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Abstract The importance of genetic diversity in
cultivated varieties for organic and low-input agriculture
has attracted increasing attention in recent years, with a
need to identify relevant sources of diversity and
strategies for incorporating diversity in plant breeding
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for organic systems. However, the regulatory system in
many countries, particularly in the European Union,
restricts the varieties available to farmers to those
registered in an official catalogue, and most countries
require varieties to go through official tests under
conventional management, which has resulted in a lack
of suitable varieties available to organic farmers. This
study characterized a sample of wheat (Triticum
aestivum L.) landraces, historic varieties and varietal
mixtures currently of interest to organic farmers in a
diverse range of organic conditions on farms in Italy,
France and the Netherlands. These varieties were
assessed for individual plant and spike characteristics
and compared to modern registered wheat varieties
grown under the same on-farm conditions. Significant
differences in mean values were found among varieties
for many plant and spike traits, as well as significant
variety-by-environment interactions. There were often
similar levels of intra-varietal variability between
farmer and modern varieties, indicating that the strong
selection for genetic homogeneity to meet regulatory
criteria has little impact on the phenotypic variability of
certain traits when assessed on-farm. Several farmer
varieties had high values of traits related to productivity
outside their region of origin, which underlines the need
for experimentation with diverse types of varieties in
order to find and develop appropriate varieties for
organic systems.
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Introduction

Recent articles have identified the need for varieties
specifically adapted to low-input and organic agricul-
ture due to differences in key traits required in these
systems and differences in farmer priorities among
traits of importance (Ceccarelli and Grando 2007,
Desclaux et al. 2008; Murphy et al. 2007; Wolfe et al.
2008). In addition to well-adapted varieties, the
conservation of genetic diversity within varieties is
also important to maintain the adaptive potential of
these varieties. Farmers using organic or low-input
practices look for more diverse varieties because they
want these varieties to be able to evolve specific
adaptation to their conditions and because genetic
heterogeneity may buffer crop responses to unpre-
dictable environmental conditions (Becker and Leon
1988; Ceccarelli et al. 2001; Finckh 2008). This
buffering capacity is more important in low-input and
organic systems because farmers are not able to
standardize growing conditions with the use of
synthetic inputs (Ceccarelli et al. 2001; Altieri 1999;
Desclaux 2005; Finckh and Wolfe 2006; Wolfe
2000). While diverse varieties such as landraces,
historic varieties and mixtures (referred to as farmer
varieties hereafter, see Box 1) are currently of greater
relevance in organic than in conventional agriculture
(Almekinders and Jongerden 2002), the preservation of
diversity is important for all agricultural systems due to
changing climate conditions, which change both the
types and levels of biotic and abiotic stress that crops
face.

Interest in growing farmer varieties and conserving
genetic diversity is growing in the organic farming
community in Europe because of a lack of well-
adapted modern varieties, a recognition of the value
of genetic diversity, a need to reduce off-farm inputs,
a desire for more autonomy in terms of seed
production and an increased market value of these
varieties due to consumer recognition and demand for
certain well-known varieties. Several groups of farm-
ers in Europe, the Réseau Semences Paysans (in
France), Red de Semillas (in Spain) and the Rete
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Semi Rurali (in Italy) are actively engaged in testing
farmer varieties and in some cases, selecting superior
plants within existing landraces and historic varieties
to use as new farmer varieties or in mixtures. These
networks are very concerned with the loss of genetic
diversity among modern varieties and the consolida-
tion of the seed market and ensuing loss of farmer
choice and control of the seed they plant. Similar
initiatives exist in other European countries; the
European Farm Seeds Opportunities project has
identified 68 separate initiatives in 17 countries
(Osman and Chable 2009).

Box 1

Farmer variety—a variety developed and managed by farmers,
such as a landrace or a historic variety that has been
maintained on-farm over many years or a new population
created and selected by farmers. Farmer varieties can also
include variety mixtures that are grown and harvested
together over many years instead of re-constituted each year
(see (Bocci et al. 2010) for a detailed description).

Historic variety—a variety, usually a relatively homogeneous
selection made within existing landraces or in the early stages
of formal plant breeding programmes that was once on a
variety registration list but is no longer registered.

Landrace—while there is no one definition for this concept, in
general, it is a population of a crop species that has been
maintained by farmers in a locality over a sufficiently long
period of time so that it develops stable local adaptation.
Camacho Villa et al. (2005) proposed a consensus definition
based on a review of the literature, which we adopt for the
purposes of this article: “A landrace is a dynamic population
(s) of a cultivated plant that has a historical origin, a distinct
identity and lacks formal crop improvement, as well as often
being genetically diverse, locally adapted and associated with
traditional farming systems.”

Modern variety—a variety resulting from a formal
(professional) plant breeding programme, registered under a
distinct name and satisfying the criteria of distinctiveness,
uniformity and stability as defined by regulations during the
variety registration process.

Note: The distinction between historic and modern varieties
may also be made on the basis of the date of registration, with
varieties released before 1950 considered historic and
varieties released after 1950 (when the use of synthetic
fertilisers and pesticides became common in breeding
programmes) considered modern, and this is more useful in
areas that do not have a history of official variety registration.

