communities. Information was collected from a total
number of 2,041 households in 26 communities, for an average 2.2 crops per
household, or 4,074 records in all. Household size ranged from nuclear families of
two to five people to extended family households in Burkina Faso averaging 18
persons. For each target crop, only those households that grew at a least one
traditional variety of the crop under investigation were included in the analysis.
The number of modern varieties of a specific crop available to the community was
recorded to reflect the extent of exotic genetic resources available to households
from any source but not necessarily bought and planted by the farmers surveyed
in the study. The proportion of the farm growing traditional varieties was
measured to indicate the percentage of the crop that consisted of local varieties.

Nomenclatural Procedures. Consistency of variety names was an issue given
attention early in the study, because it was essential to the proper analysis of

WThe word ““community” is interpreted differently depending on national administrative
regions, local cultures, and language. To standardize the community unit of analysis,
collaborating partners agreed that a “‘community’”” would consist of one or more villages
linked by a common agroecological system, local markets, and/or seed exchange system.
Equivalent local terms for community units are found in SI.

Table 4. Pearson and Spearman rank correlation coefficients for diversity and area variables

Relationships

Spearman Rank correlation

Pearson
X Y correlation, r Overall Among CCC* Within CCC*
Farm evenness Farm richness 0.95*** 0.97*** 0.94*** 0.82%**
Community evenness Community richness 0.81*** 0.73*** 0.67*** 0.46***
Divergence Community richness —0.05 -0.07 0.06 -0.14
Farm field area Farm richness 0.34* 0.44%** 0.41 0.26
Farm field area Farm evenness 0.36* 0.49*** 0.52%* 0.26*
Farm field area Divergence —0.37** —0.51%** —0.53%** —-0.28
Community area Community richness 0.04 —0.01 —-0.05 0.42*
Community area Community evenness 0.09 0.04 0.02 0.22
Community area Divergence —0.24 —0.21 —0.30 -0.14

All variables are transformed. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

fAmong CCC (specific combination of country, community, and crop) was derived as follows: the estimates for each of the communities (usually three) within
a specific combination of crop and country (e.g., barley in Ethiopia) were averaged. These 26 averages were then ranked over the whole study.

*Within CCC: the values for each community were ranked (1, 2, or 3) within a specific combination of crop and country. The resulting 25 possible estimates of
rank correlation were averaged. (Only one community was surveyed for barley in Nepal).
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