Varietal mixture—a mixture of distinct plant types, grown and

harvested together. Components of the mixture can be
landraces, historic varieties or modern varieties.
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On-farm conservation of agricultural biodiversity

Many studies working with farmers in traditional
agricultural systems have demonstrated that local seed
selection and management practices are key to the
development of local adaptation while maintaining
genetic diversity in cultivated species. This diversity
is maintained through the ongoing action of evolu-
tionary processes within crop populations while
human selection maintains traits that are important
for agronomic performance and end-use quality
(Almekinders et al. 2000; Berthaud et al. 2001; Elias
et al. 2001; Louette et al. 1997; Smith et al. 2001).
The effectiveness of such a system for in situ
conservation depends on the number of populations
and the local selection pressures affecting each
population as these populations function as a meta-
population, a concept first proposed in an ecological
context by Levins (Levins 1970). Contrasted selection
pressures will preserve the greatest level of diversity
at the metapopulation level, even if each population
loses a portion of its initial diversity in the process of
selection for local adaptation (Enjalbert et al. 1999;
Goldringer et al. 2001a, b, 2006; Lavigne et al. 2001;
Paillard et al. 2000; Porcher et al. 2004).

While a strategy of in situ conservation could be
pursued at a national or international level through the
use of populations grown on research stations, this
approach is limited in terms of the number of sites
available and the resources that can be dedicated to
maintaining appropriate population sizes and manage-
ment practices. Therefore, most formal systems of
conservation are primarily ex situ genebanks. In ex situ
conservation, an effort is made to maintain the character-
istics of a crop variety sample that were present when it
was collected from the field, without continued evolu-
tion during regeneration cycles. In contrast, in situ
conservation conserves the processes that create and
maintain the genetic diversity of populations, rather than
a particular sample of genetic diversity. Adaptive genes
from landraces and related populations are recognized
as important but underutilized for crop improvement
(Finckh 2008; Rodriguez et al. 2008; Newton et al.
2010). A seed exchange network among farmers which
maintains evolving populations of landraces and other
heterogeneous varieties may be a more effective in situ
strategy for conserving and giving value to genetic
diversity, complementary to ex situ approaches, and

with the dual goals of conserving the adaptive potential
of crop species and developing well-adapted farmer
varieties for organic and low-input agriculture.

Developing locally adapted varieties

One of the benefits attributed to farmer varieties is their
ability to develop local adaptation by responding to
evolutionary forces in divergent environmental condi-
tions. This local adaptation leads to stability over time
within each location. Annicchiarico (2001) provides an
overview of considerations and analytical tools to use
when breeding for stability and adaptation. In particular,
he points to the importance of distinguishing between
repeatable interactions between genotypes and loca-
tions, which can be used to develop locally adapted
varieties, and non-repeatable year-to-year variation,
which should be minimized through the development
of temporally stable varieties. Reliability of perfor-
mance over years is often just as important to farmers as
high yields and is certainly more relevant to individual
farms than the performance of the variety across a wide
range of locations. The exploitation of genotype by
environment interactions (GXE) through decentralized
selection and participatory breeding has been proposed
as a solution to developing locally adapted varieties for
organic and low-input systems (Ceccarelli and Grando
2007; Desclaux et al. 2008; Ceccarelli 1996; Desclaux
and Hédont 2006; Dawson et al. 2008; Lammerts van
Bueren et al. 2008; Murphy et al. 2005).

In addition to the importance of genetic diversity to
buffer against environmental stresses over time, the
variety-by-environment interactions (or GxE) are an
important phenomenon to understand when developing
varieties for diverse growing conditions. Interactions
occur when the relative responses of varieties to changing
environmental conditions differ. Crossover interactions
occur when there are significant changes in variety
rankings for a certain trait, such as yield, over environ-
ments, so that the best variety under one set of conditions
is not the best variety under a different set of conditions.
In these situations, it is preferable to take advantage of
GXxE interactions by identifying different varieties that
have superior performance in specific environments
rather than trying to avoid G*E by selecting varieties
with average performance over a broad range of environ-
ments, as is done in most conventional breeding
programmes (Desclaux 2005; Ceccarelli 1996).
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European context for on-farm conservation
and development of farmer varieties

In the European Union (EU), to be commercialised a
variety has to be registered in the European catalogue
and meet evaluation criteria including being distinct,
uniform and stable (DUS) (UPOV 1991; European
Commission 2003; European Council 1966, 2002)
(see Box 2). This means that the majority of
registered varieties are genetically homogeneous,
consisting of identical individuals. Because registered
varieties are often very similar genetically, with many
of the same parental varieties, there is also a danger of
losing the diversity of genetic material that was
historically conserved in situ by farmers, which is
complementary to the diversity conserved in gene-
banks or research institutes (Demeulenaere et al.
2008). Further regulations for variety registration vary
by country but usually include “value for cultivation and
use” standards that measure agronomic performance
in conventional systems. Most modern varieties are
developed for high-input conventional cropping
systems. Multi-site testing in conventional environ-
ments favours varieties with low spatial GxE, meaning
that they are adapted to a broad range of geographic
locations but only after the environments have been
made more similar with the use of input (Ceccarelli
1996). Many farmers using organic and low-input
methods are unable to find a variety in the catalogue
that is adapted to their agricultural environment.

The interest among organic farmers in Europe in
growing landraces, historic varieties and more recently
developed farmer varieties is in part due to this lack of
adapted varieties in the official catalogue. The EU seed
regulations described above prohibit the sale or exchange
of these types of varieties as seed for planting because
they do not comply with the European criteria for
registration. As a result of increasing interest among
farmers and recognition of the importance of genetic
diversity for future variety development, the European
Union has adopted new legislation on “conservation
varieties” (see Box 2) (European Commission 2008).

Box 2
EU variety catalogue registration requirements

Varieties submitted for registration must meet three
requirements: distinctiveness, uniformity and stability (DUS
criteria). Crop species should also meet criteria of value for
cultivation and use (VCU). Those requirements are assessed
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by the evaluation of quantitative or qualitative morphological
and phenotypical criteria (descriptors). The evaluation for
those requirements has to be done for at least two independent
plant growth cycles and in multiple locations.

DUS (distinctiveness, uniformity and stability):

- Distinctiveness: Distinctiveness is established if the
combination the different descriptors evaluated differs from
those of other varieties already registered. “The distinctness is
assessed using the z-test least significant difference, the
difference between two varieties is clear if it occurs with the
same sign at the 1% significance level or less (p<0.01) in two
consecutive or two out of three growing cycles”

Uniformity: All the plants of a registered variety should be the
same. “Uniformity is assessed by visual observation and the
detection of off-types.” Depending of the type of plants
observed and on the characteristic observed, the rate of
off-types allowed can vary.

Stability: the characteristics of a variety should be the same
over space (in all the test locations) and time (all the years
when the variety is tested). “A candidate will be considered to
be sufficiently stable when there is no evidence to indicate
that it lacks uniformity. Seed samples of further submissions
included in any test must show the same expression of
characteristics as the material originally supplied (CPVO
2009).”

VCU: value for cultivation and use

VCU tests evaluate agronomic and technological characteristics
such as yield and protein levels. A new variety should
perform better (over space and time) for at least one
characteristic than varieties already registered.

Conservation varieties:

The concept of conservation varieties was created in order to
classify “old varieties” because such varieties do not meet the
criteria of uniformity as established for modern varieties. As
defined in the EU Commission Directive 2008/62/EC (2008),
conservation varieties must be linked to a “region of origin”
where they have been cultivated for a certain period. They
must also be threatened by genetic erosion and “present an
interest for the conservation of plant genetic resources.”

The regulation stipulates that “seed of a conservation variety
may only be produced in the region of origin” and there are
restrictions of quantities marketed: “the quantity of seed
marketed does not exceed 0,5% of the seed of the same
species used in that Member State in one growing season, or a
quantity necessary to sow 100 ha, whichever is the greater
quantity.”

In addition to these restrictions, the varieties listed as
conservation varieties must pass modified (less strict) DUS
tests, for example, a tolerance of 10% off-types instead of 1%,
but do not have to pass VCU tests.

This legislation recognizes the importance of con-
serving the genetic diversity represented by land-
races and historic varieties by allowing them to be
registered as conservation varieties and grown, sold
and exchanged as such. However, the legislation sets
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a limited geographic area—the “region of origin”—
and proportion of the land cultivated within that area
allowed to be planted to each conservation variety. It
also sets registration requirements for these varieties
that are similar to the distinctiveness, uniformity and
stability requirements of standard catalogue regis-
tration, but exempts them from value for cultivation
and use standards used for conventional testing.
While this legislative framework is proposed as a
solution to the conservation of genetic diversity and
would authorize the use of varieties that met the
modified registration criteria, it is unclear how
many of the farmer varieties currently in use in the
organic community (by farmers who save their own
seed and market grain products) would fit these
guidelines.

Goals of the study

The work reported in this paper was part of a project
supported by the European Commission to assess the
potential of on-farm selection and conservation to
protect genetic diversity in cultivated species. The larger
project had three main goals in studying the potential of
farmers varieties in Europe: (a) to assess their ability to
meet the needs of low-input and organic farmers, (b) to
understand their importance for the conservation of
genetic diversity, and (c) to identify characteristics of
these varieties in relation to farmers’ practices for the
implementation of the new European legislation on
conservation varieties. The specific goals of the work
presented here were to:

(a) Assess the appropriateness of DUS criteria when
applied to conservation varieties. Measurements
based on those used for the DUS evaluation were
taken on multiple farmer varieties and modern
varieties at on-farm trials.

(b) Test the relevance of “region of origin” restric-
tions for the conservation of genetic diversity
and evolutionary potential. Farmer varieties were
grown in their region of origin and on partici-
pating farms outside the region of origin to
assess local adaptation and spatial stability.

(c) Make the scientific and legislative processes
more participatory by working directly with
organic farmers to evaluate varieties which are
of interest under diverse environmental condi-
tions. Farmers and farmer associations were

involved from the beginning in the project
conception, design, management and interpreta-
tion of results.

Several farmer varieties already being cultivated
under low-input (non-certified organic) and certified
organic management conditions were studied, through
a network of on-farm trials in Italy, the Netherlands
and France. Participating farmers contributed bread
wheat varieties that they are currently growing for
local markets. The trials developed were exploratory
in nature and designed to evaluate different types of
farmer varieties rather than to identify superior
cultivars for organic agriculture. This study allows
us to assess the range of variation within and among
farmer varieties and modern varieties under organic
farming conditions and the appropriateness of the
proposed regulatory framework for conservation
varieties. We discuss the implications of the results
for seed and variety regulation, particularly with
regard to regulatory scenarios that would encourage
the development of varieties for organic agriculture
and the involvement of farmers in variety innovation.

Materials and methods
On-farm trials

The experiment took place in the 2006-2007 growing
season and was conducted on six farms, one in the
Netherlands, two in Italy and three in France. The
conditions of the trials were very diverse because of
the geographical locations and differences in farming
systems and agronomic practices (see Table 1). Soil
type and fertility management, the presence of
livestock or not in the farming system, crop rotations,
tillage and weed management, precipitation, yearly
average and extreme temperatures, all contributed to
differences in trial environments and conditions that
would have contributed to shape the farmer varieties
evaluated in this experiment. All farms used organic
management, and farmers were interested in and
experienced in cultivating historic and landrace
varieties of bread wheat. Each site was managed as
the farmer would normally manage bread wheat on
their farm and all the varieties within each location were
given identical management. This was considered the
best way to realistically evaluate the performance of
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5°22'E

4°20" E

0°22" E

0°38' W

13°54' E

11°26' E

Grass—clover (2 years)

Fallow

Phacelia

Clover (3 years)

Horse bean

Alfalfa

Previous crop
Soil type
Preparation

Rich silt-clay, calcareous Rich clay

Poor clay

Poor, sandy Rich sandy-silt

Rich clay

No manure No manure

No manure

10 t/ha of compost

No manure
Ploughed

Ploughed

No manure

No ploughing

Soil work in depth

7th Nov, 400 seeds/m>

Early Nov, 300 seeds/m”> 8th Nov, 300 seeds/m>

but no ploughing
Sowing (date, type) 30 Oct, 200 seeds/m> 7th Nov, 200 seeds/m”> 9th Nov, 300 seeds/m>

harrowing in March/April (2x)

Manual weeding No intervention

Harrowing (Apr),

No intervention

Manual weeding

Management

twice (first in Feb)

manual weeding once
Alternation of humid and Dry winter and spring.

Drought until May, rainy Mild winter and spring,

Warm winter, warm  Nearly drought

Growing season

warm and drought in
March/Apr, wet after

summer, alternating

cold and dry and warm  Humid from May until

conditions until Apr,

rainy after

dry spring, cold
rainy summer

notes

cold and warm periods

harvest

periods

different varieties on contrasting farms. Italian trials
were in the mountains of the Abruzzi region (TDS,
central Italy) and the plains of the Veneto region (GC,
NE Italy). The French trials were in the Mediterranean
region (HF, southern France), in Aquitaine (JFB, SW
France) and in the Loire valley (FM, NW France). The
Dutch trial (PVI, central Netherlands) was situated in
Flevoland on a polder, which is arable land formed by
draining fields.

Varieties

Each farmer participating in the experiment chose a
variety that he had been growing for several years and
wanted to contribute to the project. The eight varieties
chosen represent different types of wheat varieties
(landraces, mixtures and historic varieties) primarily
grown and selected by farmers and are referred to as
farmer varieties, as stated before. Two modern
varieties were included for comparison (one is the
reference for organic agriculture in France and the
other one was selected for conventional agriculture).
Variety characteristics and regions of origin are listed
in Table 2. The following abbreviations are used for
variety names:

AU  Aubusson

PI Piave

RB Rouge de Bordeaux
RN Renan

RD Redon

HL Haute Loire
TO  Touselles

SO  Solina

ZW  Zeeuwse Witte
ZH  Zonnehoeve

The varieties represent a broad range of diversity in
terms of their genetic structures and phenotypic charac-
teristics. Samples of the same seed lot of each variety
were sent to each farmer participating in the experiment,
so that each farmer grew plots of each variety in a
RCBD with two replicates and 10-m® plots. Each
farmer provided the researchers with their normal
seeding rate in grains per square meter, and researchers
calculated the weight of grain to be sown in a 10-m?
plot based on this rate and the thousand-kernel weight
of each sample. Each variety within a location had the
same sowing method, date and density and the same
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Table 2 Description of varieties used in the experiment

Name Type of Trial closest  Further characteristics Photo
variety to region of
origin
Aubusson Modern None Commercial modern variety (Nickerson)
Pure line Resistant to powdery mildew and brown
rust
Renan (RN) Modern None Commercial modern variety (INRA), the
Pure line reference for organic agriculture
Blés de Landrace M Mixture composed by a Breton farmer
Redon (RD) Mixture from 7 spikes, each one originated from
a landrace of the Redon Region in
Britanny.
Haute Loire Landrace FM Landrace from a mountain region in
1433 (HL) Population central France, but contributed by a
farmer in Maine-et-Loire (western
France) who obtained it from the French
National Gene Bank in 2004.
Mélange de Landrace HF Mixture composed by a farmer in
Touselles Mixture southern France from four different
(TO) “Touselles” landraces: three T. aestivum
and one T. turgidum. Touselles have
been cultivated in southern France since
the middle ages for baking quality
Rouge de Historic JFB Well-known historic variety from the
Bordeaux variety Bordeaux region in southwest France,
(RB) Population originally selected from the variety Noé

(from Odessa in the Ukraine) around 1880
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Table 2 (continued)

Name Type of Trial closest  Further characteristics Photo
variety to region of
origin
Piave (PI) Landrace GC Landrace from northern Italy (region of
Population Veneto, north of Venice), kindly
provided by Silvio Pino from IGSA.
Solina Landrace TDS Landrace from a mountain region in the
d’ Abruzzo Population centre of Italy (Abruzzo).
(50)
Zeeuwse Landrace PVZ Old landrace from the southwest of the
Witte (ZW) Population (abandoned)  Netherlands, known for its good baking
quality and used in many crosses in
baking wheat selection, cultivated since
2005 in the north of the Netherlands by
the farmer participating in the project
Zonnehoeve Modern PVI Mixture of two German varieties, Rektor
(ZH) Mixture and Bussard released in 1980 and 1990,

provided by the farmer who cultivated it
in a Polder of the centre of the

Netherlands for more than 10 years

1GS4 Istituto di Genetica e Sperimentazione Agronomica di Vicenza, Italy

weed management practices. Some farmers planted the
two replicates of each variety consecutively so they
were considered a single replicate in the analysis.

Plant measurements

Quantitative measurements were taken twice, once
during the growing season, where vegetative traits
were measured, and once after harvest, when a sample
of spikes was collected and measured. The choice of
traits to measure was based on International Union for
the Protection of New Varieties of Plants descriptors

@ Springer

and was designed to assess whether the use of the
criteria of distinctiveness, uniformity and stability for
farmer varieties to be registered as conservation
varieties is appropriate, but included also traits of
interest to farmers, including the distance between
spikelets on each spike and the distance between
the spike and the flag leaf, which they consider
important for quality and disease resistance because
looser spikes and a larger distance between the
leaves and spikes keep the spike drier and help
prevent infection of the spike by diseases migrating
from the foliage.
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Traits measured and abbreviations:

SL Spike length (centimetres)

GW Grain weight per spike (grams)

KN Kernel number per spike

TKW  Thousand-kernel weight (grams), 1,000 %
GW/KN

SpD Spikelet distance (centimetres), average
distance between spikelets=spike length/
number of spikelets

PH Plant height (centimetres), from the soil to

the top of the spike, awns excluded

Last (flag) leaf to spike distance

(centimetres), the length of the stem from its

insertion in the flag leaf sheaf to the base of

the spike

LLSD

At all on-farm trials, 25 spikes from individual
plants for each replication were harvested at maturity,
bagged and measured at the research station, for a
total of 50 spikes per variety for each on-farm trial.
For the variety Piave, birds ate most of the grain
before maturity at two out of six sites so it was not
always possible to harvest 25 spikes for each plot.
Plants were chosen at random from the plot, avoiding
the outside rows, and one spike per plant was
harvested. At sites where the two reps of each
variety were planted end-to-end, the 50 spikes
counted as a single replication. Phenotypic descrip-
tors of spike and yield components included: SL,
GW (per spike), KN (per spike), TKW and SpD
(average distance between spikelets). Compact
spikes have a lower SpD and loose spikes have a
higher SpD. In addition to the traits measured on
spikes at maturity, it was possible to collect vegetative
measurements at some of the sites. These were PH at
trials GC and TDS and LLSD at trials TDS, PVI and
FM, taken on one tiller/spike for 25 individual plants per
replication, after flowering during the period of grain
filling.

Statistical analysis

ANOVA was performed in SAS (SAS Institute, Inc.,
Cary, NC, USA) using proc GLM with varieties
considered fixed effects and locations considered
random. Random interaction effects of variety x
location were tested for locations GC, HF, PVI and
TDS, where there were two replications. Least

squared (LS) means were calculated for all varieties
using the model without interactions for pairwise
comparisons using Tukey’s multiple comparison
procedure. Proc GLM was also used to calculate LS
means for each variety by location to compare
changes in rank among locations.

Intra-varietal variability across and within locations

The overall coefficient of variation (CV) was broken
into the variation of the LS means for varieties across
environments and the remaining CV of each variety
within each environment. The variation across envi-
ronments allows us to assess the quantitative impact
of GXE interactions for each trait. The within-
location CV assesses the variability of each variety
with respect to its mean value for that trait. Within-
location variability of each variety was also assessed
using the standardized residuals of the ANOVA to
compare the absolute levels of wvariability. The
standardized residuals give a measure of variability
after accounting for environmental and genotypic
effects, which includes the variation among individuals
independent of the varietal mean values and
experimental error. We assume that the experimental
error was of the same order from one plot to the
next based on visual assessment of the trials and
the relatively low CV across environments. There-
fore, the standardized residual variation allowed us
to compare the amount of intra-varietal variation
among individual plants. Stability parameters based
on varietal means for each trait at all locations were
calculated using the methods of Finlay and Wilkinson
(1963), Shukla (1972) and Nassar and Hiihn (1987)
with a SAS programme published by Hussein et al.
(2000). Cluster analysis based on the GxE inter-
actions weighted by the square root of Wrick’s
ecovalences (the sum of the squared G xE interaction
effects for each variety (Becker and Leon 1988)) was
also performed using the same SAS programme.
Cluster analysis using GxE interactions is used to
identify groups of varieties that behave similarly over
environments in terms of the interactions, even if
trait mean values are different. The traits PH and
LLSD and the variety Piave were not included in
the stability analysis because of the limited number
of locations with data, and for the analysis of GW
and TKW, the variety RB and the location GC were
not included due to missing data.
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Results

From the ANOVA, there were significant effects (p<
0.01) of the environment and the variety for every
trait. GXE interactions were significant when these
could be tested. The main effects of environment,
variety, GXE interactions and variability within
environments and varieties are discussed in the
sections below.

Environmental effects

The locations FM and GC were intermediate for most
traits, with low KN. The CVs of location HF were
particularly high, and this could be linked to strong
weed pressure that caused unequal plant development
and significant competition during grain formation
and filling. At location JFB, the spikes had high SL,
low SpD and high KN but low TKW. Spikes at
location PVI could be described as highly productive.
They had the lowest SL and SpD, with high GW and
TKW. This location shows low CVs perhaps due to a
high sowing density and fertile soil. Spike trait values
at TDS were generally low, and this was probably
linked with poor soil fertility.

Varietal effects

Pairwise comparisons of LS means showed signifi-
cant differences among varieties. Table 3 presents
variety means and groupings across locations. The
two modern varieties, Renan and Aubusson, were
always significantly different from each other. How-
ever, they were closest in rank and had significantly
shorter PH and LLSD and higher GW compared to
the other varieties. While Renan had a longer SL,
greater TKW and lower KN, Aubusson had a shorter
SL, greater KN and lower TKW.

Piave appeared quite productive in the sites where
spike data could be collected. It had the highest values
for GW, KN and SL; high TKW and moderate values
for SpD, LLSD and PH. Rouge de Bordeaux had the
highest PH and LLSD; high GW, TKW and SL and
intermediate KN and SpD. This is probably due to the
preferences of the farmer, who selects tall plants with
long SL and LLSD. Touselles also had high PH, long
LLSD and SL and a fairly high KN.

Haute Loire, Redon and Solina had very similar
behaviour, with low values for GW and KN. They had
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Table 3 Least squares mean values for each variety and trait
and groupings of varieties resulting from Tukey’s procedure for
all pairwise comparisons among varieties

Trait Variety LS mean Group
Grain weight (g) PI 194 A
RN 1.63 B
AU 145 C
RB 136  DC
TO 1.31 D
ZH 1.27
ZW 1.24 DE
HL 1.12  EF
RD 1.08 F
SO 082 G
Number of kernels per spike PI 4385 A
AU 4130 A
ZH 3582 B
TO 3415 BC
RN 33.65 BC
RB 3299 BC
W 31.75  C
RD 2690 D
HL 2548 D
SO 20.89 E
Distance between spikelets (cm) SO 0.61 A
HL 057 B
RD 056 B
RN 055 B
RB 053 C
PI 050 D
ZW 048 D
AU 046 E
TO 046 E
ZH 046 E
Plant height (cm) RD 13535 A
TO 13225 A
RB 13028 A
HL 12023 B
ZW 11779 B
PI 116.60 B
SO 11548 B
ZH 97173 C
RN 72.13 D
AU 6518 E
Thousand-kernel weight (g) RN 47.15 A
PI 4227 B
HL 42.15 B
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Table 3 (continued)

Trait Variety LS mean Group
RB 3947 C
W 3852 C
RD 3839 C
SO 38.06 C
TO 3740 CD
AU 3579 DE
ZH 3488 E

Spike length (cm) RN 9.6 A
PI 9.6 A
RD 9.4 AB
RB 9.3 AB
ZW 9.1 ABC
ZH 9.0 C
TO 8.6 D
AU 8.5 D
SO 8.3 DE
HL 8.1 E

Last leaf-spike distance (cm) RB 2752 A
TO 2583 AB
SO 2524 AB
PI 2375 BC
HL 2348 BC
W 2227 C
RD 2129 C
ZH 16.16 D
RN 888 E
AU 413 F

Varieties with the same letter do not have significantly different
mean values (at p<0.05)

fairly large PH, LLSD and SpD. In many locations,
they showed significant lodging before harvest due to
their thin stems (especially for Solina and Haute
Loire). However, they had moderate values of TKW
although Redon was more variable than other varie-
ties for this trait within locations.

The two Dutch varieties, Zeeuwse Witte and
Zonnehoeve, had spikes that were phenotypically
very similar, while the vegetative growth was quite
different. Zeeuwse Witte was fairly tall and more
heterogeneous for PH, with long SL and high KN.
Zonnehoeve had a shorter and more homogeneous PH
and LLSD than the other farmer varieties, but was
still significantly taller than the modern varieties. It
had high KN with low SpD and TKW.

GxE interactions and varietal stability

Figure 1 presents variety LS means by location, with
locations ordered by increasing overall mean. Cross-
over GXE interactions are present for all traits. SL
appeared to be more influenced by environment
effects, while GXE interactions more strongly affected
other traits. Aubusson showed strong changes in rank
for KN and SL, while Renan changed rank for GW, KN
and SL. For the farmer varieties, Haute Loire had
significant changes in rank for SL, Piave for GW and
KN, Solina for SL and Zonnehoeve for TKW.

An assessment of varietal stability using the
regression of varietal means in each location on
environmental means (data not shown) revealed no
significant differences in slopes among varieties based
on the methods of Eberhart and Russell (1966) and no
significant differences from an ideal stable genotype
based on Shukla’s stability variance or Wricke’s
ecovalence. Clustering patterns were highly variable
depending on the trait, and it was difficult to find
similarities among this set of varieties, which indi-
cates that each has a unique response to environmental
conditions.

Intra-varietal variability across and within locations

The CV of the LS means for varieties across environ-
ments is presented in Fig. 2a, and the remaining CV
of each variety within each environment is presented
in Fig. 2b. Across environments, the traits fell into
two general groups, those that varied considerably,
including GW, TKW and KN, and those that were less
variable from one environment to another, including SL
and SpD. Even for varieties that show significant GXE
interactions, the variation in a trait across environments
for a certain variety was usually lower than that among
plants of the same variety within one location (intraplot
variation). The average CV within trials showed high
levels of variation for GW and KN and moderate levels
for TKW and SL. There was very little variation for SpD
and PH. Touselles showed higher variability for GW,
KN and SpD, while for LLSD, Aubusson had higher
within-site CVs than the farmer varieties. This was
probably due to a very small mean value of this trait for
Aubusson, so even small variation around this mean led
to a large CV.

Standardized residual plots from the ANOVA
model illustrate the within-variety variability inde-
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contrast, Piave had greater than normal variation

pendent of the trait mean value (Fig. 3). GW and

within locations for GW and KN, which could be in
part due to its precocity, making it more susceptible to
bird damage and shattering. Despite being more

TKW are shown among the traits measured on the

spikes; the other traits showed similar patterns of
variation. PH and LLSD are shown based on data

variable for SL and PH, Rouge de Bordeaux was less

from two and three locations, respectively. Renan and

variable than other varieties within locations for other

Aubusson appeared less variable for PH and LLSD.
Renan was also fairly homogeneous for SL and

Aubusson was fairly homogeneous for SpD. In

traits. Haute Loire was fairly homogeneous for GW,
KN and SL, but the amount of variation within
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locations for LLSD was higher than for other varieties.
Solina was more variable within locations for SL and
less variable for GW and TKW. Touselles again stood out
for its higher levels of residual variation.

Discussion
Environmental effects

The results from this study should be interpreted with
some caution because on-farm ftrials necessitate a
balance between the number of replications and the
number of varieties that can be tested with limited space
and without putting too many demands on farmers’
time. We chose to test a greater number of varieties from
contrasting regions of origin and to limit replications to
two. However, all quantitative measurements are based
on 25 individuals per plot, giving us 50 individuals
contributing to the LS means of the measured traits for
each variety in each location. Trial fields were, in
general, visually uniform, and we found more variation
among individuals in the same plot than among the plot
LS means across environments for the same variety.

We did not find strong specific local adaptation of
the farmer varieties to their region of origin but in
some cases, varieties had a higher value for some
traits when they were grown within their region of
origin. For example, RB at JFB had high KN and SL,
and ZH (and to a lesser extent ZW) at PVI had high
GW, KN and LLSD. It is interesting that each variety
does not necessarily have the highest values for spike
productivity traits such as GW and KN in its region of
origin. These measures of yield components on a
spike-by-spike basis may not necessarily be the same
as those selected on a whole-field level by yearly
harvest and replanting of farmer varieties. It may also
mean that the traits we identify as important for
agronomic performance are not necessarily the best
measures of specific adaptation. Furthermore, it
underscores the importance of farmer experimentation
with many different varieties as they may find farmer
varieties or modern varieties from other regions that
are of interest on their farms.

Productivity is also not necessarily the only trait the
farmers are looking for in their choice of preferred
varieties, as there are subjective criteria that contribute
to the choice of some varieties which were not
investigated in this study (such as the preference for
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certain visual aspects like spike colour or shape, the ease
of working with the variety or its taste). Because farmers
involved in the study market their grain directly to
small-scale millers and bakers or are themselves millers
or bakers, quality is of great importance and farmers
have stated that while yield is important, the quality of
their varieties for artisanal bread making must be
consistently high. While industrial millers and bakers
are concerned about intravarietal diversity because they
feel this may lead to inconsistent quality in a highly
standardized process, the farmers in this project have
observed that increasing diversity in the field tends to
buffer quality aspects and that they can adapt their
milling and baking to account for small changes in
composition from year to year. This empirical evidence
is supported by a study of wheat mixtures in 19 low-
input environments over 2 years by de Vallavieille-Pope
etal. (2004), who found that four-way varietal mixtures
had equivalent yields and bread-making quality to the
best pure varieties, with increased spatial and temporal
stability. The miller involved in the project did not have
objections to the use of mixtures and continued
working with the participating farmers after the end
of the study. Most of the participating farmers in our
study grow heterogeneous varieties and varietal mix-
tures in their production fields, and while this was not
part of the current study, it is important to point out that
none of the farmers had quality concerns with the
varieties contributed to the project. In fact, these
varieties were often contributed because they possessed
high baking quality for artisanal bread making.

Varietal effects

There is some phenotypic evidence of the selection
history of these varieties. Certain traits may be related
to farmer or breeder practices as much as to the region
of origin. The two modern varieties (Aubusson and
Renan) presented a parallel pattern of responses over
the environments, especially for KN, SL and LLSD
and to a lesser extent for GW and SpD. Renan was
selected for broad adaptation to low-input systems
and was one of the most productive varieties across
locations on a per-plant basis, although its short
stature made it susceptible to weed competition at
the plot level. Haute Loire and Solina were pheno-
typically very similar, with thin stems and small
spikes and, together with Redon, they often had
similar responses in terms of means and variances
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Fig. 3 Standardized (studentized) residuals of each variety
from the ANOVA analysis including GxE interactions as a
measure of intra-varietal phenotypic variation. The standardized

across the experiments

residuals include both experimental error and variation due to
the individuals. Experimental error is assumed to be constant
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over the environments. These varieties appeared
poorly adapted to several of the environments tested
in this study, especially to conditions with fertile soils
where they were sensitive to lodging. Haute Loire,
Solina and Redon are the oldest landraces in the trials
based on the period when they were first recorded as
being in cultivation. However, Haute Loire and Redon
were obtained from the French National Gene Bank
quite recently so they may suffer from a lack of
adaptation to the current climate and conditions.
Solina has been continuously grown by farmers in
the mountains of the Abruzzo region of Italy under
marginal conditions in terms of soil and climate (very
low fertility, extreme temperatures and drought) and
may be very specifically adapted to those conditions
and not well adapted to more fertile or diverse
conditions.

Homogeneity

While modern varieties could be expected to be
genetically uniform, we see from the analysis that
they often had significant phenotypic variability
within locations, and conversely, while farmer varie-
ties are genetically diverse, they often showed
surprising phenotypic uniformity. In most cases, it
was not possible to statistically distinguish modern
varieties from farmer varieties based on their level of
intra-population variability for the traits measured.
Because intra-varietal variation estimated on the basis
of the CV is influenced by the means, it was difficult
to compare modern varieties with farmer varieties for
PH and LLSD based on the CV because their mean
values were so different. When intra-varietal variation
based on standardized residuals was considered
instead, it appeared that for PH and LLSD, Aubusson
and Renan had less residual variation. Renan also had
more uniform spike length, but for other traits, farmer
varieties often showed equal or less standardized
residual variation than modern varieties.

Visually, plots of modern varieties appeared more
homogeneous, primarily for PH, LLSD and SL,
which made the identification of potential off-types
easier than within landrace plots. As modern varieties
are generally made uniform through the elimination of
off-types in the field or selection of ‘typical’ heads
and plants, it is not unexpected that they are the most
uniform for characteristics that are easily assessed
visually. Quantitatively, however, in terms of traits
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assessed on spikes post-harvest, there was still a
considerable amount of variation.

Although modern varieties must pass strict criteria
for homogeneity before being released, it appears that
under organic and low-input conditions, characterized
by heterogeneous environments, modern varieties
may be just as variable phenotypically as some farmer
varieties for certain traits, and farmer varieties often
had unexpectedly low residual variability. Touselles
was an exception in that it often had the highest levels
of residual variation. This was expected as it is an
interspecies mixture of four distinct landraces, all
named Touselle but phenotypically different than one
another, especially the Triticum turgidum component
of the mixture. Redon, while also a mixture of seven
different landraces named Redon, does not have the
same level of phenotypic variation.

Stability

There were no significant differences in parametric
measures of phenotypic stability among varieties in
this study, but it is clear from Fig. 1 that there were
large crossover G*E interactions for most traits, and
there were significant changes in rank for varieties
across environments. If these varieties were to be used
for plant breeding, selection for broad adaptation
across this range of environments may be less
effective than selection within environments for some
traits. Regression analysis was developed to identify
varieties with broad adaptation across the locations
under study, and stable varieties were defined as those
having a slope near one, preferably with mean values
superior to the environmental mean. Shukla’s stability
variance is calculated so that genotypes are stable if
their stability variance is equivalent to the variation
within environments, i.e. there is no variation across
environments and is independent of the trait mean,
genetic and error variances (Shukla 1972). Therefore, it
is not surprising that there were no differences among
varieties for stability parameter as higher levels of
phenotypic variation was observed within environ-
ments than across environments for almost all traits for
all varieties. The ecovalence combines differences in
slopes and deviations from the linear regression into
one measure of stability, where varieties are stable if
they have a slope near one and low deviations from the
regression. Again, it is not surprising that there were no
differences among varieties, as varieties showed non-
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linear GXE and high levels of intra-varietal variation
within environments.

Even though putatively bred for high spatial
stability as measured by the types of stability statistics
we used here, the modern varieties did not differ
significantly from farmer varieties for spatial stability
in this study. The study presented in this article was
not able to address the temporal stability of farmer
varieties due to the short time frame, but ongoing
research is exploring this aspect of heterogeneous
varieties, as stability is a key reason farmers choose to
grow this type of variety. Stability over years is often
just as important as high values for yield related traits,
and this stability may be achieved through the
flexibility of yield components depending on envi-
ronmental conditions in any particular year or across
locations. Lin and Binns (1988) suggests two steps to
breeding cultivars with high stability: (a) identify
cultivars with an optimal range of responses for the
environments under consideration using regression
approaches, with each variety xlocation mean aver-
aged over years and (b) then find varieties with small
within-location variance (mean square within loca-
tion) using years within location as an indicator of the
unpredictable environmental variation that the cultivar
will need to be able to buffer in that location. Farmers
involved in the project say that a new variety they
receive from another farmer or a genebank generally
takes 4 to 5 years to develop temporal stability on
their farms, so it is difficult to evaluate temporal
stability for these varieties outside their region of
origin in the time frame of most research projects. An
ongoing project is studying these varieties for
quantitative traits over several years in each of these
locations, to observe the evolution of the varieties due
to natural selection/adaptation. While the study
presented in this article was not a participatory plant
breeding project, the bases for many participatory
plant breeding projects lie in the use of the genetic
diversity present in farmers varieties.

Conclusion

While the directive on conservation varieties is an
improvement over existing standards, it does not
include the range of farmer varieties currently of
interest in organic systems and may not be adequate
for some types of on-farm conservation and plant

breeding activities, especially those conducted by
established farmers’ seed groups, which rely on a
broad seed exchange network to maintain and
enhance diversity and agronomic performance. This
study showed great diversity and differences in
response patterns among farmer varieties and modern
varieties when exposed to highly divergent organic
production environments. There were highly signifi-
cant differences among varieties and high levels of
intra-varietal variability. In these conditions, contrary
to what is found in conventional variety registration
trials, the level of residual variation within varieties
was not always less in the two modern varieties when
compared to farmer varieties. In addition, farmer
varieties often had high values for traits related to
productivity outside their region of origin and
suggests the importance of farmer experimentation
with diverse material in order to find well-adapted
materials. Our results also question the belief that
farmer varieties have developed very specific adapta-
tion that is useful only in a limited region. Because of
the diverse nature of organic farming systems, it may
be difficult to predict which varieties will do best in a
certain location. Farmer experimentation on their own
farm is probably the best way to identify those
varieties and to promote the conservation of historic
varieties and landraces. Increasing farmer access to
farmer varieties from other regions and allowing
farmer experimentation and on-farm variety selection
will require changes in the regulatory framework for
variety registration to accommodate more diverse
farmer varieties, including those that currently exist
and those developed through on-farm breeding. The
on-farm conservation of farmer varieties can be an
objective in itself if farmers find a variety that meets
their needs, or it can be the first step in a participatory
plant breeding programme. Both strategies benefit
from the ability to evaluate and use the widest range
of genetic diversity available.
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